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Abstract 

A new hydrazone derivative, 5-chlorosalicylaldehyde-2,4-dinitrophenylhydrazone (5Cl-

DNPHZ) has been synthesized and characterized by different spectroscopic techniques 

such as IR, Raman and UV-Vis. A combined experimental and quantum chemical 

approach was performed to study the structural and spectroscopic properties of the title 

compound. The effect of substituents (chlorine and hydroxyl) on the benzene ring on 

the structural and electronic properties of 5Cl-DNPHZ and a related compound DNPHZ 

previously reported are analysed. Natural bond orbital (NBO) analysis was performed to 

obtain information about the interactions that were responsible for the stability of the 

different conformers of the title compound. The Atoms in molecules (AIM) calculations 

revealed that the intramolecular hydrogen bonding interactions observed in both 

conformations are of core-shell in nature. The molecular electrostatic potential (MEP) 

surface of the most stable conformer of 5Cl-DNPHZ shows that the oxygens of the nitro 

groups are prone to electrophilic attack and the hydrogen of the hydrazine group is 

prone to nucleophilic attack indicating that the intramolecular hydrogen bonding 

interaction is favoured between both groups. 
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1. INTRODUCTION 

Hydrazone compounds, with general formula RR’C=N-NHR’’ (R= alkyl or aryl 

groups), are good candidates for the development of new drugs. These compounds are 

generally obtained by heating the appropriate substituted hydrazine or hydrazide with a 

ketones or aldehydes in different solvents such as ethanol, methanol, THF, buthanol or 

glacial acetic acid. Hydrazones can be used as intermediates in the synthesis of 

hydrazine derivatives by reduction of hydrazine with NaBH4 [1] or heterocycle 

compounds such as 1,3,4-oxadiazolines, 2-azetidinones, thiazolidinones, triazolines and 

pyrazoles [2-4]. The chemical versatility of hydrazones is mainly attributed to the 

functional diversity of the imine functional group (C=N-N-) which has nitrogens with 

nucleophilic character, an imine carbon with both electrophilic and nucleophilic 

character and configurational isomerism around the C=N double bond. These structural 

features of the imine group are mainly responsible of the physical and chemical 

properties of hydrazones derivatives. They are found to have versatile coordinating 

abilities towards different metal ions leading stable coordination compounds [5-9]. 

Numerous hydrazone compounds exhibit efficient non-linear optical (NLO) properties 

due to their potentially high nonlinear optical effects and rapid response in electro-optic 

devices, optical modulation, molecular switching, optical memory and frequency 

doubling [10, 11]. In particular, hydrazones derived from o-hydroxyaromatic aldehydes 

and ketones show two prototropic tautomeric forms, the keto and phenol hydrazine 

forms. This tautomerism arise from intramolecular transfer process in which the H atom 

from the hydroxyl group is transferred to the imine N atom. The appearance of these 

tautomeric forms separately or jointly depends on the media and substituents that 

provide different electron-donating or withdrawing systems [12]. Shang and co-workers 

have reported the tautomeric equilibria between keto and phenol-hydrazone forms 

induced by different anions in solution and the tautomeric equilibria occurred during the 

anion recognition process [13].  

It is well-known that hydrazones exhibit diverse biological and pharmacological 

activity in medicinal chemistry as were reviewed recently [14, 15]. In general, 

hydrazones have been reported as anti-microbial, anti-bacterial, anti-fungal, anti-viral, 

anti-malarial, anti-tumor, anti-cancer, anti-convulsant, analgesic and anti-inflammatory 

agents [14, 15]. Furthermore, hydrazones generally exhibit physiological properties in 

the treatment of some diseases such as tuberculosis, due to the formation of metal 

complexes with metals which catalyse physiological processes [16]. 



2,4-dinitrophenylhydrazine (2,4-DNPH) is a nitro-substituted phenylhydrazine 

with an intense reddish colour and it was used in the analysis of aldehydes and ketones 

(both for characterizing the carbonyl functional group and identifying such compounds 

by the melting points of their derivatives). Hydrazones involving 2,4-DNPH have 

received special attention because of their interesting biological properties and the 

formation of transition metal complexes [17-19]. Structural properties of 

salicylhydrazones derived from 2,4-DNPH have been studied in solid state indicating 

that only the hydrazine tautomeric form is present in the crystalline state stabilized by 

O-H···N and N-H···O(nitro) intramolecular interactions [20-22]. 

In view of the mentioned properties and applications of hydrazones, the 5-

chlorosalicylaldehyde-2,4-dinitrophenylhydrazone, and it will be referred as 5Cl-

DNPHZ (see Scheme 1) has been synthesized and characterized by different 

spectroscopic techniques such as IR, Raman and UV-Visible spectra. The experimental 

results were complemented with quantum chemical calculations by using DFT methods. 

Natural Bond Orbital (NBO) and atoms in molecules (AIM) analysis have been 

performed to evaluate the strength and stability of the intramolecular hydrogen bonding 

interactions. The molecular electrostatic potential (MEP) were calculated in order to 

know structure-reactivity relationships and reactive sites of the title compound. In 

addition, I have investigated the effect of the inclusion of a chlorine atom in the 

structure of the aromatic ring on the electronic properties and reactivity in gas phase and 

in different solvents. Also, I have performed a comparison between the title molecule 

(5Cl-DNPHZ) and a related Schiff base N-(2,4-Dinitrophenyl)-N’-(1-

phenylethylidene)-hydrazine (DNPHZ) previously reported [20] (see Scheme 1). 

 

Scheme 1. Schematic representation of the hydrazone obtained from 5-

chlorosalicylaldehyde and 2,4-DNPH (5Cl-DNPHZ) and a related molecule (DNPHZ). 

 



2. EXPERIMENTAL DETAILS 

2.1. Synthesis 

All chemicals were of analytical grade and were used without further purification. The 

title compound was synthesized by reflux of ethanolic solutions of 2,4-DNPH (1 mmol) 

and 5-chlorosalycylaldehyde (1 mmol) in presence of 3 drops of glacial acetic acid. 

After refluxing for 30 minutes, a reddish precipitate appeared and the mixture was 

refluxed for 3 hours. The solid was separated from the solution by filtration and washed 

with cold ethanol. Yield: 80 %. Melting point: 275-278 ºC. (336.5) Anal. Calcd for 

C13H9O5N4Cl (%): C: 46.36, H: 2.67, N: 16.64; Found (%): C: 46.41, H: 2.72, N: 16.75. 

 

2.2. Instrumentation 

Carbon, hydrogen and nitrogen elemental analysis were measured on a Carlo Erba 

analyzer. The solid state IR spectra were recorded at room temperature on a FTIR 

Perkin Elmer GX1 in the frequency range 4000-400 cm-1 using KBr pellets (4 cm-1 of 

spectral resolution). The Raman dispersion spectra were measured on a 

Thermoscientific DXR Raman microscope, in the 3500-50 cm-1 range using a diode-

pump solid state laser of 532 nm, with a spectral resolution of 5 cm-1. The electronic 

absorption spectra of the title compound (5·10-5 M) was measured on DMF solution, in 

the 200-800 nm spectral range using a quartz cell with 10 mm of optical path length.  

 

2.3. Computational methods 

All quantum chemical calculations were performed with Gaussian 03 program package 

[23]. Becke’s three parameter hybrid model along with Lee-Yang-Parr correlation 

functional (B3LYP) method and 6-311++G(d,p) basis sets was used for all calculations 

including geometry optimization and vibrational frequency. The calculated vibrational 

frequencies corresponded in all cases to potential energy minima for which no 

imaginary frequencies were found. Natural Bond Orbital (NBO) analysis were 

performed for 5Cl-DNPHZ and DNPHZ at B3LYP/6-311++G(d,p) approximation and 

the energy of the donor-acceptor interactions were estimated by the second-order 

perturbation theory [24].  The electron density analysis was accomplished by using the 

Atoms in Molecules theory [25] implemented in the AIM2000 code [26]. The 

absorption spectra of the title compound in gas phase and taken into account the 

implicitly of the solvent (DMF) were calculated with the time-dependent density 

functional theory (TD-DFT) method [27]. In addition, the electronic properties such as 



HOMO and LUMO energies were determined in gas phase and in different solvents 

such as toluene, chloroform, ethanol and dimethylformamide. By using HOMO-LUMO 

analysis, various global reactivity descriptors such as chemical hardness, chemical 

potential, softness, electrophilicity index and electronegativity were calculated for both 

molecules in gas phase and in the mentioned solvents. 

 

3. RESULTS AND DISCUSSION 

3.1. Conformational analysis and structural results 

The potential energy curves for the internal rotation of the C18-C20 (Figure 1) 

were calculated at B3LYP/6-311++G(d,p) approximation to investigate the 

conformational stability of the title compound. The curve shows two minima, the first 

one located at 0º (conformer I) and the second at 180º (conformer II). As shown in 

Figure 1, the most stable conformer is stabilized mainly through intramolecular O29-

H···N31 hydrogen bonding interactions between the hydrogen of the hydroxyl group 

and the N from the imine group. In addition, the planar conformation is also stabilized 

by intramolecular N16-H···O12 interactions involving the hydrazine N-H and the ortho 

nitro group. Theoretical calculations of the studied compound revealed also a local 

minimum for conformer II where the intramolecular O29-H···N31 interaction is absent. 

The relative energies of the conformers with respect to the most stable conformer CI are 

shown in Table S1 (Supplementary Information). The large differences in total energy 

(∆ECII-CI = 7.57 kcal/mol) and in free energy (∆GCII-CI = 7.31 kcal/mol) indicate that 

only the conformer I could be observed in solid phase. The geometry of the related 

compound DNPHZ is also planar, with C-N-N-C dihedral angle of 173.2º. In this case, 

only the intramolecular N-H···O(nitro) hydrogen bonds are observed in the solid while 

the intramolecular O-H···N interactions are absent due to the location of the hydroxyl 

group (see Scheme 1) [20]. The optimized structural bond length, angles and torsional 

angles at B3LYP/6-311++G(d,p) approximation for CI and CII conformers are given in 

Table 1 and they are compared with data reported for a related compound [20]. The 

molecular structures of both conformers are shown in Figure 2 indicating that CI and 

CII conformers are structurally independent. Both conformers exists in E-configuration 

with respect to the 5-chlorosalicylaldehyde and 2,4-DNP groups located on the opposite 

side of the imine C18=N31 bond. In Conformer I for the title compound, the C18-N31 

bond is longer than in Conformer II due to the presence of intramolecular O29-

H30···N31 hydrogen bond. In this conformation, the C18=N31 and the H-O groups 



form a pseudo 6-membered ring, with a distance N31···O29 of 2.684 Å which is 

considerably shorter than the sum of the van der Waals radii of N and O. For conformer 

I, the bond lengths C22-O29 and C18-N31 are 1.347 and 1.293 Å, respectively. These 

values are compatible with the properties of single and double bonds, which describes 

an o-hydroxy Schiff base in a phenol-imine tautomeric form. For both conformations, 

the bond angles C20-C18-N31 and C18-N31-N16 are consistent with the sp2 hybrid 

character of C18 and N31 atoms (see Table 1). The N=O bonds of the nitro groups are 

asymmetrical, with bond lengths of 1.219 and 1.243 Å for N10=O11 and N10=O12 

bonds, respectively for both conformers. These results are in agreement with the 

presence of intramolecular N16-H17···O12 hydrogen bonds (see Figure 2). It is well 

known that the nitro group is highly electronegative and electron withdrawing obtaining 

electron density from the benzene ring [28]. The two nitro groups located in the ortho 

and para position in the benzene ring produce an elongation of the C3-C4 (1.429 Å) and 

C2-C3 (1.418 Å) as compared to C4-C5 (1.393 Å) and C6-C1 (1.400 Å) bonds. The C-

N bond length of the attached nitro groups are calculated to be 1.460 and 1.468 Å, in 

agreement with reported values in literature [20]. The N16-C3 bond lengths are 

predicted to be 1.360 and 1.362 Å for conformers I and II, respectively. These values 

are lower than C-N single bond (1.47 Å) and longer than C=N double bonds (1.22 Å) 

indicating that the N16-C3 shows a partial double bond character. The theoretical values 

for N-N single bond are 1.360 and 1.356 Å for conformers I and II, respectively, in 

agreement with the reported value obtained from XRD data [20]. The distance C23-C26 

in the title molecule is   1.397 Å, lower than the C-C distance reported for the molecule 

reported by Ning-Ning and co-workers for a related compound because the hydroxyl 

group attached to the C26 atom is probably involved in resonance with the aromatic 

ring leading a shortening in the C23-C26 bond distance [20]. 

In accordance with the reported crystal structure of a related compound N-(2,4-

Dinitrophenyl)-N’-(1-phenylethylidene)-hydrazine (DNPHZ) [20], the crystal packing 

of the substance is stabilized by classical N-H···O(nitro) and non-classical C-

H···O(nitro) intermolecular hydrogen bonds. Taking into account these results, we have 

selected a dimer involving these intermolecular interactions. The optimized molecular 

structure of the dimer computed at B3LYP/6-311++G(d,p) approximation is shown in 

Figure S1 (Supplementary Information). The proposed 5-Cl-DNPHZ dimer involves 

bifurcated hydrogen bonding interactions C21-H···O11 and C18-H···O11 between the 

O11 of the nitro group and the H atoms of the phenyl and imino groups, respectively. 



The geometrical parameters for the hydrogen bonds calculated at B3LYP/6-

311++G(d,p) level are shown in Table S2 (Supplementary Information). In addition, 

classical N16-H···O12 hydrogen bonds are observed, with hydrogen bond distances of 

2.479 Å.  

 

3.2. Vibrational analysis 

The experimental IR and Raman spectra of the title compound in solid state are 

shown in Figure 3. Observed and computed (unscaled and scaled) wavenumbers, 

together with a tentative assignment of modes for the most stable conformer (CI) are 

listed in Table 2. The vibrational spectra were assigned by comparison with the 

reported data for related compounds [29-31], and on the basis of calculated 

wavenumbers at B3LYP/6-311++G(d,p) approximation and by using the potential 

energy distribution (PED) analysis. Comparison between experimental and calculated 

IR and Raman spectra of CI conformer of the title compound are shown in Figures S2 

and S3 (Supplementary Information). The experimental wavenumbers are generally 

lower than computed ones due to the anharmonicity of molecular vibrations. For this 

reason, calculated wavenumbers were scaled using the scale factor 0.9679. 

 

3.2.1. O-H and N-H vibrations. In the IR spectrum of the title compound in solid state, 

the band corresponding to the O-H stretching mode is observed at 3360 cm-1 as a broad 

band. The OH stretching vibration was calculated at 3496 cm-1 with the 99 % of PED 

contribution. The observed ν(OH) vibrational frequency and the broadening of this band 

in the IR spectrum of the solid is attributed to the intramolecular O-H···N hydrogen 

bonding interactions in solid state. The weak band observed at 1417 cm-1 in the IR 

spectra (1418 cm-1 in Raman) is assigned to the in-plane O-H bending mode while the 

out-of-plane O-H bending vibration mode appears as a weak band at 834 cm-1, in 

accordance with related compounds [32]. 

The N-H stretching vibration of the hydrazine group is observed as a weak band at 3287 

cm-1 in the IR spectrum (3289 cm-1 in Raman). This frequency value is lower than that 

observed for similar compounds with the C=N-NH- moiety, usually at 3350 cm-1 [33]. 

Due to the nature of this vibration mode, its frequency value is very sensitive to the 

crystalline state, in which hydrogen bonding interactions of the type N-H···O are 

present and produce larger deviations between experimental and calculated values. In 



addition, the red shift observed could be attributed to the intramolecular N-H···O 

hydrogen bond that affects the force constant of the hydrazine group.  

 

3.2.2. C-H vibrations. The C-H stretching modes of substituted benzene derivatives are 

expected to appear in the region 3000-3125 cm-1 [34]. In the present study, the band at 

3102 cm-1 in the IR spectra is assigned to C-H stretching mode of the benzene ring. In 

aromatic compounds, the C-H in-plane bending modes generally appear in the region 

1400-850 cm-1 with low intensity while the C-H out-of-plane bending vibrations arises 

in the region 950-600 cm-1 with medium intensity [35, 36]. The infrared bands at 1479, 

1264, 1224, 1209 and 1103 cm-1, with counterparts in Raman at 1476, 1447, 1263, 

1228, 1206 and 1101 cm-1  are assigned to C-H in-plane bending modes. The out-of-

plane C-H bending modes are also assigned and listed in Table 2. The theoretical values 

obtained at B3LYP/6-311++G(d,p) level are found to be in good agreement with the 

experimental observations.  

 

3.2.3. C=N and N-N vibrations. The medium intensity band at 1582 cm-1 in the infrared 

spectrum, with a counterpart at 1580 cm-1 in Raman, is assigned to the C=N stretching 

vibration, with a 44 % contribution of PED. The presence of C=N stretching mode is an 

indicative of the presence of the hydrazine linkage in the title compound.  

The υ(N-N) stretching vibration is clearly observed in the Raman spectrum at 1088 cm-

1, in good agreement with the computed value (1127 cm-1). 

 

3.2.4. C-O and C-C ring vibrations. The C-O stretching mode appears as a weak 

intensity band in the IR spectrum at 1278 cm-1 (1274 cm-1 in Raman). The computed 

value is consistent with the experimental value (36% PED).  

The bands corresponding to the ring C-C stretching modes of the phenyl rings appear as 

medium to strong intensity absorptions in the fingerprint region. In the title compound, 

the bands at 1618, 1607, 1513, 1392, 1311, 1134 and 1060 cm-1 in the IR spectrum and 

the dispersion bands at 1615, 1603, 1560, 1529, 1511, 1391, 1364, 1305, 1186, 1133, 

1088 and 1058 cm-1 in Raman are assigned to ring C-C stretching modes. The 

calculated values match well with the observed bands (see Table 2). The IR spectrum of 

the title compound shows absorption bands at 917, 834, 743, 664, 644 and 605 cm-1 

(845, 661 and 640 cm-1 in Raman), which are assigned to the in-plane CCC bending 



modes of the phenyl rings. The bands associated to out-of-plane and torsional modes of 

the phenyl rings are listed in Table 2.  

 

3.2.5. NO2 vibrations. The most characteristic bands in the IR spectra of nitro 

derivatives are attributed to antisymmetric and symmetric N=O stretching modes, which 

appear in the region 1550-1300 cm-1 [37]. The molecule studied in this work shows two 

nitro groups, one located at ortho and another at para position of the benzene ring. 

Generally, antisymmetric N=O stretching modes are always observed at higher 

wavenumbers than symmetric stretching vibration. The IR bands at 1543 and 1336 cm-1 

are assigned to antisymmetric and symmetric N=O stretching modes, respectively. 

These modes appear at 1600 and 1349 cm-1 in the spectrum of free nitro groups [38]. 

The red-shift in the N=O stretching mode of the nitro groups located in the ortho 

position are due to the intramolecular hydrogen bonding interaction N-H···O(nitro), as 

was explained previously. The weak band at 821 cm-1 is assigned to in-plane bending 

mode of the NO2 group whereas the bands at 704 and 681 cm-1 are attributed to out-of-

plane NO2 bending modes. These results are in agreement with the computed ones (see 

Table 2). 

 
3.3. Electronic spectra 

In order to understand various electronic transitions of the title compound, the 

electronic absorption spectrum for the singlet to singlet electronic transitions was 

computed for fully optimized ground state geometry. The electronic spectrum of the 

title molecule has been assigned with the help of calculations at B3LYP/6-311++G(d,p) 

level with PCM solvent modelling method in DMF as solvent. The experimental 

(measured in DMF) and calculated electronic absorption spectra of 5-Cl-DNPHZ are 

shown in Figure 4.  The observed and calculated electronic transitions of high oscillator 

strengths and assignments are listed in Table 3. The absorption band at 463 nm in the 

calculated spectrum is assigned to HOMO → LUMO transition. This band was not 

clearly observed experimentally probably because it is obliterated by the much more 

intense absorption band at 506 nm, which correlates with the HOMO → LUMO+1 

transition (calculated: 417 nm). The experimental maximum at about 478 nm 

corresponds to HOMO-1 → LUMO transition, in accordance with the calculated value 

at 349 nm. The band observed at 386 nm in the experimental spectrum of the title 

compound is attributable to HOMO-3 → LUMO transition, with 87 % of contribution. 



Figure 5 shows selected frontier molecular orbitals involved in the main electronic 

transition of 5-Cl-DNPHZ with the corresponding energies. As shown in Figure 5, the 

HOMO involves π-bonding orbitals of the aromatic rings and the non-bonding character 

of the hydroxyl oxygen, chlorine atom and the N atom of the hydrazone bond. The 

LUMO exhibits a π anti-bonding character of carbon atoms and nitro groups of the 2,4-

DNPH moiety. Thus, the HOMO → LUMO electronic transition has a π→π* nature.  

 

3.4. Frontier molecular orbitals and global descriptors 

The total energy, energy gap between HOMO and LUMO frontier molecular 

orbitals and dipole moment have an important effect in the stability of a molecule. 

Results obtained from calculations at B3LYP/6-311++G(d,p) level of theory in different 

solvents for 5Cl-DNPHZ and DNPHZ are listed in Tables S3 and S4 (Supplementary 

information). 

The band gap between frontier molecular orbitals HOMO and LUMO is an 

important index which measures electron conductivity and determines chemical 

reactivity of a molecule. HOMO is associated with the ionization potential while 

LUMO is related to electron affinity of a molecule. With the HOMO-LUMO band gap, 

the electronegativity (χ), chemical potential (µ), chemical hardness (η), chemical 

softness (s) and electrophilicity index (ω) global descriptors were computed by using 

different equations reported in literature [39]. Figures S4 and S5 show the variation of 

dipole moment and ∆EHOMO-LUMO with the dielectric constant of the solvents for 5Cl-

DNPHZ and DNPHZ, respectively. In accordance with the results reported in Tables S3 

and S4, the HOMO-LUMO band gap is lower in magnitude for DNPHZ in all the 

solvents explaining the eventual charge transfer interactions taking place within the 

molecule. These results also indicate that DNPHZ is more reactive and less stable than 

5Cl-DNPHZ. The calculations also indicate that the stability of both compounds 

decreases with the polarity of the solvent. 

Dipole moment shows the molecular charge distribution and is given as a vector 

in three dimensions and it can be used as a descriptor to depict the charge movement 

across the molecule. The results listed in Tables S3 and S4 also indicates that DNPHZ 

is most stable than 5Cl-DNPHZ in all media due to the higher dipole moment values. 

Contrary to the ∆EHOMO-LUMO energy gap, the dipole moment of both compounds 

increases with the polarity of the solvents (see Fig. S4 and S5).  



Comparing the global descriptors of both compounds, we observed that 5Cl-

DNPHZ in all solvents shows higher electrophilicity indexes values than DNPHZ. The 

higher electrophilicity indexes observed for the most stable conformer of 5Cl-DNPHZ 

in all solvents could probably explain the potential biological activity for the mentioned 

compound. The chemical hardness is useful to rationalize the relative stability and 

reactive of different compounds. The values of chemical hardness are higher in all 

solvents for 5Cl-DNPHZ than DNPHZ. From Tables S3 and S4, the chemical hardness 

increases in parallel with the increasing value of the HOMO-LUMO energy gap and the 

molecule becomes more stable. In addition, the chemical hardness decreases in parallel 

with the increasing of the polarity of the solvents.  

 

3.5. NBO results and topological analysis  

NBO analysis is an important method for the study the role of intra and 

intermolecular interactions, interactions among bonds and hyperconjugative and 

conjugative interactions in different molecular systems. These interactions can be 

quantitatively described in terms of NBOs stabilization energy (E2) associated with 

delocalization of electron density from i(donor) to j(acceptor) as follow: 

�(�) = ∆��� = 	�

��



�����
       (1) 

Where qi is the donor orbital occupancy, Ei and Ej are the diagonal elements, and Fij is 

the off-diagonal Fock matrix element. The large value of E(2) for a particular interaction 

indicates the greater delocalization of the electron density through these bonds. The 

results of second-order perturbation theory analysis calculated at B3LYP/6-

311++G(d,p) level for conformers I and II are presented in Table 4. Interactions of π-

electrons in the rings give the greatest intramolecular interactions energy for both 

conformations with E(2) values in the range 16.31-32.57 kcal/mol. Hyperconjugative σ 

→ σ* interactions are weak and their energies are less than 5 kcal/mol. NBO analysis 

for both conformers of the title compound clearly indicates the presence of one lone pair 

orbital formally attached at the N16 atom. The nature of this orbital is a pure p type 

(LPπ N16), with a low electron occupancy of 1.61e indicating the electron-donating 

capacity for this orbital. In accordance with second-order perturbation approach, the 

lone pair orbital contributes to a strong resonance interactions with the phenyl ring, with 

an interaction energy LP N16 → π* C3-C4 of 54.82 and 54.44 kcal/mol for conformers 

I and II, respectively. This electron donation into the π* C3-C4 antibonding orbitals is 



reflected also in its high electronic occupancy of 0.49e. In addition, the lone pair orbital 

of N16 donates electronic density mainly to the vacant C18-N31 antibonding orbital via 

a mesomeric interaction LP N16 → π* C18-N31 with E(2) values of 27.37 and 29.35 

kcal/mol in conformers I and II, respectively. The most relevant donor-acceptor 

interactions have also been evaluated for both conformers (see Table 4). The LP O12 → 

π* N10-O11 interaction gives a strong stabilization to the system by 133.3 kcal/mol 

mainly due to charge transfer within the nitro group. The hyperconjugative interaction 

LP O12 → σ* N16-H7 are responsible for the intramolecular N16-H17···O12 that 

stabilizes the planar conformation of the title compound in both conformations. The 

chlorine substitution in the aromatic ring helps the conjugation of the entire system with 

LP Cl32 → π* C22-C25 interaction energies of 16.44 and 16.54 kcal/mol for 

conformers I and II, respectively. For the relative compound DNPHZ, the lone pair 

from the hydroxyl oxygen participates in LP O → π* C23-C26 interactions with an 

energy value of 28.84 kcal/mol, indicating that this interaction could produce a strong 

delocalization in the aromatic ring.  

The total atomic charges for both conformation of the title compound are 

obtained from natural population analysis (NPA). These results revealed that the more 

negative charge (-0.69 a.u.) is located at the O29 atom of the hydroxyl group and the 

negative charges -0.44, -0.38 and -0.33 a.u. are located at the O12, N16 and N31, 

respectively. The more negative charge on O29 atom makes C22 atom more positive 

and acidic, with a charge of +0.37 a.u.  

Atoms in Molecules (AIM) approach is a convenient method used to analyse 

hydrogen bonding and other interactions in various molecular systems in terms of bond 

critical points (BCPs). The formation of hydrogen bonds is the result of an interaction 

between two closed-shell systems, and this is reflected in the properties of the charge 

distribution, particularly in the electron density (�) and the Laplacian of electron 

density	∇�(�). The geometrical and topological parameters calculated at BCP are shown 

in Table 5. The molecular graph of both conformers of the title compound showing 

intramolecular interactions using AIM analysis is shown in Figure 6.  It can be 

observed that each hydrogen bond is characterized by the presence of one bond critical 

point (red spheres) and bond path that connects the N31 of the azomethine group to one 

H atom belonging to the hydroxyl group, thus confirming the interaction in conformer I, 

and it was absent in conformer II. The values of � at the BCP is a good measure of the 

strength of the interaction. The largest value (0.03935 a.u.) corresponds to the 



intramolecular hydrogen bonding interaction O29-H30···N3, with an interaction energy 

of -8.67 kcal/mol. Furthermore, the distribution of the BCP reveals the existence of an 

additional N16-H17···O12 intramolecular hydrogen bond. Each one is characterized by 

a bond critical point and bond path connecting one hydrogen of the hydrazine group to 

one oxygen of the nitro group. The values of the Laplacian of electron density at the 

BCP are positive, which is common in closed-shell interactions. It should be noted that 

the H···H dispersive interactions play a cooperative role in the structure of conformer II. 

The interaction energy of O29-H30···H19 contact is calculated to be -3.898 kcal/mol. 

The relevance of H···H interactions has been analysed in different organic structures 

reported previously [40, 41] and it has been reported that the H···H bonding is a 

stabilizing interactions in a non-electrostatic nature in molecules and crystals [42]. 

 

3.5. Molecular electrostatic potential (MEP) 

The molecular electrostatic potential (MEP) surface was investigated in order to 

explore the substantial electronic structure and properties. The MEP surface for the 

most stable conformer of 5-Cl-DNPHZ is shown in Figure 7. The MEP maps are useful 

to study the chemical reactivity and the electronic nature of different sites of a molecule. 

The red and blue colours represent the negative and positive electrostatic potentials, 

respectively, where blue indicates the strongest attraction and red indicates the strongest 

repulsion. As can be seen from Fig. 7, the MEP values over the oxygens from the nitro 

groups are negative with potential values between -18 and -22 kcal/mol, indicating that 

are the preferred sites of hydrogen bonding interactions. Moreover, a negative 

electrostatic potential in the region of the hydroxyl oxygen has been also observed. The 

regions having the most positive electrostatic potentials are over the hydrogen atoms of 

the azomethine and hydrazine groups. These results indicate that the hydrogen bonding 

interactions between these groups should be energetically favoured.  

 

4. CONCLUSIONS 

A new hydrazone compound 5-chlorosalicylaldehyde-2,4-

dinitrophenylhydrazone (5Cl-DNPHZ) has been synthesized and characterized by IR, 

Raman and UV-Visible spectroscopies. The study is mainly focused on combining both 

spectroscopic and quantum chemical calculations that could help in a better 

understanding of solid-state molecular structure from various aspects such as hydrogen 

bonding , chemical reactivity parameters and the structure-reactivity relationships. The 



structural parameters and chemical reactivity of the studied substance and for a related 

compound previously reported have been computed in gas phase and in solvents with 

different polarity.  The observed frequency values of the IR and Raman spectra were 

assigned to the appropriate theoretically computed frequency values to validate and 

correlate both results. The calculated frequency values agree well with the experimental 

data. The calculated geometrical parameters are in accordance with the experimental 

ones determined by XRD data for related molecules. The conformational analysis reveal 

that two possible conformers are possible for the title compound but the most stable 

conformer is mainly stabilized by intramolecular O29-H30···N31 interaction between 

the N31 of the azomethine group and the H30 from the hydroxyl group. In addition, the 

planar conformation in both conformers are also stabilized by intramolecular N16-

H···O12 interactions involving the hydrazine N-H and the oxygen from the ortho nitro 

group. AIM calculations suggest that the intramolecular interactions that stabilized the 

structure of both conformers are core-shell interactions in nature. These results are in 

agreement with NBO calculations indicating that the charge transfer phenomenon, 

particularly LP O12 → σ* N16-H17 plays an important role in the formation of 

intramolecular N16-H17···O12 hydrogen bond observed in both conformers, and 

without these interactions, the stabilization of the title compound is not possible. The 

total molecular energies obtained by the PCM method decrease with the increasing 

polarity of the solvent and the stability of the studied compounds increases in going 

from the gas phase to the solution phase. In parallel, the HOMO-LUMO band gap 

decreases with the polarity of the solvents indicating that both compounds are more 

reactive and less stable in polar solvents.   
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Table 1: Geometrical parameters (bond lengths, angles and torsional angles) for the two 
possible conformers of 5Cl-DNPHZ calculated at B3LYP/6-311++G(d,p) 
approximation. The computed parameters were calculated with experimental values 
reported in literature. 
 
Parameters  Calculated [B3LYP/6-311++G(d,p)] Experimental a 

 CI conformer CII conformer  
Bond lengths (Å)    
C18-N31 1.293 1.286 1.287 
N31-N16 1.360 1.356 1.376 
N16-C3 1.360 1.362 1.342 
C20-C18 1.448 1.459 1.472 
C20-C21 1.408 1.408 1.398 
C21-C23 1.381 1.380 1.381 
C23-C26 1.398 1.397 1.363 
C26-C25 1.386 1.385 1.385 
C25-C22 1.397 1.397 1.376 
C22-C20 1.417 1.409 1.390 
C22-O29 1.347 1.367 1.368 
C3-C4 1.429 1.428 1.416 
C4-C5 1.393 1.394 1.381 
C5-C6 1.376 1.378 1.366 
C6-C1 1.400 1.402 1.398 
C1-C2 
C2-C3 

1.374 
1.418 

1.374 
1.418 

1.360 
1.418 

C4-N10 1.460 1.459 1.443 
C6-N13 1.468 1.468 1.446 
N10-O11 1.219 1.220 1.223 
N10-O12 1.243 1.243 1.238 
N13-O14 1.225 1.225 1.228 
N13-O15 1.226 1.227 1.226 
C23-Cl32 1.757 1.758 - 
O29-H30···N31 1.821 - - 
N16-H17···O12 1.828 1.841 - 
Bond angles (º)    
C20-C18-N31 122.6 122.1 115.2 
C18-N31-N16 116.7 116.6 117.2 
N31-N16-C3 122.2 121.2 119.4 
N16-C3-C2 120.9 120.3 119.9 
N16-C3-C4 122.2 122.5 123.5 
N10-C4-C5 116.2 116.3 115.9 
N10-C4-C3 122.6 122.5 121.9 
C5-C6-N13 119.3 119.3 119.0 
C1-C6-N13 119.7 119.6 119.9 
Torsional angles 
(º) 

   

C21-C20-C18-N31 -179.9 -14.23 167.3 
C20-C18-N31-N16 179.9 177.2 -178.6 
C18-N31-N16-C3 179.9 178.4 -173.6 
N31-N16-C3-C4 179.9 179.6 -178.9 



N31-N16-C3-C2 -0.004 -0.392 2.500 
a Taken from Ref. [20] 
Table 2: Experimental and calculated frequencies (cm-1) of the most stable conformer 
(CI) of 5-Cl-DNPHZ and tentative assignment of modes. 

Experimental a Calculated b Tentative assignment of modes (PED %) c 

IR Raman Unscaled Scaled 
3360 br - 3496 3384 υ OH (99) 
3287 w 3289 3431 3321 υ NH (99) 
3102 vvw - 3189 3087 υ CH-R1 (98) 
3079 vvw - 3067 2968 υ C18-H (100) 
1618 s 1615 1656 1603 υ CC-R1 (52); δ COH (10) 
1607 sh 1603 1653 1599 υ CC-R2 (48); δ CCH-R1 (10) 
1582 m 1580 1647 1594 υ C18=N31 (44) 
- 1560 1628 1576 υ CC-R2 (34); δ NNH (11) 
1543 vw - 1601 1550 υa NO2 (52); δ NNH (28) 
- 1529 1598 1547 υ CC-R1 (44); υ CN (12); δ COH (12) 
1513 s 1511 1564 1514 υ CC-R2 (76) 
1479 w 1476 1506 1458 δ CCH-R1 (47); δ CCC-R1 (23) 
- 1447 1482 1434 δ CCH-R2 (25) 
1417 w 1418 1465 1418 δ COH (31) 
1392 vw 1391 1452 1405 υ CC-R2 (40); δ CCH (10); υa NO2 (10) 
- 1364 1421 1375 υ CC-R1 (26) ; δ CCH-R1 (14); δ COH (13) 
1336 vs 1336 1353 1310 υs NO2 (39); δ CCH-R2 (12) 
1311 w 1305 1343 1300 υ CC-R1 (52); υ CC-R2 (11) 
- 1296 sh 1338 1295 υs NO2 (13); δ CCH-R2 (10) 
1278 w 1274 1300 1258 υ C-O (36) 
1264 w 1263 1286 1245 δ CCH-R2 (32); υs NO2 (22) 
1224 vw 1228 1258 1218 δ CCH-R1 (41) 
1209 vvw 1206 1242 1202 δ CCH-R2 (26); δ NNH (27) 
1188 w 1186 1221 1182 υ CC-R1 (48); δ CCH-R1 (11) 
1149 m 1147 1169 1131 υ NN (25); δ CCH-R2 (20) 
1134 w 1133 1153 1116 υ CC-R2 (24); δ CCH-R2 (14); δ CCH-R1 (11) 
1103 w 1101 1147 1110 δ CCH-R1 (35); υ CC-R2 (13) 
- 1088 1127 1091 υ NN (31); δ CCC-R2 (15) 
1060 vw 1058 1106 1070 υ CC-R1 (51); δ CCH-R1 (25) 
962 vvw 960 997 965 γ CH-R2 (79) 
938 vvw 950 975 944 γ C18-H (79) 
- 935 964 933 γ CH-R1 (82) 
925 w 923 954 923 γ CH-R2 (86) 
917 w - 952 921 δ CCC-R1 (41) 
883 vvw - 936 906 υ C-NO2 (29); δ CCN (11) 
834 w 845 867 839 γ OH (88) 
821 w 830 851 824 δ NO2 (58) 
743 w - 794 769 δ CCC-R1 (17); δ CCC-R2 (12) 
729 w 724 741 717 δ CCN (23) 
704 vw 703 731 708 γ NO2 (78) 
681 vvw - 713 690 γ NO2 (79) 
664 vvw 661 678 656 δ CCC-R2 (61) 
657 vvw - 677 655 γ NH (52); γ CCC-R2 (14) 
644 vvw 640 668 647 γ CCC-R2 (42); γ NH (36) 
624 vvw 624 642 621 δ CCC-R1 (91) 
605 vvw - 634 614 δ CCC-R2 (35) 



590 vvw 591 573 555 γ CCNN (50); γ CCCC-R2 (22) 
533 vvw 529 537 520 δ CON (58) 
488 vvw 490 500 484 γ CCCN-R2 (66) 
475 vvw 472 478 463 δ CCC (27); δ CCN (11) 
468 vvw 464 474 459 γ CCCC-R1 (55); γ CH-R1 (10) 
411 vw 413 425 411 γ CCCC-R2 (63) 
- 378 384 372 δ CCC-R1 (41); υ C-Cl (18) 
- 359 365 353 δ CCC-R1 (40); υ C-Cl (13) 
- 321 326 316 δ CC-NO2 (65) 
- 288 304 294 γ CCNN (64) 
- 249 277 268 δ CC-Cl (53) 
- 180 183 177 δ CCN (52) 
- 166 158 153 γ NCCC (55) 
- 151 155 150 δ CCN (32); υ NN (11) 
- 126 127 123 δ CCC (38) 
- 107 119 115 τ CCNN (53) 
- 72 80 77 τ CCCN (72) 
- 55 58 56 τ CCNO (85) 
a vs: very strong, s: strong, m: medium, w: weak, vw: very weak, vvw: extremely weak, 
sh: shoulder. 
b Calculated frequencies at B3LYP/6-311++G(d,p) level. Scale factor: 0.9679 
c υ: stretching, δ: bending, γ: out-of-plane bending, τ: torsional modes. R1: C20-C21-
C23-C26-C25-C22 and R2: C1-C6 phenyl rings. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 3: Experimental and calculated electronic transitions for 5-Cl-DNPHZ along with 
their assignments. 
 

Wavelength (nm) Oscillator 
strength (f) 

Assignment 
Experimental a Calculated b 

- 463 0.1989 HOMO → LUMO (100 %) 
506 417 0.4905 HOMO → LUMO+1 (100 %) 
478 349 0.3278 HOMO-1 → LUMO (100 %) 
386 264 0.2635 HOMO-3 → LUMO (87 %) 

HOMO-2 → LUMO+1 (13 %) 
a Experimental spectrum measured in DMF. 
b Calculated UV-Vis at B3LYP/6-311++G(d,p) level taking into account the implicitly 
of the solvent (DMF). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 4: Stabilization energies E(2) of interacting natural bond orbitals of 5-Cl-DNPHZ. 
 

Donor (i)a Acceptor (j) Stabilization energy, E(2) (kcal/mol) 
  Conformer I Conformer II 
LP O11 σ* C4-N10 18.35 18.26 
LP O11 σ* N10-O12 22.66 22.65 
LP O12 σ* C4-N10 13.40 13.43 
LP O12 σ* N10-O11 19.73 19.78 
LP O12 σ* N16-H17 17.32 16.53 
LP O12 π* N10-O11 133.3 133.3 
LP N16 π* C3-C4 54.82 54.44 
LP N16 π* C18-N31 27.37 29.35 
LP O29 π* C22-C25 34.31 25.88 
LP Cl32 π* C23-C26 17.75 18.14 
π C22-C25 π* C23-C26 26.83 24.88 
π C23-C26 π* C20-C21 24.51 24.27 
π C23-C26 π* C22-C25 16.31 17.51 
π C20-C21 π* C18-N31 26.51 19.00 
π C1-C2 π* C3-C4 23.45 23.46 
π C3-C4 π* C5-C6 25.97 25.77 
π C3-C4 π* N10-O11 32.31 32.57 
π C5-C6 π* C1-C2 22.22 21.56 
π C5-C6 π* N13-O14 23.95 23.93 
a LP denotes the lone pair on the specified atom.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 5: Topological parameters for bonds of interacting atoms: electron density (ρ), 
Laplacian of electron density (∇��), electron kinetic energy density (G), total electron 
energy density (H), electron potential energy density (V) at the bond critical point 
(BCP) and estimated interaction energy (EHA) in kcal/mol for 5Cl-DNPHZ. 
 

Interactions ρ (a.u.) ∇�� (a.u.) G (a.u.) H (a.u.) V (a.u.) EHA (kcal/mol) 
Conformer I       
O29-H30···N31 0.03935 0.1105 0.03091 0.00329 -0.02762 -8.670 
N16-H17···O12 0.03680 0.1370 0.03319 -0.00108 -0.03427 -10.75 
Conformer II       
O29-H30···H19 0.01285 0.0497 0.01044 -0.00198 -0.01243 -3.898 
N16-H17···O12 0.03588 0.1346 0.03231 -0.00134 -0.03365 -10.56 
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Figure 1: Potential energy curve around the C18-C20 bond at B3LYP/6-311++G(d,p) 

level of theory. 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 2. Optimized molecular structures for both possible conformers of 5Cl-DNPHZ. 

 

 

 

 

 

 

 

 

 



 

Figure 3: a) FTIR spectra of 5-Cl-DNPHZ in solid state measured at room temperature; 
b) Raman spectrum of 5-Cl-DNPHZ in solid state measured at room temperature. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 4: Experimental UV-Vis spectrum of 5-Cl-DNPHZ measured in DMF. Inset: 
Simulated UV-Vis spectrum computed at B3LYP/6-311++G(d,p) approximation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



HOMO (-6.034 eV) LUMO (-2.921 eV) 

HOMO-1 (-6.614 eV) LUMO+1 (-2.705 eV) 

HOMO-2 (-7.645 eV) LUMO+2 (-1.700 eV) 

 

 

 

 

 

 

 

 

 

 
HOMO-3 (-8.118 eV) 

 

Figure 5: Frontier molecular orbitals for the main electronic transitions for 5-Cl-
DNPHZ. 
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  Conformer II 

 

Figure 6: Distribution of bonds and ring critical points (red and yellow spheres, 
respectively) and bond paths in both conformations of 5-Cl-DNPHZ. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 7: Molecular electrostatic potential (MEP) surface for the most stable conformer 
of 5-Cl-DNPHZ. MEP values at selected points are given in kcal/mol 



Highlights: 

• The new hydrazone derivative has been synthesized and characterized. 

• The molecular structure was determined by DFT calculations. 

• The experimental and computed vibrational frequencies show a good agreement. 

• The intramolecular interactions were studied by means NBO and AIM analysis.  
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