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a b s t r a c t 

Recently, pyridazine derivatives have shown considerable biological properties such as anti-tumor 

and anti-inflammatory activity. The studied compounds 6-chloro-3-[(4-methylphenoxy)methyl][1,2,4] 

triazolo[4,3-b]pyridazine (8a) and 6-chloro-3-[(4-fluorophenoxy)methyl][1,2,4] triazolo[4,3-b]pyridazine 

(8b) have been synthesized and characterized by NMR, IR and mass spectral studies, and finally, the 

structures were confirmed by single crystal X-ray diffraction technique. The compounds 8a and 8b have 

crystallized in the same crystal system with different space groups. Density functional theory calculations 

were performed to compare the theoretical and experimental results obtained from XRD. Further, DFT cal- 

culations were employed to determine HOMO-LUMO energy levels, energy gap, softness, hardness, and 

other quantum chemical parameters of the compounds 8a and 8b. Hirshfeld surface analysis was carried 

out to distinguish the different intermolecular hydrogen bonds. Energy frameworks for the compounds 

were constructed through different intermolecular interaction energies to know the dominant interaction 

energy involved in the molecular packing strength. 

© 2021 Published by Elsevier B.V. 
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. Introduction 

In order to develop and produce new drugs that are effective 

gainst many diseases, especially those that occur in develop- 

ng countries, research has often been focused on heteroatomic 

ompounds [ 1–5 ]. In recent years, many researchers have been 

orking on a variety of applications for aromatic heterocyclic 

erivatives, ranging from pharmaceuticals to synthetic uses [ 6–10 ]. 

ompounds with heteroaromatic scaffolds bearing one or more 

itrogen atoms, such pyridazine, and its derivatives, have been 

mportant in medicinal chemistry and in many drug discovery 

rograms [ 11–13 ]. The nitrogen-containing heterocycle pyridazine 

nd its derivatives have been the focus of attention because of 

ts easy functionalization at various ring positions making them 

ttractive synthetic compounds for the design and development of 
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ovel drugs of the future [14] . Pyridazine, as a "wonder nucleus", 

nd its derivatives have been reported for their chemical and 

iological actions to possess a wide range of biological activities, 

ncluding vasorelaxants, antihypertensive and potent cardiotonic 

gents [ 15–17 ], as well as their, anti-tuberculosis, anti-convulsant 

 18–20 ] anti-microbial and anti-inflammatory activities [ 21 , 22 ]. 

arious pyridazine based heterocyclic scaffolds have been uti- 

ized in recent medicinal chemistry programs against a range 

f biological targets and with various physiological effects and 

ave found use as potent anti-cancer, anti-viral, analgesic, and 

nti-diabetic agents [ 23–26 ]. The pyridazine ring is a part of the 

tructure of some therapeutic agents available in the market, 

ncluding cadralazine, minaprine, hydralazine, and pipofezine [ 27–

0 ]. As a result, there is continuing interest in the construction 

f new pyridazine compounds. Based on the broad biological 

ctivities of pyridazine [31] and also our ongoing research on 

he synthesis and characterization of heterocyclic derivatives, 

 32–34 ] the present article reports on the design, synthesis, 

nd characterization of two new pyridazine derivatives. The 

ompounds were characterised by various spectroscopic tech- 

https://doi.org/10.1016/j.molstruc.2021.131242
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Fig. 1. Reaction pathway for the synthesis of the title compounds (8a-b). 
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iques and the structures were determined by a single crystal 

-ray structural analysis. In the present study, we report the 

heoretical and experimental results of the compounds 6-chloro-3- 

(4-methylphenoxy)methyl][1,2,4]triazolo[4,3-b]pyridazine and 6- 

hloro-3-[(4-fluorophenoxy)methyl][1,2,4]triazolo[4,3-b]pyridazine 

y employing Density Functional Theory (DFT), Hirshfeld surface 

nalysis, and energy frameworks calculations. 

. Experimental details 

.1. Materials and methods 

The chemicals required for the synthesis of title compounds 

8a-b) were procured from Sigma Aldrich Chemical Co. The 

rogress of the reaction was monitored by Thin Layer Chromatog- 

aphy (TLC) preformed on aluminum-backed silica plates, and the 

pots were detected by exposure to UV-lamp at λ= 254 nm. Melt- 

ng point and boiling point were measured on a Chemiline, micro- 

ontroller based melting point/boiling point-Cl725 apparatus with 

 digital thermometer. IR spectra were recorded on the Agilent 

echnologies Cary 630 FTIR spectrometer. 1 H and 

13 C NMR spec- 

ra were recorded on VNMRS-400 Agilent-NMR spectrophotometer. 
2 
he mass spectra were obtained with a VG70-70H spectrometer. 

he elemental analysis (C, H, and N) was performed on Elementar 

ario EL III elemental analyzer. The result of elemental analysis is 

ithin ±0.4% of the theoretical value. More experimental details 

nd the 1 HNMR spectra of the two compounds are given in the 

upplementary file (Figures S1 and S2). The schematic diagram of 

he synthesized compounds is shown in Fig. 1 . 

.2. Crystallographic data collection, structure solution and 

efinement 

A block of yellow colored single crystal of 8a and a 

olorless single crystal of 8b with approximate dimensions 

.20 × 0.15 × 0.10 mm 

3 were chosen for X-ray data collection. 

he data were collected on a Bruker CMOS diffractometer equipped 

ith MoK α radiation with wavelength 0.71073 Å [35] at 293 K. 

he intensity data reduction was done using SAINT PLUS [36] soft- 

are package. Data were corrected for absorption effects using the 

ulti-scan method. The crystal structure was solved by the direct 

ethod using SHELXS-97 and the refinement against F 2 was car- 

ied out using SHELXL-97 [37] . All the non-hydrogen atoms were 

efined anisotropically. Hydrogen atoms attached to carbon atoms 
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Table 1 

The crystal data and structure refinement details. 

Parameter Compound 8a Compound 8b 

CCDC deposit No. 1838281 1839207 

Empirical formula C 13 H 11 ClN 4 O C 12 H 8 ClFN 4 O 

Formula weight 274.71 278.67 

Temperature 293(2) K 293(2) K 

Radiation, Wavelength MoK α, 0.71073 Å MoK α, 0.71073 Å 

θ range for entire data collection 3.00 о to 26.40 о 3.20 o to 27.22 o 

Crystal system, Space group Monoclinic, P2 1 /c Monoclinic, P2 1 
Cell parameters a = 12.0965(7) Å a = 8.2431(4) Å 

b = 13.6075(7) Å b = 6.0342(3) Å 

c = 7.7686(4) Å c = 12.5424(7) Å 

β = 93.942(3) o β = 99.092(2) o 

Volume 1275.71(12) Å 3 616.03(5) Å 3 

Z 4 2 

Density (calculated) 1.430 Mg m 

−3 1.502 Mg m 

−3 

Absorption coefficient 0.296 mm 

−1 0.319 mm 

−1 

F 000 568 284 

Index ranges −15 ≤ h ≤ 15 −11 ≤ h ≤ 11 

−17 ≤ k ≤ 17 −8 ≤ k ≤ 8 

−9 ≤ l ≤ 9 −17 ≤ l ≤ 17 

Reflections collected 38427 16227 

Independent reflections 2606 [R int = 0.0569] 3621 [R int = 0.0304] 

Absorption correction Multi-scan Multi-scan 

Refinement method Full matrix least-squares on F 2 Full matrix least-squares on F 2 

Data / restraints / parameters 2606 / 0 / 174 3621 / 1 / 172 

Goodness-of-fit on F 2 1.110 1.018 

Final [I > 2 σ (I)] R1 = 0.0530, wR 2 = 0.1416 R1 = 0.0412, wR 2 = 0.0844 

R indices (all data) R1 = 0.0782, wR 2 = 0.1686 R1 = 0.0689, wR 2 = 0.0941 

Largest diff. peak and hole 0.345 and −0.322 e ̊A −3 0.156 and − 0.159 e Å −3 
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Table 2 

Comparison of bond lengths of selected non-hydrogen atoms. 

Compound 8a Compound 8b 

Atoms Bond lengths ( ̊A) Atoms Bond lengths ( ̊A) 

XRD DFT XRD DFT 

C1-C2 1.509(4) 1.5126 F1-C2 1.374(3) 1.3941 

C3-C4 1.381(3) 1.3906 C3-C4 1.384(3) 1.3933 

O8-C9 1.412(2) 1.4087 O8-C9 1.426(2) 1.4604 

C9-C10 1.483(3) 1.4978 C9-C10 1.475(3) 1.4783 

N12-C13 1.311(3) 1.3234 N12-C13 1.313(2) 1.3397 

Cl19-C16 1.722(2) 1.7446 Cl19-C16 1.724(2) 1.8051 

Table 3 

Comparison bond angles of selected non-hydrogen atoms. 

Compound 8a Compound 8b 

Atoms Bond angles ( °) Atoms Bond angles ( °) 

XRD DFT XRD DFT 

C1-C2-C3 121.0(2) 120.99 F1-C2-C3 118.1(2) 118.82 

C4-C5-C6 119.5(2) 119.72 C4-C5-C6 120.1(2) 120.50 

O8-C9-C10 107.9(2) 108.47 O8-C9-C10 107.1(1) 107.31 

N12-C13-C18 134.2(2) 133.65 N12-C13-C18 133.3(2) 133.36 

N15-C16-C17 126.6(2) 125.82 N15-C16-C17 126.5(2) 126.23 

Cl19-C16-N15 114.7(2) 115.87 Cl19-C16-N15 115.4(1) 115.72 

l

s

t

t

A

R

s

t

ere allowed to ride on their parent atoms. Using PLATON [38] , ge- 

metrical calculations were carried out and the ORTEP and molec- 

lar figures were generated using MERCURY [39] . For 8a, a total of 

74 parameters were refined with 2606 unique reflections, whereas 

or 8b, a total of 172 parameters were refined with 3621 unique 

eflections. The residual factor of 8a and 8b are 0.0530 and 0.0412 

espectively. Crystallographic data (CIF) of the compounds 8a and 

b has been deposited at the Cambridge Crystallographic Data Cen- 

re with CCDC numbers: 1838281 and 1839207 respectively. 

. Computational studies 

The density functional theory (DFT) calculations for the com- 

ounds 8a and 8b were performed using Gaussian 09 software 

40] . They were carried out with Becke three parameter for the 

xchange with correlation functional of Lee-Yang-Parr (B3LYP) for 

-31 + G(d,p) basis sets. The Hirshfeld surface analysis, 2D finger- 

rint, and energy frameworks calculations for the title compounds 

ave been studied by using CrystalExplorer-17 program [41] . 

. Structural characterisation 

.1. X-ray diffraction and DFT calculations 

The 3D structure of the compounds was confirmed by single 

rystal X-ray diffraction studies. The compounds 8a and 8b crys- 

allize in the monoclinic crystal system with the space group P2 1 /c 

nd P2 1 respectively. The crystal data and refinement details of the 

itle compounds are tabulated in Table 1 . The density functional 

heory (DFT) calculations were adopted for geometry optimization. 

FT calculations depend on the electron density distribution func- 

ion of the studied compound. The ORTEP diagram and calculated 

ptimized structure of the title compounds are shown in Fig. 2 . 

he comparison between experimental and theoretical results of 

elected, bond lengths, bond angles, and torsion angles are listed 

n Tables 2 –4 respectively. The values of bond lengths and bond 

ngles obtained by DFT, and the XRD analysis are plotted (the full 
3 
ists are given in Tables S1 and S2 of the supplementary file) as 

hown in Figure S3 of supplementary file. This Figure illustrates 

he agreement between DFT and XRD bond lengths with correla- 

ion coefficient R 

2 = 0.9828 and 0.9784 for 8a and 8b respectively. 

greement is noticeable between DFT and XRD bonds angles with 

 

2 = 0.9902 and 0.9945 for 8a and 8b respectively and these re- 

ults show a good agreement between theoretical and experimen- 

al values for the compounds. 
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Fig. 2. Molecular structures of the molecules 8a and 8b: I) The thermal ellipsoid plot of the compounds with 50% probability ellipsoids and II) Optimized structures of the 

compounds. 

Table 4 

Comparison torsion angles of selected non-hydrogen atoms. 

Compound 8a Compound 8b 

Atoms Torsion angles ( °) Atoms Ttorsion angles ( °) 

XRD DFT XRD DFT 

C1-C2-C3-C4 −179.4(2) -178.89 F1-C2-C3-C4 178.9(2) 179.92 

C3-C2-C7-C6 −0.2(4) -0.21 C3-C2-C7-C6 0.4(4) 0.03 

C5-O8-C9-C10 178.8(2) -179.03 C5-O8-C9-C10 169.5(1) -177.07 

C10-N14-C13-N12 0.0(2) -0.01 C10-N14-C13-N12 −0.7(2) -0.38 

C13-N14-C10-N11 −0.2(2) -0.02 C13-N14-C10-N11 0.4(3) 0.21 

Cl19-C16-C17-C18 179.2(2) -179.98 Cl19-C16-C17-C18 178.3(1) 179.22 
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.2. Frontier molecular orbitals and global reactivity descriptors 

The frontier molecular orbitals HOMO (highest occupied molec- 

lar orbital) and LUMO (lowest unoccupied molecular orbital) of 

ompounds 8a and 8b were generated. Those orbitals are responsi- 

le for the kinetic energy and chemical reactivity of the compound 

here the energy gap between the molecular orbitals describes the 

hemical stability and reactivity of the molecule. If the orbital en- 

rgy gap of the molecule is small that refers to a soft molecule and

igh chemical reactivity while a large value of orbital energy gap 

s associated with the low chemical reactivity and refers to hard 

olecule [ 42 , 43 ]. The molecular orbitals HOMO and LUMO with 

he energy gap for the compounds are shown in Fig. 3 . The esti-

ated energy gap ( �E) between the HOMO (E H ) and LUMO (E L )

nergies levels of compounds 8a and 8b are 3.252 eV and 3.474 eV 

espectively, which implies that the molecules are soft, unstable, 

nd reactive. The lower energy gap explains the easy transfer of 

lectrons taking place within the molecule [ 44 , 45 ]. For 8a and 8b,

OMO occurs in the phenoxy ring, oxygen atom, and methylene, 

hile the LUMO is localized in the triazole, pyridazine rings, and 

hlorine atom. 

The global chemical reactivity descriptors enable us to know 

he chemical properties of the compound. Ionization potential (I) 
A

4 
s a measure of electron donating power of a molecule which is 

iven as I = -E H . The electron affinity (A) characterizes the abil- 

ty of a molecule to accept electrons and it is calculated by A = -

 L . The difference between (E H ) and (E L ) is the energy gap ( �E),

hich determines the hardness, softness and chemical reactivity 

f the molecule. The chemical hardness ( ƞ) is one-half of the en- 

rgy gap i.e., ƞ = �E/2, while global softness ( σ ) of the molecule 

s calculated by the formula σ = 1/2 ƞ. Electronegativity ( χ ) is the 

endency of an atom in a molecule to attract shared electrons and 

t is given by χ = (I + A)/2. Chemical potential (μ) of the molecule is

xpressed as μ = - χ . Eletrophilicity ( ω) specifies the electrophilic 

ower of a molecule and is calculated by ω = μ2 /2 ƞ. Table 5 sum-

arizes the calculated energies of different FMOs, energy gap, and 

he molecular reactivity descriptors for 8a and 8b. 

.3. Description of the structures 

All the rings in the structures are planar. The maximum de- 

iation from the plane for the pyridazine ring (C13-N14-N15-C16- 

17-C18) in 8a and 8b are -0.011(2) Å and 0.011(2) Å for C18 and

16 respectively. The maximum deviation from the plane for the 

riazole ring (C10-N11-N12-C13-N14) in 8a and 8b are 0.002(2) 
˚
 and 0.004(2) Å for N11 and C13 respectively; for the 9 mem- 
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Fig. 3. HOMO-LUMO energy levels and energy gap of the compounds. 

Table 5 

Calculated energy values and quantum molecular descriptors of com- 

pounds 8a and 8b. 

Parameters Symbol and formula 8a 8b 

HOMO energy E H (eV) -5.905 -6.237 

LUMO energy E L (eV) -2.653 -2.763 

Energy gap �E = E H - E L (eV) 3.252 3.474 

Ionization potential I = - E H (eV) 5.905 6.237 

Electron affinity A = - E L (eV) 2.653 2.763 

Chemical hardness ƞ = �E/2 (eV) 1.626 1.736 

Global softness σ = 1/2 ƞ (eV −1 ) 0.307 0.287 

Eletronegativity χ = (I + A)/2 (eV) 4.279 4.500 

Chemical potential μ = - χ (eV) -4.279 -4.500 

Eletrophilicity ω = μ2 /2 ƞ (eV) 5.630 5.830 
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ered ring (C10-N11-N12-C13-C18-C17-C16-N15-N14) in 8a and 8b 

re 0.019(2) Å and 0.022(2) Å for C17 and C16 respectively. The 

aximum deviation from the plane for the phenoxy ring (C2-C3- 

4-C5-C6-C7) in 8a and 8b are 0.004(2) Å and 0.002(3) Å for C3 

nd C2-C3-C4 fragment, respectively. 

The methoxy-phenoxy ring in compound 8a is in plane with 

he fused triazole-pyridazine ring system as indicated by the tor- 

ion angle values of 178.8(2) ° for the atoms bridge C5-O8-C9-C10. 

he fluoro-phenoxy ring in compound 8b is almost perpendicu- 

ar to the fused triazole-pyridazine ring system, the dihedral an- 

le between the two rings is 75.13(6) °. The triazole and fluoro- 

henoxy rings are bridged by C5-O8-C9-C10 atoms with torsion 

ngle = 169.5(2) °. In compound 8a, the effect of the methyl group 

hows distortion in the ring yielding an angle smaller than the 

ypical hexagonal (120 o ) at the position of substitution i.e., C3-C2- 

7 = 117.0(2) °. This effect is in reverse with a fluorine atom in

ompound 8b that exhibits an angle greater than 120 o at the posi- 

ion of substitution i.e., C3-C2-C7 = 123.2(3) °. 
In 8a molecules are connected by intermolecular hydrogen 

onds (given in Table 6 ) to form a layer parallel with the bc plane.

he molecules of 8b are connected by hydrogen bonds (given in 

able 7 ) into chains running parallel with the b crystallographic 

xis. The packing of the molecules for each compound is shown 

n Fig. 4 . Additionally, 8a structure reinforced by medium to weak 

- π interactions, as the centroid-centroid distance between the 

ings is less than 3.8 ̊A whereas, in 8b structure there are two C16-

l19...Cg interactions. π- π interactions of 8a and C–Cl �Cg of 8b 

re given in the supplementary file as Tables S3 and S4 respec- 

ively. 
5 
.4. Hirshfeld surface analysis and 2D fingerprint plots 

Hirshfeld surface is a unique method for realising the inter- 

olecular interactions and obtaining information on trends in 

rystal packing [46] . The mapping of Hirshfeld surface over the 

ormalized contact distance d norm 

was carried out for the com- 

ounds 8a and 8b as illustrated in Fig. 5 . This mapping shows red, 

lue, and white color schemes. The red (d norm 

is negative) and blue 

d norm 

is positive) colored regions on the surface are from shorter 

nd longer contacts than van der Waals radii respectively; while 

he white colored regions represent the contacts that are equal 

o the van der Waals radii or d norm 

= 0 [47] . The bright red re-

ion in 8a marked as 1 is from C9-H9B...O8 contact, 2 and 3 are 

rom C17-H17...N11 intermolecular hydrogen bonds, whereas in 8b 

he bright red region marked as 1 is from C9–H9B...N12 contact, 

 and 3 are from C9–H9A...F1 intermolecular hydrogen bonds. Hir- 

hfeld surface volumes of 8a and 8b are 312.06 Å 

3 and 301.47 Å 

3 

espectively. 

The 2D fingerprint plots were generated to know the percent- 

ge of the intermolecular contributions of intermolecular interac- 

ions of each type of contact to the total Hirshfeld surface area 

48] . Fig. 6 a shows the 2D fingerprint of all the contacts. The major

ontribution of 8a is from H-H contacts (28.2%), while the major 

ontribution of 8b is from C-H contacts (19.0%) to the total Hirsh- 

eld surface area ( Fig. 6 b). The remaining contributions of 8a are 

rom N-H, Cl-H, C-H, O-H contacts, which contribute about 20.2%, 

9.0%, 13.5%, 5.2% respectively to the Hirshfeld surface area. The 

emaining contributions of 8b are from N-H, F-H, H-H, Cl-H, O-H 

ontacts, which contribute about 17.3%, 14.7%, 13.8%, 10.7%, 4.6% 

espectively to the total Hirshfeld surface area. The strong inter- 

olecular interactions appear as distinct spikes in the fingerprint 

lots. N-H interactions appear as two characteristic spikes which 

ave a significant contribution to the crystal packing of 8a and 8b 

here the distance d i + d e ≈ 2.5 Å ( Fig. 6 c). Furthermore, O-H and

-H interactions appear as two characteristic spikes with a signifi- 

ant contribution to the crystal packing for 8a and 8b respectively, 

here the distance d i + d e ≈ 2.35 Å and 2.4 Å ( Fig. 6 d). 

.5. 3D Energy frameworks analysis 

The study of energy frameworks gives insight into the unique 

uantitative analysis of interaction energies and supramolecular ar- 

hitecture of molecules in the crystal. A cluster of molecules within 

 radius of 3.8 Å was generated around a single molecule of 8a and

b. The scale factors used for the construction of the energy frame- 
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Table 6 

Hydrogen bonds geometry 8a. 

D-H... A D-H ( ̊A) H ... A ( ̊A) D ... A ( ̊A) D-H ... A ( o ) Symmetry codes 

C9–H9B...O8 0.97 2.50 3.439(3) 164 x, 1/2-y, 1/2 + z 

C17–H17...N11 0.93 2.56 3.260(3) 132 1-x, 1/2 + y, -1/2-z 

Table 7 

Hydrogen bonds geometry of 8b. 

D-H... A D-H ( ̊A) H... A ( ̊A) D... A ( ̊A) D-H... A ( °) Symmetry codes 

C9–H9A...F1 0.97 2.52 3.449(3) 160 3-x, -1/2 + y, 2-z 

C9–H9B...N12 0.97 2.59 3.418(3) 143 x, 1 + y, z 

Fig. 4. The packing of the molecules for the title compounds. 

Fig. 5. Hirshfeld surface mapped over d norm . 
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ork for B3LYP/6-31G (d,p) electron densities are k_ele = 1.057, 

_pol = 0.740, k_disp = 0.871, k_rep = 0.618 [49] . Table 8 lists

he calculated interaction energies in kJ/mol and the symmetry 

perations for nine molecules of 8a. The red colored molecule lo- 

ated at 4.56 Å from the centroid of the selected molecule show- 

ng the highest total interaction energy (-46.5 kJ/mol) whereas 

he green colored molecule at 11.88 Å from the centroid of the 

elected molecule exhibits the lowest total interaction energy (- 

.9 kJ/mol). Table 9 lists the calculated interaction energies in 

J/mol and the symmetry operations for seven molecules of 8b. 

he red colored molecule at 6.03 Å from the centroid of the se- 

ected molecule showing the highest total interaction energy (-33.8 
6 
J/mol) whereas the turquoise colored molecule located at 12.54 Å 

rom the centroid of the selected molecule exhibits the lowest to- 

al interaction energy (-3.1 kJ/mol). Molecular pairs involved in the 

alculation of interaction energies of 8a and 8b along the b axis 

re shown in Fig. 7 . The Coulomb interactions in 8a, look to be 

ore in strength than in 8b as R values (the mean atomic dis- 

ance between molecular centroids in Å) of 8a are smaller than 

he values of 8b. The calculated interaction energies for electro- 

tatic, polarization, dispersion, and repulsion of 8a are -71.3 kJ/mol, 

23.6 kJ/ mol, -194.0 kJ/mol, and 117.0 kJ/mol respectively. The cal- 

ulated interaction energies for electrostatic, polarization, disper- 

ion, and repulsion of 8b are -58.4 kJ/mol, -15.0 kJ/ mol, -134.0 
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Fig. 6. 2D fingerprint plots of 8a and 8b (a) From all the contacts and (b-d) Decomposed fingerprint plot showing contacts for specific pairs of atoms. 

Fig. 7. Molecular pairs involved in the calculation of interaction energies of 8a and 8b along b axis 
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c
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e  
J/mol, and 88.2 kJ/mol respectively. The total energies of 8a and 

b are -189.1 kJ/mol and -135.0 kJ/mol respectively. It is clear that 

he dispersion energy has the highest value among all interaction 

nergies in 8a and 8b i.e., the dispersion interaction energy domi- 

ates over the electrostatic Coulomb interaction energy. This is be- 

ause of the presence of chloro group which has a large electron 

loud in each compound. The more electrons an atom or molecule 
7 
as, the stronger dispersion forces are. The scale factors for bench- 

arked energies used for the construction of energy models were 

aken from Mackenzie et al. [50] . The visualization of different in- 

eraction energies like Coulomb interaction energy, dispersion en- 

rgy, total interaction energy are represented by red, green, and 

lue color respectively for the compounds 8a and 8b along differ- 

nt axes are shown in Fig. 8 . The cylinders in the energy frame-
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Table 8 

Different interaction energies of the molecular pairs in kJ/mol of 8a. 

N Symmetry operation R ( ̊A) Electron density E_ele E_pol E_dis E_rep E_tot 

2 x, -y + 1/2, z + 1/2 4.56 B3LYP/6-31G(d,p) -13.6 -5.0 -59.6 37.9 -46.5 

2 -x, y + 1/2, -z + 1/2 9.29 B3LYP/6-31G(d,p) -28.2 -8.4 -19.6 21.5 -39.9 

2 x, y, z 13.61 B3LYP/6-31G(d,p) -2.1 -0.2 -6.0 5.3 -4.2 

2 x, -y + 1/2, z + 1/2 11.88 B3LYP/6-31G(d,p) 1.1 -0.6 -7.0 4.0 -2.9 

1 -x, -y, -z 6.98 B3LYP/6-31G(d,p) -3.7 -4.5 -44.7 20.1 -33.7 

1 -x, -y, -z 10.04 B3LYP/6-31G(d,p) -18.2 -3.3 -9.0 3.6 -27.2 

1 -x, -y, -z 11.37 B3LYP/6-31G(d,p) -3.6 -1.1 -27.3 14.3 -19.5 

1 -x, -y, -z 13.60 B3LYP/6-31G(d,p) -0.6 -0.1 -7.8 2.6 -5.9 

2 -x, y + 1/2, -z + 1/2 10.20 B3LYP/6-31G(d,p) -2.4 -0.4 -13.0 7.7 -9.3 

Table 9 

Different interaction energies of the molecular pairs in kJ/mol of 8b. 

N Symmetry operation R ( ̊A) Electron Density E_ele E_pol E_dis E_rep E_tot 

2 x, y, z 6.03 B3LYP/6-31G(d, p) -17.8 -4.9 -31.2 25.5 -33.8 

2 -x, y + 1/2, -z 6.13 B3LYP/6-31G(d, p) -12.3 -1.9 -35.3 24.0 -30.4 

2 -x, y + 1/2, -z 10.19 B3LYP/6-31G(d, p) -0.7 -0.3 -9.8 3.8 -7.2 

2 x, y, z 12.54 B3LYP/6-31G(d, p) -0.6 -0.2 -3.9 1.6 -3.1 

2 -x, y + 1/2, -z 7.16 B3LYP/6-31G(d, p) -16.2 -5.5 -27.7 18.5 -33.9 

2 x, y, z 13.92 B3LYP/6-31G(d, p) -4.7 -1.0 -6.3 3.6 -9.0 

2 -x, y + 1/2, -z 9.21 B3LYP/6-31G(d, p) -6.1 -1.2 -19.8 11.2 -17.6 

Fig. 8. The graphical representation of electrostatic interactions: Coulomb interaction energy (red), dispersion energy (green), and total interaction energy (blue) of 8a and 

8b along a, b and c axes. 
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ork represent the relative strengths of molecular packing in sev- 

ral directions. In order to contract or expand the size of the cylin- 

ers in the framework, an overall scale factor is used [51] . There 

s an absence of cylinders in a particular direction due to the ex- 

lusion of a few interactions under certain threshold energy. These 

eaker interactions have been ignored only to make the figures 

ess crowded. 

. Conclusions 

In summary, pyridazine derivatives (8a and 8b) were synthe- 

ized in excellent yield and characterized to confirm their struc- 
8 
ures. For these two compounds, the DFT geometries are in good 

greement with XRD results. The low energy gap between the 

rontier molecular orbitals indicates soft and unstable molecules 

ith easy transfer of electrons from HOMO to LUMO. The struc- 

ures are stabilized by different hydrogen bond interactions. Hirsh- 

eld surface studies reveal the types of intermolecular interactions 

f molecules and 2D fingerprint plots present the percentage of 

ach type of contact for 8a and 8b. From energy 3D frameworks 

nalysis, it is found out that dispersion energy is the dominant 

actor among all interaction energies, this is due to the presence 

f chloro group which has large electron cloud in the two com- 

ounds. 
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