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ABSTRACT: 

The novel inorganic-organic hybrid material 1H-1,2,4-triazole-4-iumtrioxonitrate (TAN) have 

been elaborated and crystallized to the monoclinic system with space group P21/c and the 

lattice parameters obtained are a = 8.8517(15) Å, b = 8.3791(15) Å, c = 7.1060(11) Å, β = 

103.776(7)°, V = 511.89(15) Å
3
 and Z = 4. The crystal structure exposed substantial hydrogen 

bonding stuck between the protonated 1,2,4-triazole ring and the nitrate forming thus sheets 

parallel to the plans (-1 0 1). The three-dimensional supramolecular network is formed 

through the π…π interactions involving heterocyclic rings in these sheets. Assessment of 

intermolecular contacts in the crystal arrangement was quantified by Hirshfeld surface 

analysis and interactions were analyzed by orbital NBO and topological AIM approaches. 

This compound was also investigated by means of infrared spectroscopy, electrical 

conductivity, thermal analysis TG-DTA, and DSC. Moreover, the antioxidant properties of 

TAN were determined via the DPPH radical scavenging, the ABTS radical scavenging, 

hydroxyl radical scavenging, and ferric reducing power (FRP). Obtained results confirm the 

functionality of antioxidant potency of TAN. The molecular structure and vibrational spectral 

analysis of TAN have been reported by using density functional theory calculations at 

B3LYP/6-311++G(d,p) level of theory. Molecular docking behaviors of TAN along with 

well-known triazole antifungal agents (fluconazole, itraconazole, posaconazole, and 

voriconazole) with saccharomyces cerevisiae CYP51 (Lanosterol 14-alpha demethylase) were 

investigated. The potent of TAN as an inhibitor was discussed on the basis of noncovalent 
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interaction profile. Furthermore, protonic conduction of this compound has been intentional in 

the temperature range of 295-373 K. 

Keywords: Hirshfeld surface analysis; X-ray diffraction; DFT; antioxidant properties; 

molecular docking; topological AIM . 

I. Introduction 

A compound is referred to as a hybrid if it is made up of both an organic and an inorganic 

matrix mixed on the molecular scale. The synergy of the properties of these two components 

when they self-assemble in a crystalline state opens up a wide field of application in various 

domain, namely biology [1-3], optics, electrical conductivity, photochemistry [4-9], medicine 

[10-12], and photo catalysis [13,14].
 
Generally, heterocyclic compounds occupy a more 

interesting place in organic chemistry every day, so they are widely dispersed in nature and 

participate in important parts of many biochemical processes, especially in the medical field 

[15]. Particularly, the triazole belongs to a versatile class of five-membered heterocyclic azole 

compounds having three isomers, including 1,2,3-triazole, 1,2,4-triazole, and 1,3,4-triazole 

derivatives, depending on the relative positions of the three nitrogen atoms. Among these, the 

1,2,4-triazole is a basic aromatic heterocycle with molecular formula C2H3N3. 1,2,4‒Triazole 

can be used as a drug precursor because of possessing antibacterial [16-21], antifungal, 

[22,23] antitubercular [24], antimycobacterial [25], anticancer [26,27], diuretic [28,29], and 

hypoglycemic properties [30]. Antifungal behaviors of triazole based ligands have special 

importance because they have been used as drugs approved by European Medicines Agency 

and US FDA for a broad spectrum infections (See Table 1 in Ref. [31]). These antifungals 

inhibit the synthesis of ergosterol from lanosterol in the fungal cell membrane, thus, lead to 

either inhibition of fungal cell growth or death [31–33].
 
The target of the triazole antifungals 

is the cytochrome P450 (CYP)-dependent 14-alpha-demethylase (CYP51). The crystal 

structures of various mutants of the CYP51 with fluconazole, itraconazole,  posaconazole, and 

voriconazole has been reported in the literature [34]. Depending on the structure of the 

triazole compound, the binding affinities and interaction profile shows significant variations 

resulting in different antifungal activities and side effects [35]. Therefore, the exploration of 

the ligand-enzyme interactions has great importance in understanding the intrinsic mechanism 

of inhibitor behaviors of the potent antifungals. Regarding these matters, we investigate the 

molecular docking characteristics of TAN with saccharomyces cerevisiae CYP51 and 

compare to that of fluconazole, itraconazole, posaconazole, and voriconazole. 
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1H-1,2,4-triazole has a high calculated heat of formation of +109 kJ/mol [36], it is 

commercially available and selected to make new families of energetic salts by way of 

example, protonated heterocycle based on nitrate, perchlorate or dinitramide [37]. Notably 

nitric acid (HNO3) an inorganic acid may be associated with functionalized organic molecules 

(amines or amides) to produce organic-inorganic hybrid systems with potentially forceful 

hydrogen bond interactions between donor (D) and acceptor (A) components. In this work, we 

present a collective experimental and theoretical study on the crystal structure of a new 

organic-inorganic hybrid material (C2H4N3)NO3. The compound has been characterized by X-

ray diffraction, which is the main technique to determine the crystallographic characteristics 

and atomic arrangements. To confirm the results observed by X-ray diffraction, the structure 

was analyzed and evaluated from the point of view of intermolecular interactions and 

hydrogen bond networking using detailed analyses of Hirshfeld surface and fingerprints plots 

calculations. In order to enhance our investigations on the synthesized material and detect a 

possible electrical conduction we have studied the electric transport properties of our crystal. 

Theoretical and experimental studies have been considered along this work to determine the 

vibrational (IR) characteristics with DFT calculations using the B3LYP / 6-311++G (d, P) 

method, to present NBO analysis [38] for determination of the stability of the intermolecular 

interaction, furthermore an attempt was made to explain the topological property of 

compound using atoms in molecule (AIM) theory [39,40]. To better understand the behavior 

of the synthesized compound with respect to the temperature we studied it by differential and 

thermogravimetric thermal analysis (DTA, TG) and differential scanning calorimetric (DSC). 

Due to the different potential biological activity of the title compound, studies of antioxidant 

activity and molecular docking are also reported. 

2. Experimental 

2.1. Materials and physical measurements 

The intensity data were collected at 150 K using a D8 VENTURE Bruker-AXS 

diffractometer with MoKα radiation (λ = 0.71073 Å). Absorption corrections were performed 

using the multi-scan technique using the SADABS program [41]. The total number of 

measured reflections was 4547 among which 1147 were independent and 994 had intensity 

I>2σ(I). The structure was solved by direct methods using the SIR97 program [42] and then 

refined with full-matrix least-square methods based on F
2
 (SHELXL-97) [43] with the aid of 

the WINGX program [44]. All non-hydrogen atoms were refined with anisotropic atomic 

displacement parameters. All the hydrogen atoms were placed in calculated positions and 
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refined with fixed individual displacement parameters [Uiso(H) = 1.2Ueq] according to the 

riding model (C–H and N-H bond lengths of 0.95Ǻ and 0.88Ǻ, respectively). 

 A final refinement on F
2
 converged at R(F

2
) = 0.062 and wR(F

2
) = 0.148. The 

parameters used for the X-ray data collection as well as the strategy for the crystal structure 

determination and its final results are reported in Table 1. An ORTEP [44] drawing of the 

molecular structure is shown in Fig. 1. IR spectrum was recorded in the range 4000 - 400 cm
-1 

with a NICOLET IR 200 FT-IR infrared spectrometer. Thermal analysis was performed using 

a multimodule 92 Setaram analyzer operating from room temperature up to 500 °C at an 

average heating rate of 10 °C/min and the mass of the simple was 13.18 mg for DTA/TG and 

9 mg for DSC. The impedance diagrams were recorded in the 5 Hz –13 MHz frequency range 

using a Hewlett Packard HP 4192A analyzer with 5°C steps. Impedance measurements were 

performed, as a function of temperature (295 - 373 K), using two electrode configurations 

with signal amplitude of 0.5 V. The fine grain samples were pressed into pellets with 13 mm 

diameters and 1.2 mm thicknesses using a hydraulic press. A layer of silver paint was 

deposited on the pellets’ surfaces to ensure good electrical contact between the sample and the 

electrical junctions. 

2.2. Chemical preparation of (C2H4N3)NO3 

An aqueous solution containing 1 mmol of HNO3 in 10 mL of water was added to 1 mmol of 

1, 2, 4-triazol in 10 mL of ethanol. The obtained solution was stirred for 30 min and then left 

for slow evaporation at room temperature. Colorless prisms of the title compound were 

crystallized after some days. Schematically the reaction can be written: 

           

    
                 

2.3. Antioxidant activity (C2H4N3)NO3 (TAN) 

2.3.1. DPPH radical scavenging activity 

The DPPH radical scavenging activity of the compounds with the different concentration 

(1-0.2 mg/mL) (TAN) was measured in terms of percentage scavenging using the stable 

radical 2,2-diphenyl-2-picrylhydrazyl hydrate (DPPH) described by Barca et al.(2000) [45]. 

Briefly, solution of DPPH in methanol was prepared (0,035mg/mL) and stock solution of 

various concentration compounds. 3mL of DPPH solution was mixed with 1mL of 

compounds. The samples were kept in the dark for 30 minutes at room temperature. 

The absorbance was measured at 517 nm. All the tests were run in triplicate and expressed as 

the mean ± standard deviation (SD). Ascorbic acid was used as standard, parallel to the test 
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compound and in the absence of the test compound/standard used as the negative control. The 

capability to scavenge the DPPH radical was calculated using the following equation. 

% inhibition of DPPH radical= [(Acont− Atest) /Acont] × 100 

Where Acont = absorbance of the control (reacting mixture without the test sample) and, Atest 

sample = absorbance of reacting mixture with the test sample. 

2.3.2. ABTS radical scavenging activity 

ABTS assay was performed according to the protocol [46]. The stock solution was 

prepared by mixing equal volumes of 7 mM ABTS solution and 2.45 mM potassium 

persulfate solution followed by incubation for 12 h at room temperature in the dark to yield a 

dark-colored solution containing ABTS•+ radicals. Working solution was prepared freshly 

before each assay by diluting the stock solution by mixing of stock solution to 50% methanol. 

ABTS radical scavenging activity was assessed by mixing 300 μL of compound (TAN) with 

different concentrations (1- 0.2 mg/mL) with 3.0 mL of ABTS working standard. The 

absorbance was measured at 734 nm. Data for each assay was recorded in triplicate. Ascorbic 

acid was used as positive controls. The scavenging activity was estimated based on the 

percentage of ABTS radicals scavenged by the following formula: 

% scavenging = [(Acont − Atest) /Acont] × 100, where Acont is absorption of control, Atest is 

absorption of tested compound. 

2.3.3. Hydroxyl radical scavenging ability 

This assay was determined according to the method of desoxyribose degradation described 

by Halliwell and Gutteridge (1981) [47]. The ability of the new compound (TAN) with 

different concentrations (1- 0.2 mg/ml) to prevent the formation of hydroxyl radicals result of 

decomposition of desoxyribose as the Fenton’s reaction. Briefly, reaction mixture containing 

a methanolic solution of compound,120 µL 20 mM deoxyribose, 400 µL 0.1 M phosphate 

buffer, 40 µL 20 mM hydrogen peroxide and 40 µL 500 µM FeSO4, and the volume for made 

to 800 µL with distilled water. The reaction mixture was incubated at 37 ◦C for 30 min, and 

the reaction was stop by the addition of 0.5 mL of 2.8% TCA (trichloroacetic acid), this was 

followed by the addition of 0.4 mL of 0.6% TBA solution. The tubes were subsequently 

incubated in boiling water for 20 min. The absorbance was measured at 532 nm in 

spectrophotometer. 

 

Percentage OH radical scavenging ability (%) = [(Acont − Atest) /Acont] × 100 
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Acont = absorbance of the control (reacting mixture without the test sample) and, Atestsample = 

absorbance of reacting mixture with the test sample. 

2.3.4. Reducing propriety 

The reducing power of new compound (TAN) was assayed according to the method of 

Pulido et al. (2000) [48]. Briefly, a methanolic solution of compound TAN (1 mL) with 

different concentration (1- 0.2 mg/mL) was mixed with 2.5 ml of phosphate buffer (0.2 M) 

and 2.5 mL of 1% potassium ferricyanide and incubated at 50 °C for 20 min. To this mixture, 

2.5 ml of 10% trichloroacetic acid was added and the mixture was centrifuged at 3000 rpm for 

20 min. The upper layer (2.5 mL) was mixed with 2.5 mL of deionized water and 0.5 ml of 

0.1% Ferric chloride and the same treatment was performed to a standard ascorbic acid 

solution and the absorbance taken at 700 nm. The reducing property was measured using the 

following equation: 

 Reducing power % = [(Acont − Atest) /Acont] × 100 

Where Acont= absorbance of the control (reacting mixture without the test sample) and, Atest 

sample = absorbance of reacting mixture with the test sample. 

2.4. Theoretical studies 

Hirshfeld surface analysis is a study based on a three-dimensional graphics used for the 

visualization and understanding of intermolecular interactions, this approach represents the 

region of space where molecules come into contact. And a two-dimensional graph that 

summarizes complex information in a structure and identifies each type of intermolecular 

interaction. The three-dimensional Hirshfeld surfaces and two-dimensional fingerprint plots 

were generated based on the di and de distances using Crystal Explorer 3.1 [49], where de is 

the distance from the point to the nearest atom outside to the surface, and di is the distance to 

the nearest atom inside to the surface. 

The molecular geometry optimization and all quantum-chemical calculations have been 

performed by using the hybrid B3LYP/6-311++G (d,p) method with the Gaussian 09 software 

package [50] and the GaussView molecular visualization program [51].
 
Stability of crystal as 

a result of hyper-conjugative interactions and electron delocalization were analyzed using 

natural bond orbital (NBO) analysis [52]. Following the geometry optimizations, the 

vibrational wavenumber, HOMO-LUMO energies and atomic charge distribution were 

calculated by using DFT method. The wave function obtained from the optimization was used 

to calculate the topological parameters at the BCPs using the Bader’s theory of ‘Atoms in 

Molecules, implemented in AIM 2000 software [53].
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Before performing the docking calculations, protein structure of CYP51 taken from the 

Research Collaboratory for Structural Bioinformatics (RCSB) Protein Data Bank (PDB ID: 

5HS1) is cleared from water molecules and preexisting ligand. The polar hydrogens and 

Kollman partial charges corresponding electrostatic potential using quantum mechanics are 

added in AutoDockTools [54] to assign appropriate ionization states for the amino acid 

residues. Docking calculations and post screening analysis of ligand-enzyme interactions are 

performed using iGEMDOCK [55] on the basis of GEMDOCK (Generic Evolutionary 

Method for DOCKing Molecules) scoring function [56]. The visual representations of ligands 

in docked state are obtained via PyMol (Schrödinger, LLC, Cambridge, MA, USA) interface 

[57]. The hydrogen bonding and ionization surfaces are created in Discovery Studio 4.1 

developed by Accelrys (Dassault Systemes, BIOVIA Corp., San Diego, CA, USA). 

3. Results and discussion 

3.1. X-ray diffraction and geometry optimization 

The asymmetric unit of the title salt, C2H4N3
+
.NO3

-
 contains one 1H-1,2,4-triazole-4-ium 

cation and one nitrate anion (Fig. 1a). The crystal structure exposed substantial hydrogen 

bonding (Fig. 2a) stuck between the protonated 1,2,4-triazole ring and the nitrate forming thus 

sheets parallel to the plans (-1 0 1) (Fig. 2c). These sheets are interconnected via π…π 

interactions (Fig. 2b) involving heterocyclic rings. The three-dimensional supramolecular 

network is subsequently shaped.   

Together nitrate and aromatic cation are in a good guess planar with r.m.s. deviations of 

0.0019 Å and 0.0022 Å, respectively, and form a dihedral angle of 3.64°. Selected bond 

lengths and angles are given in Table 2. Examination of the nitrate anion shows that the 

interatomic bond lengths and angles spread respectively within the ranges 1.235(3) – 1.268(3) 

Å and 119.24(19) – 120.42(19)°. These geometrical features have been observed in further 

related crystal structures as well [58-60]. We can notice that the N1—O1 is the shortest 

distance in the trigonal nitrate anion, and this may be due to the weak hydrogen bond in which 

O1 is applied by comparing it to the connections made by O2 and O3 (Table 2). 

Concerning the organic cation, the N3—C2 distance is lower than N4—C1 and N4—C2 

distances proving that N3—C2 has a double bond character and the other two bonds are 

intermediate among the single and double. This circumstances justifies the most stable 

mesomeric forms of 1,2,4-tiazolium cation [61]. Geometrical parameters of the organic cation 

are found to be in agreement with those of other similar structures containing the same ring 

cation [62]. 
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All H atoms are applied in hydrogen bonding hence the protonated amine groups are 

donors and the nitrate oxygen atoms are completely acceptors. Furthermore, this structure 

reveals two types of hydrogen bonds, the primary type, N—H…O, with D…A distance 

ranging from 2.735(3) to 2.980(3) Å. Even as the next one, C—H…O, with D…A distance 

spreading from 3.015(3) to 3.022(3) Å. Each organic entity is bounded to three different 

nitrate anions through three N—H···O and two C—H···O hydrogen bonds forming 

  
        

     and   
     motifs (Fig. 2d) and (Table 3) [63]. A two-dimensional layer is then 

created. These layers are interconnected thanks to π…π staking interactions. As a result, the 

three-dimensional network is enhanced which could elucidate the high density of 1.71 g.cm
-3

. 

The optimized molecular structure of TAN compound is given in Fig. 1b. Comparison 

between selected optimized geometrical parameters obtained using HF, M06-2X and B3LYP 

methods with 6-311++G(d,p) basis set, with experimental X-ray crystallographic parameters 

are given in Table 2. The comparison of the global minimum energy, given by the three 

methods, and the dipole moment values shows clearly the utility of the use of the DFT method 

using the 6-311++G(d,p) basis set. The stable form of our material possesses an overall 

energy equal to -523.321 Hartree and a dipole moment of order 5.56 Debye. Our calculation 

shows also that the binding energy between of the organic cation and the inorganic-anion is 

equal to -121.77 kcal/mol. This interaction takes place through two hydrogen-bonded contacts 

(N-H···O and C-H···O), which result in increased stabilization of our compound. 

Examination of the organic cation reveals that the calculated values of binding lengths of 

aromatic ring (N—N and C—N) according to the three methods (HF, B3LYP and M06-2X) 

are slightly different from those observed experimentally by X-ray diffraction. The average 

value of the optimized bond length of aromatic C—H and N—H is 1.03 Å and elongate 

around 0.12 Å from observed XRD average value 0.90 Å. This difference is due to that the 

theoretical calculations belong to isolated molecule in gaseous phase and experimental results 

belongs to molecules in solid state, where the crystal structure is related to inter and 

intramolecular interactions, such as hydrogen bonding and van der Waals interactions. The 

binding angles forming the triazolium ring are almost identical except for C2-N4-C1 and N4-

C1-N2 which are almost 3°. The optimized binding angles C2-N4-C1 (103.6377°), N3-N2-C1 

(102.5700°) and N4-C1-N2 (114.0970°) are not in good agreement with the inside angle of a 

regular pentagon which is the order of 108°. This allows us to conclude that our triazolium 

ring is slightly deformed from a perfect pentagonal shape. 

Now examining the nitrate anion, the deprotonation of latter is confirmed by the 

optimized bond lengths N-O is mainly N1-O3 which is widely extended (1.268(3) Å (X-ray), 
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1.313 Å (HF), 1.370 Å (DFT) and 1.343 Å (M06-2X)). The elongation of the bond length N4-

H4 of the TAN compound is due to the hydrogen bonding between the two moieties (organic-

inorganic).The H4 atom captured by the organic cation connected this last by nitrate anion 

through a hydrogen bond N4-H4 ... O3, the angle formed by this intermolecular hydrogen 

bond is observed to be linear, according to both theoretical and experimental methods, which 

leads to the maintenance and stability of crystalline edifice. 

3.2. Hirshfeld surface analysis 

The molecular Hirshfeld surface; dnorm, shape index and curvedness for the title compound 

is represented in Figure 3, and mapped over dnorm ranges –0.680 (red) to 0.966 (blue), shape 

index ranges –1 to 1, and curvedness ranges -4 to 4, respectively. The representation in dnorm 

shows a surface with a color scheme: red, blue and white (Fig. 3a) or red spots show the 

shortest intermolecular contacts that are assigned to interactions N-H ... O and C-H ... O (Fig. 

4), while other visible areas on the surface are related to the inter-contact H ... H and 

C…H.
[64]

 The estimated intermolecular contacts for our salt are shown in Fig. 5. 

The O ... H / H ... O contacts have the largest contribution on the Hirshfeld surface 

(57.4%), they are attributed to the N-H ... O and C-H ... O hydrogen-bonding interactions, and 

appear as two sharp symmetric spikes in two-dimensional fingerprint  maps around a sum of 

de + di ~ 1.8 Å (Fig. 5a). Pairs of somewhat blunted spikes corresponding to N…H/H…N 

(18.8%) contacts at de + di ~ 2.6 Å result from N—H…O  interactions between the nitrate 

anion and 1H-1,2,4-triazol-4-ium cation are evident in the overall FP, Fig. 5b. The contacts O 

... O (7%) and H ... H (6.9%) comprise 13.9% of the total surface area of Hirshfeld and appear 

in the middle of the scattered points in the two-dimensional fingerprint maps with a single 

broad peak respectively at de = di = 1.4 Å and de = di = 1.5 Å (Fig. 5c, 5d). The fingerprint 

plots corresponding to the contacts C…C (Fig. 5i) shows the presence of a triangle centered at 

de = di = 1.7 Å, this allows us to think about the π-π interactions in our crystalline stacking 

[65]. Two colored properties namely, Shape-index and Curvedness surfaces can be specified 

based on the local curvature of the Hirshfeld surface [66]. Thus, it is clear that our crystal 

structure exhibits π-π interactions; this is confirmed by the presence of the adjacent red and 

blue triangles on the Shape index cartography identified with arrows in the images of Fig.3b, 

and in the plane regions delimited by a blue outline on the Hirshfeld surfaces mapped with 

Curvedness in Fig. 3c. 

The various intermolecular interactions existing in the packaging of the crystal building of 

our compound were evaluated by using the enrichment ratio (ER). The enrichment ratio (ER) 
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of a pair of elements is then defined as the ratio between the proportion of actual contacts in 

the crystal and the theoretical proportion of random contacts [67]. The set of enrichment ratios 

of the various intermolecular contacts occurring in the 1H-1,2,4-triazol-4-ium nitrate 

compound are recorded in Table 4. The list of enrichment ratios shows the O ... H/H…O 

contacts (EROH = 1.68) which prove to be favored in the crystal package with the formation of 

the N-H ... O and C-H ... O type hydrogen bonds. The very high value enrichment ratio of the 

contact C ... C (ERCC = 13.33) due to the π-π interactions in the structure. The absence of C–

H… π and related interactions is reflected in low ERCH = 0.74. The heterocyclic group 1H-1, 

2, 4-triazol-4-ium displays high ECN and ENN values (Table 4). This is explained by the 

nitrogen (SN = 14.2) element which becomes more abundant on the Hirshfeld surface. This 

allows us to think of the polarized atoms (
+
 and 

-
) which can be of interacting partners [68]. 

A quantitative study of the Hirshfeld surface carried out on the compound 1H-1, 2, 4-triazol-

4-ium nitrate gives the following measurements, namely the molecular volume (124.17 Å
3
), 

surface area (142.65 Å
2
), globularity (0.844) as well as asphericity (0.055). 

3.4. Electrical properties 

Based on the nature of the material responsible for conduction (H
+
, Li

+
, Na

+
, Ag

+
…) the 

conductivity differs from one material to another, either by the temperature domain used or by 

the dimensionality of the conductive phase (three-dimensional, lamellar, tunnel…). The 

research carried out on crystalline structures in the domain of conductivity undergoes a very 

rapid evolution due to the discovery of many materials with high ionic conductivity (σ> 10
-2

 

Ω
-1

 cm
-1

), which is very interesting both in the energy and electronics fields. Even if the 

materials with low conductivity are interesting to specify certain transport mechanisms. The 

dielectric study of our hybrid material at different temperatures (295 to 373 K) in a wide 

frequency range (0.01 - 13000 kHz) is a necessary condition for a possible exploitation of 

their properties. The polycrystalline (C2H4N3)NO3 was pressed into pellet with a diameter of 

13 mm and a thickness of 1.2 mm using a hydraulic press of 7 tons. In order to obtain uniform 

electrical contact, a deposit of silver lacquer is deposited on both sides of the pellet. 

3.4.1. Impedance spectroscopy 

Figure 6 illustrates the complex impedance diagrams for the compound 1H-1, 2, 4-triazole-

4-ium trioxonitrate over a temperature range from 295 to 373 K. These spectra are constituted 

by semicircles centered below the real axis and passing close to the origin suggesting the 

departure from ideal Debye behavior [69]. This departure is result to the presence of a model 

consisting of a resistance (R) and a constant phase element (CPE) used to compensate for the 
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non-homogeneity in the system. So, the complex impedance spectrum shows that the title 

compound follows the Cole-Cole rule [70].
 

The figures 7a and 7b show respectively the evolution of the real part of the impedance (Z’) 

and imaginary (Z’’) with the frequency at different temperatures. It is observed that (Z’) 

decreases as the frequency and temperature increases, thus indicating the possibility of 

increasing the conductivity in alternating current (σac) of the material [71]. For the curve Z '' = 

f (logf) one notices that it is characterized by the appearance of the peaks (max, Z’’max) whose 

intensity decreases with the increase of the temperature. These peaks translate the presence of 

the relaxation phenomenon. Each peak centered at a characteristic frequency fmax decreases in 

intensity and shifts towards high frequencies for increasing temperatures. This shows that the 

relaxation phenomenon depends on the temperature and its position corresponds to the 

condition m.m =1 [72-74].
 

3.4.2. Conductivity analysis 

The conductivity value is determined from the expression   
 

  
 , where e, S and R 

respectively represent the thickness, surface area and resistance of the sample used. The 

values of resistance R at different temperatures are determined from the intersection of the 

Nyquist diagram with the abscissa axis as shown in Figure8. The curve representing Ln (σ.T) 

= f (1000 / T) (Fig. 8) is constituted by a linear branch which exhibits no rupture, in good 

agreement with the Arrhenius law σ               , where A is  the pre-exponential  

factor, K the Boltzman constant and Ea activation energy. The activation energy Ea expressed 

in electrons volts is determined from the slope of the line equation given by the following 

relation         
   

  
        (Ea= 0.11eV). The study of this curve shows a single mode 

of conduction in the interval of temperature studied. It should be noted that in this same 

temperature range, no phase shift was detected during its thermal study. The comparison of 

the value of activation energy (Ea= 0.11eV) and conductivity (σ) [1.97.10
-6

 Ω
-1

cm
-1 

(295 K) to 

6.13.10
-6

 Ω
-1

cm
-1

(373K)] with those of other materials in the bibliography [75] shows that our 

material is classified among semiconductors. 

3.4.3. Study of the electrical modulus 

The formalism of the complex modulus M* = jωс0Z* = M’ + j M’’ was used for the first 

time by Macedo and Coll. [76,77]. They were the first to use modulus to analyze the 

relaxation of conductivity in glasses as well as highly concentrated aqueous solutions. The 
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real and imaginary parts of the electrical modulus were calculated from the following 

relations: M’ = ‒C0Z’’; M’’ = C0Z’ with C0 = ԑ0S/e  (ԑ0 is the permittivity of free space). 

The variation of the real part M’ as a function of the frequency given in Fig. 9a shows that M’ 

follows very low values close to zero in the low-frequency region. This indicates that 

polarization phenomena due to interfacial effects and electrodes have a negligible contribution 

[78,79]. On the other hand, in the region of very high frequencies, M’ increases progressively 

and tends to saturate at a limit value for the different temperatures. 

Figure 9b shows the frequency spectra of imaginary part of electric modulus M’’. We note 

from this curve that at very low frequencies M’’ remains constant up to a certain critical 

frequency where it changes slope in our compound, which indicates that the electrode 

polarization does not contribute to the modulus data. These spectra relating to M’’ have a 

maximum at a frequency noted (ωmax) highlighting the relaxation phenomenon of the system. 

3.4.4. Study of electrical permittivity 

The complex permittivity (ԑ*) is defined by the following expression: ԑ* = ԑ’-iԑ’’ where 

(ԑ’) is the real part which represents the absorption phenomenon, and (ԑ’’) is the imaginary 

partrelating to dissipation of energy phenomenon [80]. ԑ’ and ԑ’’ are determined from the 

following relations:                
   

            
  ;    

  

            
 

Where  = 2πf is the angular frequency, C0 is the geometrical capacitance.  

Fig. 10a and Fig. 10b respectively show the variation of the real and imaginary part of the 

permittivity ԑ’ and ԑ’’ as a function of the frequency at different temperatures. When the 

frequency increases these two dielectric characteristics (ԑ’, ԑ’’) of the permittivity decreases, 

this can be explained by the difficulty of the dipoles present in the system to reorient rather 

quickly and to follow the frequency of the applied electric field Where the orientation 

polarization stops [81,82]. On the other hand, the high values of ԑ’ and ԑ’’ at low frequencies 

suggest the existence of an electrode polarization [74,83]. The increase of these constants with 

the temperature is due to the total polarization which results from the dipole orientation and 

the trapped charge carriers [84].
 

3.4.5. Correlation between electrical and structural properties 

The increase of the temperature can favor the vibration of the layers formed by the nitrate 

anions and the organic groups and can lead to the reorientation of the NO3
-
 ions and the rapid 

mobility of the H
+
 proton in the network of the hydrogen bonds. Moreover, it is very 

important to note that the X-ray diffraction study shows that the hydrogen bonding network in 
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the title compound is two-dimensional, this indicates the mean conduction with respect to the 

three-dimensional structures which possess a strong conductivity where the motion of the 

protons H
+
 takes place in the three directions [85,86].

 

3.5. Thermal behavior 

The differential and thermogravimetric thermal analysis of 1H-1, 2, 4-triazol-4-ium- 

nitrate is carried out using a SETRAM TG-DTA thermoanalyzer in air, from ambient 

temperature up to 850 K with a heating rate of 10 K/min in an alumina crucible. The DTA 

curve of this compound indicates in Fig. 11 the presence of two endothermic peaks in a wide 

temperature range. The first peak at 413 K corresponds to a melting during which our 

compound loses its crystalline state and passes to the liquid state. This phenomenon is further 

confirmed by the heating of our compound on a Kofler bench which makes it possible to 

estimate the melting temperature of a material, this temperature (410 K) is near to that 

observed on the DTA curve. The second peak at 502 K which is accompanied by a large 

weight loss on the TG curve relates to the decomposition of the organic molecules and to the 

transformation of the remainder into NO2 and NO. 

A thermal calorimetric analysis is carried under argon on a 9 mg mass sample in a 

temperature range of 298 to 573 K, with a heating rate of 5 K/min. The DSC diagram 

illustrated in Figure12 shows the same phenomena already observed by DTA. The peak at 441 

K attributed to the melting of the material, is accompanied respectively by a heat 

transformation: ΔHmelting = 25.79 kJ.mol
-1

 and a molar fusion entropy:                            

ΔSmelting = 62.45 J.mol
-1

.K
-1

. 

3.6. Quantum theory of atoms in molecules (QTAIMs) analysis 

Atoms-In-Molecule (AIM) method provides an effective means of mapping topological 

properties of the electron density to Lewis structure representation of molecules. According to 

AIM theory each chemical bond possesses a critical point of binding denoted BCP. This point 

is defined as being a minimum of electronic density along the connecting path and a 

maximum in the other two perpendicular directions. After the location of the BCP several 

energetic and topological parameters can be calculated at their position in space. The 

topological parameters which calculated are the following: the electron density ρ (r), the 

ellipticity (ε), Hessian own values λi  (i =  1. 2. 3) and the Laplacian values 
2
ρ (r).These 

parameters were used to evaluate the properties of the bonds in compounds and more 

particularly the hydrogen bonds [87]. Laplacian of total electronic density is related to 
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energetic topological parameters by a local expression of the virial theorem at critical 

points
[88]

:
 


2
ρ (r) = 2G(r) + V(r) 

Where G(r) and V(r) represent respectively the kinetic and potential electron energy densities 

at critical points. Either the total electron energy density:  

H(rBCP) = G(rBCP) + V(rBCP) 

In this context Rozas et al.
[89]

 proposed three criteria for classifying hydrogen bonds: 

Weak hydrogen bonds ∇2
ρ(rBCP) >0 and H(rBCP) >0.Medium hydrogen bonds ∇2

ρ(rBCP) >0 and 

H(rBCP) <0 and Strong hydrogen bonds ∇2
ρ(rBCP) <0 and H(rBCP) <0. In addition AIM analysis 

allows us to detect the presence of cycles in a molecular system. The presence of a critical 

point in the “RCP” cycle confirms the cyclic nature of certain molecules and an atomic chain. 

The graphical representation of AIM analysis of the 1H-1,2,4-triazol-4-ium nitrate compound 

is shown in Figure 13. The topological and energetic parameters obtained are tabulated in 

Table 5. 

The AIM analysis shows that our material is stabilized by two O…H hydrogen bonds. In 

this study, the BCPs located along the O... H bonds, the Laplacian of total electronic density 

∇2
ρ(rBCP) are 0.04566 and 0.64603 a.u with electron energy density H(rBCP) values 1.038 and 

1.2408 kcal/mol respectively for the two hydrogen bonds O1 ... H2 and O3 ... H4. For better 

representation we show in figure 14 the map for electron density in the XY plane. The 

hydrogen binding energy is calculated using the relationship of Espinosa et al. [90]: EH…O = 

(1/2) VBCP. In our case, the hydrogen bonding energy for O1 ... H2 and O3 ... H4 are 

respectively of the order 2.5435 and -49.4327 kcal/mol. So from these topological parameters 

we can conclude that hydrogen bond N4-H4 ... O3 is a very strong bond. While C2-H2 ... O1 

is considered to be a weak hydrogen bond. The AIM analysis shows, also, that the values of 

the electronic density and its Laplacian at the RCP of triazolium ring (0.0531, 0.4145 a.u) are 

greater than those at the RCP level of the closed cycle by hydrogen bonds that connect the 

nitrate anion to the organic group (0.0085, 0.0426a.u). These results clearly show the high 

cycle stability of the organic cation. Besides of the above cited parameters, the ellipticity ԑ = 

(λ1 / λ2) -1 also provides an idea of the accumulation of loads in a given plane. Recall that, the 

ε at BCP is a sensitive index to monitor the π-character of bond. In our study, the ellipticity 

values at the BCP points of the bonds forming the triazolium ring are in a range of 0.0126-

0.4054. These low values advise that these bonds extend delocalization of electrons in 

triazolium ring [91]. Consequently, the overall ellipticity values suggest that there is strong 

delocalization in the TNA molecule. 
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3.7. NBO analysis and Mulliken charges 

Natural bond orbital (NBO) analysis is a very effective method for studying intra- and 

intermolecular interactions in a molecular system. It provides information on charge transfer 

and possible interaction donor-acceptor between orbital in hydrogen bonded systems [92]. A 

second order perturbation analysis of the "donor-acceptor" interactions is performed between 

occupied and vacant NBO. Indeed, the most stable interaction can be estimated by calculation 

of the interaction energy by using second order perturbation theory, for each donor (i) and 

acceptor (j) group, the second-order stabilization energy E
(2)

 associated with delocalization of 

electrons between donor and acceptor [93] is written as follows: 

        
       

     
 

Where qi is the donor orbital occupancy, εi and εj are diagonal elements orbital energies and 

F(i, j) is the off diagonal NBO Fock matrix element [94]. More than the E
(2)

 energy is greater, 

more than  interaction between the electron donor and electron acceptor is intense. 

This analysis is an efficient tool for the chemical interpretation of hyperconjugate 

exchanges and the electrons transfers   from LP (A) free electron pairs to the σ (D─H) anti-

binding orbit in a hydrogen bond D─H ∙∙ A [92]. The results of the NBO analysis correspond 

to the second-order perturbation theory calculated for TAN compound are summarized in 

Table 6.  

The orbital analysis of our crystal structure clearly shows the existence of an important 

interaction between the lone pair LP (O3) orbital and the σ* (N4-H4) antibonding orbital with 

stabilization energy equal to 97.33 Kcal.mol
-1

, this is reflected by the strong interaction 

between the anionic and cationic groups which is manifested by the formation of a hydrogen 

bond N4-H4 ... O3.The stabilization energy E
(2)

 of the hyperconjugant interactions of 

triazolium ring associated to π (N2 - C1) → π* (N3 - C2) and π (N3 - C2) → π* interactions 

the order of 12 kcal.mol
-1

. Apart from this we notice very strong intramolecular interactions 

existing in the nitrate anion due to the delocalization of a single pair of oxygen electrons on 

the σ* and π* orbital with stabilizing energies very interesting, namely: LP (2) O1→ σ* (O3 - 

N1) (21.51 kcal.mol
-1

), LP (2) O2→ σ* (O3 - N1) (25.35 kcal.mol
-1

), LP (3) O3→ π* (O2 - N1) 

(55.45 kcal.mol
-1

), LP (3) O1→ π* (O2 - N1) (129.69 kcal.mol
-1

).Interactions between the π* 

(N3 - C2) and π* (N2 - C1), σ* (N4- H4) and σ* (N2 - C1) anti-binding orbitals lead to 

stabilization energies of 20.06 kcal.mol
-1

 and 10.01 kcal.mol
-1

, respectively. 

In addition to the NBO analysis, load distribution analysis of molecule plays a very 

interesting and significant role in the application of calculations in quantum mechanics for 
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molecular systems [95]. The latter affects dipole moment, polarizability, electronic structure 

and more properties of molecular system [96]. For this reason, the Mulliken population 

analysis (MPA) and the natural population analysis (NPA) of the title compound are 

calculated using the DFT / B3LYP method at the base 6-311 ++ G (d, p) and are listed in 

Table 7. For better representation, the different results obtained have been illustrated in the 

graph form, as shown in Figure 15. It should be noted that both analyzes (MPA and NPA) 

predict the same tendencies, as is reported by the results that all hydrogen atoms (H1, H2, H3 

and H4) have a net positive charge. The stretching electron of the nitrogen atom makes the 

carbon atom (C1 and C2) negative. Note that H4 has very high load values 0.50450e (PA), 

0.558855e (MPA), N4 exhibits the most negative loads -0.57875e (NPA), -0.472341e (MPA), 

this suggests the formation of a strong intermolecular hydrogen bond N4-H4 ... O3, as it is 

supported by NBO analysis. Finally, we can conclude that the NBO, NPA and MPA analysis 

confirm that the hydrogen bonding in the TAN compound leads to his crystal structure. 

3.8. Frontier molecular orbital analysis 

The highest Occupied Molecular Orbital (HOMO), Lowest Unoccupied Molecular Orbital 

(LUMO) and the gap energy between them are very effective quantities in quantum chemistry 

and more specifically in the theory of molecular orbitals (MO). These orbitals are excellent 

indicators of transfer of electrons in molecular systems; they play an important role in 

chemical stability of the molecular edifice. Indeed, the chemical reactivity and kinetic 

stability of the molecule are characterized by the gap. A high gap indicates a high stability of 

the molecule. A low gap is criterion of high reactivity. The pictorial representations of the 

(HOMO, HOMO-1 and LUMO, LUMO+1) and the contribution of the organic and the 

inorganic units to these orbitals (PDOS) for the title compound are mapped respectively in 

Figs. 16and 17.The red and green colors of the MO plot show the positive and negative phase, 

respectively. The calculated energy values of HOMO and LUMO are around -7.08 eV and 

1.62 eV respectively, in the gas phase and in the other solutions. The energy gap between the 

HOMO and LUMO is in the vicinity of 5.46 eV, this high value implies a high kinetic 

stability and a low chemical reactivity toward chemical reactions in some sense. The big gap 

HOMO-LUMO means that our crystal is hard. Stereographs of the frontier molecular orbital 

of the TAN compound show that HOMO components are concentrated on the anionic part, 

while the LUMO components are mainly located on the organic cation. These findings 

manifest that the electrons are delocalized in the inorganic part (NO3
-
).  
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The energies, electron affinity, global electrophilicity index, ionization potential (IP), 

electronegativity, global chemical potential, global hardness and global softness of the most 

important orbital such as the HOMO (HOMO-1) and LUMO (LUMO+1) orbitals are 

calculated by TD-B3LYP method using the 6-311 ++ G (d, p) basis and are listed in Table 8. 

Using the HOMO and LUMO orbital energies, the ionization potential and the electron 

affinity are respectively expressed as follows: IP = -EHOMO and A = -ELUMO. The 

electronegativity χ is defined by Mulliken [97] as follows: χ  
     

 
 . The chemical hardness 

and global softness are determined by the following relationships:  
     

 
 , S = 

 

  
 

Parr et al. [98], proposed the global electrophilicity power of a ligand as     
  

 
 ,  where μ is 

the chemical potential defined by    
     

 
. The electrophilicity index measures the 

stabilization in energy when the system acquires an additional electronic charge from the 

environment. Thus the high value of the electrophilicity index (see table 8.) for the TAN 

compound favors its powerful electrophilic behavior. Also it is seen that the chemical 

potential is negative it means that our crystal is stable and does not decompose spontaneously 

into its elements [99], which is well known property of biologically active molecules. 

3.9. In vitro antioxidant activity 

The harmful effect of free radicals attracts the attention of the scientist in last few years. 

The dangerous affect of free radicals reactive oxygen species (ROS) that generated by our 

body driving scientists to focus their studies on understanding its generation mechanisms, 

combined diseases and final the best methods to control it [100]. Currently, several 

pathophysiological events such as ischemia, diabetes, cancer, reperfusion-related injuries 

(e.g., heart attack, stroke, and organ dysfunction), as well as neurodegenerative disorders such 

as Alzheimer‘s, Parkinson‘s, and Huntington‘s diseases, have been associated with an 

increase in ROS generation and concomitant oxidative stress [101]. Therefore, there is a 

growing interest in the synthesis of new molecules that possess biological activity. 

The objective of this study was to evaluate the antioxidant capacity of the new compound 

(TAN). This capacity was determined, in vitro, by 1,1-diphenyl-2-picrylhydrazyl (DPPH) 

method, ABTS test, reducing power and hydroxyl scavenging ability using ascorbic acid as 

control. 
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3.9.1. DPPH radical scavenging activity 

The result was presented in figure 18 showed that the derive TAN has the highest capacity 

of scavenging DPPH radicals at the concentration 1mg/mL with percentage of inhibition 

respectively 69.51 ±3.59 % (IC50= 0.66) compared with ascorbic acid at the same 

concentration 91.35 ± 1.048% (IC50= 0.476). The consequence of antioxidant on DPP radical 

was investigated to be owed to their hydrogen donating skill for the free radicals and reducing 

it to nonreactive species. 

3.9.2. ABTS radical scavenging activity 

Our results presented in figure 19 demonstrate that the compound (TAN) has the highest 

capacity of scavenging at concentration 1mg/mL with value 55.39± 2.96% (IC50=0.841), 

ascorbic acid at the same concentration 66.79 ± 3.91% (IC50=0.733). 

3.9.3. Hydroxyl radical scavenging ability 

The results were summarized in the figure 20 demonstrated that the compounds TAN has a 

highest percentage of inhibition of hydroxyl radicals at the high concentration 1mg/mL 58.82 

± 3.98 % (IC50= 0.805) and compared with ascorbic acid at the same concentration (1mg/ml) 

the percentage of inhibition was 72.706 ± 1.86% (IC50= 0.68). 

3.9.4. Reducing propriety 

The results was presented in figure 21 reported that TAN  presented a high reducing 

property at the high concentration (1 mg/mL) with percentage comparable to that of ascorbic 

acid and the percentage is AA 78.77 ± 0.94 % (IC50=0.545), TAN  68.58 ± 0.621 % 

(IC50=0.627). 

In conclusion, our results show that free radical scavenging activity of TAN was increased 

via amination process. Promotion of antioxidant activity may be attributed to replacing 

hydroxyl groups with free amine groups. Obtained results confirm functionality of antioxidant 

potency of TAN. 

3.10. Molecular docking behaviors  

Molecular docking studies were carried out in iGEMDOCK with the accurate docking 

settings suggested by the program with the following setting; population size is 800, number 

of generations is 80, and number of solutions is 10. During the calculations, the ligand 

intramolecular energies are excluded from total energy calculation. The energetic related 

results of the molecular docking calculations are given in Table 9 and corresponding docking 

positions are presented in Figure 22.  
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Total energy scores for the ligands are at comparable level. Although the docking energy 

of the TAN is lower than that of the other ligands, considering the size of the molecules, its 

binding affinity quite remarkable. TAN molecule has much lower molecular weight, therefore 

when the same dose given, it is expected that it would result in higher effectiveness. TAN 

molecule has much stronger binding to the protein with tighter hydrogen bonds and even 

electronic interactions. The hydrogen bonding surface for the ligands are presented in Figure 

23 for TAN and Figures S1-S4 for fluconazole, voriconazole, itraconazole, and posaconazole 

respectively. Hydrogen bonding energies with the H-M-SER, H-S-SER, H-M-THR, H-S-

THR amino acids are high (>5 kcal/mol) whereas the interactions with the H-M-MET, H-M-

AS, H-M-MET, H-S-ASP amino acids are at moderate level. Hydrogen bonds in the case of 

the other ligands are only at moderate level. The electronic interaction of TAN occurs only 

with the E-S-LYS residue. Relatively strong van der Waals interactions (>2 kcal/mol) exist 

between TAN and V-M-LEU, V-M-LYS, V-M-ASN, V-S-SER, V-S-LYS, V-M-MET, V-S-

ILE residues. -alkyl interactions between surrounding amino acids and triazole moiety are 

common for all ligands studied. In the case of TAN and fluconazole, multiple -alkyl 

interactions are observed from the same ring. Ionizability surfaces of the ligands at binding 

sites presented in Figures S5-S10 show that TAN is mostly basic, fluconazole is acidic, and 

itraconazole, voriconazole, and posaconazole have partially acidic-basic regions. This can be 

considered as a sign for different inhibitor characteristics of TAN than the other ligands. 

3.11. Vibrational analysis 

To determine the vibrational characteristics of our crystal structure we undertook a 

vibratory study using infrared spectroscopy at room temperature. The experimental  infrared 

wavenumber compared to the calculated from DFT method assigned by VEDA program [102] 

and Gauss View software [44] were listed in Table 10 along with a tentative assignment of the 

observed bands. In this table, we have presented the scaled calculated harmonic vibrational 

frequencies, observed vibrational frequencies, and detailed PED assignment. In this study, 

wavenumbers in the ranges from 4000 to 1700 cm
-1

 and lower than 1700 cm
-1

 are scaled using 

scale factors of 0.958 and 0.983, respectively [103], and with Specsa program [104].
 
The 

experimental IR spectrum according the calculated is illustrated in Fig. 24. By reference to the 

results of the assignment and to the bibliographic study [105-108] we have ascribed the 

different vibration modes of the nitrate anion (NO3
-
) and the organic cation to the set of bands 

that appeared in IR spectrum.  
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3.11.1. Vibrations of nitrate anion 

Previous work on nitrates [109-111] allowed us to identify the different normal modes of 

vibration of the NO3
-
 anion in its ideal symmetry D3h, as well their IR and Raman activities. 

According to the relation 3N-6 characteristic of non-linear molecules, NO3
-
 contains six 

vibrations modes which decompose into a symmetric elongation mode A1
’
 (1) is Raman 

active, a symmetrical deformation mode A2
’’
 (2) is IR active and two asymmetric modes 

doubly degenerate one of elongation and the other of deformation E’ (3 and 4) are both IR 

and Raman active. The stretching mode 1(NO3
-
) appears as two bands around 1205 and 1165 

cm
-1

. The same stretching vibration is predicted at 1271 cm
-1

 in DFT method. A very intense 

band observed at 1394 cm
-1 

relative to the asymmetric stretching vibration 3(NO3
-
), whereas 

it was calculated to be found at 1441cm
-1

. Mode 4(NO3
-
) appears in the spectral range 

between 719 and 634 cm
-1

. These values are in good agreement with calculated value in 

region 754–623 cm
-1

. Finally the band situated at 896 cm
-1

 corresponds to the deformation 

mode out-of-plan 2(NO3
-
). This mode it is theoretically calculated at 916 cm

-1
 by DFT 

method. 

3.11.2. Triazole vibration 

Concerning the organic entity belonging to the heterocyclic family, the high- frequency 

region between 3600-2700 cm
-1

 is assigned to the valence vibration modes of the N-H and C-

H groups. The DFT computations give the frequency of these bands at 3588 cm
-1

 for N-H and 

3217 and 3210 cm
-1

 for the C-H groups. The spectral domain between 1394 and 949 cm
-1

 is 

ascribed to the elongation vibration modes of the C-N group. This was calculated to be found 

in region 1497–1028 cm
-1

. The bands at 1643, 1584 and 1532 cm
-1

 in experimental spectrum 

correspond to the C=N aromatic stretching and the N-H deformation modes. The same 

vibrations are calculated between 1497 and 1419 cm
-1

 by DFT level. Finally the absorptions 

located in the low- frequency region of the spectrum between 896 and 634 cm
-1 

relate to the 

deformation vibration modes of the C-N and C-H groups. The corresponding bands are 

calculated in range 942 and 649 cm
-1

.  

3.11.3. N-H … O hydrogen bond vibrations 

Weak N–H···O bonds (2.735(3) – 3.189(3) Å) are manifested in the vibrational spectrum 

as perturbed NH
+
 group vibration of the protonated 1H-1, 2, 4 triazol-4-ium cation. The broad 

band estimated at 2775 cm
-1

 in calculated IR spectrum  is attributed to the N-H…O stretching 

vibration. 
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CONCLUSIONS 

A novel organic–inorganic hybrid material 1H-1,2,4-triazole-4-ium trioxonitrate (TAN) 

has been successfully synthesized at room temperature by slow evaporation. The crystal 

structure of this compound show a 3D-supramolecular network supported by means 

electrostatic, H-bonds type N-H…O and C-H…O and van der Waals interactions. The 

Hirshfeld surface analysis show that the structure is stabilized by H⋯H, H⋅⋅⋅O/O⋅⋅⋅H, 

N⋅⋅⋅H/N⋅⋅⋅H, O…O, N…O/O…N, N…N, C…N/N…C, C…C, C…O/O…C and H⋅⋅⋅C/C…H 

intermolecular interactions. The dielectric measurements show the appearance of relaxation 

phenomena. The results of the dielectric study are confirmed by the thermal study which 

shows no thermal accident in the temperature range studied for this compound. The 

vibrational wavenumbers of the fundamental modes of (TAN) have been precisely assigned, 

analyzed, and the theoretical results were compared with the experimental values. NBO 

analysis and AIM approach explained the stability of title compound. HOMO–LUMO energy 

gap, molecular hardness, ionization energy, electron affinity, total energy and dipole moment 

are very interesting physical parameters for chemical reactivity and biological activities of the 

studied compound. Furthermore this compound was found to be the applicant exhibiting 

antioxidant property; this is demonstrated by scavenging DPPH radicals, ABTS radicals, 

reducing property and slight hydroxyl radical scavenging to that of ascorbic acid. 
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Table captions 

Table 1. Crystal data and experimental parameters used for the intensity data collection 

strategy and final results of the structure determination. 

Table 2. Bond length (A˚), bond angles (°) and torsional angles (°) by X-ray data (with 

estimated standard deviation in parentheses) and by theoretical calculations at different levels 

of theory. 

Table 3. Hydrogen-bond geometry (Å, °) of TAN. 

           Table 4. Enrichment ratio of different inter-contact and percentage of each atom on the 

surface Hirshfeld in (C2H4N3)NO3. 

Table 5. Topological parameters for interactions: electron density (ρ), Laplacian of electron 

density ( 2 (r)), electron kinetic energy density (G). electron potential energy density (V), 

total electron energy density (H), estimated interaction energy (Eint),eigen values  of  Hessian 

and ellipticities (ε)  at ring and bond critical point (BCP). 

Table 6. Second-order perturbation energies E(2) (kCal/mol) corresponding to the most 

important charge transfer interaction (donor-acceptor) in TAN by DFT/B3LYP/6-

311++G(d,p) method. 

Table 7. Natural and Mulliken population analysis of the atoms in hydrogen bondings for the 

TAN. 

Table 8. Global reactivity descriptors and calculated frontier molecular orbital parameters in 

gas and in solution phase for TAN. 

Table 9. Docking energy scores in kcal/mol for the ligand molecules (TAN, fluconazole, 

voriconazole, itraconazole, and posaconazole) with CPY51 receptor and their molecular 

weights in g/mol. 

Table 10. Observed and calculated wavenumbers (cm
-1

) and assignments of TAN molecule. 
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Figure captions 

 

Fig. 1. ORTEP drawing of (C2H4N2)NO3 with the atom-labeling scheme. Displacement 

ellipsoids are drawn at the 30 % probability level. H atoms are represented as small spheres of 

arbitrary radii (a) and the optimized molecular structure (b). 

Fig. 2. The packaging scheme of TAN, showing the interactions between the two ions 

(C2H4N3
+
 and NO3

-
). Hydrogen bonds are shown as dashed lines (a) Interactions between 

organic cations π…π stacking (b) Projection along the    axis of atomic arrangement of TAN 

(c) Projection of a layer in the plane (a b) showing the patterns of hydrogen bonding in the 

title compound (d). 

Fig. 3. Hirshfeld surfaces mapped with dnorm(a), shape index (b) and curvedness (c) for the 

(C2H4N3)NO3. 

Fig. 4. dnorm mapped on the Hirshfeld surface for visualizing the intermolecular interactions of 

the title (C2H4N3)NO3 compound. Color between -0.680 a.u (blue) to 0.966 a.u (red). Dotted 

lines (red) represent hydrogen bonds. 

Fig. 5. Fingerprint plots of the different intercontacts and percentage of various 

intermolecular contacts contributed to the Hirshfeld surface in the (C2H4N3)NO3 compound. 

Fig. 6. Cole-Cole plots of the (C2H4N3)NO3 at various temperatures. 

Fig. 7. Plots of the real and imaginary parts of impedance Z’(a) and Z’’(b) vs log(f) of 

(C2H4N3)NO3 at various temperatures. 

Fig. 8. Arrhenius plots ionic conductivity of Ln(σ.T) versus 1000/T of (C2H4N3)NO3.   

Fig. 9. Variation of real and imaginary part of electric modulus M’(a) and M’’(b) with 

frequency at different temperature.  

Fig. 10. Variation of dielectric loss with frequency of (C2H4N3)NO3 at various temperatures. 

Fig. 11. DTA and TGA curves of (C2H4N3)NO3 at rising temperature. 

Fig. 12. DSC curve of (C2H4N3)NO3. 

Fig. 13. Graphical representation of the AIM analysis of the (C2H4N3)NO3: bond critical 

points (small red spheres), ring critical points (small yellow sphere), bond paths (pink 

lines)using AIM program. 

Fig. 14. The map for electron density in the XY plane of TAN. 

Fig. 15. Atomic charge distribution of TAN. 

Fig. 16. The frontier molecular orbitals of TAN computed with TD-DFT(B3LYP)/6-

311++G(d,p) in gas phase. 

Fig. 17. Partial electronic density of states (PDOS).  
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Fig. 18. DPPH Radical Scavenging Activity: tested compound (TAN), AA: ascorbic acid). 

Fig. 19. ABTS radical scavenging ability: tested compound (TAN), AA: ascorbic acid). 

Fig. 20. Reducing power assay: tested compound (TAN), AA: ascorbic acid). 

Fig. 21. OH radical scavenging ability: tested compound (TAN), AA: ascorbic acid). 

Fig. 22. Localization of the best docked poses for TAN, fluconazole, voriconazole, 

itraconazole, and posaconazole estimated via accurate docking by iGEMDOCK. 

Fig. 23. Non-covalent interactions and hydrogen bonding surface map between TAN at best 

docked pose and CYP51. Color coding for interactions; Green: H-Bond, Purple: Pi-alkyl 

interactions, Red: Donor-Donor repulsion, and Brown: Charge-Charge repulsion 

Fig. 24. Theoretical and experimental FT-IR spectrum of TAN. 

 

Fig. S 1. Non-covalent interactions and hydrogen bonding surface map between fluconazole 

at best docked pose and CYP51 

Fig.  S 2. Non-covalent interactions and hydrogen bonding surface map between voriconazole 

at best docked pose and CYP51 

Fig. S 3. Non-covalent interactions and hydrogen bonding surface map between itraconazole 

at best docked pose and CYP51 

Fig. S 4.  Non-covalent interactions and hydrogen bonding surface map between 

posaconazole at best docked pose and CYP51 

Fig. S 5. Ionizability surface map for TAN at binding site of CYP51. 

Fig. S 6. Ionizability surface map for fluconazole at binding site of CYP51. 

Fig. S 7. Ionizability surface map for voriconazole at binding site of CYP51. 

Fig. S 8. Ionizability surface map for itraconazole at binding site of CYP51. 

Fig. S 9. Ionizability surface map for posaconazole at binding site of CYP51. 
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Fig. 19 
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Fig. 21 
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Fig. 23 

 

 

 

 

Fig. 24 
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  The atomic arrangement of the synthesized compound shows three-dimensional network. 

 The crystal packing stabilized by a set of hydrogen bonds also analyzed by Hirshfeld 

surface.  

The dielectric measurements show the appearance of relaxation phenomena. 

Investigation of molecular docking characteristics of TAN with saccharomyces cerevisiae 

CYP51. 

 Antioxidant study, in vitro, shows significant scavenging capacity of free radicals (DPPH• 

and ABTS•). 

 

Graphical Abstract



1 
 

Table 1 

CCDC 

Temperature 

Empirical formula 

Formula weight (g mol
-1

) 

Crystal system 

Space group 

a 

b 

c 

β 

Z 

V 

F(000) 

(Mo Kα) 

Index ranges 

Reflections collected 

Independent reflections 

Reflections with I > 2σ(I) 

Rint 

Absorption correction: multi-scan 

Refined parameters 

R[F
2
> 2σ(F

2
)] 

wR(F
2
) 

Goodness of fit 

Δρmax 0.38 e Å
-3 

1479753 

150 K 

C2H4N4O3 

132.09 

Monoclinic 

P21/c 

8.8517(15) Å 

8.3791(15) Å 

7.1060(11) Å 

103.776(7)° 

4 

511.89(15) Å
3
 

272 

0.16 mm
-1 

-11≤ h ≤ 11, -10 ≤ k ≤ 9, -9 ≤ l ≤ 9 

4547 

1147 

994 

0.063 

Tmin = 0.910 , Tmax = 0.989 

82 

0.062 

0.152 

1.19 

Δρmin -0.32 e Å
-3

 

 

  

Table(s)
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Table 2 

Parameters' X-ray 

Calculated 

HF 

6-311++G(d,p) 

B3LYP 

6-311++G(d,p) 

M06-2X 

6-311++G(d,p) 

Bond lengths (Å) 

    N1-O3 1.268(3) 1.313 1.3706 1.3432 

N1-O1 1.235(3) 1.1908 1.2232 1.2156 

N1-O2 1.253(3) 1.1692 1.2025 1.1928 

N3-N2 1.361(3) 1.3412 1.3565 1.3467 

N3-C2 1.312(3) 1.3225 1.3424 1.3375 

N3-H3 0.880 0.9931 1.0089 1.0087 

N4-C2 1.329(3) 1.3025 1.3234 1.3191 

N4-C1 1.356(3) 1.3579 1.3657 1.3625 

N4-H4 0.880 1.7817 1.6702 1.6218 

N2-C1 1.306(3) 1.2885 1.3171 1.311 

C2-H2 0.950 1.07 1.0782 1.0783 

C1-H1 0.950 1.0697 1.0783 1.0779 

Bond angles (°) 

    N1-O3-H4 104.1 108.0741 106.8542 106.5849 

O3-N1-O1 120.42(19) 117.1167 117.1125 117.0455 

O3-N1-O2 119.24(19) 115.7194 115.3024 115.8627 

O1-N1-O2 120.3(2) 127.1639 127.5852 127.0917 

N2-N3-C2 111.7(2) 110.2623 110.8911 111.0148 

N2-N3-H3 124.2 120.6776 119.9834 120.0542 

C2-N3-H3 124.2 129.0601 129.1255 128.9309 

C2-N4-C1 106.5(2) 103.2719 103.8342 103.8091 

C2-N4-H4 126.7 121.1394 121.3439 121.5456 

C1-N4-H4 126.7 135.5885 134.8219 134.645 

N3-N2-C1 103.6(2) 102.8696 102.3326 102.5086 

N3-C2-N4 106.9(2) 109.4715 108.7777 108.6592 

N3-C2-H2 126.6 124.639 125.3838 125.4218 

N4-C2-H2 126.6 125.8895 125.8385 125.919 

N4-C1-N2 111.4(2) 114.1248 114.1644 114.0082 
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N4-C1-H1 124.3 123.3095 123.5003 123.547 

N2-C1-H1 124.3 122.5657 122.3353 122.4448 

Torsional Angles (°) 

    C2-N3-N2-C1 -0.4(3) 0.0221 -0.0017 0.0152 

N2-N3-C2-N4 0.2(3) -0.0121 -0.0018 -0.0142 

C1-N4-C2-N3 0.2(3) -0.003 0.0044 0.0065 

C2-N4-C1-N2 -0.4(3) 0.0183 -0.0058 0.0033 

N3-N2-C1-N4 0.5(3) -0.0249 0.0047 -0.0113 

 

 

 

 

 

 

 

 

 

Table 3 

D—H···A D—H H···A D···A D—H···A 

N3—H3···O2
i
 0.88 1.86 2.735 (3) 179.0 

N4—H4···O3 0.88 1.90 2.772 (3) 174.0 

N4—H4···O1 0.88 2.48 2.980 (3) 116.5 

C1—H1···O3
ii
 0.95 2.31 3.022 (3) 131.7 

C2—H2···O1 0.95 2.53 3.015 (3) 112.1 

Symmetry code: (i) x, y+1, z; (ii) –x+1, y+1/2, -z+1/2. 
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Table 4 

Enrichment H N O C 

H 0.33 1.44 1.68 0.73 

N  1.33 0.28 1.69 

O   0.5 0.27 

C    13.33 

% Surface 45.85 14.2 37.45 2.5 

 

 

Table 5 

 (r) 2 (r) 

H 

(kcal/mol) 

G(kcal/m

ol) 

V(kcal/mol) G+ V 

Eint 

(kcal/mol) 

1 2 3 

N1-O3 0.3535 -0.5483 -191.5544 105.542 -297.0964 -191.5544 -148.5482 -0.9467 -0.9405 1.3339 0.0069 

N1-O1 0.5003 -1.5444 -388.7022 146.4108 -535.1130 -388.7022 -267.5565 -1.5281 -1.5244 1.5081 0.0024 

N1-O2 0.5265 -1.3856 -431.745 214.3765 -646.1213 -413.7448 -323.0606 -1.6411 -1.260 1.5154 0.3027 

O1...H2 0.0106 0.04566 1.038 6.125 -5.087 1.038 2.5435 -0.01003 -0.0077 0.06344 0.2938 

O3...H4 0.0571 0.64603 1.2408 100.1063 -98.86546 1.2408 -49.4327 -0.1500 -0.13258 0.92863 0.1315 

N4-H4 0.2954 -2.1172 -350.4750 18.3351 -368.8099 -350.4744 -184.405 -1.4290 -1.3808 0.6923 0.03476 

RCP(cyclic) 0.0531 0.4145 2.2350 62.7844 -60.5495 2.235 30.2747 -0.04911 0.2163 0.2472 -1.2270 

NRCP 0.0085 0.0426 0.9331 5.7474 -4.8143 0.9331 -2.4071 -0.0066 0.0065 0.0428 -2.0299 

C2–H2 0.2884 -1.0579 -178.5511 11.9293 -190.4804 -178.5511 -95.2402 -0.8508 -0.8507 0.6436 0.00004 

C1-H1 0.2896 -1.0336 -178.9783 16.1819 -195.1602 -178.9783 -97.5801 -0.8376 -0.8223 0.6262 0.0260 

N3-H3 0.0345 -1.8711 -315.965 22.427 -338.3916 -315.9646 -169.196 -1.3709 -1.3361 0.8359 0.02603 

N3-N2 0.3615 -0.8842 -0.8842 -222.1461 82.8857 -305.0318 -222.1461 -0.9275 -0.91635 0.9596 0.0126 

N3-C2 0.3239 -0.8992 -0.8992 -292.5594 150.9399 -443.4993 -292.5594 -0.7516 -0.6282 0.48067 0.1963 

C2- N4 0.3520 -1.3739 -1.3739 -311.2299 94.8450 -406.0749 -311.2299 -0.9137 -0.8677 0.40757 0.05303 

C9-N7 0.3552 -0.9525 -0.9525 -337.0370 187.0159 -524.0530 -337.0370 -0.8694 -0.6186 0.53557 0.4054 

C9- N6 0.3191 -1.1310 -1.1310 -269.2007 91.0670 -360.2676 -269.2007 -0.7511 -0.7381 0.3583 0.0176 

Table 6 

Donor NBO (i) 

 

Acceptor NBO (j) E(2)
a
 E(j)-E(i)

b 
a.u. F(i,j)

c 
a.u. 

π (O2 - N1) 

 

π* (O2 - N1) 9.85 0.33 0.062 

LP (1) O3 

 

σ* (O1 - N1) 5.79 1.09 0.072 

LP (2) O3 

 

σ* (O1 - N1) 1.84 0.87 0.037 

LP (2) O3 

 

σ* (O2 - N1) 7.62 0.92 0.077 

LP (3) O3 

 

π* (O2 - N1) 55.45 0.16 0.094 

LP (1) O1 

 

σ* (O3 - N1) 2.05 1.02 0.042 

LP (1) O1 

 

σ* (O2 - N1) 4.13 1.29 0.066 

LP (2) O1 

 

σ* (O3 - N1) 21.51 0.51 0.094 

LP (2) O1 

 

σ* (O2 - N1) 16.42 0.78 0.102 

LP (3) O1 

 

π* (O2 - N1) 129.69 0.17 0.138 
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LP (1) O2 

 

σ* (O3 - N1) 1.94 1.00 0.041 

LP (1) O2 

 

σ* (O1 - N1) 4.69 1.22 0.068 

LP (2) O2 

 

σ* (O3 - N1) 25.35 0.49 0.100 

LP (2) O2 

 

σ* (O1 - N1) 18.61 0.71 0.104 

LP (1) O3 

 

σ* (N4 - H4) 7.58 1.09 0.084 

LP (2) O3 

 

σ* (N4 - H4) 97.33 0.86 0.260 

σ (N3 - N2) 

 

σ* (N4 - C1) 1.21 1.32 0.036 

σ (N3 - N2) 

 

σ* (C2 - H2) 1.79 1.28 0.043 

σ (N3 - N2) 

 

σ* (C1 - H1) 3.14 1.29 0.057 

σ (N3 - C2) 

 

σ* (N4 - H4) 1.90 1.39 0.048 

π (N3 - C2) 

 

LP (1) N4 15.49 0.13 0.070 

π (N3 - C2) 

 

π* (N2 - C1) 11.71 0.37 0.062 

σ (N3 - H3) 

 

σ* (N4 - C2) 1.16 1.23 0.034 

σ (N3 - H3) 

 

σ* (N2 - C1) 1.82 1.26 0.043 

σ (N4 - C2) 

 

σ* (N3 - H3) 2.77 1.23 0.052 

σ (N4 - C2) 

 

σ* (N4 - C1) 1.20 1.30 0.035 

σ (N4 - C2) 

 

σ* (N4 - H4) 1.35 1.36 0.040 

σ (N4 - C2) 

 

σ* (C2 - H1) 3.01 1.27 0.055 

σ (N4 - C1) 

 

σ* (N3 - C2) 1.46 1.28 0.039 

σ (N4 - C1) 

 

σ* (N4 - C2) 1.31 1.32 0.037 

σ (N4 - C1) 

 

σ* (N4 - H4) 1.20 1.32 0.037 

σ (N4 - C1) 

 

σ* (C2 - H2) 3.94 1.23 0.062 

σ (N4 - H4) 

 

σ* (N3 - C2) 1.97 1.13 0.042 

σ (N4 - H4) 

 

σ* (N4 - C2) 1.45 1.17 0.037 

σ (N4 - H4) 

 

σ* (N4 - H4) 1.63 1.18 0.041 

σ (N4 - H4) 

 

σ* (N2 - C1) 1.72 1.20 0.041 

σ (N2 - C1) 

 

σ* (N3 - H3) 3.47 1.25 0.059 

σ (N2 - C1) 

 

σ* (N4 - H4) 1.64 1.37 0.044 

π (N2 - C1) 

 

LP (1) N4 33.28 0.08 0.077 

π (N2 - C1) 

 

π* (N3 - C2) 11.97 0.27 0.056 

σ (C2 - H2) 

 

σ* (N3 - N2) 3.10 0.94 0.048 

σ (C2 - H2) 

 

σ* (N4 - C1) 2.66 1.03 0.047 

σ (C1 - H1) 

 

σ* (N3 - N2) 2.96 0.91 0.046 

σ (C1 - H1) 

 

σ* (N4 - C2) 2.72 1.05 0.048 

LP (1) N4 

 

π* (N3 - C2) 98.21 0.19 0.125 

LP (1) N4 

 

π* (N2 - C1) 48.89 0.24 0.105 

LP (1) N2 

 

σ* (N3 - C2) 6.02 0.89 0.066 

LP (1) N2 

 

σ* (N3 - H3) 1.06 0.81 0.027 

LP (1) N2 

 

σ* (N4 - C1) 5.37 0.88 0.062 

LP (1) N2 

 

σ* (C1 - H1) 1.24 0.85 0.029 

π* (N3 - C2) 

 

π* (N2 - C1) 20.06 0.05 0.047 

σ* (N4- H4) 

 

σ* (N2 - C1) 10.01 0.03 0.048 
a
E(2) means energy of hyper conjugative interaction (stabilization energy). 

b
Energy difference between donor and acceptor i and j NBO orbitals.

 

c
F(i,j) is the Fock matrix element between i and j NBO orbitals. 
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Table 7 

 Natural atomic charges Mulliken atomic charges 

D-H…A D H A D H A 

N3-H3…O2 -0.34630 0.41798 -0.33835 -0.115122 0.344559 0.016329 

N4-H4…O3 -0.57875 0.50450 -0.53266 -0.472341 0.558855 -0.105591 

N4-H4…O1 0.57875 0.50450 -0.42330 -0.472341 0.558855 -0.064319 

C1-H1…O3 0.19706 0.20710 -0.53266 -0.070049 0.193962 -0.105591 

C2-H2…O1 0.23705 0.23192 -0.42330 -0.040496 0.218771 -0.064319 

Table 8 

Parameters 

(eV) 

TD-DFT 

Gas DMSO Water Methanol Ethanol 

EHOMO -7.0959 -7.0823 -7.0959 -7.0676 -7.0526 

ELUMO -1.6057 -1.6196 -1.6057 -1.6349 -1.6504 

E(HOMO ~ LUMO) -5.4902 -5.4627 -5.4902 -5.4327 -5.4022 

EHOMO-1 -8.2622 -8.2475 -9.1512 -8.2314 -8.2151 

ELUMO+1 -1.1839 -1.1725 -1.1840 -1.1603 -1.1483 

E(HOMO-1~LUMO+1) -7.0783 -7.075 -7.9672 -7.0711 -7.0668 

Electron affinity (A) 1.6057 1.6196 1.6057 1.6349 1.6504 

Global electrophilicity () 3.4479 3.4655 3.4479 3.4851 3.5052 

Ionization potential (IP) 7.0959 7.0823 7.0959 7.0676 7.0526 

Electronegativity () 4.3508 4.351 4.3508 4.3513 4.3515 

Global chemical potential () -4.3508 -4.351 -4.3508 -4.3513 -4.3515 

Global hardness () 2.7451 2.73135 2.7451 2.71635 2.7011 

Global softness (S) 0.1821 0.183 0.182 0.184 0.185 

 

Table 9 

Compound Total Energy VDW H-Bond Electronic Molecular Weight 

TAN -86.63 -34.14 -52.74 0.25 132.08 

Fluconazole -94.60 -78.89 -15.70 0.00 306.27 

Voriconazole -99.09 -82.43 -16.66 0.00 349.31 

Itraconazole -109.97 -96.19 -13.78 0.00 705.64 

Posaconazole -114.58 -97.88 -16.70 0.00 700.78 
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Table 10 

Experimental B3LYP/6-311++G(d,p) Method  
 

IR Unscaled 
a
Scaled 

b
Scaled I

i
 Vibrational assignments (% PED) 

3425 3650 3588 3425 108.61 νNH (100) 

3156 3273 3217 3068 10.75 νCH (91) 

3156 3266 3210 3061 0.72 νCH (92) 

2639 2823 2775 2642 2522.55 νOH (97) 

1584 1727 1698 1604 259.36 νON (54)  βNHO (33) 

1394 1563 1497 1449 15.61 νNC (59)   βHNN (12 )  βHCN (11) 

1394 1504 1441 1393 451.62 νON (31)  βNHO (54) 

1394 1481 1419 1372 4.00 βHNN (39)   νNC (37) 

 1399 1340 1294 18.23 νNC (67)  βHCN (14) 

1205 1327 1271 1226 281.67 νON (80) 

1205 1315 1260 1214 41.14 νNC (56)   βHCN (13) 

1165 1279 1226 1180 4.86 βHNN (13)   νNC (34)   βHCN (45) 

1047 1174 1125 1081 51.82 νNC (71)   βHCN (12) 

1047 1155 1107 1063 14.09 βHNN (22) βHCN (14)   νNC (41) 

949 1073 1028 985 60.38 νNC (27)   νNC (24) βHCN (35) 

949 997 955 913 28.40 βCNC (80) 

896 984 942 901 15.33 βCNN (80) 

896 974 933 892 83.06  CNHO (79)    NOHN (14) 

896 956 916 875 160.83 νON (66 )  βONO (24) 

831 893 855 815 16.88  HCNN (88) 

831 877 841 800 18.49  HCNC (80)    NCNN (12) 

719 787 754 715 18.88 γOOON (97) 

634 693 664 626 50.30  HCNN (10)    CNNC (75)    NCNN (10) 

634 693 664 626 4.61 νON (23)   βONO (61) 

634 678 649 612 1.16  HCNC (14 )   NCNN (71) 

634 650 623 585 5.47 βONO (79) 

 586 561 524 67.81  HNNC (92) 

 195 187 154 17.33 νNH (67)   βHNC (18) 

 136 130 99 8.53 νNH (13)   βHNC (67 )  νOH (10) 

 99 95 64 0.02  HNCN (92) 

 77 73 43 7.24 νOH (85) 

 52 50 19 1.76  CHON (86) 

 43 41 11 1.98  CNHO (15)    NOHN (79) 

I
i 
: infrared intensity (km.mol

-1
). ν, β,   and γ denote stretching, in-plane bending, torsion and out-of-plane bending 

modes, respectively. PED: potential energy distribution data are taken fromVEDA4. 
a
Scaling factor: from 4000 to 1700 cm

−1
 are scaled with 0.983 and lower than 1700 cm

−1
 are scaled with 0.958. 

b
Frequencies scaled by SPESCA program [109]. 
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