


Synthesis, Spectroscopic Characterization, and DFT Calculations of 1-(2,4-dinitrophenyl)-3,5-dimethylpyrazole.
 

Abstract
The attempted synthesis of a Schiff-base–type compound unexpectedly led to the formation of an organic product corresponding to an asymmetric dimer, resulting from a condensation reaction between 2,4-dinitrophenylhydrazine (C₆H₂N₄O₄) and acetylacetone (C₅H₈O₂) in methanol, in a 1:1 stoichiometric ratio. The compound crystallizes in the monoclinic crystal system with space group P2₁/c and contains four independent units per unit cell (Z = 4). The unit cell parameters are: a = 20.4248(12), b = 7.7094(4), c = 16.7101(5), α = γ = 90°, and β = 113.745(7)°. In order to confirm the proposed structure, an experimental study was performed using infrared (IR), nuclear magnetic resonance (NMR), and UV–Visible spectroscopies, complemented by single-crystal X-ray diffraction. In addition, a theoretical investigation based on Density Functional Theory (DFT) was carried out to analyze Mulliken charges, vibrational assignments, and global reactivity descriptors of the compound. Calculations were performed using the B3LYP method with the B3LYP/6-311++G(d,p) and B3LYP/6-311G(d,p) basis sets. The calculated vibrational frequencies were employed to simulate the infrared spectra for both basis sets. Finally, the frontier molecular orbital energies (HOMO and LUMO), the energy gap, and the global reactivity parameters were determined in order to predict the chemical reactivity of the compound. Overall, the results highlight a strong correlation between experimental and theoretical data, emphasizing the significance of electronic and structural interactions in the stability of the compound.
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1. Introduction
Pyrazole and its derivatives constitute a major class of heterocyclic compounds of great interest in medicinal chemistry due to the wide range of pharmacological activities attributed to them. The presence of multiple electron-donating sites, combined with high structural tunability, endows these compounds with distinctive electronic and spectroscopic properties, which are exploited both in the design of new ligands and in the development of bioactive molecules. Among these derivatives, the introduction of strongly electron-withdrawing nitro groups on an adjacent aromatic ring profoundly modifies the electronic distribution of the system, thereby influencing the reactivity, stability, and photophysical behavior of the molecule [1–3]. In this context, numerous hydrazone- and pyrazole-type organic compounds have been synthesized, characterized, and extensively reported in the literature [4–7], generating increasing interest across various physico-chemical fields [8–9]. However, some structural and electronic features of pyrazole derivatives cannot be determined solely by experimental methods, making theoretical approaches essential to complement and refine laboratory findings. Consequently, several studies have focused on investigating the electronic structure, frontier molecular orbitals, and global reactivity descriptors of pyrazole compounds [10–13]. Nevertheless, an in-depth review of the literature reveals that, to date, no Density Functional Theory (DFT) calculations using the B3LYP functional have been reported for 1-(2,4-dinitrophenyl)-3,5-dimethylpyrazole. Furthermore, to the best of our knowledge, no study combining spectroscopic, crystallographic, and theoretical analyses has yet been devoted to this compound.
In the present work, we report the synthesis of a pyrazole derivative, namely 1-(2,4-dinitrophenyl)-3,5-dimethyl-1H-pyrazole, obtained from a condensation reaction between 2,4-dinitrophenylhydrazine and acetylacetone followed by intramolecular cyclization. The synthesized compound was characterized by infrared (IR), UV–Visible, and nuclear magnetic resonance (NMR) spectroscopies. To elucidate the structure and understand the factors responsible for this unexpected cyclization, quantum chemical calculations were performed within the framework of Density Functional Theory (DFT). Geometrical parameters (experimental and theoretical), optimized structure, and vibrational frequencies were examined using the 6-311++G(d,p) and 6-311G(d,p) basis sets. This approach provides reliable prediction of molecular geometry and vibrational spectra while maintaining a satisfactory compromise between accuracy and computational cost. Finally, the dipole moment and the frontier orbitals (HOMO and LUMO) were also calculated and discussed.

2. Expérimental
2.1. Instrumentation and Experimental Measurements
1H NMR spectra were recorded on a Bruker Avance 200 MHz spectrometer using DMSO-d₆ as solvent. UV–Vis spectra were obtained using a PerkinElmer Lambda 25 spectrophotometer equipped with two matched 10 mm quartz cuvettes. Infrared (IR) spectra of the compound were recorded at room temperature on a Fourier-transform infrared (FT-IR) spectrometer in the range 4000–400 cm⁻¹ at Cheikh Anta Diop University (Dakar).
For single-crystal X-ray diffraction, suitable crystals were selected and mounted on a « SuperNova, Dual, Cu at home/near, AtlasS2 » diffractometer equipped with a detector using Cu Kα radiation (λ = 1.54184 Å). Data collection was carried out at 296 K. The crystal structure was solved using Olex2 [14] with the Intrinsic Phasing method implemented in SHELXT [15] and subsequently refined using SHELXL [16].
2.2. Synthesis of compound
In a 250 mL round-bottom flask, 2.38 g (12 mmol) of 2,4-dinitrophenylhydrazine dissolved in 10 mL of methanol and containing two drops of concentrated sulfuric acid was introduced. The mixture was stirred for 10 min until a clear solution was obtained. Then, 1.20 g (12 mmol) of acetylacetone, previously dissolved in 10 mL of methanol containing two drops of glacial acetic acid, was added. The reaction mixture was heated at reflux at 60 °C for 2 h. The resulting solution was allowed to evaporate slowly at room temperature, affording brown crystals after several days (2.19 g, 65% yield). The synthetic reaction pathway is shown in Figure 1.
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Figure 1 : Scheme for the synthesis of the ligand 1-(2,4-dinitrophenyl)-3,5-dimethyl-1H-pyrazole.
Computational Details
The theoretical study of the molecule was carried out using density functional theory (DFT), as implemented in the Gaussian 16 software package [17]. Geometry optimizations were performed in solution (methanol as solvent) using the B3LYP method combined with the 6-311++G(d,p) and 6-311G(d,p) basis sets.This choice is justified by the reliability of these basis sets for accurately describing the geometries and energies of pyrazole and its derivatives [18-21]. The calculations were conducted under standard conditions of temperature (298.15 K) and pressure (1 atm). Frequency analysis revealed no imaginary frequencies, confirming that all optimized structures correspond to energy minima on the potential energy surface [22]. Subsequently, the structural parameters as well as the highest occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals were determined. Furthermore, the energy gap (E_gap), chemical hardness (η), electronegativity (χ), chemical potential (μ), and electrophilicity index (ω) were calculated using equations (1) to (5) [23-24]. 
Egap = ELUMO - EHOMO     (1)
        (2)
      (3)
                             (4)
                              (5) 
3. Results  et discussion
3.1. Structural Analysis by X-ray Diffraction
X-ray diffraction confirmed the structure of the ligand bis[1-(2,4-dinitrophenyl)-3,5-dimethylpyrazole]. A crystal with dimensions of 0.16 × 0.16 × 0.02 mm³ was analyzed. The compound crystallizes in the monoclinic system, belonging to the P2₁/c space group. The unit cell parameters are: a = 20.4248 Å, b = 7.094 Å, c = 16.7101 Å, α = 90°, β = 113.745°, γ = 90° [25]. The asymmetric unit of the studied compound consists of independent molecules forming a dimer [26]. Each molecule exhibits a similar geometry and adopts an essentially planar conformation. The aromatic ring and the pyrazole ring are nearly coplanar. The oxygen atoms of the nitro substituents are oriented on either side of the molecular plane, which reduces steric hindrance while maintaining their electron-withdrawing mesomeric effect.
The molecular structure is characterized by the presence of the C=N bond, which is typical of hydrazone-type organic compounds, also referred to as the azomethine bond [27]. This bond results from a nucleophilic attack followed by a condensation reaction with water elimination. Furthermore, the formation of the C–N bond is attributed to an intramolecular cyclization involving the carbonyl group of the ketone (pentane-2,4-dione) and the nitrogen atom of the hydrazine function, leading to a highly stable pyrazole ring. A similar mechanism was previously reported in our laboratory during the synthesis of the ligand N,N-bis(acetylacetonate)ethylenediamine [28]. The simultaneous formation of these two bonds induces an electron rearrangement that promotes mesomeric effects within the five-membered ring, thereby contributing to the stabilization of the final structure. Moreover, the phenyl groups in the molecules are conjugated with the pyrazoline rings, generating an extended conjugated π-system [29]. This stability is supported by Figure 2, which shows an arrangement in infinite bands, without the involvement of hydrogen bonding.
The incorporation of various heteroatoms into organic compounds induces subtle modifications in their electronic properties. Thus, understanding the structure–property relationship, which represents one of the main axes of fundamental research on organic semiconductors, plays an essential role in the field of optoelectronics [30].
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Figure 2 : ORTEP representation of the layered structure of the compound along the (010) plane, with 50% probability ellipsoids for the atoms [color code: H (white), C (black), N (blue), O (red)].
Geometrical Structure
Density Functional Theory (DFT) is a particularly powerful tool for the structural study of pyrazole derivatives [18-19]. It is also highly effective for elucidating structural, electronic, spectroscopic, and electrostatic properties, which may be relevant for applications in various fields [31]. Consequently, numerous studies, both experimental and theoretical, have been devoted to investigating these compounds [20, 32]. In this work, the geometric parameters (bond lengths and bond angles) of the compound 1-(2,4-dinitrophenyl)-3,5-dimethylpyrazole were examined. Structural optimization was performed using the B3LYP method with the 6-311++G(d,p) and 6-311G(d,p) basis sets. The optimized structure of the molecule, obtained with B3LYP/6-311++G(d,p), is shown in Figure 3. This structure confirms the formation of the C=N bond as well as intramolecular cyclization, both of which were experimentally observed. Tables 1 and 2 compile the theoretical and experimental bond lengths and angles, along with their corresponding deviations. The largest differences, observed with the 6-311G(d,p) basis set, concern the C1–C2 and C20–N8 bonds, with deviations of 0.089 Å and 0.077 Å, respectively. These relatively small values indicate good agreement between theoretical and experimental data. For the N1–C2 and N2–C4 bonds, the deviations are even smaller, reaching 0.007 Å and 0.018 Å respectively, which confirms the reliability of the theoretical results. Regarding bond angles, the deviations between experimental and calculated values also remain very small. For example, the experimental angles of the nitro groups O7–N5–O6, O1–N3–O2, O4–N4–O3, and O7–N8–O8 are 124.3°, 124.0°, 123.1°, and 122.0°, respectively. Calculations performed using B3LYP/6-311G(d,p) give 124.9°, 124.8°, 124.5°, and 124.5°, while B3LYP/6-311++G(d,p) yields 124.6°, 124.6°, 124.3°, and 124.3°. The slight differences observed are likely due to the fact that calculations are carried out for molecules in solution, whereas the experimental data are obtained from solid-state measurements [22]. Overall, the theoretical results obtained—particularly the geometric parameters—for the molecule 1-(2,4-dinitrophenyl)-3,5-dimethylpyrazole show excellent agreement with the experimental data.
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Figure 3: Optimized structure of the compound 1-(2,4-dinitrophenyl)-3,5-dimethylpyrazole obtained by theoretical (DFT) calculation.

Table 1 : Interatomic length in (Å) of compound
	Chemical bonds

	Length (exp)
	B3LYP/6-311++G(d,p)
	Ecart type |ΔL|
	B3LYP/6-
311G(d,p)
	Ecart type |ΔL|
	Chemical bonds

	Length (exp)
	B3LYP/6-
311++G(d,p)
	Ecart type |ΔL|
	B3LYP/6-
311G(d,p)
	Ecart type |ΔL|

	O5-N7
	1.213(4)
	1.223
	0.010
	1.222
	0.009
	C21-C20
	1.379(5)
	1.385
	0.006
	1.384
	0.005

	O6-N7
	1.221(4)
	1.225
	0.004
	1.222
	0.001
	C17-C22
	1.389(5)
	1.407
	   0.018
	   1.407
	0.018

	N7-C22
	1.471(4)
	1.477
	0.006
	1.477
	0.006
	C17-C18
	1.389(5)
	1.400
	0.011
	1.401
	0.012

	N6-N5
	1.372(4)
	1.374
	0.002
	1.373
	0.001
	O7-N8
	1.208(6)
	1.226
	0.018
	1.224
	0.016

	N6-C17
	1.422(4)
	1.406
	0.016
	1.405
	0.017
	C7-C8
	1.377(5)
	1.385
	0.008
	1.384
	0.007

	N6-C15
	1.356(4)
	1.379
	0.023
	1.381
	0.025
	C11-C10
	1.380(5)
	1.388
	0.008
	1.388
	0.008

	N2-N1
	1.375(4)
	1.374
	0.001
	1.374
	0.001
	C4-C3
	1.363(6)
	  1.375
	0.012
	1.378
	0.015

	N2-C6
	1.413(4)
	1.406
	0.007
	1.405
	0.006
	C4-C5
	1.488(5)
	1.494
	0.006
	1.494
	0.006

	N2-C4
	1.361(5)
	1.379
	0.018
	1.382
	0.021
	C9-C10
	1.379(5)
	1.385
	0.106
	1.384
	0.105

	N1-C2
	1.318(5)
	1.325
	0.007
	1.323
	0.009
	C9-C8
	1.379(5)
	1.393
	0.014
	1.392
	0.013

	O1-N3
	1.216(4)
	1.223
	0.007
	1.222
	0.006
	C20-N8
	1.469(5)
	1.471
	0.002
	1.392
	0.077

	N5-C13
	1.326(5)
	1.326
	0.000
	1.323
	0.003
	C20-C19
	1.375(6)
	1.393
	0.018
	1.392
	0.017

	N3-O2
	1.224(4)
	1.225
	0.001
	1.223
	0.002
	C2-C3
	1.403(6)
	1.420
	0.017
	1.421
	0.018

	N3-C11
	1.471(4)
	1.477
	0.006
	1.476
	0.005
	C2-C1
	1.496(5)
	1.495
	0.001
	1.407
	0.089

	N4-C9
	1.466(5)
	1.471
	0.005
	1.472
	0.005
	C15-C14
	1.371(5)
	1.375
	0.004
	1.374
	0.003

	N4-O4
	1.187(6)
	1.226
	0.039
	1.224
	0.041
	C15-C16
	1.489(5)
	1.093
	0.396
	1.494
	0.005

	N4-O3
	1.216(6)
	1.226
	0.010
	1.224
	0.030
	N8-O8
	1.192(6)
	1.226
	0.034
	1.224
	0.032

	C6-C7
	1.390(5)
	1.400
	0.001
	1.402
	0.003
	C13-C14
	1.400(6)
	1.420
	0.020
	1.420
	0.020

	C6-C11
	1.388(5)
	1.407
	0.019
	1.407
	0.019
	C13-C12
	1.501(5)
	1.496
	0.005
	1.496
	0.005

	C21-C22
	1.382(5)
	1.388
	0.006
	1.388
	0.006
	C19-C18
	1.376(5)
	1.385
	0.009
	1.384
	0.008



Table 2 : Angle interatomique in (°C) of compound
	Angle
	Exp
	 
	
	 
	 
	Angle
	Exp
	 
	
	 
	 

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

	Ecart type |ΔL|
	B3LYP/6-311G(d,p)


	Ecart type |ΔL|


	
	
	B3LYP/6-311++G(d,p)
	Ecart type |ΔL|
	B3LYP/6-311G(d,p)


	Ecart type |ΔL|



	O5
	N7
	O6
	124.3(3)
	124,6
	0,3
	124,9
	0,6
	C10
	C11
	N3
	116.0(3)
	115.7
	0.3
	115.7
	0.3

	O5
	N7
	C22
	118.6(3)
	117,9
	0,7
	117,8
	0,8
	C10
	C11
	C6
	121.8(3)
	121.7
	0.1
	121.6
	0.2

	O6
	N7
	C22
	117.1(3)
	117,4
	0,3
	117,3
	0,2
	N2
	C4
	C3
	105.1(3)
	105.5
	0.4
	105.5
	0.4

	N5
	N6
	C17
	118.9(3)
	118.1
	0.8
	117.7
	1,2
	N2
	C4
	C5
	123.3(3)
	124.5
	1.2
	124.9
	1.6

	C15
	N6
	N5
	112.7(3)
	112.0
	0.7
	112.0
	0.7
	C3
	C4
	C5
	131.5(4)
	129.9
	1.6
	129.5
	2.0

	C15
	N6
	C17
	128.4(3)
	129.6
	1.2
	129.9
	1.5
	C10
	C9
	N4
	117.8(3)
	118.7
	0.9
	118.7
	0.9

	N1
	N2
	C6
	119.3(3)
	118.1
	1.2
	117.7
	1.6
	C8
	C9
	N4
	119.3(4)
	119.5
	0.2
	119.5
	0.2

	C4
	N2
	N1
	112.7(3)
	112.0
	0.7
	111.9
	0.8
	C8
	C9
	C10
	122.9(3)
	121.8
	1.1
	121.7
	1.2

	C4
	N2
	C6
	127.9(3)
	129.6
	1.7
	130.0
	2.1
	C21
	C20
	N8
	117.2(4)
	118.7
	1.5
	118.7
	1.5

	C2
	N1
	N2
	104.1(3)
	105.2
	1.1
	105.2
	1.1
	C19
	C20
	C21
	122.9(3)
	121.8
	1.1
	121.7
	1.2

	C13
	N5
	N6
	104.0(3)
	105.2
	1.2
	105.2
	1.2
	C19
	C20
	N8
	119.9(4)
	119.5
	0.4
	119.5
	0.4

	O1
	N3
	O2
	124.0(3)
	124.6
	0.6
	124.8
	0.8
	C9
	C10
	C11
	117.4(3)
	118.4
	1.0
	118.5
	1.1

	O1
	N3
	C11
	118.5(3)
	118.0
	0.5
	117.8
	0.7
	N1
	C2
	C3
	111.3(3)
	110.9
	0.4
	111.0
	0.3

	O2
	N3
	C11
	117.5(3)
	117.4
	0.1
	117.3
	0.2
	N1
	C2
	C1
	120.8(4)
	121.0
	0.2
	120.9
	0.1

	O4
	N4
	C9
	118.8(4)
	117.7
	1.1
	117.6
	1.2
	C3
	C2
	C1
	127.9(4)
	128.1
	       0.2
	128.1
	1.8

	O4
	N4
	O3
	123.1(4)
	124.3
	1.2
	124.5
	1.4
	N6
	C15
	C14
	105.6(3)
	105.5
	0.4
	105.5
	0.1

	O3
	N4
	C9
	118.2(4)
	118.0
	0.2
	117.9
	0.3
	N6
	C15
	C16
	122.8(3)
	124.6
	1.8
	124.8
	2.0

	C7
	C6
	N2
	119.0(3)
	118.2
	0.8
	118.0
	1.0
	C14
	C15
	C16
	131.4(3)
	129.9
	1.5
	129.6
	1.8

	C11
	C6
	N2
	122.5(3)
	123.9
	1.4
	124.1
	1.6
	O7
	N8
	C20
	119.5(4)
	118.0
	1.5
	117.8
	1.7

	C11
	C6
	C7
	118.5(3)
	117.9
	0.6
	117.8
	0.7
	O8
	N8
	O7
	122.0(4)
	124.3
	2.3
	124.5
	2.5

	C20
	C21
	C22
	117.2(3)
	121.7
	4.5
	118.4
	1.2
	O8
	N8
	C20
	118.4(4)
	117.7
	0.7
	117.5
	0.9

	C22
	C17
	N6
	122.4(3)
	123.8
	1.4
	124.1
	1.7
	C7
	C8
	C9
	118.2(3)
	118.9
	0.7
	118.9
	0.7

	C18
	C17
	N6
	118.9(3)
	118.3
	0.6
	118.1
	0.8
	N5
	C13
	C14
	111.6(3)
	110.9
	0.7
	111.0
	0.6

	C18
	C17
	C22
	118.7(3)
	117.9
	0.8
	117.8
	0.9
	N5
	C13
	C12
	120.5(4)
	121.0
	0.5
	120.8
	0.3

	C8
	C7
	C6
	121.1(3)
	121.3
	0.2
	121.3
	0.2
	C14
	C13
	C12
	127.9(4)
	128.1
	0.2
	128.2
	0.3

	C21
	C22
	N7
	115.8(3)
	115.7
	0.1
	115.7
	0.1
	C20
	C19
	C18
	118.6(3)
	118.9
	0.3
	118.9
	0.3

	C21
	C22
	C17
	121.7(3)
	121.7
	0.0
	122.5
	     0.8
	C19
	C18
	C17
	120.8(3)
	121.3
	0.5
	121.3
	0.5

	C17
	C22
	N7
	122.4(3)
	122.4
	0.0
	117.8
	4.6
	C15
	C14
	C13
	106.1(3)
	106.4
	0.3
	106.3
	0.2

	C6
	C11
	N3
	122.2(3)
	122.4
	0.2
	122.5
	0.3
	C4
	C3
	C2
	106.8(3)
	106.4
	0.4
	106.4
	0.4



3.2.  Analysis of Molecular Vibrations by FT-IR, NMR and UV-Visible Spectroscopy
· FT-IR Analysis of the Compound
FT-IR spectroscopy provides a non-destructive means of identifying the main chemical vibrational modes present within the dimer (Table 3), in particular the ʋ(C–N) vibrations of the nitro groups (C–NO₂), the ʋ(C=N), ʋ(N–N), and ʋ(C=C) modes characteristic of aromatic rings.
The medium-intensity band observed at 1608 cm⁻¹ (Figure 4) is attributed to the ʋ(C=N) stretching vibration. The simultaneous absence of the characteristic aldehyde carbonyl band ν(C=O) at around 1720 cm⁻¹ and the two primary amine bands ν(NH₂) generally located between 3100–3200 cm⁻¹ confirms the condensation reaction leading to ligand formation [33]. Moreover, the presence of the ʋ(C=N) vibration indicates that the amide function does not undergo iminolation in the solid state [34]. For ligands of similar structure, the ʋ(C=N) vibration is typically observed between 1603 and 1680 cm⁻¹, depending on the nature of the substituents attached to the carbon and nitrogen atoms [35].
DFT calculations performed at the B3LYP/6-311++G(d,p) and B3LYP/6-311G(d,p) levels predict this band at 1633 and 1636 cm⁻¹, respectively, corresponding to a deviation of 25–28 cm⁻¹ from the experimental value, which is consistent with typical discrepancies reported in the literature for this theoretical level [36–38]. In addition, an intramolecular cyclization is observed in which the nitrogen atom of 2,4-dinitrophenylhydrazine attacks the carbon of the second carbonyl group, leading to ring closure through a mechanism comparable to those reported for other hydrazone systems, and possibly involving a keto–enol tautomerization sequence [39–40].
The strong band recorded at 1529 cm⁻¹ is assigned to υas(C–NO₂) and shifts to 1573 cm⁻¹ and 1555 cm⁻¹ in the B3LYP/6-311++G(d) and B3LYP/6-311G(d,p) calculations, respectively. In addition, an intense band observed at 1338 cm⁻¹ is attributed to υs(C–NO₂) [41–42], along with an in-plane deformation at lower frequencies near 835 cm⁻¹. The N–N stretching vibration of the pyrazole core appears at 1028 cm⁻¹ [43], showing a slight decrease in the calculated spectra, appearing at 1030 and 1031 cm⁻¹ for the B3LYP/6-311++G(d,p) and B3LYP/6-311G(d,p) basis sets, respectively.
The in-plane aromatic ν(C=C) stretching vibrations appear as relatively intense and sharp bands between 1499 and 1480 cm⁻¹ [44]. This range exhibits a downward shift in the calculated spectra, likely due to differences in vibrational phase coupling. Furthermore, a weak and broad band at 3361 cm⁻¹, absent from both calculated spectra, is assigned to ν(O–H) of residual synthesis solvent. Finally, substitution on the aromatic ring is confirmed by the presence of two bands at 1031 cm⁻¹ and 777 cm⁻¹ [45]. These results indicate that the phenyl group in the molecule is conjugated with the pyrazoline ring, leading to the formation of a highly conjugated π-system, which is a key factor in the electronic stability of the compound [46].
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Figure 4 : Theoretical and experimental FTIR spectra of the 1-(2,4-dinitrophenyl)-3,5-dimethylpyrazole ligand
Table 3: Experimental and calculated frequencies (in cm⁻¹)
	Assignements
	B3LYP/6-311++G(d)
	[bookmark: _Hlk215233322]B3LYP/6-311G(d,p)   
	Exp

	C=N
	1633
	1636
	1608

	C=C
	1356-1547
	1364-1524
	1480-1499

	C-H
	3029
	3037
	3082

	C- NO2
	1555
	1573
	1529



· ¹H, ¹³C, and DEPT-135 NMR Analysis of the Compound
The ¹H NMR spectrum of the compound shows three signals appearing as a doublet (d), a doublet of doublets (dd), and a doublet (d) at 8.05 ppm, 8.62 ppm, and 8.86 ppm, respectively. Each of these signals corresponds to a single proton of the aromatic ring, which is strongly conjugated due to the presence of nitro substituents. Furthermore, the proton NMR spectrum confirms the stability of these groups. Two singlets, each integrating for three protons and appearing at 2.13 ppm and 2.31 ppm, are assigned to the two methyl (CH₃) groups of the pyrazole ring.
The ¹³C NMR spectrum reveals the presence of eleven carbon atoms, which corresponds exactly to the number of carbons in the molecule. Signals between 10 and 20 ppm are attributed to the two carbons of the methyl groups. The signals at 124, 128, 129, 136, 145, and 146 ppm are assigned to C2, C5, C4, C6, C1, and C3, representing the six carbons of the aromatic ring. The signal at 151 ppm is attributed to C9, the only carbon bearing an imine function in the molecule. Additionally, signals at 109 and 141 ppm are assigned to C10 and C9, respectively.
For this ligand, the DEPT-135 spectrum (Figure 10) shows the absence of tertiary carbons and displays six signals: three corresponding to the aromatic ring and three to the pyrazole ring.

· UV-Visible Analysis of the Compound
The UV-Visible spectrum of the compound was recorded in dimethyl sulfoxide (DMSO) as solvent and exhibits a broad absorption range between 310 and 430 nm, reflecting the extensive conjugation of the ligand. The peaks observed between 326 and 418 nm are attributed to π → π* and n → π* electronic transitions within the conjugated systems of the dimer, particularly involving the aromatic rings and pyrazole moieties.
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Figure 5 : UV-visible spectrum of the compound
3.3.  Mulliken atomique charges 
Mulliken atomic charges are an essential tool for visualizing the distribution of electronic density within a compound. They help to better understand the nature of possible interactions between different atoms by highlighting electron-rich and electron-poor regions. Several studies have shown that, despite its limitations, Mulliken analysis remains widely used to explore electronic distribution in organic and inorganic systems [47-50]. Table 4 therefore presents the Mulliken atomic charges obtained using density functional theory (DFT) with different basis sets: 6-311++G(d,p) and 6-311G(d,p). It can be observed that nitrogen atoms N12 and N14, slightly more electronegative than the surrounding carbon atoms, exhibit negative charges. This distribution reflects a local accumulation of electronic density, which gives these atoms a pronounced nucleophilic character. These sites are thus more likely to interact with electrophilic species, promoting the formation of new chemical bonds. Conversely, the carbon atoms, generally less electronegative, adopt positive charges that render them electrophilic. They therefore behave as preferred sites for nucleophilic attack. The complementarity of these two behaviors, nucleophilic and electrophilic, further justifies the formation of new bonds, particularly N12–C11 and N14–C9.

Table 4 : Mulliken atomic charge
	Atoms
	Theoretical

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

	H18
	0.193687
	0.146692

	H20
	0.176056
	0.118181

	N12
	-0.182830
	-0.257647

	N14
	0.532168
	-0.370569

	N26
	-0.166754
	0.159214

	N23
	-0.141684
	0.182287

	N41
	-0.198460
	-0.256429

	N43
	0.601606
	-0.371054

	N52
	-0.104769
	0.182706

	N55
	-0.127568
	0.162318

	O25
	-0.008411
	-0.283034

	O57
	-0.043354
	-0.252807

	C1
	-0.350389
	0.239992

	C2
	0.053327
	0.116093

	C38
	0.048378
	0.242453

	C44
	-0.655242
	-0.282418



3.5.  Chemical Reactivity of the Dimer
The reactivity of the dimer was investigated based on the frontier molecular orbital energies, the energy gap, global descriptors, and the dipole moment, using the B3LYP method with the 6-311++G(d,p) and 6-311G(d,p) basis sets. All of these results are presented in Table 5. The energy diagrams of the highest occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals of the compound are shown in Figure 6, as well as in Table 5 (rows 3 and 4). Figure 6 illustrates that the HOMO is mainly localized on a single monomer, whereas the LUMO extends over the entire dimer. The energy gap between the HOMO and the LUMO is an essential indicator of a molecule’s stability and reactivity: the larger the gap, the « harder » and more stable the molecule is, and thus the less reactive it becomes [23, 50]. The table shows that the HOMO–LUMO energy gap is 3.625 and 3.661 eV for the 6-311++G(d,p) and 6-311G(d,p) basis sets, respectively. These results indicate good stability of the dimer for both basis sets, with slightly higher stability in the case of 6-311G(d,p).
The electronic chemical potential (μ), which measures the tendency of electrons to leave the system at equilibrium, also provides an indication of molecular stability: the higher μ is, the more reactive and therefore the less stable the molecule becomes [51]. According to Table 5, the maximum chemical potential is obtained with the 6-311G(d,p) basis set, confirming that the dimer is more stable in this case. Moreover, the hardness (η) is also higher with the 6-311G(d,p) basis set (η = 0.187), reinforcing this conclusion. Regarding electronegativity, the values obtained are 8.788 eV and 8.592 eV for the 6-311++G(d,p) and 6-311G(d,p) basis sets, respectively. Finally, the dipole moments (Table 5, row 4) confirm the stability of the compound for both basis sets used.

Table 5 : Global chemical reactivity indices of the compound
	Parameters
	B3LYP/6-311++G(d,p)
	B3LYP/6-311G(d,p)

	E (au)
	-1889.860
	-1889.848

	EHOMO (eV)
	-7.067
	-6.948

	ELUMO (eV)
	-3.442
	-3.287

	Dipole moment (Debye)
	9.306
	9.577

	Energy gap ( ΔE ) (eV)
	[bookmark: _Hlk208412675]3.625
	3.661

	µ(eV)
	-8.788
	-8.592

	Ƞ (eV)
	0.091
	0.187

	χ (eV)
	8.788
	8.592




[image: ]

Figure 6 : The frontier molecular orbital (FMO) of HOMO–LUMO.

4. Conclusion
In this study, 1-(2,4-dinitrophenyl)-3,5-dimethylpyrazole was successfully synthesized via an aromatic nucleophilic substitution reaction and subsequently characterized using various spectroscopic techniques (¹H NMR, ¹³C NMR, IR, and UV–Vis). The experimental data obtained confirm the proposed structure and highlight the influence of the nitro substituents on the electronic environment of the pyrazole ring.
In parallel, DFT calculations performed at the B3LYP/6-311++G(d,p) and B3LYP/6-311G(d,p) levels allowed for geometry optimization, assignment of vibrational frequencies, and analysis of frontier molecular orbitals. The results are in good agreement with the experimental data. Frontier molecular orbital (FMO) analysis revealed a joint contribution from the pyrazole ring and the dinitrophenyl fragment, indicating extensive conjugation and a small energy gap.
Overall, these findings demonstrate that the synergy between experimental data and quantum chemical calculations provides a powerful approach to understanding the structural and electronic properties of such compounds. These results pave the way for further investigations on hydrazone derivatives for potential applications in medicinal chemistry and chemical catalysis.
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Figure 7 : Spectre RMN1H du 1-(2,4-dinitrophenyl)-3,5-dimethylpyrazole 
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Figure 8 : Spectre RMN13C du 1-(2,4-dinitrophenyl)-3,5-dimethylpyrazole 
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Figure 9: Spectre DEPT 135°C du 1-(2,4-dinitrophenyl)-3,5-dimethylpyrazole
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