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Abstract 
This paper deals with the synthesis and a comprehensive study of the photo-

physical and sensing properties of sodium salts of 6-hydroxy-azolo[1,5-a]py-

rimidine-5-carbonitriles. The target compounds were obtained in good to high 
yields (81–95%) via the reaction of the corresponding 6-hydroxy-azolopyrim-
idines with sodium hydroxide in an aqueous ethanol. Study of the optical char-

acteristics revealed that the synthesized compounds could be considered as red 

fluorophores exhibiting an intense fluorescence with emission maxima in the 
range of 567–597 nm with up to 55% PLQYs. The sensing properties of the ob-
tained fluorophores were examined towards a series of nitroaromatic com-

pounds (NACs), namely picric acid (PA), 2,4-dinitrotoluene, and 2,4,6-trinitro-

toluene. The compounds exhibited a pronounced and selective fluorescence re-
sponse to PA in DMSO solution, whereas no sensory effect was observed in the 

presence of 2,4-dinitrotoluene or 2,4,6-trinitrotoluene. As a result, a well-pro-
nounced and selective fluorescence “turn-off” response towards PA in DMSO 

solution was observed with Stern-Volmer constant values of up to 5.77 × 106 
М-1, whereas no sensory effect was observed for 2,4-dinitrotoluene (DNT) or 
2,4,6-trinitrotoluene (TNT). Furthermore, the reversibility of the fluorescence 
response to acidic analytes was demonstrated using trifluoroacetic acid as a 
model compound. 
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Key findings 

● New azolo[1,5-a]pyrimidines sodium salts were synthesized in high yields (81–95%) 

● These azolo[1,5-a]pyrimidines exhibited an intensive red-emission with photolumines-

cence quantum yields (PLQYs) of up to 55% 

● A highly selective and sensitive fluorescence “turn-off” fluorescence response towards pic-

ric acid (PA) was observed with Stern-Volmer constants values of up to Ksv = 5.77 × 106 М-1 

© 2026, the Authors. This article is published in open access under the terms and conditions of the Creative Com-

mons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-

use of the work in any medium provided the original work is properly cited. 

1. Introduction 

Against the backdrop of rapid developments in materials 

science, organic fluorescent molecular systems continue to 

attract considerable attention from researchers due to their 

combination of structural diversity, high chemical stability, 

and broad possibilities for fine-tuning their photophysical 

properties. These features account for the growing demand 
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for organic luminescent systems in sensorics [1], biovisual-

ization [2–4], and the development of functional optoelec-

tronic devices [5–7]. One of the key research directions in 

this field is the design of conjugated organic molecules con-

taining covalently linked donor (D) and acceptor (A) moie-

ties. It is well established that variations in the electronic 

nature of the donor and acceptor units, as well as changes 

in the length and nature of the π-conjugated bridges be-

tween them, have a significant influence on the optical 

properties of D–A and related systems. 

In this context, azolo[1,5-a]pyrimidines represent 

promising electron-acceptor molecules. Although this class 

of heterocycles has traditionally been studied in medicinal 

chemistry [8,9], their electronic structure makes these 

compounds attractive for use in donor–acceptor fluorescent 

systems. The possibility of structural modification of the 

azolo[1,5-a]pyrimidine core enables fine-tuning of its elec-

tron-withdrawing properties, which significantly expands 

the design potential of functional organic photoactive mo-

lecular systems. 

The importance of fluorescent molecules based on az-

olo[1,5-a]pyrimidines and their practical applicability have 

been demonstrated by numerous studies conducted by var-

ious research groups. In recent years, azolopyrimidine-

based luminophores have attracted particular attention due 

to their high luminescence quantum yields in both solution 

and the solid state, as well as their photostability [10]. 

These properties have led to the widespread applications of 

azolo[1,5-a]pyrimidine fluorophores as sensitizers in solar 

cells [11], components of hybrid dyes [12], and bi-

omarkers [13]. Furthermore, the unique electronic charac-

teristics of these compounds make them promising candi-

dates for the development of fluorescent chemosensors ca-

pable of selectively detecting various analytes, including ni-

troaromatic compounds (NACs) [14]. 

Nitroaromatic compounds (NACs) are an important 

class of organic compounds whose molecules contain one or 

more nitro groups (–NO₂) attached to an aromatic ring. 

These compounds represent one of the most widely used 

classes of organic substances and have found applications 

in various fields of human activity. NACs are extensively 

used in the chemical, dye, and pharmaceutical indus-

tries [15]. In addition, compounds such as 2,4,6-trinitrotol-

uene (TNT), 2,4-dinitrotoluene (DNT), and 1,3,5-trinitro-

benzene (TNB) still widely employed in explosives blends 

or as propellants. 

Due to their high detonation potential and relative 

safety in handling, NACs are widely used in the military in-

dustry, the mining sector, and pyrotechnics [16–18]. How-

ever, the ease of synthesis, availability of raw materials, 

and stability of NACs also make them attractive for the 

manufacture of improvised explosive devices. This poses a 

serious threat to public safety in crowded areas such as air-

ports, train stations, concert venues, and other infrastruc-

ture facilities. Furthermore, NACs are highly toxic and car-

cinogenic and can accumulate in the environment, posing a 

significant threat to ecosystems [19]. This problem is par-

ticularly acute in combat zones, minefields, and explosive 

disposal sites. 

A wide range of analytical methods have currently been 

used to detect NACs, including gas chromatography–mass 

spectrometry (GC–MS) [20], surface-enhanced Raman 

spectroscopy (SERS) [21,22], electrochemical detec-

tion [21], and enzyme-linked immunosorbent assay 

(ELISA) [23]. Despite their high accuracy, these methods 

have several significant drawbacks: they require expensive 

equipment and highly qualified personnel, involve long 

analysis times, are limited in mobility, and are prone to 

false-positive or false-negative results [24,25]. In this re-

gard, fluorescence-based detection represents a promising 

alternative, as it is characterized by high sensitivity, con-

venience, and ease of use [26,27]. This method is based on 

changes in emission characteristics (e.g., emission band 

shifts, signal enhancement, or quenching) that occur upon 

interaction of a fluorophore with an analyte, enabling the 

detection of NACs, including by visual observation, without 

the need for complex equipment. 

Among NACs, 2,4,6-trinitrophenol (also known as TNP 

or picric acid (PA)) has found the widest practical applica-

tion due to its higher explosive power compared with other 

compounds of this class [28,29]. A distinctive feature of 

TNP is its ability to dissociate in aqueous media to form an 

anion, along with pronounced acidic properties  

(pKₐ = 0.38), which distinguishes it from neutral molecules 

such as TNT, TNB, DNB, and related compounds. Owing to 

these characteristics, TNP can be effectively detected using 

acid–base and ion-exchange reactions. 

Currently, numerous chemosensors have been devel-

oped for the detection of NACs, including metal–organic 

frameworks (MOFs) [30], nanomaterials [31], and organic 

heterocyclic compounds [32–34]. Despite the relatively lim-

ited number of reported examples, existing studies demon-

strate the high selectivity of azolo[1,5-a]pyrimidines for the 

detection of TNP and other NACs [14,35] in organic solu-

tions  (Figure 1). 

 
Figure 1 Fluorescent chemosensors based on azolo[1,5-a]pyrimi-

dine scaffold 
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We previously developed an efficient synthetic approach 

to 6-hydroxy-azolo[1,5-a]pyrimidine-5-carbonitriles and 

demonstrated the feasibility of obtaining their stable salt 

forms [36]. In the present study, we carried out the tar-

geted synthesis of the corresponding sodium salts, followed 

by a comprehensive study of their photophysical properties 

and sensing behavior. Particular attention was devoted to 

the analysis of the selectivity of the interactions between 

the obtained compounds and PA, which confirmed their po-

tential as chemosensors for the selective detection of PA. 

2. Results and discussion 

2.1. Synthesis of chemosensors 

We previously reported a synthesis of a series of 6-hydroxy-

azolo[1,5-a]pyrimidines [36], which readily formed stable 

salts with various bases. Based on this finding, in a frame 

of this work a series of sodium salts of 6-hydroxy-azolo[1,5-

a]pyrimidine-5-carbonitriles was prepared. Thus, the reac-

tion of the starting azolopyrimidines 1a-h with sodium hy-

droxide in an aqueous-ethanolic medium under heating 

conditions led to the formation of compounds 2a-h in high 

yields (81-95%), with structures being confirmed by 1H and 
13C NMR spectroscopy. While elemental analysis and ther-

mogravimetric measurements revealed that the resulting 

compounds were crystalline hydrates with varying water 

content (Scheme 1). 

2.2. Photophysical properties of heterocycles 2a–h 

Photophysical properties of compounds 2a–h were investi-

gated in DMSO at room temperature. The resulting UV-

visible and emission spectra are presented in Figure 2, and 

the corresponding photophysical data are summarized in 

Table 1. 

One can observe that the UV-visible spectra, compounds 

2a-h exhibit a complex pattern with multiple absorption 

peaks, two of which are located at long wavelengths (527-

558 nm) and in the UV-B region (290-310 nm), along with 

several peaks at the edge of the visible region (360-400 

nm). Molar extinction coefficients reach up to 42,700 M-1 

cm-1, suggesting that these absorption bands can be at-

tributed to π→π* transitions. The fluorescence emission 

spectra display an intense, broadened emission band in the 

range of 569-597 nm range, which may be associated with 

either a locally excited (LE) state or an intramolecular 

charge transfer (ICT) state. Furthermore, quantum yields 

of up to 55% were recorded, highlighting their potential as 

red-emitting photoactive systems (Table 1). 

Analysis of the photophysical properties of the 2a-h se-

ries reveals that the nature of the azole fragment in the het-

erocyclic system has the most significant influence on the 

position of the long-wavelength absorption maxima. 

Namely, pyrazole-containing derivatives 2g and 2h were 

found to exhibit a bathochromic shift of 22-31 nm in their 

absorption maxima relative to the corresponding triazole-

containing analogs, most likely due to the enhanced elec-

tron-acceptor properties of the ethoxycarbonyl and nitrile 

groups. In case of triazole derivatives displayed similar 

spectral characteristics, with their absorption maxima lo-

calized within a narrow range of approximately 530 nm. 

Variation of the substituents at position C2 of the heterocy-

clic ring was shown to have no significant effect on the ab-

sorption peak position, suggesting the dominant role of the 

azole fragment in the electronic transitions of this spectral 

region. 

 
Scheme 1 Synthesis of chemosensors 2a-h. 
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Figure 2 (a) Combined absorption spectra of compounds 2a–h (C = 10-5 M) in DMSO at rt. (b) Combined emission spectra of compounds 
2a-h (V = 10-5 M) in DMSO at rt. Photographs of solutions of 2a-h in DMSO under daylight (c) and under irradiation (d) with a hand-held 

UV lamp at 365 nm. 

Table 1 Photophysical properties of compounds 2a-h in DMSO solution at rt. 

№ λabs, nm ε (λabs max, M⁻¹cm⁻¹) λem
a, nm Δλb, nm (cm-1) ΦF

c, % 

2a 272, 367, 530 12500 571 41 (1355) 55 

2b 318, 368, 527 17600 567 40 (1339) 52 

2c 257, 308, 351, 534 14300 573 39 (1275) 55 
2d 281, 382, 530 22200 569 39 (1293) 47 

2e 319, 360, 535 16300 573 38 (1240) 46 

2f 310, 377, 534 29100 576 42 (1365) 45 

2g 283, 349, 549 19600 589 40 (1237) 39 
2h 287, 352, 385, 558 42700 597 39 (1171) 47 
a Excitation at the long-wavelength absorption maximum; 
b Stokes shift was calculated relative to the lowest-energy absorption peak; 
c Absolute fluorescence quantum yield was measured using a Horiba-Fluoromax-4 spectrofluorimeter equipped with an integrating sphere. 

 

Table 2 The lifetime of compounds 2a-h (C = 2×10-6 M) in DMSO 

solution. 

№ τ, nsa αb χ2 с 

2a 6.93 1 1.09 

2b 7.03 1 1.19 

2c 7.10 1 1.10 
2d 6.94 1 1.09 

2e 7.08 1 1.19 

2f 7.07 1 1.19 

2g 7.37 1 1.11 
2h 7.45 1 1.14 
a Decay time; 
b Partial contribution; 
c quality of the data fit. 

 

The average fluorescence lifetimes (τₐᵥ) of compounds 

2a-h were also determined (Table 2). The highest τₐᵥ values 

were observed for the pyrazole-containing derivatives 2g 

and 2h, amounting to 7.45 and 7.37 ns, respectively. In gen-

eral, relatively long lifetimes were recorded for the studied 

series of azolopyrimidines, indicating increased stability of 

their excited states. These data suggest the formation of rel-

atively stable singlet excited states in these heterocyclic 

systems, capable of sustained radiative emission, which is 

consistent with the high quantum yields previously re-

ported for several derivatives. 

2.3. Solvatochromic properties of compounds 2a-h 

Compounds 2a-h are push–pull systems, combining an elec-

tron-withdrawing azolopyrimidine core with an electron-

donating arylamino moiety, which underlies their potential 

to exhibit fluorescent solvatochromism. To prove that the 

absorption and emission spectra of the 2a-h series were 

recorded in solvents of varying polarity, such as cyclohex-

ane, toluene, tetrahydrofuran, dichloromethane, and ethyl 

acetate. 
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Figure 3 (a)Normalized emission spectrum of compound 2h in different solvents (C= 10-5M). Photographs of the solutions compound 2h 

(b) in different solvents (1 – Cyclohexane, 2 – Toluene, 3 – THF , 4 – EtOAc, 5 – CH3CN, 6 – DMSO, 7 - MeOH) under irradiation with a 

hand-held UV lamp at an emission wavelength of 380 nm. 

Table 3 Summary data from Lippert-Mataga graphs for com-

pounds 2a–h. 

№ Slopes а R2 b Δµ, Dc 

2a 9806 0.92 11.17 

2b 3741 0.93 6.90 

2c 7818 0.93 9.97 
2d 12420 0.91 12.57 

2e 12477 0.92 12.59 

2f 13006 0.91 12.86 

2g 4232 0.92 7.33 
2h 7245 0.90 9.60 
a Slope of the trend line; 
b Standard deviation from the trend line; 
c Difference in the dipole moments of the ground and excited states. 

 

Upon the increase of the polarity of the solvent in all the 

cases the bathochromic shift of the emission maxima was 

suggested to take place, which confirms a moderate positive 

solvatochromic effect consistent with the excited-state in-

tramolecular charge transfer (ICT) model. The nature of the 

spectral response depends nonlinearly on a solvent polar-

ity. The most pronounced bathochromic shifts of the emis-

sion maxima are observed in polar and moderate polar me-

dia. In highly polar solvents such as dimethyl sulfoxide, ac-

etonitrile, and methanol, the positions of the emission max-

ima remain virtually unchanged or shift only within the ex-

perimental error (Figure 3 and see Supporting Infor-

mation). 

The absence of a significant fluorescence shift in highly 

polar solvents may be attributed to the saturation of ex-

cited-state charge stabilization, as well as to the possible 

enhancement of solvation-controlled non-radiative relaxa-

tion pathways that compete with radiative emission. 

The difference in dipole moments between the ground and 

excited states (Δµ) for the 2a-h series was estimated using 

the Lippert-Mataga equation. For all the derivatives stud-

ied, a highly linear dependence of the Stokes shift (Δνₛ ₜ ) 

on the orientational polarizability function, Δf, is observed; 

correlation coefficients (R2) exceed 0.90 (Table 3), confirm-

ing the applicability of the chosen model. Notably, the plots 

for the entire series display a single linear relationship in 

all the solvents considered, including cyclohexane, toluene, 

tetrahydrofuran ethyl acetate, DMSO, and MeOH, indicating 

a common nature of the electronic transition with a pro-

nounced intramolecular charge transfer (ICT) component. 

In addition, the correlation between bathochromic shift 

value of the emission maxima and solvent polarity was 

studied using Kosower scales [37] and Dimroth-Reichardt 

[38]. When calculating the Debye parameter, an approxi-

mation of the Onsager radius of 4 angstroms was applied 

[39]. The Δµ values for the studied series range from 6.9 to 

12.86 D (Table 3), with the maximum value of 12.86 D ob-

served for 2f, highlighting a significant contribution of the 

ICT state to the emission pattern. Molecules 2a, 2c, and 2e 

exhibit Δµ values around 12 D, suggesting a smaller, but still 

notable, contribution of the ICT state to radiative emission. 

In contrast, compounds 2b, 2g, and 2h display the lowest Δµ 

values, which may be associated with the predominance of 

the locally excited (LE) state during emission. 

2.4. Studies of sensory response of fluorophores 

A number of NACs, including nitrobenzene, DNT, TNT, and 

PA, are of considerable industrial importance. These sub-

stances are used as chemical reagents, intermediates in or-

ganic synthesis, and in the production of specialty materi-

als, including components of energetic and explosive com-

pounds. At the same time, compounds of this class are 

highly toxic to living organisms, which underscores the 

need for methods for their selective and highly sensitive de-

tection in both gas and liquid phases, particularly for envi-

ronmental monitoring [40]. 

As a first step, a sensory response of fluorophores 2b 

and 2g toward PA in DMSO solutions were studied. Thus, 

the emission spectrum of the pure fluorophore was rec-

orded at a concentration of 10-5 M (in DMSO) in the absence 

of a quencher. Subsequently, aliquots of the analyte (10-3 

M) (in DMSO) were added successively to the cuvette, en-

suring complete homogenization of the solution by thor-

ough mixing before recording the fluorescence spectrum. 

Changes in emission intensity were recorded after each ad-

dition of PA (Figure 4). 

Upon addition of 100 μL of picric acid (PA) to fluoro-

phore 2b, an immediate decrease in the fluorescence quan-

tum yield to 3% was observed. Similarly, the addition of 

picric acid to fluorophore 2h resulted in an instantaneous 

decrease in the quantum yield: 29% at 50 μL of PA, 17% at 

100 μL, and 11% at 200 μL. 
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Figure 4 Fluorescence quenching of fluorophore 2b (10-5 M) in the 

presence of PA (10-3 M) 

 
Figure 5 Stern-Volmer plot of PA titration of fluorophore 2b (10−5 

M). The Stern-Volmer constant is 4.94×106, the standard deviation 

is 0.97. 

Analysis of the quenching process using the Stern-

Volmer equation revealed that the dependence of I₀/I on the 

PA concentration remained linear in the range of  

0–6 × 10-5 М, with a correlation coefficient (R2) of 0.97, in-

dicating the suitability of the selected model for describing 

interactions within this concentration range (Figure 5). The 

calculated high quenching constant, Ksv = 4.94 × 106 М-1, 

clearly indicates intensive sensory response of fluorophore 

2b towards PA. 

In general, the fluorescence quenching of chemosensors 

by nitroaromatic analytes predominantly proceeds via a 

static quenching mechanism. This conclusion is supported 

by the linear Stern–Volmer plots as well as by the fluores-

cence lifetime data (Table 2). For dynamic quenching, the 

Stern-Volmer constant is given by KSV = kq·τ0. Based on the 

experimentally determined KSV values (6.97·104 - 4.94·106 

М-1) and the measured fluorescence lifetimes, the calcu-

lated hypothetical bimolecular quenching rate constants kq 

(7·1014 M−1 s−1 for 2b and 9·1012 M−1 s−1 for 2h) would exceed 

the diffusion-controlled limit (∼1010 М−1 s−1) [41]. There-

fore, a dynamic quenching mechanism can be excluded, and 

the observed quenching is attributed to a static mechanism, 

in agreement with literature reports on nitroaromatic sens-

ing systems. 

The detection limit (LOD) was determined based on ad-

justed data from fluorescence quenching experiments in ac-

cordance with the previously published method [42,43]. A 

calibration curve was constructed between the fluorescence 

intensity and the concentration of the analyte to obtain the 

regression curve equation. Considering that σ is the stand-

ard deviation of the fluorophore intensity in the absence of 

the analyte, LOD was calculated using equation: 

𝐿𝑂𝐷 = 3𝜎/𝑆𝑙𝑜𝑝𝑒 (1) 

LOD = 3·1895871.26/1.24∙1011 = 4,60∙10-5 mol/l 

 

LOD =10.54 ppm 

 

However, for other NACs, such as DNT and TNT, fluoro-

phores 2b were not found to exhibit any fluorescence re-

sponse, with no significant changes in emission intensity 

being observed (Figure S38 and S39). The absence of 

quenching for these compounds highlights the pronounced 

selectivity of the studied fluorophore series toward PA in 

solutions. 

The chemosensors based on sodium salts of 6-hydroxy-

azolo[1,5-a]pyrimidine-5-carbonitriles developed in this 

work exhibit moderate sensitivity, with limits of detection 

in the micromolar range, in comparison with many recently 

reported fluorescent sensors that achieve nanomolar-level 

detection of picric acid [44-46]. Nevertheless, when com-

pared with the limited number of azolopyrimidine-based 

chemosensors described in the literature, the obtained com-

pounds show detection limits comparable to those previ-

ously reported [35]. 

Importantly, the main advantages of the developed 

chemosensors lie in their high fluorescence quantum yields 

and their potential applicability for the detection of picric 

acid in semi-aqueous media (DMSO/water systems). 

The reversible sensing response of fluorophore 2d to 

acidic analytes (using TFA as an example) was demon-

strated via fluorescence quenching studies in DMSO. Addi-

tion of microliter aliquots of TFA (0.1 M) to a fluorophore 

solution (10-5 M) resulted in a significant decrease in fluo-

rescence intensity. Subsequent addition of an equimolar 

amount of triethylamine fully restored the initial emission 

(Figure 6). 

 
Figure 6 Change in fluorescence of compound 2d (10−5 M) upon 

addition of TFA (0.1 M solution, 1 μl) and triethylamine (0.1 M so-

lution, 1 μl) 
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These results confirm the chemically reversible nature 

of the interaction between fluorophore 2d and acids. A com-

mon key step in the fluorescence quenching mechanism by 

picric acid and TFA is the formation of a non-emissive form 

of the fluorophore. The reversibility of the acid–base inter-

action is demonstrated by the complete restoration of fluo-

rescence upon addition of triethylamine, which regenerates 

the emissive form (Figure 7). 

2.5. DFT Calculations 

To rationalize the experimental absorption spectra and to 

elucidate the role of ionic species in determining the optical 

properties of the investigated compounds, quantum chemi-

cal calculations were carried out using density functional 

theory (DFT) and time-dependent DFT (TD-DFT). Geometry 

optimizations resulted in stable structures for the neutral 

forms of compounds 2a–f the optimized coordinates, corre-

sponding energetic data are provided in the Supporting In-

formation (Table S9). 

TD-DFT calculations of vertical electronic excitations 

for the optimized neutral molecules revealed a pronounced 

discrepancy with the experimental absorption spectra. In 

particular, the calculated spectra lack an intense absorption 

band associated with the experimentally observed HOMO → 

LUMO transition. This inconsistency suggests that the neu-

tral molecular forms alone cannot account for the experi-

mentally detected optical features and indicates the in-

volvement of alternative electronic species under the ex-

perimental conditions. 

Considering the experimental setup and the polar na-

ture of the solvent, the formation of anionic species was ex-

amined. For compound 2a, the Gibbs free energy of solva-

tion in DMSO was evaluated for the process leading to the 

formation of the corresponding anion accompanied by a 

Na⁺–DMSO ion pair. The calculated solvation free energy 

(ΔG_solv = 0.32 eV) indicates that this process is energeti-

cally favourable. This value is consistent with reported the-

oretical and experimental data for small and medium-sized 

organic molecules, thereby supporting the thermodynamic 

feasibility of anion formation in solution [47]. Conse-

quently, the contribution of anionic forms must be consid-

ered when interpreting the experimental spectra. 

Geometry optimizations were subsequently performed 

for the anionic forms of all compounds 2a–f the correspond-

ing data are summarized in the SI. For the anions of com-

pounds 2b and 2f, excited electronic states were further in-

vestigated using TD-DFT calculations. The most probable 

electronic transitions associated with significant oscillator 

strengths are depicted in Figures 8 and 9. 

 
Figure 7 Mechanism of response to acidic analytes. 

 
Figure 8 Probable electronic transitions in the absorption spectrum of anion 2b. 
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ΔE= 3.993 eV 

λ= 310.5 nm 

fosc(D2) = 0.858637723 fosc(D2) = 0.109786572 fosc(D2) = 0.186724506 
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Figure 9 Probable electronic transitions in the absorption spectrum of anion 2f. 

 

For anion 2b, the calculations successfully reproduce all 

three experimentally observed absorption bands. The most 

intense band arises from the HOMO → LUMO transition, in 

full agreement with experimental observations. Two addi-

tional bands originate from the HOMO-1 → LUMO and 

HOMO-3 → LUMO transitions; their markedly lower oscilla-

tor strengths indicate a reduced probability of these excita-

tions, consistent with their weaker experimental manifes-

tation. 

In the case of anion 2f, four absorption bands were pre-

dicted. The dominant band, exhibiting the highest oscillator 

strength, corresponds to the HOMO → LUMO transition. 

Two additional bands located in the 380–400 nm region 

display comparable but lower oscillator strengths and could 

be assigned to the HOMO-1 → LUMO and HOMO → LUMO+1 

transitions. In the experimental spectrum, these transitions 

are likely manifested as a broad, unresolved absorption fea-

ture. The fourth band, with an intensity lower than that of 

the main transition but higher than the two intermediate 

ones, is associated with the HOMO-3 → LUMO transition 

(see the Supporting Information for more details Figures 

S40–S48). 

It should be noted that the calculated absorption max-

ima exhibit a systematic bathochromic shift of approxi-

mately 40 nm relative to the experimental values. This de-

viation can be attributed to the well-documented tendency 

of TD-DFT to underestimate the energies of vertical elec-

tronic excitations, as well as to the approximate treatment 

of solvation effects and the absence of vibronic averaging 

in the calculations. Such discrepancies are characteristic of 

this level of theory and have been extensively discussed in 

the literature [48]. 

Overall, the quantum chemical results clearly indicate 

that the anionic forms of compounds 2a–f are responsible 

for the experimentally observed absorption features. The 

calculated electronic transitions account for both the posi-

tion and relative intensities of the main absorption bands, 

providing strong theoretical support for the proposed 

model in which ionic species represent the key optically ac-

tive forms of these compounds in solution. 

3. Limitations 

This study has several limitations. No fluorescence re-

sponse was observed for the studied compounds in the pres-

ence of other NACs, indicating the limited applicability of 

these azolo[1,5-a]pyrimidine derivatives as universal 

chemosensors for nitroaromatic explosives. In addition, the 

compounds exhibit pronounced acidochromic properties, 

which further restricts their practical use, as false-positive 

signals may arise from non-specific interactions under the 

experimental conditions. It should also be noted that only 

the sodium salts of 6-hydroxy-azolo[1,5-a]pyrimidine-5-

carbonitriles were evaluated in this work, while the influ-

ence of the counterion on sensory properties was not con-

sidered. These limitations underscore the need for further 

structural optimization of 6-hydroxy-azolo[1,5-a]pyrimi-

dine-5-carbonitriles derivatives to enhance selectivity and 

expand their potential applications as sensors. 

4. Conclusions 

In conclusion, a series of new 6-hydroxy-azolo[1,5-a]pyrim-

idine-5-carbonitriles sodium salts were synthesized, and 

their photophysical properties were investigated. Accord-

ing to the obtained results, the obtained azolo[1,5-a]pyrim-

idine derivatives can serve as fluorescent sensors for the 

detection of picric acid, a widely used component of explo-

sives. The studied compounds showed no fluorescent re-

sponse in the presence of other nitroaromatic analytes, 

HOMO HOMO-1 HOMO HOMO-3 

  
  

LUMO LUMO LUMO+1 LUMO 

 
   

ΔE=2.126 eV  

λ=583.3 nm 

ΔE=2.953 eV  

λ= 419.9 nm 

ΔE=3.332  

eV λ=372.1 nm 

ΔE=3.595 eV 

 λ=344.9 nm 

fosc(D2) = 

0.826486861 

fosc(D2) = 

0.206300259 
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0.232720116 

fosc(D2) = 

0.346601351 
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such as DNT and TNT. Furthermore, these fluorophores ex-

hibited reversible acidochromism, which was confirmed ex-

perimentally through titration with trifluoroacetic acid. 

Based on the combined experimental data, it was estab-

lished that fluorescence quenching upon interaction with 

picric acid arised from the acid–base interaction between 

the analyte and the sensor. Overall, the results highlight the 

high potential of azolopyrimidine systems for the develop-

ment of new fluorescent sensors for the selective detection 

of picric acid. 

5. Materials and Methods 

Commercial reagents were obtained from Sigma-Aldrich, 

Acros Organics, Alfa Aesar or Macklin and used without any 

preprocessing. All workup and purification procedures 

were carried out using analytical-grade solvents. One-di-

mensional 1H and 13C NMR spectra were acquired on a 

Bruker DRX-400 instrument (Karlsruhe, Germany) (400 

and 101 MHz, respectively), utilizing DMF-D7 as a solvent 

and an external reference, respectively. Chemical shifts are 

expressed in δ (parts per million, ppm) values, and coupling 

constants are expressed in hertz (Hz). The following abbre-

viations are used for the multiplicity of NMR signals: s, sin-

glet; d, doublet; t, triplet; q, quartet; dd, doublet of dou-

blets; br.s, broadened signal; m, multiplet. The elemental 

analysis was performed utilizing a Perkin Elmer 2400 CHN 

analyzer. Melting points were determined on a Stuart SMP3 

(Staffordshire, UK) and are uncorrected. 

UV/Vis absorption spectra were recorded on Shimadzu 

UV1800 spectrophotometer, fluorescence emission spectra, 

absolute quantum yields and lifetimes of luminescence 

were recorded on Edinburgh FS5 and Horiba FluoroMax 

spectrofluorometers integrated with integration sphere 

and TCSPC with a nanosecond LED (370 nm), respectively. 

Solvatochromic studies were carried out using a Solar 

CM2203 spectrofluorimeter. 

Quantum-chemical calculations were performed using 

the ORCA 6.0 program package [49]. Geometry optimiza-

tions and thermodynamic parameter calculations were car-

ried out within the framework of density functional theory 

at the ωB97X-D4/ma-def2-TZVP level of theory. The D4 dis-

persion correction was applied to account for long-range 

and noncovalent interactions [50-52]. The RIJCOSX approx-

imation in combination with auxiliary def2/J basis sets was 

employed to accelerate the calculations. Tight convergence 

criteria for the self-consistent field procedure were ensured 

using the TIGHTSCF keyword. Frequency calculations were 

performed for all optimized structures, and the absence of 

imaginary frequencies confirmed that the optimized geom-

etries correspond to true local minima on the potential en-

ergy surface. 

Solvation effects in dimethyl sulfoxide (DMSO) were 

modeled using the SMD continuum solvation model as im-

plemented in ORCA. Solvation energy calculations were 

performed using compound 4a as a representative system. 

When evaluating thermodynamic parameters, the for-

mation of anionic species upon solvation, as well as the for-

mation of sodium–DMSO ion pairs, was taken into ac-

count [53]. 

Electronic excited states were calculated using time-de-

pendent density functional theory (TD-DFT) at the 

B3LYP/def2-TZVP level of theory [54]. The lowest five sin-

glet excited states were computed, and excitation energies 

and oscillator strengths were obtained. 

Wavefunction analyses, including molecular orbital 

composition and electronic transition characteristics, were 

performed using the Multiwfn program [55]. Visualization 

of molecular orbitals and electronic transitions was carried 

out with GaussView 6.0 [56]. 

Compounds 2a and 2d were synthesized according to the 

previously reported procedure [36]. 

Compounds 2b, 2g where synthesized according to the 

procedure: The suspension of appropriate 7-(4-(dimethyla-

mino)phenyl)-6-hydroxy-[1,2,4]azolo[1,5-a]pyrimidine-5-

carbonitrile (1 mmol) and sodium hydroxide (1 mmol) in a 

mixture of water (5 mL) and ethanol (5 mL) was sonicated 

for 20 min, after which the reaction mass was heated on an 

oil bath until it was completely dissolved. Then, the solution 

was evaporated under reduced pressure, the residue was 

crystallized from isopropyl alcohol, and the precipitate was 

filtered out. 

Sodium 5-cyano-7-(4-(dimethylamino)phenyl)-2-me-

thyl-[1,2,4]triazolo[1,5-a]pyrimidin-6-olate pentahy-

drate (2b). Red powder (95%), m.p.: 215-217 °C (decom-

pose). 1H NMR (400 MHz, DMF-D7) δ 8.70 (d, J = 9.2 Hz, 

2H), 6.78 (d, J = 9.3 Hz, 2H), 3.03 (s, 6H), 2.37 (s, 3H). 13C 

NMR (101 MHz, DMF-D7) δ 158.9, 151.4, 148.8, 134.0, 132.5, 

131.0, 130.6, 120.6, 119.6, 111.2, 40.5, 15.5. Calcd for 

C15H13N6NaO·5H2O: C, 44.33; H, 5.71; N, 20.68, found C, 

44.42; H, 5.76; N, 20.56. 

Sodium 5-cyano-7-(4-(dimethylamino)phenyl)-3-

(ethoxycarbonyl)pyrazolo[1,5-a]pyrimidin-6-olate dihy-

drate (2g). Red powder (82%), m.p.: 275-277 °C (decom-

pose). 1H NMR (400 MHz, DMF-D7) δ 8.47 (d, J = 9.0 Hz, 

2H), 8.24 (s, 1H), 6.77 (d, J = 9.2 Hz, 2H), 4.27 (q, J = 7.1 

Hz, 2H), 1.32 (t, J = 7.1 Hz, 3H). 13C NMR (101 MHz, DMF- 

D7) δ 158.7, 151.4, 146.7, 139.7, 134.6, 132.9, 132.1, 120.4, 

119.1, 111.1, 100.2, 59.7, 40.5, 15.3. Calcd for 

C18H16N5NaO3·2H2O: C, 52.81; H, 4.92; N, 17.11, found C, 

51.35; H, 5.29; N, 18.01 

General procedure for the synthesis of compounds 

2c, 2e, 2f, 2h The suspension of appropriate 7-(4-(dime-

thylamino)phenyl)-6-hydroxy-[1,2,4]azolo[1,5-a]pyrimi-

dine-5-carbonitrile (1 mmol) and sodium hydroxide (1 

mmol) in a mixture of water (5 mL) and ethanol (5 mL) was 

sonicated for 1 min, after which the reaction mass was 

heated on an oil bath until it was completely dissolved. 

Then, the solution was cooled to room temperature, and the 

precipitate was filtered out and washed with small amount 

of water. 
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Sodium 5-cyano-7-(4-(dimethylamino)phenyl)-2-

phenyl-[1,2,4]triazolo[1,5-a]pyrimidin-6-olate pentahy-

drate (2с). Red powder (92%), m.p.: 169-171 °C (decom-

pose). 1H NMR (400 MHz, DMF- D7) δ 8.81 (d, J = 8.6 Hz, 

2H), 8.23 (m, 2H), 7.48 (m, 3H), 6.82 (d, J = 8.7 Hz, 2H), 

3.06 (s, 6H). 13C NMR (101 MHz, DMF- D7) δ 151.5, 149.2, 

134.3, 133.5, 132.6, 131.8, 130.5, 129.6, 127.6, 120.5, 119.3, 

111.2, 40.5. Calcd for C20H15N6NaO·5H2O: C, 51.28; H, 5.38; 

N, 17.94, found C, 51.42; H, 5.22; N, 17.90. 

Sodium 5-cyano-7-(4-(dimethylamino)phenyl)-2-

(thiophen-2-yl)-[1,2,4]triazolo[1,5-a]pyrimidin-6-olate 

tetrahydrate (2e). Red powder (83%), m.p.: 180-182 °C 

(decompose). 1H NMR (400 MHz, DMF-D7) δ 8.78 (d, J = 9.2 

Hz, 2H), 7.76 (dd, J = 3.6, 1.2 Hz, 1H), 7.66 (dd, J = 5.0, 1.2 

Hz, 1H), 7.20 (dd, J = 5.0, 3.6 Hz, 1H), 6.82 (d, J = 9.2 Hz, 

2H), 3.06 (s, 6H). 13C NMR (101 MHz, DMF-D7) δ 160.6, 

159.5, 151.5, 148.5, 136.7, 134.2, 132.6, 131.5, 128.9, 128.4, 

127.3, 120.6, 119.5, 111.2, 40.5. Calcd for 

C18H13N6NaOS·4H2O: C, 47.36; H, 4.64; N, 18.41, found C, 

47.44; H, 4.46; N, 18.52. 

Sodium 5-cyano-7-(4-(dimethylamino)phenyl)-2-(fu-

ran-2-yl)-[1,2,4]triazolo[1,5-a]pyrimidin-6-olate tetra-

hydrate (2f). Red powder (87%), m.p.: 123-125 °C (decom-

pose). 1H NMR (400 MHz, DMF-D7) δ 8.90 (d, J = 9.2 Hz, 

2H), 8.21 (s, 1H), 7.26 (d, J = 3.4 Hz, 1H), 6.99 (d, J = 9.2 

Hz, 2H), 6.85 (dd, J = 3.4, 1.8 Hz, 1H), 3.23 (s, 6H). 13C NMR 

(101 MHz, DMF-D7) δ 159.3, 157.7, 151.5, 148.9, 148.4, 

145.0, 134.3, 132.6, 131.7, 120.5, 119.4, 112.8, 111.2, 110.9, 

40.5. Calcd for C18H13N6NaO2·4H2O: C, 49.09; H, 4.81; N, 

19.08, found C, 49.19; H, 4.98; N, 19.19 

Sodium 3,5-dicyano-7-(4-(dimethylamino)phenyl)-2-

(methylthio)pyrazolo[1,5-a]pyrimidin-6-olate tetrahy-

drate (2h). Red powder (85%), m.p.: 209-211 °C (decom-

pose). 1H NMR (400 MHz, DMF-D7) δ 7.91 (d, J = 9.1 Hz, 

2H), 6.47 (d, J = 8.5 Hz, 2H), 3.08 (s, 6H), 2.68 (s, 3H). 13C 

NMR (101 MHz, DMF-D7) δ 158.7, 152.1, 148.4, 146.6, 138.5, 

133.2, 131.0, 117.6, 114.3, 113.8, 110.4, 79.3, 40.1, 14.1. Calcd 

for C17H13N6NaOS·4H2O: C, 45.94; H, 4.76; N, 18.91, found 

C, 46.04; H, 4.64; N, 18.95. 
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