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Abstract 

In this study, a novel fluoro-substituted Schiff base ligand (HL) was synthesized through a 
condensation reaction between 2-bromo-4-(trifluoromethoxy)aniline and 2-
hydroxybenzaldehyde in methanol solvent at room temperature. The ligand was subsequently 
reacted with copper(II) acetate to produce the corresponding Cu(II) complex (CuL2). Both the 
ligand and its complex underwent characterization using various techniques including nuclear 
magnetic resonance, ultraviolet-visible, Fourier-transform infrared, thermogravimetric 
analysis, elemental analysis, and mass spectroscopy. In addition, the solid-state structure of the 
complex was determined through single crystal X-ray diffraction analysis, confirming the 
successful isolation of the compounds. Subsequently, the nematicidal activities of the ligand 
and its complex were assessed through in vitro egg hatching inhibition and mortality rate 
assays, in comparison to the control, carbofuran (Crf), at concentrations of 50 and 100 µM 
over a 24–72-h period. The results indicated the ligand's superiority over the complex in both 
assays at lower concentrations. At a concentration of 50 µM, the ligand HL demonstrated 100% 
egg-hatching inhibition at 24, 48, and 72 h, whereas the complex CuL2 showed egg-hatching 
inhibition rates of 93.86 ± 0.22%, 98.76 ± 0.14%, and 99.33 ± 0.52% at the same time intervals. 
The control, Crf, exhibited inhibition rates of 56.33 ± 0.33%, 69.94 ± 0.6%, and 67.00 ± 0.34% 
over the same time period. Similarly, at a concentration of 100 µM, both the ligand and 
complex demonstrated 100% egg-hatching inhibition at 24, 48, and 72 h, while the control 
showed egg-hatching rates of 88.16 ± 0.84%, 89.9 ± 0.55%, and 90.8 ± 0.50%. Regarding the 
mortality rate, at 50 and 100 µM, the ligand HL exhibited a 100% mortality rate within 24 to 
72 h, whereas the complex CuL2 displayed mortality rates of 56.66 ± 0.33%, 63.3 ± 0.23%, 
and 86.66 ± 0.13% at 24, 48, and 72 h, respectively, with a mortality rate of 100% at 100 µM 
within the same time intervals. The control, Crf, demonstrated mortality rates of 54%–67% at 
50 µM and 62%–78% at 100 µM within 24–72 h. Additionally, the density-functional theory 
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study revealed the electronic properties of the compounds, reinforcing the experimental 
findings. 

 

1 Introduction 

Nematode infestation poses a growing threat to agriculture globally, with developing nations 
particularly vulnerable to the devastating consequences of these parasitic worms on crop yields 
and food security [1-3]. Nematode resistance to conventional nematicides compromises the 
efficacy of control measures. This resistance intensifies the economic burden on farmers and 
stakeholders [4-6]. As nematodes develop resistance to these chemical treatments, the 
effectiveness of control strategies diminishes, leading to increased crop losses and reduced 
agricultural yields [7]. Currently, available nematocidal agents, including chemical compounds 
like carbamates and organophosphates, face challenges due to nematode resistance. For 
example, nematicides such as oxamyl (a carbamate) and ethoprophos (an organophosphate) 
have encountered reduced efficacy against nematodes like root-knot nematodes due to the 
development of resistance mechanisms. These instances highlight the pressing need for novel 
and sustainable solutions to effectively combat nematode resistance in agricultural settings. 
This phenomenon not only impacts the livelihoods of farmers but also contributes to food 
insecurity [2]. The challenges presented by nematode-induced diseases in crops are substantial 
due to the stealthy and evasive nature of these pests [8]. Furthermore, the diagnostic symptoms 
of nematode infestations closely resemble those of other pathogens and abiotic diseases, 
complicating accurate identification and control efforts [9-12]. Effectively addressing 
nematode infestations necessitates a clear comprehension of the issue at hand to explore 
enduring management strategies [13-15]. Currently, more than 783 million individuals 
worldwide are facing extreme hunger, with a staggering 2 billion people lacking adequate food 
security [16]. The second pivotal goal of the sustainable development goals (SDGs), 
established in New York in 2023, aims to end hunger, achieve food security, improve nutrition, 
and promote sustainability by the year 2030 [17, 18]. However, with approximately six years 
remaining until this target date, the enduring presence of plant-parasitic nematodes poses a 
significant threat to global food security, leading to the destruction of at least 12.3% of global 
food production annually, amounting to an estimated sum exceeding US$157 billion on a 
global scale each year [19]. Despite concerted efforts to address this pressing issue through 
various approaches and techniques, effective control mechanisms remain elusive. In response 
to this imperative, a cohort of researchers has shifted their focus toward identifying novel 
compounds that hold promise in combating nematode infestation [20, 21]. Various compounds 
were examined as potential nematocidal agents, encompassing both organic and metallo-based 
compounds. The metallo-based compounds specifically include those derived from Schiff 
bases. Schiff bases and their corresponding metal complexes present a wide range of biological 
properties, rendering them intriguing subjects for investigation as potential nematicidal agents 
[22-25]. Their adaptability in molecular design enables precise adjustment of their biological 
activities, particularly nematicidal properties. Numerous literature reports have showcased 
Schiff base ligands and their metal complexes that exhibit significant nematicidal activity 
against plant-parasitic nematodes. These compounds have demonstrated efficacy in addressing 
nematode infestations by interfering with crucial biological processes, underscoring their 
potential as eco-friendly alternatives to traditional nematicides [26-28]. El-Attar and co-
researchers investigated the nematicidal activity of Co(II), Y(III), Zr(IV), and La(III) 
complexes derived from Schiff bases. Their research demonstrated the effectiveness of the 
synthesized complexes against second-stage juveniles under laboratory conditions, showing an 
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inhibition rate of 100% [29]. Similarly, Meena and Fahim reported the nematicidal activity of 
vanadium(V) complexes derived from the Schiff base against Meloidogyne incognita, a 
nematode plant parasite. Their findings revealed that the complexes are more potent than the 
free ligand [30]. Also, Kavitha and Reddy reported the nematicidal activity of Ni(II) and Zn(II) 
complexes derived from Schiff base ligands, in which the complexes displayed higher activity 
than the free ligands [31]. Additionally, Kavitha et al. further reported Co(II) complexes 
derived from formyl chromone Schiff bases. These complexes were evaluated for their 
nematicidal activity on Meloidogyne incognita based on mortality rate and egg-hatching 
inhibition. The results obtained show that the ligands demonstrated superior activity than their 
corresponding complexes [32]. In another study, complexes of Cd(II), Mn(II), and Zn(II) 
derived from Schiff bases were evaluated for their nematicidal activity against Meloidogyne 
incognita, and the results show the complexes possess higher activity than the free ligands [28]. 
Among the Schiff base-derived nematocidal agents reported, only a few contain substituents 
known to enhance biological activity, such as fluorine, which improves binding to biological 
targets through conformational flexibility. In our current study, to boost nematicidal activity, 
we utilized a fluoro-substituted aldehyde to synthesize our Schiff base and then complexed it 
with Cu(II) ions to generate the corresponding complex. This choice was motivated by the 
demonstrated high affinity of fluorinated Schiff bases for interacting with biological 
membranes and disrupting cellular processes. Similarly, fluorinated Schiff bases have shown 
the capability to interact with DNA, a trait advantageous in the development of therapeutic 
agents [33-36]. Additionally, further complexation with copper, known for forming stable 
complexes with redox properties and high Lewis acidity, has the potential to enhance the 
biological efficacy and specificity of the compounds, thereby increasing nematicidal activity 
and broadening their applications in agricultural contexts [37-40]. 

2 Experimental 

2.1 Materials and Instrumentations 

All reagents were analytical grade (AR) and used without modification. Elemental analyses 
(CHN) were conducted using the VarioElementar III micro CHN analyzer. Infrared spectra 
were captured using both a Bruker Tensor 27 and a Perkin-Elmer Fourier-transform infrared 
(FTIR) spectrometer BX. The proton spectra were acquired on a Bruker 500 MHz 
spectrometer, whereas the carbon spectra were obtained using a Bruker 125 MHz spectrometer. 
Chemical shifts for the proton and carbon spectra were referenced to dimethyl sulfoxide 
(DMSO)-d6 at chemical shifts of 2.50 and 39.50, ppm for proton and carbon, respectively, at 
room temperature. Electronic spectra were recorded at room temperature using a Shimadzu 
Ultraviolet (UV)-1900i Spectrophotometer, Double Beam. Mass spectra were generated via 
high-resolution mass spectrometry (HRMS) on a WatersAcquity Ultra-Performance Liquid 
Chromatography Synapt instrument at room temperature using high-performance liquid 
chromatography grade reagents. Thermo gravimetric analysis was carried out on an STDQ600 
thermo analyzer with a heating rate of 10°C/min under a nitrogen atmosphere. Single crystal 
X-ray diffraction analysis was performed using a Bruker Apex DUO equipped with a 4K CCD 
diffractometer area detector system (positioned at a distance of 4 cm from the crystal), a 
graphite monochromator, and a Mo-Kα fine-focus sealed tube (λ = 0.71073 Å) operating at 
1.35 kW power. The sample temperature was maintained at 173 (±2) K utilizing an Oxford 
700+ series cryostream cooler. 

  



4 
 

2.2 Statistical Analysis 

Using Statistix Version 9.0, every piece of data was subjected to analysis of variance in 
accordance with a completely randomized design. The least significant difference test at the 
5% level of significance was used to evaluate the difference between the means. 

2.3 Preparation of the Fluoro-Substituted Schiff Base Ligand 

To synthesize this ligand, we employed a previously described literature procedure with slight 
modifications [41, 42]. A solution of 2-bromo-4-(trifluoromethoxy)aniline (1.70 g, 7 mmol, 1 
eq) in 10 mL of methanol was added to a stirring solution of salicylaldehyde (0.8 g, 7 mmol, 1 
eq) in 10 mL of methanol. Subsequently, three drops of formic acid (0.3 mL) were introduced 
to the mixture to aid the condensation process, which was then stirred at room temperature for 
4 h, resulting in the formation of a yellow precipitate. The precipitate was separated via gravity 
filtration, washed with methanol to remove any unreacted chemicals, and dried to obtain a 
yellow solid, denoted as Schiff Base Ligand (HL). After drying, analytical and spectroscopic 
characterizations were carried out on the solid product to elucidate the structure of the ligand. 
The reaction pathway and details of condition for the reaction is shown in Scheme 1. 

 

SCHEME 1. Synthesis of the fluoro-substituted Schiff base ligand; i = CH3OH/HCOOH; ii = RT/ 4 h. 

Yield: 88%; Color: Pale yellow; mp: 110°C; 1H nuclear magnetic resonance (1H NMR) 
(500 MHz, DMSO-d6) δ(ppm): 12.74 (s, 1H, OH), 8.97 (s, 1H, HC═N), 7.85 (d, 1H J = 7.5 Hz, 
Ar-H), 7.69 (d, 2H, J = 8.5 Hz, Ar-H), 7.56-7.48 (m, 1H, J = 7.5 Hz, Ar-H), 7.46 (t, 1H, J = 
8.5 Hz, Ar-H), 7.02 (t, 2H, J = 7.0 Hz, Ar-H); 13C NMR (125 MHz, DMSO-d6) δ(ppm): 165.4 
(C═N), 160.2 (C-O, Ar-C), 146.4, 145.8, 134.1, 132.9, 125.6, 121.7, 121.1, 119.5, 119.3, 
119.0, 116.7; UV-Visible (UV-Vis) (DMSO, 10−3 M) λmax (nm): 270 (π→π*), 360 (n→π*); 
FTIRATR ʋ (cm−1): 3200 (OH), 1618 (C═N), 1463 (C-N), 1355 (C-F), 1286 (C-O), 760 (C-Br); 
CHN Anal. Calculated for C14H9BrF3NO2; C, 46.69; H, 2.52; N, 3.89; found: C, 46.66; H, 2.51; 
N, 3.92; HRMS-ESI m/z [M+H]+ = 361.9835 (Calculated for C14H9BrF3NO2, [M+H]+ = 
361.1339). 

2.4 Preparation of the Copper(II) Complex 

The complex was synthesized following a literature procedure with modifications [43]. 
Initially, the ligand HL (0.72 g, 2.0 mmol, 2 eq) was dissolved in 20 mL of dichloromethane 
in a reaction flask. Concurrently, a solution of Cu(OAc)2 (0.18 g, 1.0 mmol, 1 eq) in 20 mL of 
methanol was slowly added while stirring. The resulting mixtures were stirred at room 
temperature for 4 h, leading to the formation of brown precipitates. These precipitates were 
subsequently filtered using gravity filtration, dried in a desiccator over fused calcium chloride, 
weighed, and the percentage yields calculated using a standard method. Subsequently, the 
complex underwent various characterization techniques. The reaction scheme and conditions 
are depicted in Scheme 2. 
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SCHEME 2. Synthesis of the complex (CuL2); i = CH3OH/CHCl2; ii = RT/4 h. 

Yield: 68%; Color: Brown; mp: 190°C; UV-Vis (DMSO, 10−3 M) λmax (nm): 282 (π→π*), 387 
(n→π*), 525 (d-d transition); FTIRATR ʋ (cm−1): 1600 (C═N), 1450 (C-N), 1440 (C-F), 1260 
(C-O), 668 (C-Br), 554 (Cu-N), 434 (Cu-O); CHN Anal. Calculated for C28H16Br2CuF6N2O4; 
C, 43.02; H, 2.06; N, 3.58; Found: C, 43.02; H, 2.07; N, 3.57; HRMS-ESI m/z [M+Na]+ = 
803.554 (Calculated for C28H16Br2CuF6N2O4, [M+Na]+ = 803.554). 

2.5 Single-Crystal X-Ray Diffraction Analysis 

The single crystal X-ray data for the Copper(II) complex (CuL2) were collected using the 
APEXII software suite, with reflections indexed at various initial angles to devise a complete 
data collection strategy. Subsequently, the collected frames were integrated using the Bruker 
SAINT Software package for data processing [44]. SADABS was employed to mitigate 
absorption effects [45]. The structures were initially solved using the direct method with 
SHELXS and further refined with SHELXL [46]. Crystal structure graphics were generated 
using the Mercury software [47] Non-hydrogen atoms were analyzed isotropically and 
anisotropically based on F2 using the full-matrix least squares method in SHELXL. Hydrogen 
atom positions were geometrically determined, allowed to ride on their parent atoms, and 
refined isotropically [48]. For methyl groups, initial C–H orientations were derived from the 
Fourier difference map and subsequently refined as rigid rotors. 

2.6 Hirshfeld Surface Analysis 

The calculation of Hirshfeld surfaces (HS) and two-dimensional fingerprint plots for the CuL2 
complex was performed at the B3LYP/6-31G(d,p) level of theory using Crystal Explorer 17.5 
software. CIF files were utilized as input files [49]. The generation of HS employed high-
resolution and d-norm functions. Subsequently, the same software was employed to generate 
the 2D fingerprint plots. 

2.7 Stability Study 

The stability of the ligand and its complex was checked using repeated time-dependent analyses 
by UV-Vis absorption spectroscopy in a mixture of water and dimethyl sulfoxide in a 1:1 ratio 
at room temperature. 

2.8 Nematicidal Activity Study 

The synthesized ligand (HL) and its copper complex (CuL2) were assessed for their 
nematicidal activity on Melodogyne Incognita through various assays, including egg hatching 
inhibition and mortality tests at concentrations of 50 and 100 µM, with each assay conducted 
in triplicate. 

  



6 
 

2.9 Isolation of the Nematode and Its Eggs 

The nematodes were isolated using a method adapted from the literature [50]. Nematodes and 
their egg masses were extracted from severely affected okra roots by slicing the galls into 
smaller pieces and soaking them in water for 48 h. The decanted suspension was examined 
under a microscope to identify nematodes and their eggs; the presence of thread-like 
roundworms indicated the presence of nematodes. The stock suspension was stored in a 
refrigerator for subsequent nematicidal activity testing. 

2.10 Egg-Hatching Inhibition 

The egg-hatching inhibition was performed according to the literature [50]. The egg suspension 
was vigorously shaken for 5 minutes after the quick addition of 500 mL of 1% NaOCl. 
Subsequently, the suspension was swiftly poured through nested 500 and 200 mesh sieves. 
Eggs that passed through the 500 mesh sieves were retrieved through repeated sieving and 
rinsing, while those retained were washed with ample distilled water. The eluted eggs from the 
sieves were transferred to a beaker with water. The eggs retained on the sieve were thoroughly 
washed three times with distilled water and collected in a separate beaker. Approximately 10 
nematode eggs were used per replicate sample, with each treatment replicated three times in 
the experiment conducted at room temperature. The eggs were treated with CuL2 and HL 
dissolved in concentrations of 50 and 100 µM/mL for 24, 48, and 72 h. Observations regarding 
egg hatching were recorded, and the percentage of egg hatching inhibition was calculated using 
the equation presented below,, where n = 10. The use of approximately 10 nematode eggs per 
replicate, replicated three times, strikes a balance between statistical rigor and practical 
feasibility in the experimental setup.  

 

2.11 Mortality Test 

The ligand (HL), its complex (CuL2), and the control, carbofuran (Crf), were initially 
dissolved in a mixture of methanol and distilled water to prepare dilutions of 50 and 100 
µM/mL. The experiments were conducted under controlled laboratory conditions at room 
temperature. Approximately 10 freshly hatched second-stage juveniles were suspended in 
5 mL of each diluted compound and then incubated. Distilled water containing nematode larvae 
served as the control. After incubation periods of 24, 48, and 72 h, deceased nematodes were 
observed under an inverted binocular microscope. Nematodes were deemed deceased if they 
displayed no movement when probed with a fine needle [32]. The percentages of mortality 
were calculated using Microsoft Excel software based on the equation shown below, and the 
resulting data were documented  
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2.12 Computational Studies 

To account for the observed disparities in properties between Ligand (HL) and its copper(II) 
complex (CuL2) from a quantum chemical point of view, input geometries of HL and CuL2 
were neatly constructed in GaussView 5.0 interface [51] and optimized to their respective 
global equilibrium structures at B3LYP/ Def2TZVP theory level [52-55], using Gaussian 09 
code, and ensuring that all necessary convergence and frequency conditions were satisfied 
(output geometries have no imaginary frequencies). The selected functional-basis set pair has 
remained one of the best choices for calculations involving ligand-metal systems [41, 56–59]. 
The relative reactivity of HL and CuL2 was assessed based on key reactivity descriptors 
derived from their respective highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO) energies, using Equations (1)–(4) [41, 60–63]. Relative 
susceptibility to nucleophilic and electrophilic attacks in biological systems was predicted 
based on electron density distributions of the optimized compounds as revealed by their 
electrostatic potential (ESP) map. Finally, the strength of the metal-ligand bonds in the complex 
was assessed based on natural bond orbital (NBO) analysis.  

      (1) 

       (2) 

       (3) 

        (4) 

3 Result and Discussion 

3.1 Synthesis and Characterizations 

The ON-donor bidentate fluoro-substituted HL was synthesized through the reaction of 
salicylaldehyde and 2-bromo-4-(trifluoromethoxy)aniline in methanol at room temperature, 
with formic acid serving as a catalyst. The mononuclear Cu(II) complex (CuL2) was then 
obtained by combining Cu(OAc)2 and the ligand in a 1:2 mole ratio in a 
dichloromethane/methanol mixture at room temperature. Both the ligand (HL) and the 
complex (CuL2) were obtained in good yield and characterized using various analytical and 
spectroscopic techniques (ESI S1-S10). The structure of the complex (CuL2) was further 
elucidated through single crystal X-ray analysis. 

3.2 NMR Spectral Study 

In the 1H NMR spectrum of the ligand, HL (Figure S1), a distinctive chemical shift at 
12.74 ppm was observed for the phenolic proton, while the azomethine proton was identified 
by a peak at 8.97 ppm. The downfield positioning of the signal due to the phenolic proton is 
attributed to the influence of the electronegative oxygen atom which withdraws electron 
density from the proton, leading to deshielding and appeared in the downfield region. In 
contrast, the signal due to azomethine proton was observed in the upfield region relative to the 
phenolic proton signal due conjugation, less shielding by the nitrogen atom and less acidic 
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nature comparative to the hydroxyl group. The aromatic protons displayed chemical shifts 
ranging from 6.98 to 7.89 ppm, encompassing all the aromatic protons in the compound. The 
appearance of the signals due to the aromatic protons within this region is an indication of a 
complex interplay of electronic, ring current, structural, and solvent effects. 

In the 13C NMR spectrum of the ligand (Figure S2), distinct signals corresponding to all carbon 
atoms in the compound were observed. Notably, the azomethine (C═N) carbon exhibited a 
chemical shift at 165.5 ppm, while the carbon directly linked to the phenolic oxygen was 
identified at 160.2 ppm. The carbon atom due to the azomethine group was observed in 
downfield region at 165. 5 ppm due to the double bond character, electronegative nitrogen 
atom, and conjugation effect. But the aromatic carbon linked to the hydroxyl group was 
observed in the upfield relative to the azomethine carbon atom due to mesomeric effect of the 
hydroxyl group electron density. The remaining aromatic carbons were detected in the range 
of 116.7–146.4 ppm, collectively representing all the aromatic carbons in the compound. This 
signal fails within the expected range of aromatic carbons, which usually appears between 100 
and 160 ppm. However, these signals were influenced by factors such as electron density, 
substitution pattern, and conjugation effects resulting in the observed range of 116.7–
146.4 ppm. 

However, due to the paramagnetic nature of the Cu(II) ion, NMR analysis could not be 
performed on the complex. 

3.3 Electronic Spectral Study 

The UV-Vis absorption spectral analysis of the ligand (HL) and its complex (CuL2) was 
conducted in dimethyl sulfoxide using sample concentrations of 10−3 M, with the spectra 
presented in (Supplementary information Figure S4 and S8). Various absorption peaks were 
observed in the spectra. In the ligand's spectrum, two absorption peaks appeared in the UV 
region below 400 nm at 258 and 337 nm, corresponding to π→π* and n→π* transitions arising 
from the aromatic and azomethine moieties, respectively. 

The complex's spectrum exhibited three absorption peaks at 284, 387, and 520 nm, attributed 
to π→π*, n→π*, and d-d transitions, respectively. A comparison of the ligand and complex 
spectra revealed differences: the peak at 258 nm in the ligand, associated with the π→π* 
transition, shifted to 284 nm, while the absorption peak from the n→π* transition at 337 nm in 
the ligand shifted to 387 nm in the complex. These shifts post-complexation could be ascribed 
to changes in ligand field strength and the involvement of the azomethine nitrogen in 
coordination. 

Moreover, a new absorption peak was observed in the complex spectrum at 520 nm. The 
emergence of this peak in the visible region suggests that complexation with the Cu(II) ion 
introduced new electronic (d-d) transitions characteristic of the coordination environment and 
electronic structure of the complex. 

The superimposed experimental and density-functional theory (DFT)-calculated spectra of the 
complex, CuL2 are presented in Figure 1. The DFT-calculated electronic spectrum of CuL2 
agrees with the experimental spectrum with a correction value of 40 nm added to the 
wavelength. Both experimental and theoretical spectra displayed three absorption bands each 
from 270 to 520 nm. The visible band at 520 nm (1st excited electronic state) is decomposed 
into the following major contributions HOMO (α)→LUMO(α) (46%), H-4(β)→LUMO(β) 
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(31%), and HOMO(β)→L+1(β) (10%). The dominant contribution HOMO(α)→LUMO(α) in 
the visible region is due to d→d transition. The higher energy transitions at 387 nm major 
contributions were H-2(α)→LUMO(α) (12%), H-2(β)→L+1(β) (25%)→H-6(α)→L+1(α) 
(9%), H-4(α)→LUMO(α) (6%), and H-1(α)→L+8(α), while the 284 nm band major 
contributions were H-1(α)→L+1(α) (22%), HOMO(α)→LUMO(α) (12%)→H-
12(α)→LUMO(α) (4%), H-11(α)→LUMO(α) (5%), H-4(α)→LUMO(α) (3%), and H-
2(α)→LUMO(α). These high-energy LUMOs are metal-based and have mostly σ* character. 
Hence, the absorption at 284 nm is a π-σ* transition with significant ligand-to-metal charge 
transfer. The spectra presented in Figure 1 further corroborated that the experimental data 
agrees with the theoretic time-dependent-DFT data. 

 

FIGURE 1. The experimental and density-functional theory (DFT) calculated spectra of CuL2. 

3.4 Infrared Spectral Analysis 

The FTIR spectra of the ligand (HL) and its copper complex (CuL2) were obtained in the solid 
state using the ATR method, and the spectra are presented in the Electronic Supplementary 
Information (Figures S3 and S7). The spectrum of the ligand (Figure S3) exhibits a phenolic 
O-H stretching frequency at 3200 cm−1, an azomethine (C═N) transmittance peak at 1618 cm−1, 
and stretching frequencies attributed to C─N and C─O at 1463 and 1286 cm−1, respectively. 

Upon comparing the spectra of the ligand and the complex after complexation, it was observed 
that the phenolic stretching frequency peak at 3200 cm−1 disappeared, indicating deprotonation 
and subsequent formation of a Cu─O bond stretching frequency, which was observed at 434 
cm−1. Similarly, the azomethine (C═N) stretching frequency at 1618 cm−1 in the free ligand 
shifted to 1600 cm−1 in the complex spectrum, suggesting the involvement of the nitrogen atom 
in complexation and the formation of a Cu-N bond with a stretching frequency at 554 cm−1. 
The peaks associated with C-N and C-O underwent shifts to 1450 cm−1 and 1260 cm−1, 
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respectively, as a result of structural vibrations arising from complexation. The appearance of 
stretching vibration frequency due to Cu-O and Cu-N bonds justifies the formation of the 
complex. 

3.5 Mass Spectral Analysis 

To further confirm the formation of the ligand (HL) and its copper complex (CuL2) and 
determine their stoichiometric composition, mass spectrometry analysis was conducted using 
HRMS. The spectra of HL and CuL2 are provided in the supplementary information (Figures 
S6 and S10), showing molecular ion peaks that correspond to the proposed structures of the 
compounds. 

The spectrum of HL (Figure S6) reveals a peak with an m/z value of 361.9835, representing 
the molecular weight ionization with a proton [M+H]+. This value closely matches the 
theoretically calculated value of 361.1339, confirming the successful isolation of HL. In the 
spectrum of the complex (CuL2) (Figure S10), a molecular ion peak consistent with the 
proposed structure of the complex is observed, with an m/z value of 803.554 representing 
molecular ionization with sodium [M+Na]+. This value coincides with the theoretically 
calculated value of 803.554 for [M+Na]+. The agreement between the experimental and 
theoretical values provides confirmation of the formation of the complex. 

Furthermore, the elemental (CHN) and metal (Cu) compositions of the ligand and its complex 
were quantified using microanalysis and metal analysis, and the result obtained support the 
proposed structures, confirming the 1:2 stoichiometric composition of CuL2 and the elemental 
composition of HL. 

3.6 Thermogravimetric Analysis 

The thermal decomposition of the compounds was investigated using thermogravimetric 
analysis under a nitrogen environment, with the corresponding thermograms depicted in 
Figures S5 and S9. The weight loss and decomposition temperatures were recorded within the 
range of 25–800°C. 

The thermogram of HL (Figure S5) illustrates a single decomposition step occurring from 180 
to 674°C, resulting in a weight loss of 63.41%, which was calculated as 65.20%. This 
decomposition phase represents the core organic fragment moiety of the ligand system. 
Additionally, the thermogram indicates the compound's stability within the range of 25–180°C, 
aligning with the compound's melting point (190°C). 

Similarly, the thermogram of CuL2 (Figure S9) displays four distinct decomposition steps. The 
initial step, before 150°C, with a weight loss of 3.31%, is attributed to moisture content. The 
subsequent step, occurring between 190 and 230°C and resulting in a weight loss of 23.15% 
(calculated as 24.92%), corresponds to the organic fragment of the first ligand. The third 
decomposition step, observed at 250–350°C with a weight loss of 27.67% (calculated as 
28.51%), is associated with the organic fragment of the second ligand. Finally, the fourth 
decomposition phase, spanning 380–700°C and leading to a weight loss of 11.44% (calculated 
as 11.93%), is linked to the inorganic residue within the molecule. 
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3.7 Description of Crystal Structure 

The crystallographic analysis of the copper Schiff base complex, CuL2, reveals that it 
crystallizes in the monoclinic space group P21/c. The asymmetric unit consists of a single 
molecular unit, where the copper ion is coordinated in a slightly distorted square planar 
geometry. The coordination environment includes two HL, each of which coordinates to the 
copper center through phenolic oxygen and an imine nitrogen atom. Figure 2 presents the 
structural representation of the CuL2 complex, highlighting this coordination arrangement. 

 

FIGURE 2. Labeled view of the low-temperature X-ray structure of CuL2. Thermal ellipsoids are 
rendered at 50% for all complexes. Hydrogen atoms are omitted for clarity of the molecule. 

Key crystallographic data and structure refinement parameters are presented in Table S1, 
providing essential information about the unit cell and crystal quality. Bond lengths and angles 
around the copper center, which are crucial for understanding its coordination geometry, are 
summarized in Table S2. The Cu1-O1 and Cu1-O2 bond lengths are measured at 1.889 and 
1.883 Å, respectively, while the Cu1-N1 and Cu1-N2 bond lengths are 1.988 Å and 1.993 Å. 
These values indicate strong coordination between the copper ion and the donor atoms of the 
HL. Additionally, the C═N bond length is determined to be 1.429 Å, which is consistent with 
typical imine bonds and confirms the proper formation of the HL in the structure [64, 65]. The 
copper ion's coordination environment is based on square planar geometry, but slight 
distortions are observed due to steric and electronic effects from the HL. The bond angles 
around the copper center reflect these distortions: the O1-Cu1-O2 bond angle is 156.37°, 
deviating from the ideal 180°, and the N1-Cu1-N2 bond angle is 161.47°, showing a small 
contraction. Other bond angles, including N1-Cu1-O2 at 93.17°, N2-Cu1-O2 at 89.5°, N2-Cu1-
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O1 at 93.12°, and O1-Cu1-N1 at 91.56°, are close to the ideal 90° but show minor deviations. 
These distortions are typical of copper(II) complexes, where factors such as ligand strain and 
electronic repulsion between donor atoms lead to slight deviations from perfect geometry. 

The HLs’ coordination through the phenolic oxygen and imine nitrogen atoms plays a key role 
in stabilizing the copper center. The observed bond lengths and angles are consistent with this 
coordination mode and provide insight into the structural dynamics of the complex. 

Further analysis of the crystal structure revealed the presence of non-classical hydrogen 
bonding interactions within the lattice, which contributed to the overall stability of the 
structure. These unconventional hydrogen bonds, although weaker than traditional hydrogen 
bonds, still play an essential role in maintaining the integrity of crystal packing. In the C1 
lattice, C2-Br1ꞏꞏꞏO1 and C7-H7ꞏꞏꞏC23 interactions occur between hydrogen atoms of the HL 
and neighboring HL. These weak interactions enhance the stability of the crystal structure and 
can influence the material's physical properties, including thermal stability and solubility. The 
crystallographic packing for C1, viewed along b axis is shown in Figure 3. 

 

FIGURE 3. Crystallographic packing for CuL2, viewed along the b axis. 

3.8 Hirshfeld Surface 

HS visually depicts the distribution of electron density surrounding molecules in crystals, 
highlighting areas of electron accumulation or depletion that play a key role in crucial 
intermolecular interactions like hydrogen bonding and van der Waals forces, essential for 
advancing knowledge in pharmaceuticals, materials science, and related fields. In this study, 
we only obtained the crystal structure of the complex, and it is confirmed to exist as CuL2, 
where two molecules of the ligand chelate the copper(II) ion. Therefore, to study the HS within 
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the crystal lattice of CuL2, the Crystal Explorer 17.5 software was employed to generate two-
dimensional fingerprint plots by loading the CIF file of CuL2. High-resolution analysis using 
the dnorm function was conducted, with a color scale ranging from red (0–0.701) to blue (1.798) 
a.u. [66]. The calculations involved two-dimensional fingerprint plots within the 0.6–2.6 Å 
range. An electron cloud was utilized to visualize interacting sites between neighboring 
molecules from the surface to the adjacent atom exterior (de plots) or interior (di plots) within 
the crystalline environment, with the normalized contact distance (dnorm) determined using 
Equation (1) [34, 67]. The results are displayed through colored isosurfaces, where bright red 
spots indicate strong interactions, white areas represent van der Waals interactions, and blue 
regions signify no interactions, as shown in Figure 4.  

         (1) 

where and are the van der Waals radii of the atoms [39, 68, 69]. 

 

FIGURE 4. Hirshfeld surface analysis of CuL2 obtained using Crystal Explorer 17.5 software with 
different color isosurfaces for the interacting sites in the crystalline environment. 

Additionally, two-dimensional fingerprint plots of HS provide a quantitative value for the 
atomic contributions between interacting atoms within the crystalline environment (Figure 4). 
In this study, we noticed a significant number of contributions exceeded 1%. Among these 
atomic interactions, the dominance of interactions between hydrogen and fluorine atoms is 
evident, with contributions exceeding 15%. This is likely attributed to hydrogen bonding. 
Additionally, strong interactions such as C-H/H-C and H-H interactions exhibit contributions 
exceeding 10%, consistent with observations from our previous studies [34, 39]. 
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Furthermore, notable interactions between bromine and fluorine atoms were observed, with 
contributions close to 5%. These interactions are also likely influenced by hydrogen bonding. 
The details of all the interactions within the 2D fingerprint plot are shown in the supplementary 
information (Figure S11). 

 

FIGURE 5. The intermolecular interaction between the neighboring molecules (a), Coloumbic 
interacting topology between interacting atoms on neighboring molecules (b), Dispersion interacting 
topology network between interacting atoms on the neighboring molecules (c), and Total interacting 
topology network between interacting atoms on the neighboring molecules (d) within the crystalline 
environment of CuL2 generated on Crystal Explorer 17.5 software using the Tonto method at the 
B3LYP/DGDZVP level of theory. 

The intermolecular interacting energies between the neighboring molecules within the 
crystalline environment were estimated using the Tonto method at the B3LYP/DGDZVP level 
of theory [70]. These energies were visualized using color schemes, where the same color 
signifies interacting energies between these adjacent molecules as depicted in (Figure 5a). 
Furthermore, the intermolecular topology framework was established by connecting the 
interacting atoms of these neighboring molecules, highlighting what is known as Coulombic 
interactions as shown in (Figure 5b). The Coulombic interactions reveal the distribution of 
charge density around the metal center and ligands. These interactions provide insights into the 
electrostatic forces at play within the complex and reinforce the bonding patterns, 
intermolecular interactions, and the overall stability of the CuL2 in its crystalline environment. 
The notable among is Br-Cu interaction which accounts for 6% of the overall interactions and 
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enables us to obtain a dispersion interaction between the atoms of neighboring molecules 
(Figure 5c), which reveals non-covalent interactions between metal ions and ligands in the 
crystalline environment and Total interactions therein (Figure 5d). The total interactions gave 
deeper insight into the complex interplay between different types of interactions within the 
crystal environment, offering a more thorough understanding of the structural and chemical 
characteristics of the CuL2 complex. 

Quantitative values for these interactions resulting from symmetry operations (Sym op) were 
determined, with R representing the distance between the molecular centroids of the interacting 
molecules (Table S3), derived from vector properties [71]. The interaction between 
neighboring molecules induces a perturbation, leading to an energy breakdown as shown in 
Equation 2:  

         (2) 

Here, Eele, Epol, Edis, and Erep represent electrostatic, polarization, dispersion, and repulsive 
energies, respectively [72]. Consistent with our previous studies [43], a correlation between R 
and Etot was observed, with a few outliers where stronger interaction energies occur at shorter 
intermolecular centroids. 

Overall, the Hirshfeld analysis of the complexes emphasized a significant interaction within 
the crystal environment of the compound, revealing its crystal stability and potential as a 
biologically viable molecule. Additionally, this study showcased the compound's inclination to 
interact favorably with receptors, resulting in a favorable binding score. This result 
corroborated the results of the Hirshfeld analysis conducted on some biologically viable metal 
complexes [73-75]. 

3.9 Biological Study 

3.9.1 Stability Study 

The stability of a meta-based biological agent at an early investigational stage is crucial for 
several reasons, including its ability to endure in an aqueous environment. Many metallodrug 
candidates, such as auranofin (Au(I)), cisplatin (Pt(II)), and NAMI-A (Ru(II)), undergo ligand 
exchange reactions, ultimately transforming into simpler (ionic) metal species both in vitro and 
in vivo [76, 77]. Therefore, before subjecting the synthesized Cu(II) complex CuL2 to the 
biological study, it was assessed for stability in a phosphate buffer (10% (v/v) DMSO) over a 
period of 72 h using UV-visible spectroscopy (Figure S12). Spectral changes indicated that 
CuL2 remained relatively stable over a 72-h period in the phosphate buffer (Figure S12). No 
observable chemical alterations, such as metal ion release or bond dissociation, occurred during 
this timeframe. The absence of isosbestic points in the spectrum suggests that CuL2 did not 
undergo any chemical reactions within the investigated period. Therefore, this suggests the 
compound will make a suitable investigational biological candidate to test further. 

3.9.2 Anti-Nematocidal Activity Study 

After conducting a stability study on the CuL2 complex (Figure S12), which indicated its 
stability in an aqueous medium, CuL2 was evaluated for its anti-nematocidal activities on 
nematodes using Melodogyne Incognita (second-stage juveniles (J2)) and their eggs using in 
vitro egg hatching inhibition and mortality rate assays. This evaluation involved comparisons 
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with the ligand HL and the control Crf. The assays were performed using concentrations of 50 
and 100 µM over a 24–72-h period (Figures 6 and 7). The results revealed that both the ligand 
and the complex exhibited superior activity compared to the control at both concentrations. 
Interestingly, the ligand (HL) demonstrated greater activity than the complex (CuL2) at lower 
concentrations. 

 

FIGURE 6. Plot of the egg hatching inhibition activity of the ligand (HL), and its copper complex 
(CuL2), comparative to control, carbofuran (Crf) as a function of time after 24, 48, and 72 h; after 
treatment with samples concentrations of (a) 50 µM and (b) 100 µM. 
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FIGURE 7. Plot of the mortality rate of the second stage juvenile (J2) after treatment with the ligand 
(HL), and its copper complex (CuL2), comparative to control, carbofuran (Crf) as a function of time 
after 24, 48, and 72 h; using concentrations of (a) 50 µM and (b) 100 µM. 

3.9.3 Egg-Hatching Inhibition Study 

The egg hatching inhibition results (Figure 6a,b) showed that at a concentration of 50 µM, HL 
inhibited egg hatching by 100% at 24, 48, and 72 h, preventing any eggs from hatching. In 
comparison, treatment with CuL2 resulted in egg hatching inhibition rates of 93.86 ± 0.22%, 
98.76 ± 0.14%, and 99.33%, after 24, 48, and 72 h of treatment, respectively (Figure 6a). In 
contrast, the control Crf inhibited egg hatching at rates of 56.33 ± 0.33%, 63.94 ± 0.61%, and 
67.00 ± 0.34% after 24, 48, and 72 h of treatment, respectively (Figure 6a). 

At a concentration of 100 µM, both HL and CuL2 achieved a 100% egg hatching inhibition at 
24, 48, and 72 h of treatment (Figure 6b). In comparison, Crf achieved egg-hatching inhibition 
rates of 88.16 ± 0.84%, 89.90 ± 0.33%, and 90.80 ± 0.50% after 24, 48, and 72 h of treatment, 
respectively (Figure 6b). The higher egg hatching inhibition activity of the free ligand at lower 
concentrations is likely due to its better solubility and specific mode of action, while the 
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complex's altered structure may initially hinder its efficacy. However, at higher concentrations, 
the modified structure of the complex becomes advantageous. Both the ligand and the complex 
outperform Crf at all concentrations, possibly due to synergistic effects, enhanced release of 
active species, and multiple targeting mechanisms, demonstrating their superior nematocidal 
activity 

3.9.4 Mortality Rate Study 

The efficacy of the complex (CuL2) and the ligand (HL), compared to the control Crf, in 
influencing the mortality rate of second-stage juvenile (J2) nematodes was assessed by 
measuring the percentage of nematodes that perished after exposure to the compounds at 
concentrations of 50 and 100 µM over a 24–72-h treatment period. The results, depicted in 
(Figure 7a,b), show a trend like that observed in the egg hatching inhibition study. Specifically, 
when J2 were exposed to the compounds at a concentration of 50 µM, HL exhibited a mortality 
rate of 100% at 24, 48, and 72 h, respectively (Figure 7a). In comparison, exposure to CuL2 at 
the same concentration resulted in mortality rates of 56.66 ± 0.33%, 63.33 ± 0.23%, and 86.66 
± 0.13% at 24, 48, and 72 h, respectively (Figure 7b). The control, Crf, showed mortality rates 
of 50.00 ± 0.00%, 54.54 ± 0.64%, and 67.35 ± 0.54% at 24, 48, and 72 h, respectively. 
Similarly, at a higher concentration of 100 µM, exposure of J2 to HL and CuL2 led to a 
mortality rate of 100% after 24, 48, and 72 h of treatment, respectively (Figure 7b). Conversely, 
the control, Crf, exhibited mortality rates of 62.45 ± 0.64%, 68.66 ± 0.82%, and 78.45 ± 0.61% 
after 24, 48, and 72 h of treatment, respectively (Figure 7b). 

The ligand demonstrating higher mortality rates than the complex at lower concentrations on 
the J2 nematodes could be attributed to factors such as its potentially greater solubility and 
specific mode of action, which may interact more effectively with the nematodes. Additionally, 
the ligand and the complex showing higher activity than carbofuran at all concentrations might 
stem from synergistic effects between the compounds, enhanced release of active species, 
multiple targeting mechanisms, and specific interactions with the nematodes, collectively 
contributing to their superior efficacy in inducing nematode mortality across the concentration 
range studied. 

3.9.5 Mechanism of Action of HL and CuL2 

The antinematicidal activity of the synthesized compounds can be attributed to the presence of 
specific substituents as well as the role of the copper ion in the complex. The azomethine group 
in the HL interacts with vital biomolecules in the nematode, potentially disrupting key 
biochemical pathways. The trifluoromethoxy substituent enhances the compound's binding to 
biological targets and facilitates membrane penetration due to its lipophilic nature, impacting 
membrane integrity and cellular functions. The bromo substituent contributes to the 
compound's reactivity and affects its binding affinity to biological receptors or enzymes. In the 
copper complex, the copper ion's redox properties induce oxidative stress within the nematode, 
disrupting cellular redox processes crucial for its survival. Furthermore, the Lewis acidity of 
copper interferes with enzymatic functions, thereby enhancing the compounds' efficacy by 
affecting essential biological processes in the nematode. Collectively, the interactions of these 
substituents, including azomethine, trifluoromethoxy, and bromo groups, along with the 
properties of the copper ion in the complex, synergistically disrupt cellular processes, impact 
membrane integrity, and impede the nematode's growth and survival, culminating in the 
observed antinematicidal effects. 
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3.10 Computational Study 

3.10.1 Analysis of the Optimized Geometries of HL and CuL2 

The optimized molecular structures of HL and CuL2 are displayed in Figure 8 with their 
respective frontier molecular orbital isosurfaces and ESP maps. The optimized geometries 
clearly reveal the occurrence of coordination between two molecules of the ligand (the 
deprotonated form) and Cu(II) ion, forming a stable and nearly perfect square planar shape, in 
agreement with the experimental proposition. Selected geometrical parameters (bond lengths 
and bond angles) confirming the square planar geometry of the complex are presented in 
Table 1 with the computed reactivity and thermodynamic descriptors. 

 

FIGURE 8. Optimized geometries of HL (left) and CuL2 (right) showing their frontier molecular orbital 
isosurfaces and electrostatic potential maps. 
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TABLE 1. Predicted geometrical, reactivity, and thermodynamic descriptors for the compounds.  

 

The variations in the lengths of C─O and C═N bonds between the ligand and the complex are 
indicative of a change in electron densities in these bonds upon their involvement in 
coordination with the metal ion. The lengths of the metal-ligand bonds (i.e., Cu─O and Cu─N) 
are within the required range [60], while the three bond angles ( O-Cu-O, N-Cu-N, and N-Cu-
O) are characteristic of a square planar configuration; the values of O-M-O and N-M-N indicate 
that the complex is almost planar whereas that of N-M-O is typical of the angle between two 
perpendicular bonds in a square planar geometry [61, 78]. 

3.11 Reactivity Analysis 

The HOMO isosurface (Figure 8) marks the parts of the ligand and the complex that could be 
responsible for donating electrons to an electron-deficient species to foster a strong donor-
acceptor interaction which is crucial in biological systems. On the other hand, the LUMO 
isosurface reveals the structural portions of the compounds having the highest electron 
deficiency. These portions are responsible for the electrophilic behavior of the compounds, that 
is, their propensity to nucleophilic attack. As evident from Figure 8, the HOMO isosurface 
spreads essentially over the entire delocalized pi-electron networks of both the ligand and the 
complex, encapsulating the donor moieties (C═O and C═N), and excluding the -CF3 
substituent in the case of the ligand as well as the rings bearing this substituent in the case of 
the complex. This obviously affirms the strong electron-withdrawing nature of -CF3. 

On the other hand, the LUMO isosurface covers the entire structures of the ligand and the 
complex with the exception of the hetero-atoms (O and N) and the substituents (-Br and -
OCF3). It is interesting to note the manner in which the LUMO isosurface is distributed 
between the two opposite rings bearing the -OCF3 substituent in the complex. The effect of this 
substituent on both ends of the complex appears to be well controlled such that the electron 
density around the coordination region is not severely depleted to preserve the structural and 
electronic integrities of the complex. This suggests that the central metal atom played a crucial 
role in mediating an equitable electron density distribution between the opposite ends of the 
complex. On one end, the electron-withdrawing effect of -OCF3 led to the depletion of electron 
density in the associated ring as revealed by the LUMO isosurface. To balance the electron 
density on both ends and preserve the electronic density at the coordination region, the opposite 
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ring inductively pulled electrons from its -OCF3, making it an electron-deficient moiety as 
confirmed by the appearance of LUMO isosurface on the second -OCF3. We believe that this 
phenomenon would have a strong nexus with the biological activity of the complex. 

Quantitatively, HOMO and LUMO energies are a pointer to electron-donating and electron-
accepting tendencies, respectively. The higher the HOMO energy, the higher the tendency to 
donate electrons, and the lower the LUMO energy, the higher the probability to accept 
electrons. Therefore, the EHOMO and ELUMO values (Table 1) suggest that the complex is more 
likely to donate and accept electrons better than the ligand. 

HOMO-LUMO energy gap (Eg) and softness () are parameters that describe the overall stability 
and propensity of a molecule to a change in electronic structure. The smaller the value of ΔE 
and the higher the size of , the more the ease of excitation, the smaller the reluctance to 
electronic perturbation, and the higher the activity of a molecule. Inferring from the results 
shown in Table 2, the complex is predicted to be more active than the ligand, in agreement with 
the trend of the biological study discussed previously. The mechanism of activity of the 
complex will be controlled both by its electron-donating and electron-accepting capabilities as 
revealed by its EHOMO and ELUMO values. 

TABLE 2. Stabilization energies of the complex as obtained from natural bond orbital (NBO) 
calculation.  

 

The trend of chemical potential () corroborates the EHOMO, suggesting that the complex 
possesses a higher electron-donating capacity. The electrophilicity index () reveals that the 
complex is more electrophilic than the ligand, implying that the complex will be more 
susceptible to the attack of a bio-nucleophile than the ligand. 

The molecular ESP maps displayed in Figure 8 show the electron-rich and electron-deficient 
regions, thus, helping to identify the prospective sites for electrophilic and nucleophilic attacks 
in the compounds. The most electron-rich molecular region is shown in red whereas the most 
electron-deficient one is indicated with a blue color [41]. Regions marked by orange and yellow 
colors are moderately and weakly populated by electrons while the pale green regions are 
neither electron-deficient nor electron-rich, hence called regions of zero potential. 

Using the color codes described above, the ESP map of the ligand (Figure 8) shows the 
presence of a substantial amount of electron density around the azomethine (HC═N) and 
carbonyl (C═O) functions, justifying the choice of these sites for coordination with the metal 
ion. As for the complex, the electron-deficient regions (areas colored blue) are a result of the 
electron-withdrawing influence of -OCF3, further justifying the absence of HOMO isosurface 
in these areas. The phenyl rings indicated in yellow could be utilized for interaction with weak 
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bio-electrophiles, hydrophobic interaction in biological systems, or pi-pi stacking which is 
crucial for obtaining the crystal of the complex. 

3.12 Natural Bond Orbital Analysis of Metal-Ligand Bond Strength 

The stabilization energy, E(2) helps to quantify the stability of the bonds formed between the 
metal ion and the ligand. This parameter is derived using the relation:  

           (5) 

where is the NBO Fock off-diagonal element, is the occupancy of the donor orbital, and and 
are energies of the donor and acceptor NBO, respectively, and are the diagonal elements of the 
matrix [57]. 

The E(2) values for the ligand's interaction with the metal ion through the donor sites of the 
ligand are presented in Table 2. The larger the E(2) value, the stronger the interaction and the 
more the stability of the metal-ligand bond which results from charge transfer from the ligand 
(donor) to the metal ion (acceptor). Thus, the E(2) values in the table indicate that the metal-
ligand interaction through the two donor sites of the ligand (i.e., O and N) are strong and 
sufficiently stable. However, the interaction via the nitrogen site seems to be more favorable 
on average. 

4 Conclusion 

Herein, the fluoro-substituted HL and its copper(II) complex (CuL2) were successfully 
synthesized and characterized. The solid-state structure of the complex was elucidated through 
X-ray single crystal diffraction analysis, confirming the formation of (CuL2). Hirshfeld surface 
analyses of CuL2 highlighted the significant role of HꞏꞏꞏH interactions in stabilizing the self-
assembly process, while the stability of CuL2 was further confirmed through time-dependent 
UV-vis spectroscopy. The nematicidal activities of HL and CuL2 were assessed through in 
vitro egg hatching inhibition and mortality rate assays, in comparison to the control, Crf. The 
results indicated that HL exhibited superior activity compared to CuL2 at a concentration of 
50 µM, achieving both 100% egg-hatching inhibition and mortality rates over the 24–72-h 
testing period. Furthermore, at a concentration of 100 µM, both HL and CuL2 demonstrated 
complete efficacy in both assays. Moreover, both compounds surpassed the control (Crf) in 
terms of activity in both assays and at both concentrations over the 24–72-h testing period. 
These findings hold significant promise for the agricultural sector, opens up avenues for 
environmentally friendly and efficacious solutions in pest control, contributing to the 
advancement of agricultural practices towards more sustainable and effective pest management 
strategies. 
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