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Abstract
A novel complex of Zn(II), with 5-chloro-2-methylbenzoxazole ligand (L), has been synthesized by the reaction of zinc dichloride with the ligand (L) in ethanol solution: dichloridobis(5-chloro-2-methyl-1,3-benzoxazole)-zinc(II), C16H12Cl4N2O2Zn. The synthesized complex has been fully characterized by elemental analysis, molar conductivity, FT‑IR, UV‑Vis, and single-crystal X-ray diffraction (XRD).  The XRD analysis reveals that the complex has a 1:2 metal-to-ligand ratio. The zinc(II) complex had a distorted tetrahedral geometry with two coordinated nitrogen atoms from the ligand. Density Functional Theory (DFT) calculations were performed at the B3LYP level of theory using the LANL2DZ basis set for metal complex and the 6-31G(d) basis set for non-metal elements to determine the optimum geometry structure of the complex, and the calculated HOMO and LUMO orbital energies were presented. A natural bond orbital (NBO) analysis was carried out on the molecules to analyze the atomic charge distribution before and after the complexation of the ligand.  The Hirshfeld surface mapped over dnorm, shape index, and curvature exhibited strong H...Cl/Cl...H and H...H intermolecular interactions as the principal contributors to crystal packing.
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1. Introduction
Benzoxazole is a bicyclic heterocyclic compound containing both oxygen and nitrogen atoms in which the benzene ring is fused to a 1,3-oxazole ring at positions 4 and 5.1 It is one of the most common heterocyclics in industry and scientific research.2 Transition metal ions have different binding forces with N and O atoms.3 Commonly, N-donor oxazole groups have demonstrated excellent coordination ability with the first transition metal ions.4 Due to the variety of coordination modes and configurations, N-heterocyclic ligands are typically used as neutral ligands in the synthesis of metal complexes.5,6 Counterions are used to balance the total charge when studying the neutral ligand, which not only affects the coordination modes of the metal ions but also the entire geometry of the metal complex.7,8 Most Zn(II) complexes show tetrahedral and distorted tetrahedral coordination geometries,  in agreement with a  d10 electronic configuration.9,10  Thus, the strategy of using neutral mono and bidentate ligands with metal halides to force tetrahedral geometry has been widely used for stabilizing Zn(II) complexes. Similarly, benzoxazole derivatives have also been used to stabilize zinc in a +2 oxidation state.11 Because of their good emission properties and inexpensive cost compared to other d10 metal complexes, zinc (II) complexes have been shown to be important candidates for electroluminescent applications. For example, the Zinc(II) complex of  [(2-(2-hydroxyphenyl)benzoxazole)(2-methyl-8-hydroxyquinoline)] has been recognized as a blue-emitting zinc complex to fabricate stacked organic light-emitting diodes.12 Changes in the intermolecular interactions between metal ions and ligands that are studied by the Hirshfeld surface analysis and DFT calculations can be seen in a series of Zinc(II) complexes with 2-(4-imidazolyl)-4-methyl-1,2-quinazoline-N3-oxide,13 2-cetylpyridinenicotinichydrazone,14 and sulfamethoxazole,15 etc. Nonetheless, data on X-ray crystal structures and theoretical studies of related complexes containing an oxazole ring are scarce. The current work reports the synthesis and characterization of a novel zinc(II) complex based on a 5-chloro-2-methylbenzoxazole ligand (L), which was characterized by elemental analysis, molar conductivity, FT‑IR, UV‑Vis, and X-ray analysis. Furthermore, the crystal structure was verified using Hirshfeld surface analysis, and it is helpful for understanding the intermolecular forces in crystal packing. In addition, DFT calculations were done to predict the electronic and geometrical structure of the complex.

2. Experimental
2.1.  Materials and general methods
The solvents used in this study (Ethanol 99% and dimethyl sulfoxide 99.8%) were purchased from Alfa Aesar and used without further purification. 5-chloro-2-methylbenzoxazole produced by Sigma Aldrich was used without purification. Single-crystal X-ray structure measurement was performed at 200 k using a Bruker Kappa Apex II diffractometer with a radiation wavelength of (λ = 0.71073 Å). C, H, N, and O percentages were determined by EURO EA 300 CHNS analyzer. Infrared spectra were recorded in the range of 4000–400 cm−1 using a Shimadzu FT-IR-8400S spectrophotometer. The UV–visible spectra in DMSO were measured on the AEUV1609 LTD Shimadzu spectrophotometer. The molar conductivities were measured on Meter CON 700 Benchtop conductivity meter using 10 -3 M solutions of the complex and ligands in DMSO at room temperature. The melting point was measured using scientific Stuart SMP3 melting point equipment.
2.2. [bookmark: _Hlk104894689]Synthesis of [Zn(L)2Cl2]
A solution of ZnCl2 (0.284 g, 2.0 mmol) in ethanol (25 mL) was added dropwise under stirring to a solution of 5-chloro-2-methylbenzoxazole (L) ligand (0.670 g, 4.0 mmol) in ethanol (25 mL). Subsequently, the mixture was stirred for 6 hrs. at room temperature with the formation of a clear solution, which was then evaporated slowly at room temperature to yield pale-yellow crystalline products within one week. mp 208-209 ℃. Yield: 0.915 g (96%). Anal. Calcd. for C16H12Cl4N2O2Zn: C 41.1, H 2.56, N 5.94, O 6.78. Found: C 41.05, H 2.7, N 5.97, O 6.79. Molar conductivity: 9.11×10-5 S.cm2. mol-1. FT-IR (KBr) 3091, 3062, 1600, 1562, 1452, 1303, 445, 343 cm-1. UV⁃Vis data in DMSO [λ/nm, (cm-1)]: 426(23474), 287(34843), 280(35714).



2.3.  X-ray crystal structure determination
X-ray diffraction measurement for the Zn(II) complex was performed on a Bruker Kappa Apex II X-ray diffractometer equipped with graphite monochromated Mo-Ka radiation (λ= 0.71073 Å) at 200 K. The structure was solved by a dual-space algorithm using SHELXT-2018 and refined by least-squares procedures using the SHELXL-2018/3 crystallographic software.16,17 All C, N, Cl, O, and Zn atoms were anisotropically resolved. The hydrogen atoms attached to C atoms were allowed to rotate geometrically and treated as a riding model with a C-H distance of 0.95 Å (aromatic) and 0.98 Å (-CH3 group) with Uiso(H) = 1.2 Ueq(C ).18 Table 1 summarizes the crystal data and structure refinement details for the complex.
















Table 1. Crystal data and structure refinement of the complex
	Formula
	C16H12Cl4N2O2Zn  

	Formula weight
	471.47  

	Temperature, K
	200

	Wavelength, nm
	0.71073  

	Crystal system
	Monoclinic

	Space group
	P21/n

	Crystal size, mm
	0.52 x 0.53 x 0.67  

	A / Å
	7.5590(5)    

	b / Å
	7.1873(5)    

	c / Å
	33.842(2)  

	α / օ
	90

	β / օ
	95.101(3)

	γ / օ
	90

	V / Å3
	1831.3(2)  

	Z
	   4

	Dc / g cm-3
	        1.710 

	Absorption coefficient, mm-1
	1.937  

	θ range for data collection, օ
	2.4, 28.3  

	Dataset
	-10:9; -9:9; -43:45  

	F 000
	944

	No. of reflections
	4539  

	No. of parameters
	228

	Rint
	0.027  

	R1, wR2
	0.0405, 0.0921

	S
	1.28  

	[I >2ϭ(I)]
	4325

	Δρmin, Δρmax / eÅ-3
	    -0.83, 0.47
















2.4. Computational details
To better understand the structure of the zinc complex, the Gaussian 09 software package was used for density functional theory (DFT) calculations. The frontier molecular orbitals of the ligand and the Zn(II) complex were helped by the Gauss View 6.0 software at the B3LYP level of theory. In particular, the LANL2DZ basis set for the zinc metal atom19 and the 6-31G(d)20 basis set for non-metal elements (C, H, N, O, and Cl) were both treated. The neutral bond orbital (NBO) analysis of the complex was done using the Gaussian 09 program at the same level of theory.21
2.5.  Hirshfeld surface
A crystallographic information file (CIF) obtained from single-crystal X-ray diffraction analysis was used as an input file for Hirshfeld surface visualization of the zinc complex. To generate the Hirshfeld surface analysis and a better understanding of the intermolecular interactions in the complex crystal structure, the program Crystal Explorer 21.5 was used.22 Hirshfeld surface visualization, presentation of results as dnorm, shape index, and curvedness, and calculation of 2D fingerprint plots with dean de and di distances were produced using the same software.23
3. Results and discussion
The zinc (II) complex is formed in the complexation of Zn(II) chloride with the 5-chloro-2-methylbenzoxazole ligand, as shown in (Scheme 1). The complex is stable under atmospheric conditions. The complex was produced as pale-yellow crystals at a good yield suitable for single-crystal X-ray structure analysis. At room temperature, the complex is soluble in common organic solvents such as dimethyl sulfoxide, dimethylformamide, and chloroform, but not in ethanol, acetone, methanol, and petroleum ether.
[image: ]
                                   Scheme 1. Synthetic route of the Zn(II) complex.	

3.1. The crystal structure description of the Zn(II) complex
The crystal molecular structure of the [Zn(L)2(Cl)2] complex was depicted in (Figure 1). Relevant bond lengths and bond angles from X-ray diffraction are summarized in (Table 2). Through two nitrogen atoms from the oxazole ring and two chlorine atoms, the Zn(II) metal is located on a crystal lattice center and achieves a slightly distorted tetrahedral coordination geometry. Bond angles of the internal coordination sphere of the complex, which are different from the ideal angle of 109° for a perfect tetrahedral geometry, are [(Cl3-Zn1-Cl4) 120.52(3)օ, (Cl3-Zn1-N1) 108.88(7)օ, (Cl3-Zn1-N2) 104.79(7)օ, (Cl4-Zn1-N2) 109.70(8)օ, and (Cl4-Zn1-N1) 104.99(7)օ]. The Zn-Cl bond distances range between 2.1986(7) and 2.2799(14) Å, and the bond angles involving the Zn(II) atom range between 97.5(13)օ and 114.87(11)օ are comparable to those found in the literature.24,25 The bond distances between Zn1-N1 (2.068(3)) and Zn1-N2 (2.042(3)) are shorter than those between Zn1-Cl3 (2.2154(9)) and (Zn-Cl4 2.2227(9)), indicating that the interaction between Zn(II) metal center and N atom is stronger than that between Zn(II) and Cl atom. The Torsion/Dihedral Angles of N2-Zn1-N1-C17, N1-Zn1-N2-C27, Cl4-Zn1-N1-C11, and Zn1-N2-C21-C26 are 63.0(3)օ, 48.9(3)օ, 111.0(2)օ, and 6.7(5)օ respectively, which results in a steric interaction between methyl groups on the benzoxazole rings and electron repulsion of chlorine atoms.26 The distance between the adjacent ring centroids for Cg(1)⋯Cg(1), Cg(2)⋯Cg(2), Cg(3)⋯Cg(3), and Cg(4)⋯Cg(4) are 4.7676(17), 4.5328(18), 5.4387(19), and 3.7652(18) Å respectively. As shown in Figure 1, the electron density around C18 clearly shows that this methyl group has the rotational disorder, whereas C28 has not. Each hydrogen for the C18 group has half occupancy, so the total number of hydrogens is three.
[image: ]
Figure 1. Single-crystal x-ray molecular structure of the complex. ellipsoids with a 30% of probability
	Zn1-Cl3
	2.2154(9)
	Cl3-Zn1-Cl4
	120.52(3)   

	Zn1-Cl4
	2.2227(9)
	Cl3-Zn1-N1
	108.88(7)   

	Zn1-N1
	2.068(3)
	Cl3-Zn1-N2
	104.79(7)   

	Zn1-N2
	2.042(3)
	Cl4-Zn1-N1
	104.99(7)   

	N1-C11
	1.421(4)
	Cl4-Zn1-N2
	109.70(8)   

	N1-C17
	1.302(4)
	N1-Zn1-N2
	107.41(11)   

	N2-C21
	1.412(4)
	C12-O1-C17
	105.0(2)   


Table 2. Selected bond distances (Å) and bond angles (օ) of the complex.




3.2. FT-IR spectra
[bookmark: _Hlk107676959]In the free ligand (Fig. S1), the bands at 3093 cm−1 and 1166 cm−1 are attributed to C-H and C-Cl stretching vibrations, respectively.27 Free 5-chloro-2-methylbenzoxazole shows strong intensity bands at 1608 cm-1 and 1253 cm−1, with the two bands being assigned to the C=N and C-O stretching vibrations of the oxazole group, respectively.28,29 The C=N band in the Zn(II) complex (Fig. S2) is shifted to lower wavenumber (1600 cm-1) indicating the participation of benzoxazole nitrogen in coordination with the Zn(II) ion.30 The presence of a new weak band at 445 cm-1 in the spectrum of the complex corresponding to the (Zn-N) vibration band also confirms the bonding between ligand and Zinc metal.31 In the IR spectrum of the zinc complex (Fig. S3), the weak band at 343 cm-1 was matching to Zn-Cl vibration.32 
3.3. Electronic spectra and conductivity properties
The electronic absorption spectra of 5-chloro-2-methylbenzoxazole (L) Ligand and their complex were measured at room temperature in 10-3 mol. L-1 DMSO solution (Figure 2). The free ligand 5-chloro-2-methylbenzoxazole shows high energy absorption bands at 280 and 287 nm, which are attributed to ligand π⁃π* transitions of the benzene ring and C=N bond respectively.33,34 These absorption bands that remain unchanged in the spectrum of the complex indicate the coordination of the ligand to the Zn(II) metal center. Additionally, a new absorption peak in the complex was observed at 426 nm (23474 cm-1), which is attributed to the ligand‐to‐metal charge transfer (LMCT) that is characteristic of the zinc metal complex.35 The synthesized complex containing chlorinated ligand had a very low molar conductivity value in DMSO (9.11 10-5 S. cm2. mol-1), showing that it is non-electrolyte in nature.36
[image: ]
 Figure 2. Electronic absorption spectra of ligand (L) and Zn(II) complex

3.4. DFT studies
The frontier molecular orbitals were used to investigate the electronic properties of the ligand (L)  and complex. The energies of the highest occupied molecular orbital (EHOMO) and the lowest unoccupied molecular orbital (ELUMO) are used to estimate the HOMO-LUMO energy gap (ΔE = ELUMO- EHOMO). The EHOMO, ELUMO, and ΔE energy gaps of the ligand and Zn(II)complex are shown in (Table 3) and (Figure 3). The free 5-chloro-2-methylbenzoxazole ligand has an energy gap (ΔE) of 3.526 eV, while the Zn(II) complex has an ΔE of 2.423 eV. According to DFT calculations, Beheshti et al. reported the synthesis of a pyrazolyl-based mononuclear zinc(II) complex with a 4.59 eV HOMO-LUMO energy gap.37 The HOMO-LUMO energy gap value of the zinc(II) complex based on the benzoyl hydrazone ligand was calculated by the DFT method to be 3.76 eV in 2017.38 As a result, the synthesized zinc(II) complex in this study is less stable than those that have been previously described. The HOMO orbital primarily acts as an electron donor, whereas the LUMO orbital mainly acts as an electron acceptor. A metal complex that has a large HOMO-LUMO energy gap is more stable than one that has a small HOMO-LUMO energy gap. The calculated NBO atomic charges of atoms for the free ligand and its complex are collected in Table 3. The calculated charge on the zinc metal (+0.993) is lower than the formal charge of the zinc ion (+2), suggesting electron transfer from the ligand to the metal center.39 The NBO data shows that the N2 atom in the complex has a greater negative charge than the N1 atom. This result supports X-ray results showing the Zn1-N2 bond distance is shorter than the Zn1-N1 bond distance and suggests that N2 is coordinated to the metal center more strongly than N1.40


Table 3. HOMO-LUMO orbital energies (eV) and NBO 
    Charges (e) of ligand (L) and its complex
	Parameter
	Ligand
	Zn complex

	EHOMO
	[bookmark: _Hlk106958188]-5.672
	[bookmark: _Hlk106958005]-6.381

	ELUMO
	[bookmark: _Hlk106958204]-2.146
	[bookmark: _Hlk106958035]-3.958

	ΔE
	[bookmark: _Hlk106958219]3.526
	[bookmark: _Hlk106958132]2.423

	The NBO charge of ligand and Zin(II) complex

	Atom
	Ligand
	Atom
	Zn(II) complex

	Cl
	0.009
	Zn
	0.993

	N
	-0.541
	Cl4
	-0.608

	O
	-0.505
	Cl3
	-0.605

	
	N1
	-0.697

	
	N2
	-0.737



[image: ]
        Figure 3. Surface plots of HOMO and LUMO orbitals of ligand (L) and zinc complex
3.5. Hirshfeld surfaces analysis (HAS)
The Hirshfeld surface analyses (HSA) and the fingerprints of the zinc complex were achieved with Crystal Explorer 21.5 program.22 Fingerprint plots of the complex is displayed in (Figure 4). Similarly, Hirshfeld surface (HS) of the complex is shown in (Figure 5).  Figure 5 exposes surfaces that were mapped across dnorm, shape index, and curvature. The dnorm surface has been mapped over a range of -0.0490 to 1.3232 Å while shape index and curvedness are mapped over the ranges -1.0000 to 1.0000 Å and -4.0000 to 0.4000 Å, respectively. As illustrated in (Figure 4), the 2D fingerprint plots reveal that the major intermolecular interactions in the zinc complex are H...Cl/Cl...H, H...H, H...C/C...H, C...Cl/Cl...C, C...O/O...C, C...C, H...O/O...H, and O…Cl/Cl...O. The highest contribution to the overall Hirshfeld surface occurs due to H…Cl/Cl...H close contacts with 39.1%. The percentages of H...H, H...C/C...H, C...Cl/Cl...C, C...O/O...C, C...C, H...O/O...H, O..Cl/Cl...O, Cl…Cl, H…N/N…H,  C…N/N…C, Zn…H/H…Zn, and Cl…N/N…Cl interactions are 21.7, 7.7, 7.0, 5.7, 4.7, 4.8, 3.4, 3.4, 1.8, 0.3, 0.3, and 0.1  % of the complex surface, respectively. The dnorm Hirshfeld surface of the complex shows red and white spots, which indicate the presence of C-H...Cl and C-H..H intermolecular interaction in the crystal structure of the zinc complex respectively. The shape index and curvedness of HS can be used to investigate π∙∙∙π stacking interaction, where blue triangles represent convex regions of the compound inside the surface and red triangles represent concave regions above the surface due to the π∙∙∙π stacked compound's phenyl carbon atoms.41 Green flat regions on the curvedness surface also indicate the presence of π∙∙∙π interaction in the complex.
[image: ]
           Figure 4: Fingerprint plots for the zinc(II) complex show the percentages of major contacts contributed to the total Hirshfeld surface analysis (HAS).
[image: ]
Figure 5: Hirshfeld surfaces mapped with dnorm, shape index, and curvedness of zinc(II) complex
4. Conclusion
In summary, a novel Zinc(II) complex was synthesized with a 5-chloro-2-methylbenzoxazole ligand. The spectroscopic method and crystallographic data indicated the formation of a mononuclear zinc complex with a benzoxazole ligand acting as a monodentate ligand in neutral form. Structural analysis showed a tetracoordinate environment via two nitrogen and two chlorine atoms of the complex with distorted tetrahedral geometry. The electronic spectrum of the complex displayed a peak at 23474 cm-1, which corresponded to the ligand‐to‐metal charge transfer (LMCT). The DFT study reveals that the zinc complex was less stable and more reactive than the ligand. The NBO analysis showed that the charge on the zinc metal surrounded by the nitrogen atoms of the ligand is 0.993 e found to be lower than the formal charge of the zinc ion (+2). The Hirshfeld surface and 2D fingerprint plots analysis showed various H... Cl/Cl ...H (39.1%), H ... H (21.7%), and H...C/C... H (7.7%) noncovalent interactions are the driving force in stable crystal packing.
Supplementary material
Crystallographic data for the Zin(II) complex have been deposited with the Cambridge crystallographic data Center (CCDC), with the deposit number 
2097040. The data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html.
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