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a b s t r a c t 

Donor–Acceptor (D–π–A) chalcone containing phenanthrene and keto-thiophenly moieties, abbreviated 

as PhTPO , was synthesized and characterized. The solvatochromic effect was investigated in different 

solvents of various polarities. The absorption and fluorescence spectra have shown bathochromic shifts 

from non-polar to polar solvents due to intramolecular charge transfer interactions. The fluorescence 

characteristics (fluorescence intensity, fluorescence maxima, and energy) of PhTPO are highly sensitive to 

the polarity of the solvents compared to the corresponding absorption spectra. In addition, the inclusion 

characteristic of PhTPO in different or ganized assemblies was studied. The spectral changes suggested 

that PhTPO would be useful to study the microenviromental polarity and evaluation of critical micelle 

concentrations of the studied surfactants. Reversible acidochromic behavior was observed after addition 

of H 2 SO 4 /NaOH with a significant color change. Further, the optical sensing response towards H 

+ , Co 2 + , 
Ni 2 + , Pb 2 + and Cd 2 + ions was investigated. Also, it responds well to the tested metal ions as reflected 

from the changes in both the absorption and emission spectra upon adding different concentrations of 

the metal salts. The solid complexes of PhTPO with Co 2 + , Ni 2 + , Pb 2 + and Cd 2 + were then synthesized 

and characterized. Depending on the magnetic moments results, the geometric structures were found to 

be octahedral and tetrahedral for paramagnetic Co 2 + , and Ni 2 + complexes, respectively, while they are 

diamagnetic for Pb 2 + and Cd 2 + complexes. Moreover, the geometry of PhTPO and its complexes were 

confirmed by the density functional theory (DFT) using DMOL 3 program. The binding affinity towards 

the epidermal growth factor receptor (EGFR) protein was also investigated by the Molecular Operating 

Environment (MOE) software. The anticancer activity was then evaluated against four different cell lines 

using MTT assay. The results suggest that the investigated PhTPO would be potential candidate for sol- 

vents polarity sensors, as a probe to characterize critical micelle concentrations of surfactants, and sensor 

for the studied metal ions and H 

+ proton. In addition, [ PhTPO 

–Ni 2 + ] and [ PhTPO 

–Co 2 + ] complexes are 

good candidate for further antitumor activities studies owing to their potent cytotoxic and anticancer 

activities compared to the Pb 2 + and Cd 2 + complexes. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Solvatochromic and charge transfer behaviors of Donor–

cceptor (D–π–A) probes have received a great attention owing 

o the growing interest in different fields [ 1 , 2 ]. These probes have

sed for determination of the solvents polarity [3] , as colorimet- 

ic chemosensors for volatile organic compounds [ 4 , 5 ], photo- and 
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lectroluminescent materials in laser [ 6 , 7 ], switchable viscosity 

robes [8] , dual-ion-switched molecular brakes [9] , and dye sen- 

itized solar cells [10–12] . Among all of them, the chemotypes are 

reat of interest for both chemists and physicists owing to their 

igh natural abundance, their easy synthesis, and their diverse bi- 

logical activities [ 13 , 14 ]. Chalcone is one of the most important

–π–A chemotypes due to its photophysical and photochemical 

roperties including; high fluorescence quantum yield, large Stokes 

hift, excellent light stability, and less toxicity [ 15 , 16 ]. Owing to

ll these characteristics, chalcone and its derivatives have been 

sed extensively in optoelectronics such as photorefractive poly- 

https://doi.org/10.1016/j.molstruc.2021.130581
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Scheme 1. Chemical structure and geometrical molecular model of phenanthrene-thiophene probe ( PhTPO ). 
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ers, nonlinear optical materials, DNA sensing, and in the study 

f photo-alignment layers in liquid crystals [17–20] . Further, chal- 

ones have been used as anti-inflammatory, antibacterial, antitu- 

or and antifungal owing to its biological activities [21–24] . In our 

aboratory, we have been focused on the application of chalcones 

s fluorescent probes for different metal ions sensing [25–28] . The 

igh sensitivity towards the metal ions at low concentration levels 

uggested them as good candidates for toxic metal ions detection. 

On the other hand, phenanthrene derivatives are a class of 

olycyclic aromatic hydrocarbon compounds that exhibited spec- 

ral and photophysical properties such as strong absorption cross 

ection, excellent emission properties in both organic solutions and 

rystalline state, and large dipole moment in the exited state [29] . 

In this study, a new D–π–A chalcone namely 3-(phenanthren- 

-yl)-1-(thiophen-2-yl)prop-2-en-1-one ( PhTPO ) was synthesized 

nd characterized. The molecular design is composed of phenan- 

hrene unit as an electron donor and keto-thiophene as an accep- 

or ( Scheme 1 ). The solvatochromic effect was investigated in dif- 

erent solvents of various polarities. In addition, the inclusion char- 

cteristic in different surfactants was studied. Further, the optical 

ensing response to the H 

+ , Co 2 + , Ni 2 + , Pb 2 + and Cd 

2 + ions was

nvestigated. The solid complexes with Co 2 + , Ni 2 + , Pb 2 + , and Cd 

2 + 

ere also synthesized and characterized. The geometry of PhTPO 

nd its complexes were confirmed by the density functional theory 

DFT). The anticancer activity against four different cell lines using 

TT assay was then evaluated. 

. Experimental 

.1. Materials 

Unless otherwise noted, chemicals and solvents were purchased 

rom commercial suppliers and were used as received without fur- 

her purification. 2-Acetyl thiophene, 9-phenanthrenecarbaldehyde, 

odium dodecyl sulfate (SDS), cetyltrimethylammonium bro- 

ide (CTAB), triton X-100 (TX-100), cobalt(II) chloride hexahy- 

rate (CoCl 2 •6H 2 O), nickel(II) chloride hexahydrate (NiCl 2 •6H 2 O), 

ead(II) acetate trihydrate (Pb(CH 3 COO) 2 .3H 2 O), cadmium chlo- 

ide metal (CdCl 2 ,), methanol (MeOH), ethanol (EtOH), acetoni- 

rile (ACN), dichloromethane (CH 2 Cl 2 ), benzene (Benz), n-heptane 

Hep), methylthiazolyldiphenyl-tetrazolium bromide (MTT), RPMI- 

640 medium, and dimethyl sulfoxide (DMSO) were purchased 

rom Sigma-Aldrich Chemicals. Fetal Bovine serum was purchased 

rom GIBCO Fisher Scientific. All solvents were found to be non- 

uorescent in the scanned range. 

.2. Methods 

1 H- and 

13 C NMR spectra were recorded on a Bruker 400 MHz 

MR spectrometer using CDCl3 as a solvent. Chemical shifts are 
2 
n δ unit (ppm) with the residual solvent peak as the internal 

tandard. The coupling constant ( J ) is reported in hertz (Hz). NMR 

plitting patterns are designed as follows: s , singlet; d , doublet; 

 , triplet; q : quartet, and m , multiplet. The FT-IR spectra were 

ecorded on JASCO FT-IR 4100 spectrophotometer using KBr tech- 

ique within the range 40 0 0–40 0 cm 

−1 . Mass spectra were mea- 

ured on a Finnigan MAT 8222 EX mass spectrometer at 70 eV. 

icroanalysis of C, H, and S was carried out using a PerkinElmer 

400 elemental analyzer. The content of chloride and metal in in- 

estigated complexes were estimated as reported [30] . Thermo- 

ravimetric analysis (TGA) was performed using a Shimadzu TA-50 

hermal analyzer under nitrogen atmosphere within a temperature 

ange from 25 to 800 °C at a heating rate of 20 °C min 

−1 . Small-

ngle powder X-ray diffraction (XRD) measurements were done at 

oom temperature using a GNR, APD 20 0 0 PRO step scans X-ray 

iffractometer, with Cu K α radiation (40 kV, 30 mA), and scanning 

ange of 0–80 ° (2 θ ), with a step of 0.02 °. Steady-state absorption 

nd emission spectral measurements were carried out using a Shi- 

adzu UV-3101 PC scanning spectrophotometer and Agilent Cary 

clipse Fluorescence Spectrophotometer, respectively. In all exper- 

ments, 2 × 10 −5 M solutions were used and handled under dim 

ight at room temperature. The fluorescence quantum yield ( Ф f ) of 

he investigated probe was measured using the optically diluted 

olution to avoid the reabsorption effect (absorbance at excitation 

avelength ≤0.1), relative to the method with a solution of quinine 

ulfate in 0.5 mol/dm 

3 H 2 SO 4 ( Ф = 0.55) [31] . 

.3. Synthesis 

.3.1. Synthesis of PhTPO 

The investigated PhTPO was synthesized via aldol con- 

ensation between equal molar ratio of 2-acetyl thiophene 

nd 9-phenanthrenecarbaldehyde in alcoholic sodium hydroxide 

25% v/v solution of ethanol in water). The solution mixture was 

tirred at room temperature for 12 h. The product was precipitated 

fter acidification using HCl solution (0.5 M) and it then separated 

y filtration under suction. The crude product was purified by re- 

rystallization from methanol yielded PhTPO as a green crystal, mp 

84 °C. 1 H NMR (CDCl 3 , 400 MHz, Fig. S1 (a)): δ = 7.22–7.24 (t, 

H, J = 8.8 Hz), 7.56–7.74 (m, 7H), 7.95–7.97 (m, 2H), 8.28–8.30 (d, 

H, J = 8 Hz), 8.68–8.76 (m, 2H). 13 C NMR (CDCl 3 , 400 MHz, Fig.

1 (b)): δ = 122.71, 123.23, 123.45, 124.52, 124.92, 126.63, 127.06, 

27.09, 127.81, 128.14, 128.41, 129.27, 130.30, 131.17, 132.09, 132.15, 

33.78, 134.11, 141.79, 145.50, 181.91 ppm. FT-IR ( ν cm 

−1 , Fig. S2): 

40 0, 320 0, 1650, 160 0, 1450, 1350, 110 0, 950, 80 0, 720, 675. Anal.

alcd. for C 21 H 14 OS: C, 79.44; H, 4.67 and S, 10.60; Found: C, 79.41;

, 4.62 and S, 10.62. C, 79.04; H, 6.24; N, 5.42. Found: C, 78.93; H,

.31; N, 5.33. The mass spectrum (Fig. S3) shows a molecular ion 

eak of PhTPO at m/z = 314.20. 
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Table 1 

Maximum absorption and fluorescence wavelengths, fluorescence 

quantum yields, and ground and excited states dipole moments of 

PhTPO in different solvents at 25 °C. 

Solvent λa 
max (nm) λf 

max (nm) �f μg (D) μe (D) 

Hep 351 410 0.002 4.42 28.4 

Benz 356 422 0.004 

CH 2 Cl 2 358 496 0.099 

ACN 357 462 0.023 

MeOH 361 501 0.021 

EtOH 364 491 0.025 

a : absorption 
f :fluorescence 
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.3.2. Synthesis of [PhTPO-M] complexes 

[ PhTPO -M] complexes were synthesized by mixing two solu- 

ions of the appropriate metal ions and PhTPO in EtOH, (1 mmol) 

n (10 ml) and (1 mmol) in (30 ml), respectively. The resulting 

ixtures were stirred under reflux for 12 h. The complexes were 

recipitated after cooling. The solid complexes were filtered off, 

ashed with diethyl ether, and dried under vacuum. The [ PhTPO - 

] complexes were characterized by FT-IR, mass spectroscopy, and 

hermogravimetric analysis. 

.4. Quantum chemical calculation 

The computations were performed using the BIOVIA Materials 

tudio package [ 32 , 33 ] with DMOL 3 program [34] . The geometry

or all structures were optimized with RPBE functional [35] which 

s the best computational exchange-correlation [36] based on the 

eneralized gradient approximation (GGA). The quantum calcula- 

ion was obtained using the DFT semi-core pseudopod computa- 

ions (dspp) with plus polarization of double numeric basis sets 

DNP) [37–39] . 

.5. Biological activities 

.5.1. Cytotoxic activity 

PhTPO and its metal complexes were tested as prototypes for 

creening against a panel of four different human tumor cell lines: 

epatocellular carcinoma (HePG-2), mammary gland (MCF-7), Hu- 

an prostate cancer (PC3), and Colorectal carcinoma (HCT-116). 

he cell lines were obtained from ATCC via Holding company for 

iological products and vaccines (VACSERA), Cairo, Egypt. Doxoru- 

icin was used as a standard anticancer drug for comparison. The 

ifferent cell lines mentioned above were used to determine the 

nhibitory effects of the tested compounds on cell growth using 

he MTT assay. This colorimetric assay is based on the conver- 

ion of the yellow tetrazolium bromide of MTT to a purple for- 

azan derivative by mitochondrial succinate dehydrogenase in vi- 

ble cells. The cells were cultured in RPMI-1640 medium with 10% 

etal bovine serum. Antibiotics added were 100 units/ml penicillin 

nd 100 μg/ml streptomycin at 37 °C in a 5% CO 2 incubator. The 

ells were seeded in a 96-well plate at a density of 1.0 × 1 0 4 

ells/well at 37 °C for 48 h under 5% CO 2 [40] . After incubation

he cells were treated with different concentration of compounds 

nd incubated for 24 h. After 24 h of drug treatment, 20 μl of MTT

olution at 5 mg/ml was added and incubated for 4 h. DMSO in 

olume of 100 μl is added into each well to dissolve the purple for- 

azan formed. The colorimetric assay is measured and recorded at 

bsorbance of 570 nm using a plate reader (EXL 800, USA). The rel- 

tive cell viability in percentage was calculated as (A570 of treated 

amples/A570 of untreated sample) x 100 [41] . 

.5.2. . ABTS free radical and scavenging activity 

The antioxidant activity assay by ABTS technique is carried out 

n each investigated compound as described previously [42–44] . 

.5.3. . Antioxidant activity screening assay for erythrocyte hemolysis 

The antioxidant activity screening for erythrocyte hemolysis is 

erformed on the prepared compound as previously published lit- 

rature [ 45 , 46 ]. 

.6. . Molecular docking 

Numerous studies have shown that the epidermal growth factor 

eceptor (EGFR) is a potential therapeutic target for the treatment 

f various tumors, like colorectal and breast tumors [47] . Inacti- 

ation of this receptor could affect the spread of cell cancer and 
3 
nhance apoptosis of cancer cells. For such a reason, we looked at 

he potential inhibitory effect of PhTPO and its metal complexes. 

The Molecular Operating Environment (MOE) software was 

sed to estimate binding affinity between EGFR protein and in- 

estigated compounds [48] . The MOE energy minimization algo- 

ithm with default parameters was used to minimize the energy 

f all 3D compound structures. Then, the charges on atoms were 

endered and also the potential energy has been adjusted after 

inimization. The oriented investigated compound was stored in 

DB-format as a new data base [49] . The crystal structure of 

GFR receptor (PDB:3W2S) was obtained from Protein Data Bank 

PDB) [50] . MOE was used to set up protein structures for molec- 

lar docking by eliminating ligand, adding hydrogen and minimiz- 

ng 3W2S energy. The energy minimized structure was used as a 

ocking receptor. The largest active site of 3W2S (LEU 718, VAL 

26, LYS 745, GLY 719, ARG 841, ASP 855, and PHE 723) was ob- 

ained using the MOE site finder algorithm. The docking was pro- 

uced using different features (initial re-scoring methodology: Lon- 

on dG with poses 10, final re-scoring methodology: GBVI/WSA dG 

ith poses 5, placement: triangle matcher, and refining: rigid re- 

eptor) to identify and evaluate the connection between the pre- 

ared compounds and 3W2S. The most effective hits were cho- 

en based on the inhibitor’s S-score and root-mean-square devi- 

tion (RMSD) values. The S value is a score value that measures 

he affinity of the compound to the receptor and is computed by 

efault score-built function of the MOE. While RMSD is also used 

o compare docked conformation with reference docked configu- 

ation. Retrieved compounds with higher S-value and lower RMSD 

alue may be established as a potential inhibitor [51] . 

. Results and discussion 

.1. Solvatochromic behaviors 

Steady state absorption and fluorescence spectra of PhTPO have 

een studied in solvents of different polarities at room tempera- 

ure ( Fig. 1 ) and the corresponding spectroscopic data were sum- 

arized in Table 1 . The absorption spectra of PhTPO showed broad 

tructured band due to the localization of the transition Fig. 1 (a). 

his was due to the interaction between the donor and acceptor 

olecular parts which has a small twisting of 10.51 ° in the torsion 

ngle between O1, C2, C2, and S4 is, as shown in the geometri- 

al structure of Scheme 1 . The absorption spectra of PhTPO are 

ess sensitive to the solvent polarity compared to the fluorescence 

pectra, indicating that its excited singlet states have high polar 

haracters than its ground state. Fig. 1 (b) represents the emis- 

ion spectra of PhTPO in the studied solvents. The fluorescence 

pectra show a strong bathochromic shift as the solvent polarity 

s increased (ca. 91 nm) on going from Hep to MeOH, confirm- 

ng the intramolecular charge transfer (ICT) of the excited state 

here charge transfer from the phenanthryl moiety to the carbonyl 

roup takes place. This is accompanying by large difference in the 
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Fig. 1. Absorption (a) and emission (b) of PhTPO in different solvents. 
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Table 2 

Maximum absorption and fluorescence wavelengths of PhTPO in 

micellar solutions of the studied surfactants and their CMCs. 

Surfactant λa 
max (nm) λf 

max (nm) CMC × 10 −3 (mol/L) 

CTAB 370 525 3.7 

TX-100 362 494 2.8 

SDS 372 510 8.8 
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ipole moment between the excited state and the ground state, 

μ = 23.98 D. 

The fluorescence properties of PhTPO were examined after UV 

rradiation (Fig. S4). PhTPO shows an interesting feature upon ex- 

itation at 365 nm in all of the used solvents. An intense emission 

as observed owing to the fluorescence characteristics of PhTPO . 

The ground and excited states dipole moments were deter- 

ined using Bakhshiev’s and Kawski–Chamma–Viallet’s equations 

52] . The Onsager cavity radius, a , was estimated following geom- 

try optimization of the investigated probe (with the help of Ar- 

usLab 4.0 software and free HyperChem 8.03 software using PM3 

amiltonian method) and comes out to be 5.5 A 

o . The dipole mo- 

ents of PhTPO in both ground and excited states have been cal- 

ulated and summarized in Table 1 . The obtained values reveal that 

he dipole moments of the ground state is smaller than that in 

he excited state, confirming the existence of more than one of 

he relaxed polar excited state due to ICT favored by the cooper- 

tive effects of the phenanthryl moiety as a donor and the keto- 

heophenyl unit as an acceptor. These results suggest that the in- 

estigated PhTPO would be useful for nonlinear optical material. 

lso, the fluorescence quantum yield ( Ф f ) is highly sensitive to the 

olvent effect ( Table 1 ). The Ф f values increase by 10.5 folds on go-

ng from Hep to MeOH confirming the strong ICT interaction. 

Single crystals of PhTPO probe were obtained by slow evapora- 

ion of CH 2 Cl 2 solution at room temperature for 3 days ( Fig. 2 (a)).

he crystal structure was supposed to be owing to the π- π stak- 

ng interaction of the phenanthrene units. Further study to assess 

he structure of single crystals is needed. However, the crystals 

ere investigated under transmitting light using Optica Transmit- 

ed Microscope attached with Canon digital camera (Fig. S5) and 

he powder X-Ray diffraction patterns were shown in Fig. 2 (b). The 

harp peaks of the XRD patterns indicate the highly crystalline na- 

ure of PhTPO . The maximum counts are obtained at 2 θ = 25.85 °
ith the count rate of 1168. 

.2. Effect of surfactants 

The spectral properties of PhTPO have been studied in cationic 

TAB, anionic SDS, and neutral TX-100 micellar media. Figure S6 

hows the absorption and fluorescence spectra of PhTPO in dif- 

erent concentrations of the used surfactant and the correspond- 

ng spectral data are collected in Table 2 . It was found that the
4 
bsorption spectra increase with increasing the concentrations of 

he used surfactants with hypsochromic shift. The maximum ab- 

orption wavelength of PhTPO is shifted upon addition of CTAB, 

DS, and TX-100. The quenching in the fluorescence intensities 

pon increasing surfactants concentration could be ascribed to 

he association of PhTPO with the surfactant. It seems that the 

hTPO molecules located at the micelle–water interface showing 

he quenching role of water. 

In order to examine the preferred conformation of PhTPO with 

he studied surfactants, the optimized molecular structures were 

valuated to clarify the inclusion process. The optimized molecu- 

ar structures were carried out in a simulation box (23.4 A × 60.0 

 × 10.0 A). The low energy adsorption sites and the preferential 

eometries were optimized using Forcite classical simulation en- 

ine [53] . The supercell range was created using 6 layers of sur- 

actants. As 3D periodic boundary conditions was used. Adsorption 

ocator module in Materials Studio 2017 [54] was applied to model 

he adsorption and provide access to the energetic of the adsorp- 

ion [55] . The binding energy between PhTPO and surfactants sur- 

ace were calculated using the following equation [56] . 

 binding = E total − ( E sur face + E adsorbate ) (1) 

here E total is the total energy of the surface and PhTPO , E surface is

he energy of the surfactant surface without PhTPO , and E adsorbate 

s the energy of PhTPO without the surfactant. A snap-shot of the 

ndividual conformation are presented in Fig. 3 . It was expected 

hat PhTPO show the highest ability to adsorb on surfactant sur- 

ace owing to the high binding energy as seen in Table 3 . The to-

al energy is defined as the sum of the energies of the adsorbate 

omponents, the rigid adsorption energy and the deformation en- 

rgy. In this study, the surfactant energy is taken as zero. The rigid 

dsorption energy reports the energy released (or required) when 

he unrelaxed adsorbate components (i.e., before the geometry op- 
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Fig. 2. Crystal structure of PhTPO ; (a) image of the crystals, (b) XRD patterns. 

Fig. 3. The optimized stable conformers of the inclusion complexes between PhTPO and the studied surfactants; (a) CTAB, (b) SDS, and (c) TX-100. 

Table 3 

Calculated energy (by kcal mol −1 ) for adsorption of PhTPO on surfactants surface. 

Surfactant Total energy Adsorption energy Rigid adsorption energy Deformation energy Binding Energy (kcal mol −1 ) 

CTAB 63.166 −85.159 −75.603 −9.556 −156.355 

SDS 102.986 −45.339 −36.022 −9.317 −116.535 

TX–100 68.935 −79.389 −71.118 −8.271 −150.586 
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imization step) are adsorbed on the surfactant. The deformation 

nergy reports the energy released when the adsorbent compo- 

ents are relaxed on the surfactant surface. 

During the simulation process, PhTPO shows the maximum ad- 

orption energy towards SDS and Triton-X-100 surfactants. High 

alues of adsorption energy indicate that META derivative is the 

ost efficient adsorption. The adsorption of PhTPO compounds 

an be described by physical adsorption which is the result of elec- 

rostatic attractive forces between the PhTPO and the surfactant 

urface. 

.3. Acidochromic behaviors 

In order to study the sensing ability of PhTPO toward H 

+ ions, 

he absorption and emission spectra were measured at different 
5 
oncentrations of sulfuric acid ( Fig. 4 ). The absorption spectra were 

anged dramatically upon increasing the concentration of sulfuric 

cid (from 10% to 98%) with an observable color change (Fig. S7). 

hTPO solution changes from faint yellow, to red passing through 

aint pink when the concentration of sulfuric acid was increased. 

nterestingly, the initial faint yellow color is recovered upon the 

ddition of sodium hydroxide solution or by dilution, which is an 

vidence for the reversibility of the prototropic equilibrium ( Fig. 5 ). 

he fluorescence maximum of PhTPO , which appears at 496 nm, 

re blue-shifted by 11 nm at low sulfuric acid concentrations (from 

0% to 40%), while it shows two bands at 414, and 588 nm at high

oncentrations (90%–98%) of sulfuric acid. 

The possible mechanism of the effect of the acidity on the spec- 

ral characteristics of the investigated probe and sensitivity to- 

ards H 

+ proton is shown in Scheme S1. It was expected that 
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Fig. 4. Absorption (a) and emission (b) of PhTPO upon addition of different concentrations of sulfuric acid (For interpretation of the references to color in this figure, the 

reader is referred to the web version of this article.). 

Fig. 5. Acidochromic behavior of PhTPO upon addition of H 2 SO 4 and recovery to 

the initial state by addition of NaOH or dilution by H 2 O (For interpretation of the 

references to color in this figure, the reader is referred to the web version of this 

article.). 
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here would be two protonation steps on adding sulfuric acid. 

he first step is the electrophilic addition of a proton to the high 

lectron density oxygen of the carbonyl group giving resonance- 

tabilized adducts. Then, it was supposed a tautomeric structure 

eading to formation of isomer (I). The isomer (I) is due to the for- 

ation of the conjugated structure which would be obtained at 

oncentrations of sulfuric acid within the range 10–40%, which is 

esponsible for the blue shift. In contrary when the concentration 

f sulfuric acid increases, in the range 60–90%, isomer (II) was ob- 

ained, due to the protonation of both sulfur and oxygen atoms, 

nd leads to the appearence of the red shifted absorption band. 

oth isomers are kinds of quinoid structure which is responsible 
6 
or the color change after the protonation step which is possible 

o be recovered by addition of NaOH or by dilution. This reversible 

cidochromic behavior is promising as a colorimetric chemosens- 

ng technique in which detection approach of H 

+ proton with 

aked eye. The pH responsive functional materials have broad ap- 

lications including smart food packaging [57] , wearable [58] , food 

reshness monitoring [59] , textilebased chemical sensors [60] , and 

on-invasive bioprocess monitoring [61] . 

.4. Metal ions sensing response 

The sensing ability of PhTPO probe, towards metal ions; Co 2 + , 
i 2 + , Pb 2 + and Cd 

2 + has been studied. Fig. 6 shows the absorp- 

ion and emission spectra of the PhTPO in the presence of differ- 

nt concentrations of Co 2 + and Ni 2 + ions in EtOH. 

After addition of Co 2 + ions to 2 × 10 −5 M PhTPO solution, 

he absorption maximum at 364 nm was decreases with appear- 

nce of a new absorption bands in the visible region at 509 and 

37 nm. This was accompanied by formation of an isobestic point 

t 417 nm. Also, in case of adding Ni 2 + salt solutions, the absorp- 

ion maximum at 364 nm was decreases and a new band around 

60 nm was developed with formation of an isosbestic point at 

04 nm. On the other hand, on addition of Pb 2 + ions, the absorp- 

ion band of PhTPO at 364 nm increases gradually with appearance 

f a shoulder around 441 nm, while in case of Cd 

2 + ions the ab-

orption at 364 nm decreases with slight bathochromic shift and 

uildup of a weak shoulder around 440 nm at higher concentra- 

ions. These changes were attributed to the formation of complexes 

etween the used metal ions and the investigated probe via chela- 

ion with both sulfur atom of thiophene moiety and the oxygen of 

he carbonyl group. 

Figure S8, shows the emission spectra of the investigated probe 

n the presence of different concentrations of the mentioned metal 

ons. As can be seen, the fluorescence band of PhTPO at 491 nm 

n EtOH, suffers slight hypsochromic shift on adding different con- 

entrations of Co 2 + , and Ni 2 + ions, ca. 9, and 5 nm, respectively, 

ith great quenching in the fluorescence intensity. In contrast, on 

dding different concentrations of Pb 2 + or Cd 

2 + ions, the fluores- 

ence intensity increases with detectable bathochromic shift, by ca. 

5, and 17 nm, respectively. The quenching and turn-off of the flu- 

rescence of PhTPO on adding of Co 2 + , or Ni 2 + salts could be as- 

igned to the enhanced ligand to metal CT interactions supported 

y the open d -shell of these metal ions (d 

7 and d 

8 for Co 2 + , and
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Fig. 6. Absorption and emission spectra of PhTPO upon addition of different concentrations of the studied metal ions; (a) Co 2 + and (b) Ni 2 + . 
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Table 4 

Maximum absorption and fluorescence wavelengths, and ground 

and excited states association constants for the complexes be- 

tween PhTPO probe and the metal ions in EtOH. 

Compound λa 
max λ f 

max K a (M 

−1 ) K f (M 

−1 ) 

PhTPO 364 491 —- —- 

[ PhTPO- Co 2 + ] 509, 637 482 524.20 692.50 

[ PhTPO- Ni 2 + ] 451 486 345.30 573.47 

[ PhTPO- Pb 2 + ] 441 506 217.50 245.30 

[ PhTPO- Cd 2 + ] 369 508 671.20 700.20 

(

s

c

c

C

a

P

t

h

i 2 + ion, respectively), which is confirmed by the buildup of a new 

ntense absorption band in the visible region, especially in case of 

i 2 + ions. In contrast, the turn-on and the enhancement in the 

uorescence intensity on adding of Pb 2 + or Cd 

2 + ions, were at- 

ributed to the absence of ligand to metal CT interactions where 

b 2 + and Cd 

2 + ions have closed d -shell (d 

10 ) and hindering of the

adiationless free rotations in PhTPO molecules due to complex for- 

ation. The obtained results reflect the high sensitivity towards 

he used metal ions and recommend it as a promising switch op- 

ical sensor for detection of metal ions. 

The stoichiometry between PhTPO probe and Co 2 + , Ni 2 + , Pb 2 + 

nd Cd 

2 + ions were performed using continuous variation method 

Job’s method). Fig. 7 shows the relation between the absorbance 

nd the mole fraction C L /C L + C M 

. It has been found that maxima

ccurs at 0.60, and 0.61 ratios of Co 2, and Cd 

2 + ions concentration 

o the total Co 2 + / Cd 

2 + and PhTPO concentration indicating the for- 

ation of 1:2 (M:L) complex. However, the maxima at mole frac- 

ions of ca. 0.44, and 0.49 were obtained for Pb 2 + and Ni 2 + ions 

ith PhTPO probe confirming 1:1 ratio. 

The ground and excited state binding constants of Co 2 + , Ni 2 + , 
b 2 + , and Cd 

2 + complexes with PhTPO were determined by em- 

loying Benesi–Hildebrand equation [62] . The binding constants 

c

7 
K) were calculated and summarized in Table 4 and Fig. S9. Fig. 8 

hows the relation between the ground and excited state binding 

onstants and the metal ions. The data reveal that the association 

onstants of the metal ions with PhTPO sensor follows the order, 

d 

2 + > Co 2 + > Ni 2 + > Pb 2 + . The high binding constants of both Cd 

2 + 

nd Co 2 + reveals the strong chelation between these metals and 

hTPO . 

Detection of this toxic species is worth to develop owing to 

heir widespread occurrence in environment, causing a public 

ealth problem [63] . The investigated PhTPO is good candidate as a 

hemosensor for the detection of the studied metal ions with some 
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Fig. 7. Absorbance and mole fraction correlations; (a) for Co 2+ and Cd 2 + , (b) for Pb 2+ and Ni 2 + . 

Fig. 8. The relation between the ground and excited state binding constants for the studied metal ions. 
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onsiderable characteristics using absorption and emission tech- 

iques. Such chemosensor is based on fluorescent materials which 

ave attracted great attention because of advantages over conven- 

ional electrochemical approaches owing to ease of detection, fast 

esponse, simplicity, and high sensitivity [64] . The results show 

ensitivity within millimole level which would be useful for the 

etection of the studied toxic ions in industrial wastewater [65] . 

.5. Structural characterization of the synthesized solid metal 

omplexes 

The results of elemental analysis of PhTPO probe and its Co 2 + , 
i 2 + , Pb 2 + , and Cd 

2 + metal complexes along with their physical 

roperties were collected in Table 5 . The analytical data reveal 

:2 (metal-to-probe) stoichiometry for Co 2 + , and Cd 

2 + complexes, 

hile for Ni 2 + and Pb 2+ complexes it comes out to be 1:1. Based 

n these results, the corresponding probable constitutional formu- 

ae of the metal complexes were suggested as given in the same 

able. The low molar conductance values of Co 2 + , Ni 2 + , and Pb 2 + 

omplexes ( 	M = 7.9–14.5 
−1 cm 

2 mol −1 ) measured in DMF solu- 

ion, indicate the non-electrolytic nature of these complexes. How- 
8 
ver, the high molar conductance of Cd 

2 + complex confirms the 

lectrolytic nature [66] . 

Fig. 9 shows the mass spectra of the probe [ PhTPO -M] com- 

lexes. The obtained molecular ion peaks showed that m/z is 

quivalent to the molecular weight of the proposed complexes. The 

ass spectra of the complexes provided good evidence for their 

olecular formulae, C 42 H 28 Cl 2 CoO 2 S 2 (MW 758.64, m/z 758.33), 

 22 H 17 Cl 2 NiO 1.5 S (MW 467.03, m/z 467.06), C 25 H 20 O 5 PbS (MW

39.69, m/z 639.63), and C 56 H 70 CdCl 2 O 9 S 2 (MW 1134.60, m/z 

83.59), respectively, and confirming the calculated stoichiometry 

f the formed complexes, where the ligand coordinates with Co 2 + , 
nd Cd 

2 + ions in 1:2 (M:L) ratio while for Ni 2 + and Pb 2 + it is 1:1.

he lower m/z value of [ PhTPO -Cd 

2 + ] complex than the molecular 

eight of proposed formula because of the mass spectra measure- 

ents were carried out in the limited range from m/z 40 to 10 0 0. 

The structural confirmation of the metal complexes was con- 

rmed by comparing the FT-IR spectrum of the investigated free 

hTPO with those of the metal complexes, Fig. 10 (a). Two main 

trong absorption peaks in the spectrum of PhTPO were observed 

t 1635, and 1225 cm 

−1 , due to ν(C = O) and ν(C–S), respectively.

omparing these frequencies with those of the metal complexes, it 



M.N. El-Nahass, T.A. Fayed, S.A. Elazim et al. Journal of Molecular Structure 1240 (2021) 130581 

Table 5 

Analytical data of PhTPO and [ PhTPO- M] complexes. 

Compound Color 

Calcd. (Found)% ᴧ m 

( Ω −1 cm 

2 mol −1 ) μeff (BM) 
C H S M 

PhTPO 

C 21 H 14 OS; 314.40 

Orange 

yellow 

80.23 

(80.55) 

4.49 

(4.62) 

10.20 

(10.62) 

—- —- —- 

[ PhTPO- NiCl 2 ].0.5C 2 H 5 OH 

C 22 H 17 Cl 2 NiO 1.5 S; 467.03 

Brilliant 

green 

56.58 

(56.44) 

3.67 

(3.74) 

6.86 

(7.04) 

12.57 

(12.87) 

10.5 2.8 

[( PhTPO ) 2 CoCl 2 ] 

C 42 H 28 Cl 2 CoO 2 S 2 ; 758.64 

Faint Green 66.50 

(66.40) 

3.72 

(3.82) 

8.45 

(8.69) 

7.77 

(8.01) 

7.9 4.52 

[ PhTPO -Pb(OAc) 2 ] 

C 25 H 20 O 5 PbS; 639.69 

Pale yellow 46.94 

(46.88) 

3.15 

(3.19) 

5.01 

(5.10) 

32.39 

(32.46) 

14.5 0 

[( PhTPO ) 2 Cd].Cl 2 .7C 2 H 5 OH 

C 56 H 70 CdCl 2 O 9 S 2 ; 1134.60 

Grayish 

green 

59.28 

(59.32) 

6.22 

(6.55) 

5.65 

(5.73) 

9.91 

(9.73) 

280 0 

Fig. 9. Mass spectra of the investigated metal complexes; (a) [ PhTPO- Ni 2 + ], (b) [ PhTPO- Co 2 + ] (c) [ PhTPO- Cd 2 + ], and (d) [ PhTPO- Pb 2 + ]. 
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as found that both ν(C = O) and ν(C–S) vibrational bands were 

hifted to lower and higher wavenumbers by 10– 42 for ν(C–O) 

nd 6 – 11 cm 

−1 for ν(C–S), respectively. These shifts confirm the 

oordination of sulfur atom of thiophene moiety and the oxygen 

tom of the carbonyl group to the metal ions. Also, the complexes 

howed bands in the range 510–555 cm 

−1 assigned to ν(M–O) 

hich could account for the presence of different stretching modes 

f M–O. Bands in the 416–466 cm 

−1 range were assigned as ν(M–

) stretching [ 67 , 68 ]. 

The thermal behavior of the synthesized metal complexes was 

nvestigated using TGA. The TGA thermograms of the metal com- 

lexes are shown in Fig. 10 (b) and the data are collected in 

able 6 . The TG curve of [ PhTPO- Co 2 + ] complex showed two

teps. The first step in the region 25–390 °C has a mass loss of 

7.18 (Calcd.67.95%), corresponding to decomposition of 2(C 15 H 10 S) 

nd Cl 2 (515.51). The second thermal process, in the region 390–

00 °C, has a mass loss of 9.45 (Calcd. 9.87%), correspond- 
9 
ng to further decomposition of the ligand leaving CoO residue 

74.93). 

The thermogram of [ PhTPO- Ni 2 + ] complex showed three de- 

omposition steps, the first one in the region 25–100 °C has a 

ass loss of 5.00 (Calcd. 4.93%), corresponding to decomposition of 

/2C 2 H 5 OH (23.03). the second step in the temperature range 100–

80 °C with a mass loss 71.45 (Calcd. 71.16%), corresponding to de- 

omposition of (C 18 H 13 S) and Cl 2 (332.36). The third step within 

he range 380–800 °C has a mass loss 15.65 (Calcd. 15.99%), cor- 

esponding to complete decomposition of the ligand leaving NiO 

esidue (74.69). [ PhTPO- Pb 2 + ] complex showed two decomposition 

teps with a mass loss of 41.25 (Calcd.41.32%) in the temperature 

ange 25–410 °C, corresponding to decomposition of 2(CH 3 CO) and 

 14 H 10 (264.31), and mass loss of 39.35 (Calcd. 39.27%) in the 410–

00 °C range, consistent with complete decomposition of the lig- 

nd leaving PbO 2 and 1C residue (251.21). The TG curve of [ PhTPO- 

d 

2 + ] complex revealed an initial mass loss occurring within the 
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Fig. 10. FT-IR spectra (a) and TGA thermograms (b) of the investigated metal complexes. 

Table 6 

TGA analytical results of [ PhTPO- M] complexes. 

Complex TG range ( °C) 

Decomposition product 

lost(Formula wt.) 

Wt (%)Found 

(Calcd.) 

[ PhTPO- Co 2 + ] 25–390 

390–800 

2(C 15 H 10 S) + Cl 2 
(515.51) 

Further decomposition 

of ligand leaving CoO 

residue (74.93) 

67.18 (67.95) 

9.45 (9.87) 

[ PhTPO- Ni 2 + ] 25–100 

100–380 

380–800 

1/2C 2 H 5 OH (23.03) 

(C 18 H 13 S) + Cl 2 
(332.36) 

Further decomposition 

of ligand leaving NiO 

residue (74.69) 

5.00 (4.93) 

71.45 (71.16) 

15.65 (15.99) 

[ PhTPO- Pb 2 + ] 25–410 

410–800 

2(CH 3 CO) + C 14 H 10 

(264.31) 

Further decomposition 

of ligand leaving 

PbO 2 + 1C residue 

(251.21) 

41.25 (41.32) 

39.35 (39.27) 

[ PhTPO- Cd 2 + ] 25–100 

100–400 

400–700 

700–800 

7C 2 H 5 OH (322.48) 

C 28 H 18 OCl 2 (441.35) 

2(C 7 H 5 S) (242.36) 

Residual metal oxide 

CdO (128.41) 

28.33 (28.42) 

38.56 (38.90) 

21.47 (21.36) 

11.17 (11.31) 

t

o
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o
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emperature range 25–100 °C which was attributed to the loss 

f 7 C 2 H 5 OH, 28.33 (Calcd.28.42%). At higher temperature from 

0 0 to 40 0 °C, loss of C 28 H 18 OCl 2 and Cl 2 , 38.56 (Calcd 38.90%)

ccurred. A third decomposition step, in the 40 0–70 0 °C range, 

rought about a mass loss of 21.47 (Calcd 21.36%) corresponding to 

ecomposition 2(C 7 H 5 S). The fourth step lying in the region 700–

00 °C has a mass loss of 11.17 (Calcd.11.31%), g corresponding to 

he formation of stable CdO as revealed by the mass percentage of 

he end product. 

The higher magnetic moment for [ PhTPO- Co 2 + ] complex (μeff= 

.52 BM, suggests the high spin octahedral structure with sp 

3 d 

2 

ybridization, while the room temperature magnetic moment of 

 PhTPO- Ni 2 + ] complex is 2.8 BM which attributed to tetrahedral 

eometry. However, the diamagnetic nature of Pb 2 + and Cd 

2 + com- 

lexes reveal sp 

3 tetrahedral hybridization. Based on these results 

rom the elemental analysis, conductivity, magnetic moment mea- 

urements and thermal studies, the proposed structures for the 

tudied complexes were shown in Scheme S2. 

i

10 
.6. Molecular modeling 

.6.1. Molecular electrostatic potential (MEP) 

In this study, the three-dimensional structure of molecular elec- 

rostatic potential (MEP) of PhTPO and its Co 2 + , Ni 2 + , Pb 2 + , and

d 

2 + complexes have been represented ( Fig. 11 ). The red and blue 

olors characterize regions of most positive electrostatic potential 

nd most negative electrostatic potential, respectively. The poten- 

ial increases with the order; red < orange < yellow < green < 

lue. From the MEP map, it can be revealed that the regions of 

egative potential are dispersed over the electronegative oxygen 

nd sulfur atoms while that possessing positive potential are dis- 

ersed over the hydrogen atoms. 

.6.2. Geometry optimization 

Comparing the data of bond distances and angles of PhTPO 

ith that calculated for the prepared complexes, as summarized 

n Tables S1 and S2, the following points can be concluded: (1) 
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Fig. 11. Molecular surface of electrostatic potentioal and 3D geometry optimiztion structure of (a) PhTPO , (b) [ PhTPO- Ni 2 + ], (c) [ PhTPO- Co 2 + ], (d) [ PhTPO- Cd 2 + ], and (e) 

[ PhTPO- Pd 2 + ] (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.). 
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he detected bond angles in Co 2 + complex confirm an octahedral 

eometry with sp 

3 d 

2 hybridization. While Ni 2 + , Pb 2 + , and Cd 

2 + 

omplexes afforded the proposed tetrahedral geometry with sp 

3 

ybridization. (2) In all metal complexes, there is a great change 

n C(17)-O(18), C(19)-C(17) and C(19,22)-S(23) bond distances. They 

ere changed to be slightly longer as the complexation with metal 

on takes place via O atoms of the –C = O group [69] . Furthermore,

he C(19,22)-S(23) bond lengths become longer as sulfur atom co- 

rdinates with metal which makes the C-S bond more fragile [70] . 

3) Metal-oxygen bond is shorter than metal-sulfur bond telling 

he greater strength of M-O than M-S. 

.6.3. Global chemical reactivity 

Frontier molecular orbital energy ( Fig. 12 ) can assume effec- 

ive coordination locations. The reaction is the result of overlap 

etween the HOMO (highest occupied molecular orbital) of one 
11 
olecule and the LUMO (lowest unoccupied molecular orbital) of 

he other. It is therefore possible to determine the chemical reac- 

ivity of the molecules under investigation. The energies of fron- 

ier molecular orbitals ( E HOMO , E LUMO ), chemical potential ( μ), elec- 

ronegativity ( χ ), global hardness ( η), global electrophilicity index 

 ω), global softness ( S ) and additional electronic charge ( �N max )

71] are listed in Table 7 . From the data obtained, the following 

oints can be inferred: (1) Stability of the investigated molecules 

epends on the negative value of HOMO and LUMO energy levels 

 72 , 73 ]. (2) Depending on the energy gap values, soft and more ac-

ive compounds have a minor change between the HOMO-LUMO 

evels. (3) Chemical potential ’ μ’ that estimate the ability of elec- 

rons to escape from the equilibrium system decreases with order 

d 

2 + complex ( −3.443) > Co 2 + complex ( −3.740) > Ni 2 + complex 

 −4.156) > PhTPO ( −4.192) > Pb 2 + complex ( −4.229). (4) The cal- 

ulation of reactivity index ( �N max ) revealed that Cd 

2 + complex 
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Fig. 12. The HOMO and LUMO of (a) PhTPO , (b) [ PhTPO- Ni 2 + ], (c) [ PhTPO- Co 2 + ], (d) [ PhTPO- Cd 2 + ], and (e) [ PhTPO- Pd 2 + ]. 

Table 7 

Calculated E HOMO , E LUMO , energy band gap (E H – E L ), electronegativity ( χ ), chemical potential ( μ), global hardness ( η), global softness 

(S), global electrophilicity index ( ω) reactivity index ( �N max ) for PhTPO and its complexes. 

Compound E H (eV) E L (eV) ( E H -E L ) (eV) χ (eV) μ(eV) η (eV) S (eV −1 ) ω(eV) Ϭ (eV) �N max 

PhTPO −5.113 −3.271 1.842 4.192 −4.192 0.921 0.461 9.540 1.086 4.55157 

[ PhTPO- Co 2 + ] −4.292 −3.187 1.105 3.740 −3.740 0.553 0.276 12.655 1.810 6.76832 

[ PhTPO- Ni 2 + ] −5.048 −3.264 1.784 4.156 −4.156 0.892 0.446 9.682 1.121 4.65919 

[ PhTPO- Pb 2 + ] −5.14 −3.317 1.823 4.229 −4.229 0.912 0.456 9.808 1.097 4.63905 

[ PhTPO- Cd 2 + ] −3.92 −2.966 0.954 3.443 −3.443 0.477 0.239 12.426 2.096 7.21802 

h

c

t

u

t

p

g

3

 

a

H

r

g

ad a greater value (7.21802 eV) than PhTPO ligand and other 

omplexes which concluded that Cd 

2 + complex had a higher elec- 

rons acceptance system (electrophiles). (5) Calculations of the val- 

es of the energy component (Table S3) reveals that the increase in 

he value of the evaluated binding energy of the complexes com- 

ared to that of the ligand indicates the stability of the investi- 

ated metal complexes. 
12 
.7. Biological studies 

In Vitro cytotoxic activity of PhTPO and its Co 2 + , Ni 2 + , Pb 2 + ,
nd Cd 

2 + complexes against four different human tumor cell lines 

ePG-2, MCF-7, PC3 and HCT-116 was tested using a colorimet- 

ic assay (MTT assay). The cytotoxicity results were described by 

rowth inhibitory concentration value (IC 50 ), which means the 
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Fig. 13. Survival curve of the tumor cell line; (a) Doxorubicin, (b) PhTPO , (c) [ PhTPO- Co 2 + ], (d) [ PhTPO- Ni 2 + ], (e) [ PhTPO- Pb 2 + ], and (f) [ PhTPO- Cd 2 + ]. 
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oncentration of the compounds required to reach a 50% inhibi- 

ion of cell growth after incubation for 72 h, parallel to untreated 

ontrols. The IC 50 values were calculated from the survival curve 

f the tumor cell line which was plotted between concentration 

nd% cell viability. A wide range of different concentrations of 

ach test compound (1.56, 3.125, 6.25, 12.5, 25, 50 and 100 μM) 
13 
as established in Fig. 13 and the data were summarized in 

able S4. 

The results of IC 50 concentrations of the synthesized com- 

ounds parallel to the vastly utilized anticancer drug, Doxorubicin 

s standard were presented in Table 8 . Each data point was an 

verage of three independent experiments and expressed as the 
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Table 8 

Cytotoxic activity of PhTPO and [ PhTPO- M] complexes against human tumor 

cells. 

Compound 

In vitro Cytotoxicity IC 50 (μM) ∗

HePG2 HCT-116 PC3 MCF-7 

DOX 4.50 ± 0.3 5.23 ± 0.2 8.87 ± 0.6 4.17 ± 0.2 

PhTPO 54.72 ± 3.5 52.53 ± 3.4 87.16 ± 4.9 64.95 ± 3.8 

[ PhTPO- Co 2 + ] 9.86 ± 0.9 22.45 ± 2.0 20.39 ± 1.8 17.54 ± 1.5 

[ PhTPO- Ni 2 + ] 9.44 ± 0.8 13.05 ± 1.2 7.62 ± 0.6 8.02 ± 0.7 

[ PhTPO- Pb 2 + ] 14.14 ± 1.2 30.68 ± 2.6 32.73 ± 2.8 28.03 ± 2.3 

[ PhTPO- Cd 2 + ] 20.73 ± 3.0 40.12 ± 3.1 45.70 ± 3.7 35.09 ± 3.6 

∗IC 50 (μM): 1 – 10 (very strong). 11 – 20 (strong). 21 – 50 (moderate). 51 – 100 

(weak), and above 100 (non-cytotoxic). 
∗∗DOX = Doxocubicin. 

Table 9 

Anti-oxidant assays by erythrocyte hemolysis (A/B x 100). 

Compound 

Erythrocyte hemolysis A/B x 100 

Absorbance of samples (A) % Hemolysis 

H 2 O (B) 0.846 —

Vitamin-c 0.035 4.1% 

PhTPO 0.056 6.6% 

[ PhTPO- Co 2 + ] 0.039 4.6% 

[ PhTPO- Ni 2 + ] 0.038 4.5% 

[ PhTPO- Pb 2 + ] 0.043 5.1% 

[ PhTPO- Cd 2 + ] 0.052 6.1% 

Table 10 

Anti-oxidant assays by ABTS method [(Abs control -Abs test )/ 

Abs control x 100]. 

Compounds Absorbance of samples % inhibition 

Control of ABTS 0.498 0% 

Ascorbic-acid 0.057 88.5% 

PhTPO 0.415 16.7% 

[ PhTPO- Co 2 + ] 0.371 25.5% 

[ PhTPO- Ni 2 + ] 0.367 26.3% 

[ PhTPO- Pb 2 + ] 0.384 22.9% 

[ PhTPO- Cd 2 + ] 0.402 19.3% 

v

t  

p

c  

t

t  

[  

t

i

a

w

a

u

e

r

w

o

m  

[

3

t

g

7

o

p

a

M

d

u

d

t

h

h

i  

N  

p

i

π
b

o

H

4

g

p

a

m

c

d

a

P

t

7

7

g

s

o

alue ± SD. PhTPO showed a weak cytotoxic activity compared to 

he metal complexes Co 2 + , Ni 2 + , Pb 2 + , and Cd 

2 + , indicating that

robe clearly gave fewer effective compounds against the tumor 

ell lines. [ PhTPO- Ni 2 + ] and [ PhTPO- Co 2 + ] showed a better cyto-

oxic activity than the other metal complexes as well as the inves- 

igated probe. The order of activity is found to be [ PhTPO- Ni 2 + ] >
 PhTPO- Co 2 + ] > [ PhTPO- Pb 2 + ] > [ PhTPO- Cd 

2 + ] > PhTPO . The ob-

ained results suggested that such metal complexes could be used 

n the designing and improvement of new anticancer drugs. The 

ctivity might be correlated with the strength of the M-L bond, as 

ell as other variables like cation size, diffusion, receptor sites, and 

 combination of the metal and ligand for biomolecule [74] . 
Table 11 

Molecular docking scoring, RMSD, interaction results of th

Compounds S RMSD 

PhTPO -6.91364 0.9446 

[ PhTPO- Co 2 + ] -7.87406 1.2420 

[ PhTPO- Ni 2 + ] -5.43354 1.3768 

[ PhTPO- Pb 2 + ] -6.25821 1.5994 

[ PhTPO- Cd 2 + ] -3.03933 1.4156 

14 
The antioxidant assay of PhTPO and its complexes were eval- 

ated by two in vitro methods in order to compare the results 

rythrocyte hemolysis, Table 9 and ABTS method, Table 10 . The 

esults showed that PhTPO has a weak anti-oxidative activity, 

hile [ PhTPO- Ni 2 + ] exhibited a potent activity, compared to the 

ther metal complexes. The order of antioxidant activity for the 

etal complexes was found to be [ PhTPO-Ni 2 + ] > [ PhTPO-Co 

2 + ] >
 PhTPO-Pb 

2 + ] > [ PhTPO-Cd 

2 + ] > PhTPO . 

.8. Molecular docking 

It is recognized that molecular docking has high significance in 

he discovery of drugs. The 3W2S of EGFR was docked the invesi- 

ated compounds with the most favorable active site (LEU 718, VAL 

26, LYS 745, ALA 722, GLY 719, ARG 841, ASP 855, and PHE 723) 

f 3W2S that predicted by the site-finder algorithm in MOE. De- 

ending on the S-score, the largest docking pocket was assigned 

nd all hits were docked against the most active site using the 

OE docking software, Table 11 . For further evaluation, the best 

ocked hit compounds with higher S-score and lower RMSD val- 

es were identified. Based on the results tabulated, it can be de- 

uced that the Cd 

2 + complex has the lowest inhibitory activity of 

he EGFR protein. The ligand, PhTPO and its metal complexes’ in- 

ibitory activity were compared on the basis of S-score values ex- 

ibiting that the order of inhibitory activity to the EGFR protein 

s found to be [ PhTPO- Co 2 + ] > PhTPO > [ PhTPO- Pb 2 + ] > [ PhTPO-

i 2 + ] > [ PhTPO- Cd 

2 + ]. According this order, [ PhTPO- Co 2 + ] com-

lex shows the highest inhibitory activity to the EGFR protein sim- 

lar to the experimental anticancer data. It is noted that the weak 

-Hydrogen donor contacts are most frequent type of interactions 

etween PhTPO and its complexes with EGFR receptor. In the case 

f EGFR- PhTPO ( Fig. 14 ) , 6-membered rings of PhTPO builds π- 

 interaction with LEU 718 and VAL 726 of EGFR (with distances 

.29, and 4.53 Å, respectively). While, [ PhTPO- Co 2 + ] shows hydro- 

en acceptor interaction of chloride atom of [ PhTPO- Co 2 + ] com- 

lex with amino acids GLY 719 and ALA 722 (distance = 3.72 

nd 3.35 Å) in addition to π-H interaction of LEU 718 with 6- 

embered rings of PhTPO . 

The molecular docking result for the interactions of remaining 

omplexes, Figure S9-S12, with the EGFR protein shows that the 

ominant types of interactions are hydrophobic interactions, such 

s π-H, In addition, an ionic interaction of sulfur atom of [ PhTPO- 

b 2 + ] complex with amino acid ASP 855 as well as an ionic in- 

eraction of Cd-ion of [ PhTPO- Cd 

2 + ] complex with amino acid LYS 

45. Moreover, the hydrogen acceptor bonds of amino acids LYS 

45 with the chloride atom of [ PhTPO- Ni 2 + ] complex and the oxy- 

en atom of [ PhTPO- Cd 

2 + ] complex. Finally, the ASP 855 of EGFR 

hows hydrogen donor bond with carbon atom of the aromatic ring 

f [ PhTPO- Pb 2 + ]. 
e investigated compounds 

interaction Receptor Distance ( ̊A) 

π -H 

π -H 

LEU 718 

VAL 726 

4.29 

4.53 

H-acceptor 

H-acceptor 

π -H 

GLY 719 

ALA 722 

LEU 718 

3.72 

3.35 

3.99 

H-acceptor LYS 745 4.08 

H-donor 

Ionic 

ASP 855 

ASP 855 

2.80 

3.18 

H-acceptor 

Ionic 

π -H 

LYS 745 

LYS 745 

LEU 718 

2.77 

3.53 

4.02 
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Fig. 14. 3D and 2D molecular interaction of PhTPO to inhibitory activity to the EGFR protein. 
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. Conclusions 

D–π–A optical probe composed polycyclic aromatic and thio- 

hene moieties was successfully synthesized and characterized. 

he solvatochromic response was investigated in different solvents 

f various polarities. Also, its optical sensing response to H 

+ pro- 

on and metal ions was investigated. The absorption and emission 

pectra are sensitive towards H 

+ proton owing to acidochromic be- 

avior. The absorption spectra of the investigated probe changed 

ramatically upon increasing the concentration of sulfuric acid 

ith an observable change in color. Also, it is responsive to the 

ested metal ions and show significant change in both absorption 

nd emission spectra upon adding different concentrations of the 

etal salts confirming the intramolecular charge transfer of the 

robe upon effective coordination with the used metal ions. These 

pectral changes suggest that the investigated probe would be po- 

ential candidate for environmental polarity, and sensor for H 

+ 

roton and metal ions and. Solid Co 2 + , Ni 2 + , Pb 2 + and Cd 

2 + com-

lexes were also synthesized and characterized. Depending on the 

agnetic moments results, the geometric structures were found 

o be octahedral and tetrahedral for paramagnetic Co 2 + , and Ni 2 + 

omplexes, respectively, while, they are diamagnetic for Pb 2 + and 

d 

2 + complexes. The biological activity shows potent cytotoxic and 

nticancer activity which suggest the obtained complexes are good 

andidate for further antitumor activities studies. From molecu- 

ar docking interaction, [ PhTPO- Co 2 + ] complex shows the highest 

nhibitory activity to the EGFR protein similar to the experimen- 

al anticancer data with S score value equals −7.87406 and RMSD 

alue equals 1.2420. 
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