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a b s t r a c t 

A novel pyridazin-3(2H)-one derivative, ( E )-6-(4-methylstyryl)-4,5-dihydropyridazin-3( 2H )-one ( 3 ) has 

been synthesized and characterized by FT-IR, UV–vis, 1 H- and 13 C NMR, TGA/DTA thermal analysis 

and single-crystal X-ray diffraction. Furthermore, the molecular geometry, vibrational frequencies, elec- 

tronic absorption spectra, chemical shift values, HOMO-LUMO analysis, frontier molecular orbital (FMO) 

and molecular electrostatic potential (MEP) surface map of the title compound were calculated using 

DFT/B3LYP method with 6–31 + G (d,p) basis set. A comparison among the experimental and calculated 

results indicates that the vibrational frequencies, maximum electronic absorption wavelengths and chem- 

ical shift values are in a good agreement with each other. The intermolecular interactions in the crystal 

structure were investigated using Hirshfeld surface analysis. TGA/DTA thermal analysis revealed that the 

title compound is thermostable to its melting point. 

© 2020 Elsevier B.V. All rights reserved. 
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. Introduction 

The synthesis of novel pyridazinone derivatives and inves-

igation of their chemical and biological activities have gained

ore importance in recent years [1, 2] . Pyridazinone is an impor-

ant pharmacophore possessing the wide range of pharmacolog-

cal applications [3] . Literature survey revealed that substituted

yridazinones have reported to possess biological activities such

s anti-HIV, antibacterial, anti-inflammatory, antidepressant, anti-

istaminic, antihypertensive, cardiotonic, anticonvulsant, acaracide 

nd herbicidal agents [4–13] . With this background set, the inves-

igation of the structural, electronic and thermodynamic properties

f these pyridazin-3( 2H )-one derivatives are important to know the

nfluence of different substituents on the structures in order to dis-

over the relationship of these substituents with their pharmaco-

ogical properties. On the other hand, spectroscopic studies and, in

articular, electron absorption spectra and vibrational assignments

f all the bands observed in the experimental infrared spectra are
∗ Corresponding author. 
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f great support in identifying all species in any medium, espe-

ially when these studies are combined with theoretical calcula-

ions derived from the functional density theory (DFT) [14–22] . 

In continuation of our studies towards the molecular struc-

ures, Hirshfeld surfaces analysis and DFT studies of new pyridazin-

( 2H )-one derivatives [23–26] , we report herein the synthe-

is of new crystalline derivative i.e., ( E ) −6-(4-methylstyryl) −4,5-

ihydropyridazin-3( 2H )-one ( 3 ) and, then it was characterized by

sing FT-IR spectrum in the solid phase, UV–vis, 1 H- and 

13 C NMR

pectra in DMSO–d 6 solution, and single-crystal X-ray diffraction

XRD) ( Scheme 1 ). These experimental studies were accomplished

ith theoretical DFT calculations by using the functional hybrid

3LYP together with the 6–31 + G (d,p) basis set in order to predict

he structural, electronic, optical and vibrational properties in the

as phase. Hence, the intermolecular interactions were investigated

sing Hirshfeld surface analysis and two-dimensional fingerprint

lots were also performed. Molecular orbital calculations providing

lectron-density plots of HOMO and LUMO molecular orbitals and

olecular electrostatic potentials (MEP) were also computed both

ith the DFT/B3LYP/6–31 + G (d,p) basis set. In addition, the thermal

https://doi.org/10.1016/j.molstruc.2020.129180
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
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Scheme 1. Synthesis of compound 3. 
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stability of the title compound was evaluated by TGA/DTA thermal

analysis. 

2. Experimental section 

2.1. General methods 

Reactions were checked with TLC using aluminum sheets with

silica gel 60 F254 from Merck. Melting points were measured using

a Tottoli digital capillary melting point apparatus and are uncor-

rected. The FT-IR spectrum was recorded with Perkin-Elmer Parg-

amon 10 0 0 PC FT-IR spectrometer over the range 40 0–40 0 0 cm 

−1 .
1 H and 

13 C NMR spectra were recorded in DMSO–d 6 solutions on

a Bruker Avance III spectrometer at 600 MHz for 1 H NMR and

150 MHz for 13 C NMR. The chemical shifts are expressed in parts

per million (ppm). TGA/DTA curves were recorded in a platinum

crucible in a pure air atmosphere at a flow rate of 20 mL/min and

over-temperature range 0–700 °C with a heating rate of 10 °C/min

using Shimadzu thermogravimetric analyzer DTG-60H. 

2.2. Synthesis 

General procedure for the synthesis of ( 2 ): To a solution of

(4 mmol, 0.46 g) of levulinic acid, (3 drops) of morpholine, (9

drops) of glacial acetic acid and in 20 ml of toluene was added

(0.48 g, 4 mmol) of 4-methylbenzaldehyde ( 1 ). The reaction mix-

ture is brought to reflux for 12 h. The completion of the reaction

was monitored by TLC. After evaporation of the solvent under re-

duced pressure, the reaction mixture was cooled and washed with

a mixture of acetic acid: water (1: 4). In each case, the precipitate

formed was filtered and dried to give the compounds ( 2 ). Yellow

solid, Yield : 79%, m. p = 179–181 °C; 1 H NMR (600 MHz, DMSO–

d 6 ) δ (ppm): 7.80 (d, J = 7.8 Hz, 2H, Ar), 7.61–7.55 (m, 3H, C = CH,

Ar), 6.82 (d, J = 16.3 Hz, 2H, C = CH), 2.91 (t, J = 9.0, 6.0 Hz, 2H,

CH 2 ), 2.34 (m, 5H, CH 2 and CH 3 ); 
13 C NMR (150 MHz, DMSO–d 6 )

δ (ppm): 199.05 ( C = O ), 174.44 (COOH), 143.44 ( C H 

= CH), 141.01 (C4

Ar), 131.96 (C4 Ar), 130.03 (CH 

= C H), 129.75 (C3 Ar), 129.52 (C2 Ar),

35.22 (CH 2 ), 28.29 (CH 2 ), 21.41 (CH 3 ). 

General procedure for the synthesis of ( 3 ): To a mixture of (0.22 g,

1 mmol) of compound ( 2 ) in 20 ml of ethanol is added (0.044 g,

1.1 mmol) of hydrazine hydrate. The mixture is brought to re-

flux for four hours. The precipitate was filtered, washed with wa-

ter, dried and recrystallized from ethanol. Single crystals were ob-

tained by slow evaporation at room temperature. White crystals,

Yield : 78%, m. p = 194–196 °C; FT-IR ( ν(cm 

−1 )) : 3305 (NH),

2905–2184 (CH), 1653 ( C = O ), 1604 ( C = N ), 1509, 1589 ( C = C ); 1 H

NMR (600 MHz, DMSO–d 6 ) δ (ppm): 10.87 (s, 1H, NH), 7.48 (d,

J = 6.0 Hz, 2H, H-Ar), 7.19 (d, J = 6.0 Hz, 2H, H-Ar), 7.01 (d,

J = 18.0 Hz, 2H, C = CH), 6.84 (d, J = 18.0 Hz, 1H, CH 

= C ), 2.77 (t,

J = 9.0, 6.0 Hz, 2H, CH 2 ), 2.38 (t, J = 9.0, 6.0 Hz, 2H, CH 2 ), 2.31 (s,

3H, CH 3 ). 
13 C NMR (150 MHz, DMSO–d 6 ) δ (ppm): 167.67 ( C = O ),

151.26 (C6 pyridazinone), 138.52 (C1 Ar), 133.82(C4 Ar), 133.80 (-

CH 

= C H-pyr), 129.89 (C3 Ar), 127.34 (C2 Ar), 125.87 (- C H 

= CH-pyr),

26.35 (C6 pyridazinone), 21.36 (C5 pyridazinone), 20.56 (CH ). 
3 
.3. X-ray crystallography 

X-ray single-crystal diffraction for ( 3) was collected at 296 K

n a STOE IPDS II diffractometer equipped with an X-ray genera-

or operating at 50 kV and 1 mA, using Cu-K α radiation of wave-

ength 0.71073 Å. The hemisphere of data was processed using

AINT [27] . The 3D structure was solved by direct methods and re-

ned by full-matrix least squares method on F 2 using the SHELXL

rogram [28, 29] . All the non-hydrogen atoms were revealed in the

rst difference Fourier map and were refined with isotropic dis-

lacement parameters. At the end of the refinement, the final dif-

erence Fourier map showed no peaks of chemical significance and

he final residual was 0.0641. The geometrical calculations were

arried out using the program PLATON [30] . The molecular and

acking diagrams were generated using Mercury for Windows [31] .

.4. Computational details 

DFT calculations were made using the Gaussian 09 package

rogram [32] and the results are shown using Gaussview 5.0

33] molecular visulation program. The applied method are Becke’s

34] three parameter hybrid exchange functional with Lee-Yang-

arr correlation functional [35] method (B3LYP) with 6–31 + G (d,p)

asis set. The frequency calculations show that there is no imag-

nary frequency and optimized geometry has a true energy mini-

um. FT-IR and NMR spectra in gas phase are determined by using

FT method at B3LYP/6–31 + G (d,p) level of theory and the detailed

ibrational assignments were calculated by means of the total en-

rgy distribution (TED) method using VEDA 4 program [36] . 

. Results and discussion 

.1. Crystallography studies 

A white coloured crystal of dimensions 0.38 × 0.34 × 0.31 mm 

3 

f compound 3 was chosen for an X-ray diffraction analysis. The

ingle crystal X-ray diffraction data show that it crystallizes in

onoclinic system, space group, P2 1 /n . The details of the crystal

ata and structure refinement are given in Table 1 . In the title

ompound ( Fig. 1 a), the dihydropyridazine ring is almost planar,

aving an r.m.s. deviation of 0.1737 Å for the ring atoms, with the

aximum deviation from the ring being 0.2684 (11) Å for the C2

tom; the C3 atom lies −0.2565 (11) Å in of the plane in the oppo-

ite direction with the C2 atom. The benzene ring is close to planar

ith the r.m.s. deviation for the C7–C12 atoms being 0.00 6 6 Å [the

aximum deviation from the least-squares plane is 0.0098 (12) Å

or the C11 atom]. The dihedral angle between the two mentioned

lanes is 12.102 (7) °, indicating an approximately planar relation-

hip. The O1 = C1 bond length of the pyridazinone carbonyl func-

ion is 1.2302 (17) Å and the N1—N2 bond length in the dihydropy-

idazine ring is 1.3894 (17) Å, both in accordance with values re-

orted for related pyridazinones [37,38] . 

The main intermolecular interactions in the crystal structure of

he title compound are of type N—H…O, C—H 

•••π ( Table 2 ). N1—

1 •••O1 hydrogen bonds between the NH function of the dihy-
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Table 1 

Crystallographic and refinement data for compound (3). 

CCDC Deposition Number 2,006,774 

Chemical formula C 13 H 14 N 2 O 

M r 214.26 

Crystal system, space group Monoclinic, P2 1 /n 

Temperature (K) 296 

a, b, c ( ̊A) 7.4873 (5), 13.0255 (7), 12.1238 (8) 

β ( °) 107.108 (5) 

V ( ̊A 3 ) 1130.07 (13) 

Z 4 

Radiation type Mo K α

μ (mm 

−1 ) 0.08 

Crystal size (mm) 0.38 × 0.34 × 0.31 

Data collection 

Diffractometer STOE IPDS 2 

Absorption correction Integration ( X-RED32 ; Stoe & Cie, 2002) 

T min , T max 0.971, 0.990 

No. of measured, independent and observed [ I > 2 σ ( I )] reflections 7905, 2214, 1718 

R int 0.032 

(sin θ / λ) max ( ̊A −1 ) 0.617 

Refinement 

R [ F 2 > 2 σ ( F 2 )], w R ( F 2 ), S 0.043, 0.114, 1.04 

No. of reflections 2214 

No. of parameters 147 

H-atom treatment H-atom parameters constrained 


ρmax , 
ρmin (e ̊A −3 ) 0.14, −0.14 

Fig. 1. The molecular structure of the title compound: a) ORTEP drawn at the 50% 

probability level. b) Optimized DFT/6–31 + G (d,p) level. 

Table 2 

Hydrogen-bond geometry ( ̊A, °). 

D —H 

•••A D —H H •••A D •••A D —H 

•••A 

N1—H1 •••O1 i 0. 872 (19) 2.026 (19) 2.8928 (17) 172.6 (16) 

C2—H2B •••Cg2 ii 0. 97 2.72 3.6598 (17) 162.0 

Symmetry codes: (i) –x + 1,- y,- z + 1; (ii) –x + 3/2, y + 1/2,- z + 1/2 
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ropyridazine ring and the carbonyl O atom generate centrosym-

etric dimers with an R 

2 
2 
(8) ring motif. The two types of hydro-

en bonding results in the formation of layers parallel (200). In

he crystal, adjacent molecules are linked via C2—H2B 

•••Cg2 (3/2-

, 1/2 + y , 1/2-z; Cg2 is the centroid of the C7–C12 benzene ring)

nteractions, forming chains along [030] ( Table 2 , Fig. 2 ). Notable
•••π interactions are not observed. 

.2. Optimized geometry 

The optimized geometry of ( E ) −6-(4-methylstyryl) −4,5-

ihydropyridazin-3( 2H )-one (3) is presented in Fig. 1 b. The

ptimized geometrical parameters of ( E ) −6-(4-methylstyryl) −4,5-

ihydropyridazin-3( 2H )-one (3) in gas phase by using the B3LYP/6–

1 + G (d,p) method are summarized in Table 3 . These geometrical

arameters are compared in the same table with the corre-

ponding experimental ones determined. The deviation values are

lso included in that table to evaluate the differences between

heoretical and experimental results. Hence, good correlations

re observed for bond lengths and angles with deviation values

etween 0 and 0.001 Å for bond lengths and of 0 and 0.05 ° for

ond angles. The higher deviations are clearly observed for bond

ngles H1—N1—C1 and H1—N1—N2 with deviation values 3.42

nd 3.96 °, respectively. The good correlations evidenced in the

ond lengths and angles, indicate that the optimized structure

f compound ( 3 ) in gas phase by using the B3LYP/6–31 + G (d,p)

ethod can be used to perform the vibrational analysis. 

From the results we can say that, the DFT/B3LYP functional

ethod estimated the bond lengths, bond angles and dihedral an-

les in good agreement with literature [39–43] . 

.3. FT-IR study 

The experimental and theoretical FT-IR spectra of the title com-

ound are presented in Fig. 3 . All vibrational assignments calcu-

ated by means of TED and the selected significant frequency vi-

rations are listed in Table 4 . 

.3.1. N 

–H vibrations 

The N–H stretching vibrations are generally appears in the re-

ion 350 0–30 0 0 cm 

−1 [44] . This absorption is highly influenced
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Fig. 2. A view along the a axis of the crystal structure of the title compound. Blue dashed lines symbolize intermolecular N—H 

•••O hydrogen bonds; C—H 

•••π interactions 

are shown as green dashes lines. 

Table 3 

Experimental and theoretical bond lengths and angles for compound (3). The crystallographic atom-labeling scheme was 

followed. 

XRD DFT 
(Theor-Exp) XRD DFT 
(Theor-Exp) 

Bond length ( ̊A) Bond length ( ̊A) 

O1-C1 1.230(2) 1.230 0 C10-C11 1.382(2) 1.382 0 

N1-C1 1.342(2) 1.342 0 C10-C13 1.506(2) 1.506 0 

N1-N2 1.390(2) 1.389 −0.001 C5-H5 0.930 0.930 0 

N1-H1 0.872(2) 0.860 −0.012 C2-C3 1.516(2) 1.515 −0.001 

N2-C4 1.286(2) 1.287 0.001 C2-H2A 0.970 0.970 0 

C7-C8 1.391(2) 1.391 0 C2-H2B 0.970 0.969 −0.001 

C7-C12 1.392(2) 1.391 −0.001 C3-H3A 0.970 0.970 0 

C7-C6 1.463(2) 1.462 −0.001 C3-H3B 0.970 0.970 0 

C6-C5 1.327(2) 1.327 0 C12-C11 1.374(2) 1.374 0 

C6-H6 0.930 0.929 −0.0001 C12-H12 0.930 0.930 0 

C4-C5 1.451(2) 1.450 −0.001 C11-H11 0.930 0.930 0 

C4-C3 1.494(2) 1.493 −0.001 C9-H9 0.930 0.930 0 

C1-C2 1.490(2) 1.490 0 C13-H13A 0.960 0.960 0 

C8-C9 1.382(2) 1.381 −0.001 C13-H13B 0.960 0.960 0 

C8-H8 0.930 0.930 0 C13-H13C 0.960 0.960 0 

C10-C9 1.379(2) 1.378 −0.001 

Bond angle ( °) Bond angle ( °) 
N2-N1-C1 126.81 126.85 0.04 C1-C2-H2A 109.40 109.39 −0.01 

H1-N1-C1 120.00 116.58 −3.42 H2A-C2-C3 109.40 109.39 −0.01 

H1-N1-N2 112.60 116.56 3.96 C1-C2-H2B 109.40 109.40 0 

N1-N2-C4 116.66 116.66 0 H2B-C2-C3 109.40 109.40 0 

C8-C7-C12 116.79 116.77 −0.02 H2A-C2-H2B 108.00 108.01 0.01 

C6-C7-C8 119.58 119.56 −0.02 C4-C3-C2 110.33 110.36 0.03 

C6-C7-C12 123.64 123.65 0.01 C4-C3-H3A 109.60 109.57 −0.03 

C7-C6-C5 126.54 126.52 −0.02 C2-C3-H3A 109.60 109.57 −0.03 

H6-C6-C5 116.70 116.73 0.03 C4-C3-H3B 109.60 109.58 −0.02 

C7-C6-H6 116.70 116.74 0.04 C2-C3-H3B 109.60 109.58 −0.02 

N2-C4-C5 115.26 115.22 −0.04 H3A-C3-H3B 108.10 108.11 0.01 

N2-C4-C3 122.40 122.39 −0.01 C7-C12-C11 121.07 121.08 0.01 

C5-C4-C3 122.30 122.34 0.04 H12-C12-C11 119.50 119.45 −0.05 

O1-C1-N1 121.35 121.35 0 C7-C12-H12 119.50 119.45 −0.05 

O1-C1-C2 123.73 123.74 0.01 C10-C11-C12 121.86 121.84 −0.02 

N1-C1-C2 114.92 114.88 −0.04 C12-C11-H11 119.10 119.07 −0.03 

C7-C8-C9 121.77 121.76 −0.01 C10-C11-H11 119.10 119.08 −0.02 

H8-C8-C9 119.10 119.11 0.01 C8-C9-C10 120.91 120.91 0 

C7-C8-H8 119.10 119.11 0.01 C10-C9-H9 119.50 119.54 0.04 

C11-C10-C9 117.58 117.57 −0.01 C8-C9-H9 119.50 119.54 0.04 

C9-C10-C13 121.39 121.39 0 C10-C13-H13A 109.50 109.46 −0.04 

C11-C10-C13 121.03 121.03 0 C10-C13-H13B 109.50 109.46 −0.04 

C6-C5-C4 126.07 126.03 −0.04 H13A-C13-H13B 109.50 109.46 −0.04 

C6-C5-H5 117.00 116.98 −0.02 C10-C13-H13C 109.50 109.47 −0.03 

C4-C5-H5 117.00 116.98 −0.02 H13A-H13-H13C 109.50 109.47 −0.03 

C1-C2-C3 111.18 111.17 −0.01 H13B-C13-H13C 109.50 109.47 −0.03 
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Table 4 

Calculated frequencies, relative intensities, observed IR frequencies, and probable assignments of the compound (3). 

DFT /B3LYP (cm 

−1 ) ν(IR) 

(cm 

−1 ) 

Assignments, TED 

( < 10%) 

DFT /B3LYP (cm 

−1 ) ν(IR) 

(cm 

−1 ) 

Assignments, TED 

( < 10%) ν(DFT) 

(cm 

−1 ) I IR 

ν(DFT) 

(cm 

−1 ) I IR 

3622.4 48.29 3305 νNH (100) 

1270.31 

70.46 1256 δHCC (16) + δCCN (13) 

3198.52 

13.14 νCH (11) + νCH (84) 

1239.61 

44.79 νCC (16) 

3190.66 

24.04 3184 νCH (42) + νCH (55) 

1235.43 

4.44 νCC (36) 

3177.05 

14.22 νCH (45) 

1209.23 

21.07 1210 δHCC (14) + δHCC 

(18) + δHCC 

(21) + δHCC (13) 

3173.6 9.84 νCH (45) 

1173.19 

21.95 1183 δHCC (22) + δHCC 

(14) + τHCCC (12) 

3171.05 

16.98 νCH (73) 

1148.64 

23.71 1153 νNN (23) 

3166.97 

7.88 νCH (47) + νCH (40) 

1142.83 

33.39 δHCC (13) 

3128.57 

7.93 νCH (93) 

1061.07 

4.81 1107 δHCH (10) + τHCCC 

(24) 

3120.14 

18.40 νCH (80) 

1040.63 

1.79 1041 τCNNC (14) + τCCNC 

(21) 

3097.17 

14.13 νCH (93) 

1032.39 

3.76 δCCC (20) 

3087.8 15.52 3083 νCH (52) 1013.2 32.05 1017 τHCCC (24) 

3041.57 

15.44 3045 νCH (88) 

1009.19 

5.73 δHCH (12) + τHCCC 

(30) 

3034.08 

45.60 2920 νCH (47) + νCH (18) + 

νCH (35) 

1003.8 12.46 995 δCCN (19) + δNNC 

(18) + τHCCN (11) 

3014.41 

11.15 2905 νCH (91) 977.26 0.01 973 τHCCC (31) 

1764.39 

766.68 1653 νOC (82) 967.39 69.67 νCC (15) + δNNC (11) 

1699.33 

109.48 νCC (40) + δHCC (14) 961.27 1.01 960 τHCCC (17) 

1659.45 

18.46 νCC (28) 896.56 1.35 δCCN (14) + δCCN (10) 

1621.89 

13.20 1604 νNC (41) + νCC (40) 886.57 0.25 τNCCC (13) 

1604.03 

13.83 νCC (18) 842.81 0.23 τHCCC (21) + τHCCC 

(25) + τHCCC (27) 

1549.97 

24.99 1582 δHCC (16) + δHCC (17) 821.29 49.61 τHCCC (18) + τHCCC 

(18) + τHCCC (15) 

1498.42 

11.02 1509 δHCH (17) + δHCH 

(17) 

795.32 4.13 799 νNC (13) + νCC 

(32) + δCCN (12) 

1490.25 

7.27 δHCH (41) 765.04 2.55 750 δCCC (16) 

1481.31 

9.45 δHCH (74) + δHCH 

(13) 

717.65 1.09 707 τCCCC (14) 

1469.57 

8.34 δHCH (73) 655.47 1.71 625 δCCC (17) + δCCC (20) 

1453.35 

13.26 1452 δHNN (54) 607.2 30.98 590 τHNNC (23) 

1448.38 

14.93 νCC (16) + δHNN (16) 590.5 34.55 550 τHNNC (20) + τHCCN 

(11) + τCNNC (10) 

1420.79 

0.06 δHCH (45) + δHCH 

(25) + δHCH (22) 

518.87 14.23 517 δOCN (15) + τCCCC 

(12) 

1400.96 

1.57 1379 νCC (15) + δHCC (17) 501.58 9.86 498 δOCN (12) + τCCCC 

(12) 

1369.01 

110.41 δHCC (21) 476.88 33.93 470 δCCC (11) 

1354.11 

2.05 1351 νCC (19) + δHCC (30) 449.92 8.04 457 δOCN (23) + δCCC (17) 

1343.97 

28.58 νCC (12) 418.1 0.94 424 τCCCC (23) + τCCCC 

(12) 

1338.27 

26.92 δHCC (10) + τHCCC 

(18) + τHCCN (19) 

410.94 5.01 δOCN (11) + τHCCN 

(12) 

1308.37 

216.41 1291 δHCC (22) 

ν;stretching. δ; bending. τ ; torsion vibrations. 
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Fig. 3. Comparative representations of FT-IR spectra for ( 3 ). 
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by chemical environment, mainly when NH group are involved

in hydrogen bonding. This can occur within the same molecule

(intramolecular H bonding) or with neighboring molecules (inter-

molecular H bonding) [45] . The NH stretching band in pyridazin-

3( 2H )-one is reported at 3337 cm 

−1 by Bahçeli et al. [46] and at

by Soliman et al. [47] . In the IR spectrum of 3 , we observed a

sharp band of weak intensity at 3305 cm 

−1 , assigned to νNH ab-

sorption and the calculated value is 3622 cm 

−1 . The difference

observed between theoretical and experimental values concerning

νNH is due to the fact that the N1—H1 •••O1 i hydrogen bond was

not taken into account in our calculations: intermolecular H bonds

were purposely omitted since it is usually employed, for computa-

tion, a single molecule (gas phase) approach. Soliman et al. [47] re-

ported the N 

–H in-plane and out-of-plane deformation vibrations

in pyridazin-3( 2H )-one at 1393 and 652 cm 

−1 , respectively. In this

case, the bands observed at 1379 and 590 cm 

−1 in IR spectrum are

assigned as these modes. These deformation vibrations are calcu-

lated at 1453 and 607 cm 

−1 , respectively. 

3.3.2. C –H vibrations 

The C 

–H stretching vibrations of aromatic rings give rise to

bands in the region 320 0–30 0 0 cm 

−1 in aromatic compounds

[44, 48–50] . Here, the calculated stretching vibrations in the range

of 3198–3166 cm 

−1 are attributed to C 

–H stretching vibration

in benzene ring. The scaled signals at 3128, 3097, 3041 and

3014 cm 

−1 are attributed to the C 

–H (sp 

2 and sp 

3 ) stretching vi-

brations in pyridazin-3( 2H )-one ring and the signals at 3120, 3087

and 3034 cm 

−1 are attributed to the stretching vibrations of the
CH 3 substituent group connected to benzene ring. Experimentally,

he series of IR bands in the range 3184–2905 cm 

−1 were assigned

s CH (sp 

2 and sp 

3 ) stretching modes of the 4-methylbenzyl and

yridazin-3( 2H )-one rings. 

In para substituted benzene, the C 

–H in-plane bending or de-

ormations vibrations are observed in the region 140 0–10 0 0 cm 

−1 

nd are usually of medium to weak intensity [44, 48–50] . Here,

ome bands due to C–H in-plane bending vibration in the ti-

le compound interact somewhat with other vibrations and they

an be assigned to the bands in the region between 1414 and

041 cm 

−1 . The DFT calculations give these modes in the range

549–1142 cm 

−1 . 

The out-of-plane C 

–H deformations are observed between 900

nd 600 cm 

−1 [48–50] . Generally the CH out-of-plane deforma-

ions typical for para substituted benzenes are assigned in the

40 ± 50 cm 

−1 region [51] . In the present work, these vibra-

ion modes can be associated to the IR bands observed between

95 and 707 cm 

−1 , experimentally and at 1009, 977, 961, 842 and

21 cm 

−1 , theoretically. 

.3.3. Carbonyl C = O vibrations 

The stretching mode C = O is generally one of the most in-

ense peak in an infrared spectrum, it appears in a region 1800–

600 cm 

−1 [44] . For pyridazin-3( 2H )-one, this mode was reported

t 1674 cm 

−1 by Bahçeli et al. [46] and at 1664 cm 

−1 by Soliman

t al. [47] . In our study, the C = O stretching mode in the pyridazin-

( 2H )-one is assigned to the intense band at 1653 cm 

−1 . This mode

as computed at 1764 cm 

−1 . 

.3.4. C = N and N 

–N vibrations 

Dede et al. [52] reported the C = N stretching vibrations at

616 cm 

−1 in pyridazin-3(2H)-one. For the title compound, the

ands observed at 1604 cm 

−1 are assigned as C = N stretching

ode, which is comparable to theoretical value at 1621 cm 

−1 . On

he other hand, the N 

–N stretching mode has been reported at

131 cm 

−1 in bromopyrazone [53] . In the present case, the band

bserved at 1153 cm 

−1 is assigned as N 

–N stretching vibration in

yridazin-3( 2H )-one, which is found to be in good agreement with

he calculated value 1148 cm 

−1 . 

.3.5. C = C and C –C vibrations 

The aromatic C = C stretching vibrations of vinyl and phenyl ring

re very much important and occur in the region 1200–1650 cm 

−1 

48–50, 53] . For the studied molecule, the calculated bands at 1699

nd 1659 cm 

−1 attributed to C = C stretching vibration in vinyl

roup and benzene ring, respectively. These vibration modes were

bserved at 1509 and 1582 cm 

−1 , experimentally. Moreover, the

 

–C in plane and out of plane bending vibrations are reported at

73 and 580 cm 

−1 , respectively [54] . The in-plane and out-of-plane

ing deformations of title compound are observed in the region be-

ow 750 and 470 cm 

−1 . 

.4. 1 H and 13 C NMR chemical shifts 

The experimental and the theoretical 1 H and 

13 C NMR chemical

hifts of the title compound were obtained by using DMSO–d 6 as

olvent. The predicted ones were obtained at B3LYP/6–31 + G (d,p)

evel using CPCM model and GIAO method and the obtained results

nd experimental values were given in Table 5 . The proton NMR

pectrum of compound 3 displayed a singlet at δ = 2.31 ppm due

o H28, H29 and H30 protons of methyl (CH 3 ) group. Their corre-

ponding ones are underestimated by 2.93, 2.33 and 2.83 ppm. The

hemical shifts of H16, H17, H19 and H20 protons of methylene

-CH 2 -) group of pyridazione appear as two triplets at δ = 2.38

nd 2.77 ppm. The chemical shifts of H7 and H14 protons of

inyl (-C H 

= C H -) group appear as two doublets at δ = 6.84 and
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Table 5 

The experimental and computed 1 H- and 13 C NMR chemical shifts, all values in ppm of the 

compound 3 . 

Atoms Chemical shifts of hydrogen atoms Atoms Chemical shifts of carbon atoms 

Exp. Theo. Exp. Theo. 

3-H 10.87 8.39 9-C 167.67 153.99 

11-H 7.48 8.24 8-C 151.21 139.36 

7-H 7.01 8.02 12-C 133.82 128.25 

26-H 7.19 7.67 5-C 138.52 120.33 

24-H 7.19 7.58 21-C 127.34 118.79 

22-H 7.48 7.54 6-C 125.87 118.55 

14-H 6.84 7.04 23-C 129.89 116.27 

20-H 2.38 3.08 25-C 129.89 116.01 

28-H 2.31 2.93 10-C 127.34 109.70 

19-H 2.38 2.85 13-C 133.80 108.06 

30-H 2.31 2.83 18-C 21.36 20.04 

17-H 2.77 2.74 15-C 26.35 19.81 

16-H 2.77 2.52 27-C 20.56 12.09 

29-H 2.31 2.33 

Fig. 4. Experimental (a) and simulated (b) UV–vis spectrum of the compound 3 . 
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.01 ppm. Indeed, the predicted chemical shifts of these protons

re obtained at δ = 8.02 and 7.04 ppm, respectively. These chem-

cal shifts are relatively well reproduced with deviations less than

.01 ppm for H7 and 0.2 ppm for H14 compared to the observed

nes. The chemical shifts of the aromatic protons (H11, H22, H24

nd H26) appeared as two doublets at δ = 7.19 and 7.48 ppm.

hese chemical shifts are relatively well reproduced with devi-

tions less than 0.76 ppm compared to the observed ones. The

hemical shifts of the NH protons of pyridazinone appeared as sin-

let at δ = 10.87 ppm. Their corresponding one are predicted at

= 8.39 ppm. 

The carbon NMR spectrum showed the chemical shifts of C9

f carbonyl (C 

= O) at δ = 167.67 ppm. Their corresponding one

s obtained at δ = 153.99 ppm. The signals at δ = 151.26, 21.36

nd 26.35 ppm are clearly assigned for C23, C21 and C5 carbons

f pyridazinone ring. Their corresponding ones are relatively well

eproduced with deviations of 13.88, 9.07 and 13.88 ppm, respec-

ively. The signals at δ = 133.80 and 125.87 ppm are assigned for

6 and C13 carbons of vinyl (CH 

= CH) group. These protons are

redicted at δ = 118.55 and 108.06 ppm, respectively. The aromat-

cs carbon chemical shifts of the title compound occurred in the

ange of 138.52–127.34 ppm. The signals at δ = 20.56 ppm are as-

igned for methyl (CH 3 ) group and their corresponding one is ob-

ained at 12.09 ppm. Generally, the observed and calculated 

1 H and
3 C NMR chemical shifts are in a very good agreement. 
 

m  
.5. UV–vis analysis 

The experimental UV–vis absorption spectrum of the title com-

ound was recorded in methanol in the range 200 – 500 nm at

5 °C and has shown in Fig. 4 a. The absorption spectrum of ( 3 )

s characterized by a longer wavelength band with a maximum

round λ = 324 nm. The longer wavelength band can be attributed

o the n → π ∗ electronic transition resulting from the involved

olecular orbitals of the carbonyl ( C = O ) and the conjugated π
ond of aromatic system [55] . TD–DFT calculations at the B3LYP/6–

1 + G (d,p) level were performed to obtain information about the

xcited states and absorption characteristics. The longest wave-

ength absorption maximum for the title compound is observed in

he UV region at λ = 318 nm as shown in Fig. 4 b. The absorption

aximum is assigned to the n → π ∗ transitions that arise from

he carbonyl group ( C = O ) the conjugated π bond of styryl group

f the title compound. The strong cut–off wavelength for the study

s 350 nm ( Fig. 5 b) with an energy band gap of 3.546 eV. The cal-

ulated electronic transition (318 nm) is in agreement with the ex-

erimental electronic transition observed (324 nm). 

.6. Surfaces studies 

.6.1. Hirshfeld surface analysis 

Hirshfeld surface analysis was used to quantify the inter-

olecular contacts of the title compounds, using the software
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Fig. 5. ( a ) d norm mapped on the Hirshfeld surface for visualing the intermolecular interactions, ( b ) shape-index map of the title compound and ( c ) curvedness map of the 

title compound using a range from –4 to 4 Å. 

Fig. 6. The Hirshfeld surface representations with the function d norm plotted onto the surface for (a) H 

•••H, (b) H 

•••C/ C •••H, (c) H 

•••O/O •••H, (d) H 

•••N/N 

•••H 

interactions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6 

Calculated frontier molecular orbital energies (eV) for 3. 

FMO Energy 

E(HOMO) −6.0709 

E(LUMO) −1.9986 


E (HOMO–LUMO) 4.0723 

Hardness, η 2.0361 

Softness, σ 0.4911 

Electronegativity, χ 4.0347 

r  

p

3

 

t  

B  

i  

m  

e  

e  

h  

(  

T  

l  

a

L  

h  

i  

a  

t  
Crystal-Explorer17.5 [56] . The Hirshfeld surface were planned us-

ing a standart (high) surface resolution with the three-dimensional

dnorm surfaces plotted over a fixed color scale of −0.5573 (red)

to 1.3718 (blue) a.u. The Hirshfeld surfaces of the title com-

pound were mapped over dnorm, shape index and curvedness

Fig. 5 a-c. The Hirshfeld surface representations with the func-

tion dnorm plotted onto the surface are shown for the H 

•••H,

H 

•••C/C 

•••H, H 

•••O/O 

•••H, H 

•••N/N 

•••H, C 

•••N/N 

•••C, C 

•••C in-

teractions in Fig. 6 a-f, respectively. The overall two-dimensional

fingerprint plot and those delineated into H 

•••H, H 

•••C/C 

•••H,

H 

•••O/O 

•••H, H 

•••N/N 

•••H, C 

•••N/N 

•••C, C 

•••C contacts are il-

lustrated in Fig. 7 a–g, respectively. The largest interaction is H 

•••H

contributing 52.5% to the overall crystal packing. The peak in the

center de = di = 1.15 Å. H 

•••O/O 

•••H contacts makes 14.6% con-

tribution to the Hirshfeld surface. The contacts is represented by

a pair of sharp spikes in the region de + di ~1.85 Å in the finger-

print plot. H 

•••O/O 

•••H interactions arises from the intermolecu-

lar N—H 

•••O hydrogen bonding ( Table 2 ) and H 

•••O/O 

•••H con-

tacts. The contributions of the other contact to the Hirshfeld sur-

face is H 

•••C/C 

•••H (19.7%), H 

•••N/N 

•••H (8.3%), C 

•••N/N 

•••C

(2.5%), C 

•••C (2.5%). 

3.6.2. Molecular electrostatic potentials 

Molecular electrostatic potential (MEP) displays molecular size

and shape as well as positive, negative and neutral electrostatic

potential regions in terms of color grading and is useful in in-

vestigating relationships between molecular structure and physico-

chemical properties [57, 58] . The MEP map ( Fig. 8 ) was calculated at

the B3LYP/6–31 + G (d,p) level of theory. The red and blue-coloured

regions indicate nucleophiles (electron rich), and electrophile re-

gions (electron poor), respectively. The white regions indicate neu-

tral atoms. In the title molecule, the red regions are concentrated

at the carbonyl group. It possesses the most negative potential and

is thus the strongest repulsion site (electrophilic attack). The blue
egions indicate the strongest attraction regions, which are occu-

ied mostly by hydrogen atoms. 

.7. Frontier molecular orbital analyses 

The energy levels for the title compound were computed by

heoretically via density functional theory (DFT) using the standard

3LYP functional and 6–31 + G (d,p) basis-set calculations [34] as

mplemented in GAUSSIAN 09 [32] . The HOMO (highest occupied

olecular orbital) acts as an electron donor and the LUMO (low-

st occupied molecular orbital) as an electron acceptor. When the

nergy gap is small, the molecule is highly polarizable and has

igh chemical reactivity. The energy levels, energy gaps, hardness

 η), softness ( σ ) and electronegativity ( χ ) are given in Table 6 .

he electron transition from the HOMO to the LUMO energy

evel is shown in Fig. 9 . The chemical hardness and softness of

 molecule is a sign of its chemical stability. From the HOMO–

UMO energy gap, we can see whether or not the molecule is

ard or soft. If the energy gap is large, the molecule is hard and

f small the molecule is soft. Soft molecules are more polariz-

ble than hard ones because they need less energy for excita-

ion. Therefore from Table 6 we conclude that the title molecule
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Fig. 7. The full two-dimensional fingerprint plots for the title compound, showing (a) all interactions, and delineated into (b) H 

•••H, (c) H 

•••C/ C •••H, (d) H 

•••O/O •••H, 

(e) H 

•••N/N 

•••H interactions. 

Fig. 8. Molecular electrostatic potential surface of 3 in B3LYP/6–31 + G (d,p). 

Fig. 9. Molecular orbital energy levels of the title compound. 
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Fig. 10. TGA, DrTGA and DTA curves of compound ( 3 ). 
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belongs to the hard materials with a HOMO–LUMO energy gap

of 4.0723 eV. 

3.8. TGA/DTA thermal analysis 

To study the behavior of the sample material against temper-

ature, differential thermal analysis (DTA) and thermogravimetric

analysis (TGA) of the compound ( 3 ) in the temperature range from

50 to 700 °C with a heating rate of 10 °C min 

−1 , were studied.

Fig. 10 shows the TGA, DrTGA, and DTA curves of compound 3 .

The TGA curve of the compound shows two stages of decomposi-

tion. The title compound is stable up to 117 ◦C and then begins

to decompose. In the first step of decomposition, the weight loss

of 4.067% occurs in the temperature range 117–190 ◦C. In the sec-

ond step of decomposition, the weight loss of 86.82% occurs in the

temperature range 190–366 ◦C. The decomposition is completed

around 560 ◦C. In the DTA curve the endothermic peak at 210 ◦C

indicates the melting point of the title compound. 

4. Conclusion 

A novel pyridazin-3(2H)-one derivative, ( E ) −6-(4-

methylstyryl) −4,5-dihydropyridazin-3(2H)-one ( 3 ) has been

synthesized and characterized by FT-IR, UV–vis, 1 H- and 

13 C NMR,

and single-crystal X-ray diffraction. The electronic structure, FT-IR

vibrational frequencies, electronic absorption spectra, chemical

shift values have been calculated at DFT/B3LYP with 6–31 + G

(d,p) basis set. FT-IR spectral analysis indicates that the calculated

vibrational frequencies satisfactorily agree with the experimentally

assigned values. The TD-DFT calculations lead to a very closer

agreement with the experimental absorption spectra. Hirshfeld

and MEP surface analyses provide the information concerning the

region from where the compound can have intermolecular inter-

actions. The thermal behavior and stability of the title compound

were analyzed by using TGA and DTA techniques which revealed

that the compound is thermostable up to its melting point . 
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