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a b s t r a c t 

Organic nonlinear optical single crystals of (E)-N 

′ -(2,3-dimethoxybenzylidene)-4-fluorobenzohydrazide 

(DMB-FBH) were synthesized and grown using slow evaporation crystallization from ethanol solution. 

The single crystal X-ray diffraction scattering revealed that the DMB-FBH crystallised in the tetragonal 

crystal system with a centro symmetric space group of I 4 1 /a. The crystallographic bond lengths and 

bond angles were compared with the values generated from optimized molecular geometry based on 

quantum chemical calculations. The functional group vibrations were identified theoretically by density 

functional theory with B3LYP 6–311 G (d,p) basis set using Gaussian 09 software package and their vibra- 

tions were compared with the experimental FT-IR spectra. The UV-visible and the fluorescence emission 

spectra of the DMB-FBH in aqueous solutions were recorded. The HOMO-LUMO energy level pictogram 

addressed the intramolecular charge transfer (ICT) interaction between donor and acceptor moieties and 

their impact on the energy gap was determined. Different interactions such as O ···H, N ···H, C ···C and C ···H 

in DMB-FBH were quantified via fingerprint plots and these results were compared with that of similar 

structure. The detailed molecular docking simulation was carried out with M. tuberculosis protein [PDB 

ID:2 × 22]. The third order nonlinear optical susceptibility ( χ3 ) of DMB-FBH was confirmed experimen- 

tally by Z-scan method and their conversion efficiency was higher than the other hydrazones derivatives. 

In short, this work discusses the crystal structure, identification and quantification of the molecular in- 

teractions, thermal, antimycobacterial and optical properties of new hydrazone derivative. 

© 2022 Elsevier B.V. All rights reserved. 
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. Introduction 

The non-linear optical (NLO) crystals are in high demand for 

ight conversion applications as it requires for laser technology, 

ptoelectronics, optical limiting, photonics and optical sensors 

1–5] . The organic molecules over inorganics exhibit large NLO re- 

ponse owing to donor–acceptor groups with π-conjugated hy- 

rogen bonding which enables high transfer of charge in the 

olecules [6] . The second and third order susceptibilities can con- 

rm theoretically the conversion efficiency of molecules along- 

ide experimental evidence [7] . The Kurtz-Perry powder or Mak- 
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rfringes technique is considered as simplest and most accurate 

ethod to measure the NLO efficiency [8] . 

The synthesis of hydrazones (-NHN = CH-) has received at- 

ention due to its potential applications as anti-microbial, anti- 

ammatory and anti-cancer drugs [9] . In addition, the conju- 

ated C = N bond with lone pair of electron in the nitrogen (nu- 

leophilic) and their electrophilic and nucleophilic carbons made 

his compound applicable as precursors for organic and inor- 

anic syntheses [10] . In general, the hydrazones are synthe- 

ized by reaction of hydrazide with carbonyl-containing com- 

ound, particularly aldehydes or ketones [11] . The crystallo- 

raphic aspect of hydrazones derivatives has been discussed for 

ew combinations and their inter and intramolecular hydrogen 

onds influencing supramolecular arrays were studied [12] . For 

https://doi.org/10.1016/j.molstruc.2022.132375
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Scheme 1. Synthesis of Schiff base (E)-N 

′ -(2,3-dimethoxybenzylidene) −4-fluorobenzohydrazide (DMB-FBH) crystals. 
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nstances, the hydrazone formed from substituted benzaldehydes 

13] , and (pyrazinecarbonyl)hydrazones of substituted benzaldehy- 

es [14] along with l -serinyl derivatives were reported. Further- 

ore, the synthesis and crystal structures of Schiff base (E)-N’- 

3,4-dimethoxybenzylidene)furan-2-carbohydrazide and their inter- 

olecular interactions have recently been discussed [11] . A weak 

ntramolecular interaction has been realized in the gas phase due 

o monomeric form and it turns to strong in the solution due to 

oss of planarity in the molecular structure. Benzimidazole [ 15 , 16 ],

enzofuran [17] , xanthenone [18] , xanthene [19] based hydrazone 

erivatives were synthesized for anti-bacterial and anti-diabetic 

pplications as well as α-glucosidase inhibition, and nonlinear op- 

ical conversion. The nonlinear response to optical input has also 

een recorded in the Schiff base (E)-N 

′ -(Benzo [d][1,3] Dioxol-5- 

lmethylene) nicotinohydrazide monohydrate single crystals [20] . 

he fluorescence and absorption behaviours of substituted aryl hy- 

razones were reported [21] . On the industrial scale, the Schiff

ase hydrazides have wide range of applications such as dyes and 

igments [22] . They have been used as chemical precursors, sen- 

ors and in catalytic processes [23–25] . 

This work discusses the synthesis of (E)-N 

′ -(2,3- 

imethoxybenzylidene) −4-fluorobenzohydrazide (DMB-FBH) 

y using the precursors 2,3-dimethoxy benzaldehyde and 4- 

uorobenzohydrazide and their crystals growth and crystal 

tructure. In addition, the detailed computational investigations 

f the structure, vibrational spectra, frontier molecular orbitals, 

nd nonlinear susceptibility analyses have been discussed. We 

valuated the antimycobacterial activity against M. tuberculosis 

26] contains mycolic acids by targeting DMB-FBH on enzyme 

Protein ID: 2 × 22] [27] via molecular docking simulation. 

. Experimental 

.1. Synthesis and crystallization of 

E)-N 

′ -(2,3-dimethoxybenzylidene) −4-fluorobenzohydrazide 

DMB-FBH) compound 

An ethanolic solution of 4-fluorobenzohydrazide (1.54 g, 

.01 M) was mixed with ethanolic solution of 2,3-dimethoxy ben- 

aldehyde (1.66 g, 0.01 M) in a round-bottom flask. The solution 

ixture was put in the beaker and stirred on a magnetic stirrer 

ith stir bar for 3 h. Then it was cooled down by poured into

n ice-cold water mixture. The precipitates were formed and it 

as filtered out using Whatman filter paper and recrystallized by 
2 
low evaporation crystallization from ethanol solution at 27 °C. The 

olorless and transparent single crystals were observed in twenty 

ays and it was used for further characterizations. The synthesis 

rocedure is depicted in Scheme 1 . 

.2. Characterizations 

The single crystals X-ray diffraction data of DMB-FBH was col- 

ected using Bruker Smart APEX-II CCD diffractometer using Mo 

 α radiation ( λ = 0.71073 Å) with a graphite monochromator in 

he incident beam. Data were reduced using SAINT/XPREP software 

Bruker, 2004). All of the non-hydrogen atoms were found using 

 direct-method analysis in the SHELX-97 software [28] . After sev- 

ral cycles of refinement, the positions of the hydrogen atoms were 

alculated and added to the refinement process. The vibrational 

pectra were recorded using a PerkinElmer FT-IR spectrophotome- 

er in the region of 40 0 0–40 0 cm 

−1 at KBr phase with the resolu-

ion of 1 cm 

−1 . The UV–Vis transmittance spectrum of DMB-FBH 

as recorded using PerkinElmer-spectrophotometer in the range 

f 80 0–20 0 nm. The fluorescence emission spectrum of DMB-FBH 

as recorded using PerkinElmer in the region 20 0–90 0 nm. These 

ptical studies were performed in aqueous solution of DMB-FBH 

rystals. The third-order nonlinear refractive index (n 2 ) and non- 

inear absorption coefficient ( β) of DMB-FBH in ethanol were per- 

ormed by closed and open aperture Z-scan techniques using a 

32 nm CW DPSS Laser (Coherent Compass TM 215 M-50) with an 

nput intensity of 100 mW. The peak intensity (I 0 ) at the focus was

.36 kW/cm 

2 and the Gaussian laser beam profile was focused to 

 waist ( ω 0 ) of 12.5 μm. The sample was focused with maximum 

ntensity with a focal length of 10.3 cm. 

.3. Computational details 

The density functional theory quantum chemical calculation 

as performed by Gaussian 09 software package [29] . The crystal- 

ographic information file (.cif) generated from single crystal data 

f DMB-FBH was used as an input for the generation of initial 

eometry. The geometry optimizations were carried out in a gas 

hase by B3LYP level of theory with 6–311 G (d,p) basis set. The 

round state structure was confirmed by frequency analysis and 

e have not observed any imaginary frequency. The HOMO-LUMO, 

T-IR and NLO analyses of the DMB-FBH were also calculated. The 

V–Vis analysis was computed employing time-dependent density 

unctional theory (TD-DFT). The input files and the interpretation 
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Fig. 1. Theoretically generated crystal morphology (left) and experimental grown 

crystal (right) of DMB-FBH. 
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Fig. 2. Inter and intramolecular interactions of DMB-FBH crystals. 

Fig. 3. The ORTEP diagram (50% probability level) of the DMB-FBH crystals. 
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f the output files were prepared by using Gauss View 5.0. pro- 

ram [30] . The vibrational assignments were done based on po- 

ential energy distribution (PED) using VEDA4 program [31] . The 

olecular surface and fingerprint plots of DMB-FBH were gener- 

ted with Crystal Explorer 17 software [32] using .cif as the input. 

he topological properties were carried out using Bader’s Quantum 

heory of Atoms in Molecules (QTAIM) for the covalent and the 

trong/weak H-bond interactions in order to reveal the character- 

stics of open and closed-shell interactions. All these calculations 

ave been performed from AIMALL package [33] . In this approach, 

he single point calculations were carried out using B3LYP method 

ith 6–311 G (d,p) basis set over the symmetric unit of DMB-FBH 

n Gaussian 09 software. 

.4. Molecular docking 

The crystal structure of M. tuberculosis was extracted from the 

rotein Data Bank (PDB ID: 2 × 22) for the target using pro- 

ein preparation wizard module. Initially, the protein was mini- 

ized with the OPLS4 force field [34] . The ligand, DMB-FBH, which 

nhibits the target was neutralized and prepared for induced fit 

ocking (IFD) [35] using the Epik program on the LigPrep module. 

oth the modules are inbuilt in the Schrödinger Maestro application 

ackage [ 36 , 37 ]. The IFD procedure was performed with extra pre-

ision (XP) mode [38] and resulted the different conformations of 

MB-FBH ligand in the active site of the target enzyme. 

. Results & discussion 

.1. Crystallographic structure and morphology 

The theoretical morphology of DMB-FBH crystal was generated 

sing KrystalShaper program [39] as presented in Fig. 1 . The crys- 

al facets such as 420, 2 ̄4 0, 0 ̄1 3 , 10 ̄3 , 01 ̄3 , 103, 013, 0 ̄1 3 reveal the

etragonal system of the DMB-FBH crystals. The asymmetric unit is 
3 
ituated in the ac plan and the strong N 

–H ���O bonding is direct- 

ng along c axis (Fig. S1). The growth rate is high along the c axis

s presented in Fig. 1 . 

The crystal system is tetragonal with centro symmetric space 

roup I 41/a. The cell parameters are a = 20.7882(7) Å, 

 = 20.7882(7) Å, c = 14.9162(6) Å, α = 90 °, β = 90 °, and γ = 90 °
ith V = 6446.0(4) Å 

3 . The crystallographic details are presented 

n Table 1 . The hydrogen bond interactions of DMB-FBH are listed 

n Table 2 . 

The stability of the DMB-FBH crystal was established by under- 

tanding the intermolecular and intramolecular interactions, espe- 

ially, the H-bonded interactions. The N(2) – H(2) ��� O(1) inter- 

olecular interaction connects the other two molecules on both 

ides of the asymmetric unit via N(2) – H(2) ��� O(1) as shown 

n Fig 2 . The nitrogen atom in the hydrazide links with O of an-

ther hydrazide via hydrogen bonding. Similarly, oxygen atom in 

he hydrazide links other molecules of N. The connected molecules 

re antiparallel and perpendicular to the asymmetric unit. The in- 

ramolecular interaction exists between the methoxy oxygen and 

he carbon atom connected to the fluorobenzohydrazide. The OR- 

EP plot of DMB-FBH is presented in Fig. 3 . 

All the possible hydrogen bonding interactions are listed in Ta- 

le S1. (see supplementary information) and they were calculated 

rom PARST module of WINGX package [40] . It is observed that the 

hermodynamic stability of DMB-FBH crystals was rely on the two 

eak C 

–H ���O/N and another two strong N 

–H ���O/N interactions. 

espite these interactions, there were H ���π and very-weak inter- 

ctions observed in the crystal packing of DMB-FBH. 

.1.1. Interaction energies 

The asymmetric molecules in the crystal phase of DMB-FBH 

ere stabilized by anti-stacking model as shown in Fig 2 . As men- 

ioned above, the packing is highly stabilized by N2-H2 ���O1 in- 

eractions. The energies of these interactions are calculated from 
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Table 1 

The crystallographic and refinement details of DMB-FBH crystal. 

Chemical formula C 16 H 15 FN 2 O 3 

Cambridge crystallographic data center (CCDC No) 2113509 

Formula weight 302.31 

Temperature/K 273 

Crystal system tetragonal 

Space group I41/a 

a/ ̊A 20.7882(7) 

b/ ̊A 20.7882(7) 

c/ ̊A 14.9162(6) 

α/ ° 90 

β/ ° 90 

γ / ° 90 

Volume/ ̊A 3 6446.0(4) 

Z 16 

ρcalc g/cm 

3 1.2459 

μ/mm 

-1 0.095 

F(000) 2529.5 

Crystal size/mm 

3 0.07 × 0.07 × 0.07 

Radiation Mo K α ( λ = 0.71073) 

2 
 range for data collection/ ° 5.16 to 54.28 

Index ranges −26 ≤ h ≤ 26, -26 ≤ k ≤ 26, -19 ≤ l ≤ 19 

Reflections collected 73176 

Independent reflections 3573 [R int = 0.0704, R sigma = 0.0321] 

Data/restraints/parameters 3573/0/201 

Goodness-of-fit on F 2 1.056 

Final R indexes [ I > = 2 σ (I)] R 1 = 0.0553, wR 2 = 0.1340 

Final R indexes [all data] R 1 = 0.0917, wR 2 = 0.1586 

Largest diff. peak/hole / e ̊A −3 0.28/ −0.35 

Table 2 

Hydrogen bond interaction of DMB-FBH crystals. 

D – H ���A d(D–H)/ ̊A d(H ���A)/ ̊A d(D ���A)/ ̊A < (DHA)/ °

N(2) – H(2) ��� O(1)#1 0.86 2.25 2.9282 (1) 136 

C(8) – H(8) ��� O(2) 0.93 2.42 2.7546 101 

C(8) – H(8) ��� N(1) #1 0.93 2.54 3.4063 156 

C(12) – H(12) ��� O(1)#2 0.93 2.55 3.3832 149 

C(16) – H(16B) ��� O3 0.96 2.55 3.0685 114 

Equivalent positions: #1: ¼+ y , ¼-x, ¼+ z , #2: - ¼+ y , ¼-x, ¼+ z . 

Fig. 4. Energy frameworks (left), coloumb dispersion (center) and total energy (right) of DMB-FBH crystal structure. The crystal is viewed down along the a axis. (A cylinder 

scale of 80 was used for all three energies). 
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rystal Explorer 17 package and pixel method [41] . The compo- 

ents of total energy (E tot ) are electrostatic, polarization, disper- 

ion and exchange-repulsion, calculated using B3LYP/6–31G 

∗∗ level 

f theory and finally scaled based on benchmarked energy mod- 

ls. From these calculations, it is predicted that dispersion energy 

s influenced strongly towards the packing stability and the three- 

nergy frameworks are shown in Fig. 4 . The energy values are 

isted in Table 3 . As expected, the N 

–H ���O/N and C 

–H ���O/N in-

eractions are considered as strongest and the corresponding en- 

rgy values are −75/ −67.3 kJ/mol (N2-H2 ���N1, N2-H2 ���O1, C8- 

8 ���N1, C5-H5 ���O1 and C5-H5 ���N1) and −21.2/ −19.3 kJ/mol 

C12-H12 ���O1 and C14-H14 ���O1) from both Pixel and Crystal Ex- 

lorer calculations. 
(

4 
Furthermore, the significance of these interactions are empha- 

ized in QTAIM analysis by locating the bond critical point (bcp) in 

he bond path of the respective H-bond interactions. The topologi- 

al properties of the closed-shell interactions are given in Table 4 , 

hich supports the results obtained from Pixel and Crystal Ex- 

lorer calculations. 

.1.2. Electrostatic potential in packing 

The electrostatic potential plot is shown in Fig. 5 which evi- 

ences the existence of the strong potential (red region) in the H- 

ond interactions [42] . The experimental crystal structure shows a 

orrelation C vv of 67% between the interior and exterior potential 

 Fig. 6 ). The regions of highest inner potential correspond to the 
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Fig. 5. Electrostatic potential (red region) in the H-bond interactions of DMB-FBH. 

Fig. 6. Scatterplot of inner and outer electrostatic potential V on the Hirshfeld sur- 

face for the DMB-FBH crystal structure. The contacts donated by oxygen and by the 

polar hydrogen atom Ho/n from the inner molecule are highlighted in red and blue 

color, respectively. 
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5 
olar hydrogen atoms Ho and Hn while oxygen atoms are at the 

rigin of the most electronegative areas. A high anti-correlation is 

elated to a good complementarity of inner and outer potentials. 

.1.3. Hirshfeld surface and quantitative molecular interaction of 

MB-FBH compound 

The role of intermolecular interactions towards the crystal sta- 

ility is explored from the Hirshfeld fingerprint analysis calculated 

rom Crystal Explorer 17 package. The Hirshfeld surface quantita- 

ively addresses the information about the molecular surface and 

nteractions. The Hirshfeld denoted surface is an isosurface sur- 

ounded by promolecules that represents the volume of the elec- 

ron density. The nearest nucleaus inside the isosurface (di) and 

utside the isosurface (de) can generate a 2D plot as a function of 

istance. Each point in the 3D surface is defined by colors rang- 

ng from blue to red in which the former represents the longest 

istance whereas the latter indicates the closest contact of the 

olecules. The white color indicates that the d norm 

is equal to Van 

er Waals separation (vdW). The red spot in the d norm 

indicates 

bout the N(2) – H(2) ��� O(1) intermolecular hydrogen bonding in 

he hydrazide of two neighboring molecules. The Hirshfeld surface 

f DMB-FBH is presented in Fig. S2 (see supplementary informa- 

ion). 

In the fingerprint plot of Fig. 7 , the two spikes at d i = 1.3 , and

 e = 1.3 indicate the overall contribution of O ���H (17.6%) which 

akes the strong impact over the stability of the DMB-FBH crystal. 

he other different interactions between the elements presented in 

MB-FBH are listed in Table S4 (see supplementary information). 

he center tip at 1.2 Å is H 

–H interaction with 39.3% and the adja-

ent tip is associated with O 

–H interaction (8.8%). The latter inter- 

ction is also overlapped with N 

–H interaction (4%). The π- π inter- 

ction (C 

–C) in DMB-FBH is 4% around 2.0 Å. The fluorine hydro- 

en interaction is significantly high about 5.2% and their parallel 
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Table 4 

Topological properties at the critical points of intermolecular interactions. The G, V and H are the kinetic, potential and total energy density 

respectively. The E Hbond = ½ V ( r ) bond is the dissociation energy as described in [42] . 

Interaction Densit y ρ ( e/ ̊A 3 ) Laplacian (e/ ̊A 5 ) G ( r ) (a.u.) V ( r ) (a.u.) H ( r ) (kJ/B 3 /mol) E Hbond (kJ/mol) 

C8-H8…N1 ∗ 0.062 0.709 0.043 −0.037 0.006 −0.019 

N2-H2…N1 ∗ 0.050 0.685 0.040 −0.032 0.008 −0.016 

C5-H5…N1 ∗ 0.029 0.328 0.018 −0.014 0.005 −0.007 

N2-H2…O1 ∗ 0.098 1.267 0.083 −0.078 0.006 −0.039 

O1…TYR158 0.142 1.460 0.015 −0.017 0.002 −0.008 

O3…LYS165 0.111 1.100 0.013 −0.012 0.001 −0.006 

∗ y + 1/4,- x + 1/4 + 1, + z + 1/4. 

Fig. 7. Hirshfeld surface and fingerprint plot of DMB-FBH compound. 

Fig. 8. The 2-dimensional Hirshfeld finger print plot of DMB-FBH (a), similar structure, (E)-N 

′ -(3,4-dimethoxybenzylidene)furan-2-carbohydrazide (b) and traces left behind 

in the difference plot over DMB-FBH (c). 

e
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3

ffect in fluorescence emission has been discussed in Section 3.6 . 

he aromatic ring interactions and their interaction with fluorine 

re 11.2 and 1.4% respectively. 

Furthermore, the fingerprint plot of DMB-FBH ( Fig. 8 (a)) was 

ompared with previously reported similar molecule, named 

E)-N 

′ -(3,4-dimethoxybenzylidene)furan-2-carbohydrazide. In this 

tructure, when comparing with DMB-FBH the fluorrobenzo hy- 

razide is replaced by the five ring furan. The five ring furan crys- 

al ( Fig. 8 (b)) has strong contributions over DMB-FBH interactions 

T

6 
owards the crystal stability. For instance, the O ���H, N ���H, C ���C 

nd C ���H internactions are respectively 12.6%, 3.8%, 2.3% and 14.1% 

or O ���H, N ���H, C ���C and C ���H which was well explored from

he traces left behind in the difference plot as portraited in the 

ig. 8 (c). 

.2. Optimised molecular geometry 

The optimized structures of DMB-FBH are presented in Fig. 9 . 

he DMB-FBH compound consists of 37 atoms and thus the 105 vi- 
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Table 5 

Selected geometric parameters of DMB-FBH obtained by B3LYP/6–311 G (d,p). 

Bond Length 

( ̊A) 

B3LYP/ 

6–311G(d,p) 

Single crystal 

XRD Bond Angle ( ̊A) 

B3LYP/ 

6–311G(d,p) 

Single crystal 

XRD 

O1-C9 1.37 1.373 C9-O1-C15 116.34 114.53 

O1-C15 1.4343 1.415 N4-N3-C6 120.92 118.71 

O2-C6 1.21 1.22 N3-N4-C7 116.96 114.75 

N3-N4 1.3564 1.381 C12-O5-C21 118.33 116.67 

N3-C6 1.3877 1.346 O2-C6-N3 123.39 121.9 

N4-C7 1.2808 1.271 O2-C6-C10 122.36 121.31 

O5-C12 1.365 1.36 N3-C6-C10 114.23 116.79 

O5-C21 1.4213 1.428 N4-C7-C8 121.11 121.72 

C6-C10 1.5032 1.488 C7-C8-C9 119.19 118.1 

C7-C8 1.4635 1.459 C6-C10-C13 116.94 117.64 

C8-C9 1.4023 1.387 O5-C12-C9 115.73 115.12 

C8-C14 1.4071 1.393 F11-C20-C18 118.99 118.4 

C9-C12 1.412 1.402 

C10-C13 1.3999 1.385 

C10-C16 1.4001 1.346 

F11-C20 1.3489 1.353 

C12-C17 1.3925 1.374 

C13-C18 1.3883 1.382 

C14-C19 1.3809 1.367 

C16-C22 1.3918 1.383 

C17-C19 1.3996 1.381 

C18-C20 1.3882 1.351 

C20-C22 1.3865 1.349 

Fig. 9. Optimized molecular structure of DMB-FBH compound at gas phase. 
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rational modes are observed. The selected bond lengths and bond 

ngles are listed in Table 5 . The observed bond length values for 

1-C9, N3-N4 and C7-C8 are found to be 1.37, 1.35 and 1.46 Å re-

pectively. The observed bond length between C6–O2 in the car- 

onyl (C = O) double bond is 1.22 Å and its corresponding theo- 

etical value is 1.21 Å . The C = O molecular interaction with the

free electronic pairs of N3 and N4 nitrogen atoms are part of 

lectronic pairs of O atom which compensates the electronic effect 

ssued from this conjugation, therefore C6–O2 bond length does 

ot vary significantly. All the geometric parameters of DMB-FBH 

ompound obtained by B3LYP/6–311 G (d,p) are in good agreement 

ith the single crystal data. 

.2.1. 1 H & 

13 C NMR spectral study 

The theoretical 1 H NMR and 

13 C NMR spectra of the DMB-FBH 

ompound is shown in Fig. 10 and their shift are listed in Table 

2. The chemical shift value of azomethine proton is assigned at 

.07 ppm. Two sets of computed chemical shifts observed from 

.29 to 7.42 and 7.16–6.98 ppm are due to four aromatic protons 

f meta and ortho positions of fluorine substituted in the phenyl 

ing. The six hydrogen atoms associated to two methoxy group are 

bserved in the region δ= 3.07–4.62 ppm. This downfield shifts of 

xygen atom attached to methyl groups is resulted in the reduction 

f electron densities around the methyl groups [43] . The downfield 

hemical shift were respectively observed at 161.00, 153.40, 159.00 

nd 172.72 ppm for C6, C9, C12 and C20. It is due to the descreen-
7 
ng effect of electronegative fluorine and oxygen atom. The upfield 

eaks at 58.63 and 53.91 ppm are attributed to the methyl groups 

f two methoxy carbons. For phenyl rings, the shift related to aro- 

atic carbons are greater than 100 ppm for DMB-FBH. 

.2.2. Vibrational spectral analysis 

The theoretical and experimental FTIR spectra of DMB-FBH are 

resented in Fig. 11 . The detailed vibrational wavenumbers are as- 

igned by potential energy distributions (PED) analysis. Both exper- 

mental and theoretical wavenumbers with the PED contributions 

f DMB-FBH are presented in Supplementary Table S3 (see sup- 

lementary information). The C–H vibrations of heteroaromatic or- 

anic compounds has consisted of multiple weak bands in the re- 

ion 310 0–30 0 0 cm 

−1 [25] . In present study, the aromatic ring C–H

tretching frequencies such as νC 13 H 29 , νC 14 H 25, νC 18 H 28, νC 17 H 23, 

C 22 H 27, νC 16 H 26 and νC 19 H 24 occur around the region 3055–3054 

m 

−1 and 3087–3081 cm 

−1 . The medium peak observed at 2913 

nd 2842 cm 

−1 are related to C–H stretching band of dimethoxy 

ubstituted aromatic ring. The νN–H modes are expected to occur 

n the region 320 0–340 0 cm 

−1 [44] . The theoretical νN 3 H 30 peak

s observed at 3368 cm 

−1 with 100% PED, while the experimen- 

al FT-IR peak is traced at 3432 cm 

−1 . The theoretical vibrational 

eak of C–N stretching skeletal bands are projected to occur at 

450 cm 

−1 which also overlap with other vibrational modes [45] . 

he theoretical νN 4 C 7 stretching peak is observed at 1608 cm 

−1 

nd νN 3 C 6 is at 1495 cm 

−1 . The corresponding experimental FT-IR 

eaks are observed at 1414 cm 

−1 . The C = O stretching mode is 

xpected in the spectral range of 1750–1650 cm 

−1 [46] . The theo- 

etical νO 2 C 6 is at 1705 cm 

−1 , but the experimental FT-IR band is 

bserved at 1600 cm 

−1 with 85% of PED. The νN4N3 is the bridge 

etween aldehyde and hydrazide which occurs at 1117 cm 

−1 in the 

xperimental FT-IR and 1126 cm 

−1 in the DFT. The ν F 11 C 20 is ob- 

erved at 577 cm 

−1 . The calculated frequencies are usually higher 

han the corresponding experimental quantities, due to the combi- 

ation of electron correlation effects and basis set deficiencies. 

.3. Highest occupied molecular orbital and lowest unoccupied 

olecular orbital (HOMO-LUMO) analysis of dmb-fbh compound 

The HOMO-LUMO energies of the compound provide informa- 

ion about energetic behavior and stability [47] . The HOMO-LUMO 
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Fig. 10. Theoretical 1 H NMR (top) and 13 C NMR (bottom) spectra of the DMB-FBH compound. 

Table 6 

The calculated parameters of frontier molecular orbitals. 

Parameters (ev) B3LYP/ 6–311 G (d,p) 

E HOMO −6.0997 

E LUMO −1.7115 

Ionization potential (I) 6.0997 

Electron affinity (A) 1.7115 

Energy gap = �E 4.3881 

Electronegativity ( χ ) 3.9056 

Chemical potential (μ) −3.9056 

Chemical hardness ( η) 4.3882 

Chemical softness (S) 0.1139 

electrophilicity index ( ω) 1.738 

e

f

T

p

t

i

d

e

t

s

w

b

d

d

i

o

c

f

s

L

a

b

L

c

s

t

nergy calculations were performed by time-dependent density 

unctional theory (TD-DFT) approach at the B3LYP/6–311 G level. 

he calculated parameters related to frontier molecular orbitals are 

resented in Table 6 . The HOMO and LUMO pictogram represents 

he high- and low-density regions as shown in Fig. 12 . The HOMO 

s mainly delocalized at the 2,3-dimethoxy benzaldehyde and hy- 
8 
razide regions which connects the 4-fluorobenzohydrazide moi- 

ties, whereas the LUMO is delocalized and spread over the en- 

ire molecular structures. The charge delocalizations were further 

hifted to both ends of the DMB-FBH for HUMO-1 and LUMO + 1 

hich clearly indicates the tendency of complete charge transfer 

etween two moieties at the higher energy levels. The benzohy- 

razide ring is more planar concerning hydrazide nitrogen whereas 

imethoxy benzaldehyde is out of plan. As a result, the conjugation 

s increasing for intramolecular charge transfer (ICT) [48] . This kind 

f ICT plays fundamental role in deciding properties of molecular 

rystals for non-linear optical applications (push-pull charge trans- 

er interaction) [38] , organic light-emitting diode [39] and sen- 

ors to mention a few. The calculated energy values of HOMO, 

UMO and HUMO-1, LUMO + 1 are −6.099706 eV, −1.711596 eV 

nd −6.20855 eV, −0.974 4 4 eV, respectively. The energy gap value 

etween the HOMO and LUMO is 4.38811 eV, and HOMO-1 and 

UMO + 1 is 5.23411 eV. Instead of 2,3-dimethoxybenzaldehyde, the 

ompound synthesized with the precursor of 4-chlorbenzaldehyde 

hows similar HOMO-LUMO energy gap (4.2958 eV) [45] indicating 

hat the methoxy or chloro substituted in the molecular moieties 
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Fig. 11. The theoretical (top) and experimental FT-IR spectra of DMB-FBH com- 

pound. 

d

s

3

c

p

a

T

i

e

s

c

g

m

g

3

(

Table 7 

Nonlinear optical parameters of DMB-FBH compound. 

Parameters B3LYP/ 6–311 G 

(d,p) 

Parameters B3LYP/6–311 G 

(d,p) 

μx 3.7623 βxxx 14.71 

μy 3.6438 βxxy −50.36 

μz 0.3284 βxyy 23.41 

μ(D) 5.2478 βyyy −6.61 

αxx 333.9411 βzxx −326.71 

αxy 92.038039 βxyz −154.57 

αyy 135.47052 βzyy −36.64 

αxz 23.046586 βxzz −176.51 

αyz 10.654093 βyzz −124.76 

αzz 213.92388 βzzz −15.43 

α0 (e.s.u) 3.8713 × 10 −23 β tot (e.s.u) 3.821 × 10 −30 

α(e.s.u) 3.3768 × 10 −23 
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oes not significantly effect the charge transfer process resulted in 

imilar conjugation length. 

.4. Nonlinear optical properties and dipole moment of dmb-fbh 

ompound 

The theoretically calculated polarizability ( α), the anisotropy of 

olarizability ( �α), first order molecular hyperpolarizability ( β), 

nd dipole moment (μ) of DMB-FBH are presented in Table 7 . 

he total dipole moment (μ) and the first order hyperpolarizabil- 

ty ( β) of DMB-FBH were calculated as 5.2478 and 3.821 × 10 −30 

su respectively. The value of β was 10 times higher than the 

tandard urea (0.1947 × 10 −30 esu). Though it is inappropriate to 

onsider the hyperpolarizability β for the centrosymmetric space 

roup (I4 1 /a) of DMB-FBH molecule, the remarkable increase of 

olecular hyperpolarizability indicates the feasibility of large mi- 

ration of charges from donor to acceptor moieties [49] . 

.5. Thermogravimetric/Differential thermal analysis 

The thermogravimetric and differential scanning calorimetry 

TG/DSC) of DMB-FBH is presented in Fig. 13 . The endothermic 
9 
eak of DMB-FBH is observed at 162 °C which is significantly high 

mong the other organic systems for e.g. sugar alcohols such as 

lucose and fructose [50] . This value is equal [46] or less than the 

rganic salt [44] . It indicates that the DMB-FBH possesses strong 

nter and intramolecular interactions in the crystal structure. This 

esult further confirms the strong hydrogen bond interaction as 

iscussed in the Section 3.1 and Section 3.5 . The enthalpy of DMB- 

BH is 68.81 J/g obtained from first derivatives of DSC. This en- 

halpy is low as the decomposition starts after the melting point. 

here is no exothermic or endothermic peak that occurs before the 

elting peak indicating that the DMB-FBH is moisture free and 

table upto 162 °C. In DMB-FBH, the first stage of decomposition 

ccurs with 89% weight loss and rest of the weight loss occurs 

ntil 600 °C. The 2,3-dimethoxybenzaldehyde along with few moi- 

ties in hydrazide has probably removed at first from the DMB-FBH 

ecause the thermogram shows high weight loss and their stability 

s low compared with 4-fluorobenzohydrazide. 

.6. UV–Vis-NIR transmittance and fluorescence emission studies 

The UV–Vis NIR spectrum of DMB-FBH recorded in the aque- 

us solution is presented in Fig. 14 . The absorption peak is ob- 

erved at 277 nm. The aromatic benzylidene and hydrazide are the 

hromophores responsible for electronic transition involved in the 

MB-FBH. This absorption peak is due to π - π ∗ transition and in- 

ramolecular charge transfer process [51] . There is no significant 

bsorption observed in the visible region of the DMB-FBH. The 

andgap energy from absorption value is calculated to be 4.475 eV. 

his energy gap is indicating the dielectric nature of the crystals 

herefore with the advantages of transmittances, this crystal can 

e considered for optical and photonic applications. 

The fluorescence emission spectrum of DMB-FBH is presented 

n Fig. 15 . Though the emission intensity is not strong, the blue 

mission at 450 nm was traced for the excitation of 277 nm. The 

uorescence emission from organic materials is associated to the 

-conjugation and to the donor-acceptor (D-A) framework featur- 

ng electron delocalization [52] . The out-of-planar molecular geom- 

try and both strong intra and intermolecular interaction are con- 

idered to be important for the fluorescence emission of DMB-FBH. 

he fluorine presented in the DMB-FBH does not contribute to flu- 

rescence emission. The fluorescence emission was also recorded 

or ethanol solution but it shows very weak emission (not re- 

orted). 

.7. Third order nonlinear optical studies 

The normalized closed aperture (CA) Z-scan curves obtained 

rom DMB-FBH in ethanol solution is shown in Fig. 16 (a). The cal- 

ulated Rayleigh range is 3.1 mm and the calculated values of β , 

 and χ (3) are listed in Table 8 . 
2 
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Table 8 

Third-order nonlinear optical parameters of DMB-FBH in ethanol solution. 

n o n 2 (cm 

2 /W) β (cm/W) Re χ (3) (cm 

2 /W) Im χ (3) (cm/W) χ (3) (esu) 

2.454078 5.04 × 10 –9 3.70 × 10 –4 4.64 × 10 –6 2.82 × 10 –7 4.65 × 10 –6 

Fig. 12. The optimized molecular structure (left) and different HOMO, LUMO levels (right) of DMB-FBH compound. 

Fig. 13. Thermogravimetric and differential thermal analysis of DMB-FBH crystals. 

f

C

−
0

Fig. 14. The transmittance spectrum of DMB-FBH crystals in aqueous solution. 

e  

s

v

The normalized closed aperture (CA) Z-scan curves obtained 

rom ethanol solutions of DMB-FBH is presented in Fig. 15 (a). The 

A curves for DMB-FBH exhibited a pre-focal peak centered at 

0.96 mm followed by a post-focal valley configuration pointed at 

.92 mm. This peakvalley configuration indicates that the nonlin- 
10 
ar refractive index is negative ( n 2 < 0) which gives rise to the

elf-defocusing property. The self-defocusing effect is due to local 

ariation of refractive index with temperature. 
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Table 9 

Comparison of first order hyperpolarizability of the derivatives of benzohydrazide. 

Compound name Nonlinear absorption 

coefficient ( β) 

References 

( E )- N ′ -(benzo[ d ][1,3]dioxol-5-ylmethylene) −4-methoxybezohydrazide monohydrate 2.39 × 10 –5 cm/W 39 

{(1Z)-[4-(D imethylamino ) phenyl ]methylene} 4-nitrobenzocarboxy hydrazone mono-hydrate 8.62 × 10 −7 cm/W 40 

2-(4-chlorophenoxy)-N 

′ -[(1E) −1-(4- methylphenyl ) ethylidene ]acetohydrazide 2.48 × 10 –6 cm/W 41 

(E)-N 

′ -(2,3-dimethoxybenzylidene) −4-fluorobenzohydrazide 3.70 × 10 –4 cm/W Present work 

Fig. 15. Fluorescence emission spectrum of DMB-FBH in aqueous solution. The peak 

at 450 nm is related to blue region. 
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Fig. 16. Closed (a) and open (b) Z-scan curves of DMB-FBH in ethanol solution. 
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The third-order nonlinear refractive index ( n 2 ) of the DMB-FBH 

as calculated using closed aperture data, and it is given by 

 2 = 

��

K I 0 L e f f 

(1) 

here K represents the wave vector [ K = 

2 π
λ

] , L eff represents the 

ample’s effective thickness, and α is the linear absorption. 

The experimentally obtained open aperture curve of DMB-FBH 

s shown in Fig. 15 (b) which has reverse saturable absorption be- 

avior. The material with reverse saturable absorption (RSA) be- 

avior shows ultra-fast response time as compared to saturable ab- 

orption (SA). The equation for nonlinear transmittance for open 

perture Z scan data, fitted with two-photon absorption (TPA) 

odel, is given by 

 ( Z ) = 

⎡ 

⎣ 1 − β I 0 L e f f 

2 

√ 

2 

(
1 − Z 2 

Z 2 
0 

)
⎤ 

⎦ (2) 

here, T (z) is the normalized transmittance, I 0 is the intensity at 

he focus, and L eff is the effective length of the sample. From the 

pen aperture, the nonlinear absorption coefficient ( β) is as given 

elow 

= 

2 

√ 

2 . �T 

I 0 L e f f 

(3) 

here �T is the highest value in plot. The experimentally observed 

value is 3.70 × 10 −4 cm/W. 

The real and imaginary parts of the third-order susceptibility 

elation are given in equs 4 and 5 respectively, 

 e χ( 3 ) = 

10 

−4 ε 0 C 
2 n 2 n 

2 
0 (4) 
π

11 
I m 

χ( 3 ) = 

10 

−2 ε 0 C 
2 n 

2 
0 λβ

π
(5) 

Here, the permittivity of free space ε0 = 8.8518 × 10 −12 Fm 

−1 , 

he linear refractive index ( n 0 ) and c is the velocity of the light in

pace. The real and imaginary parts of third-order nonlinear optical 

usceptibility χ (3) was calculated by the relation. 

( 3 ) = 

√ { 

R e 

(
χ( 3 ) 

)2 + I m 

(
χ( 3 ) 

)2 
} 

(6) 

The value of nonlinear absorption coefficient of DMB-FBH 

s β = 3.70 × 10 –4 cm/W and third order susceptibility 
(3) = 4.65 × 10 −6 esu. The third-order susceptibility is reason- 

bly larger than the other benzohydrazide derivatives which are 

ompared as listed in Table 9 [53–55] . 
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Fig. 17. Intermolecular interactios and the orientation of DMB-FBH in the active site of M. tuberculosis . 
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Table 10 

The score and energy (kcal/mol) values of different conformers of ligand-protein 

complex computed from the molecular docking simulations. 

Conformer Docking score Glide energy IFD score 

1 −9.132 −39.864 −534.19 

2 −8.547 −37.654 −533.71 

3 −8.808 −41.399 −533.71 

4 −8.57 −43.573 −533.67 

5 −8.759 −41.611 −533.33 

6 −8.578 −39.345 −532.98 

7 −8.421 −41.736 −532.95 

8 −8.316 −37.997 −532.94 

9 −8.183 −38.501 −532.64 

r

t

fl

.8. DMB-FBH - M. tuberculosis binding 

To understand the intermolecular interaction of DMB-FBH in 

he active site of M. tuberculosis enzyme, the IFD method was car- 

ied out. The docking score, glide energy and IFD values of differ- 

nt conformations of ligand-protein complex are listed in Table 10 

nd their lowest values are −9.132 Kcal/mol, −39.864 Kcal/mol and 

534.19 Kcal/mol respectively. It is to be noted that the residues 

ere involved as expected in the interactions with the DMB-FBH 

igand. Table 11 provides the significant intermolecular interac- 

ions between the ligand atoms and active site amino acids of tar- 

et protein. The DMB-FBH makes strong hydrogen bond interac- 

ions with TYR158, and LYS165, and their interaction distances are 

.038 Å, and 2.168 Å, respectively. In addition, the hydrophobic and 

alogen interactions were framed with VAL203, LEU218, ALA191 

nd PRO156 amino acid residues. Fig. 17 shows the interactions 

f DMB-FBH molecules in the active site of M. tuberculosis reveal- 

ng the orientation of the molecule. The QTAIM analysis was car- 
p  

12 
ied out to validate the strength of these interactions. As expected 

he H-bond interactions previled in the active site has highly in- 

uenced towards the stability of ligand in the active site of the 

rotein. From the Table 4 , it is to be concluded that the H-bonding
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Table 11 

Important intermolecular interactions and short contact distances ( ̊A) be- 

tween the ligand atoms and the active site amino acids of M. tuberculosis 

obtained from molecular docking. 

Interaction Distance ( ̊A) Type 

O1…TYR158:HH 2.038 Hydrogen Bond 

O3…LYS165:HZ2 2.168 Hydrogen Bond 

F1…PRO156:O 3.594 Halogen Bond 

Fluorobenzene…VAL203 5.276 Hydrophobic 

Fluorobenzene…LEU218 5.015 Hydrophobic 

dimethoxybenzene…ALA191 4.848 Hydrophobic 
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nteractions via oxygen atoms of methoxy groups with TYR158, and 

YS165 are found to be stronger as their Laplacian of electron den- 

ity values were 1.46 e/ ̊A 

5 , and 1.10 e/ ̊A 

5 . 

. Conclusions 

The new hydrazone derivative of (E)-N 

′ -(2,3- 

imethoxybenzylidene) −4-fluorobenzohydrazide (DMB-FBH) was 

ynthesized and crystals were grown by slow evaporation crystal- 

ization from ethanol solution. The N 

–H ���O interaction in DMB- 

BH has extended along the c axis resulted in high growth in this 

irection to produce needle crystals. The interaction energy of the 

MB-FBH was calculated by Pixel and Crystal Explorer calculations 

nd contribution of N 

–H ���O/N and C 

–H ���O/N interactions played 

 role towards the packing stability. The topological analysis based 

n Bader’s Quantum Theory further confirmed the results. The 

heoretical bond length and bond angle were matched with their 

xperimental crystallographic data. The benzohydrazide ring was 

ore planar concerning hydrazide nitrogen whereas dimethoxy 

enzaldehyde was out of plan. As a result, the conjugation has 

ncreased for intramolecular charge transfer (ICT) as depicted by 

OMO-LUMO pictogram. The high contribution of OH interaction 

urther confirmed the role of hydrogen bonds in the stability 

f DMB-FBH. The UV absorption peak was observed at 277 nm 

ndicating the π - π ∗ transition. From the antimycobacterial study 

gainst the M. tuberculosis, the H-bond interactions previled in 

he active site has highly influenced towards the stability of ligand 

n the active site of the protein. The blue emission at 450 nm was

bserved in DMB-FBH. The melting point of DMB-FBH was 162 °C 

nd the sample decomposed at 340 °C. The nonlinear absorption 

oefficient ( β) was 3.70 × 10–4 cm/W which has nearly two times 

igher than other hydrazones derivates. 
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