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Abstract: A new series of some biologically active Cr(III), Fe(III), Co(II), Ni(II), Cu(II), and Zn(II)
complexes was synthesized from the reaction of Ethyl 6-amino-4-(4-chlorophenyl)-5-cyano-2-methyl-
4H-pyran-3-carboxylate (L) with the previous biological metals in the presence of 1,10-phenanthroline
monohydrate (Phen). The structures of the obtained L along with their complexes were authenticated
by different analytical and spectral techniques. The data prove that L chelates with all metal ions as
bidentate through the nitrogen of the amino group and the nitrogen of the cyano group. Furthermore,
Phen chelated with metal ions via two nitrogen atoms. The molar conductance values reflect that
all complexes are electrolyte, confirming the 1:3 electrolytic natures for trivalent metal ions and 1:2
electrolytic for bivalent metal ions. The thermal stability and the general thermal decomposition
pathways of metal complexes, L, and Phen were evaluating according to the thermogravimetric
technique. The activation thermodynamic parameters were estimated from TG curves by utilizing
Horowitz–Metzger (HM) and Coats–Redfern (CR) techniques. Powder X-ray diffraction (XRD)
analysis proved that L, Cu(II), and Zn(II) compounds have a crystalline nature, whereas, Cr(III),
Fe(III), Co(II), and Ni(II) complexes are semicrystalline. The investigated compounds were examined
in vitro for their antimicrobial activity towards G(+ve) Staphylococcus aureus and Bacillus subtilis
and G(−ve) Escherichia coli and Pseudomonas aeruginosa bacteria, and two fungi: Candida albicans
and Aspergillus flavus. According to the findings, the Co(II) complex has a significant efficiency
toward bacteria, additionally, Cr(III) complex is highly significant towards fungal strains.

Keywords: nanoparticles; spectroscopy; XRD; DTA; G(+ve) and G(−ve) bacteria

1. Introduction

Pyrans are heterocyclic components found in many natural substances, including
alkaloids, carbohydrates, pheromones, polyether antibiotics, and iridoids [1,2]. Cardiotonic,
anti-tumor, anti-bronchitic, antibacterial, antimicrobial, anti-inflammatory, antimalarial,
antihistamine, antiplatelet, antigenic, and antiviral actions are demonstrated by pyrano
pyrimidines [3–14]. A number of condensed pyrimidine molecular systems have recently
been created and tested for biological activity and fluorescence characteristics [15–19]. Many
chemists are interested in 4H-pyran-annulated compounds because they have a wide range
of biological and pharmacological activities as emetic, anti-HIV, anti-tumor, anti-cancer, anti-
coagulant, anti-Alzheimer, anti-bacterial, anti-malaria, diuretic, spasmolytic, anti-leukemic,
anti-hyperglycemic, and anti-dyslipidemic [20]. Moreover, these compounds have potential
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to be employed as cognitive enhancers for the therapy of neurodegenerative disorders
such as Alzheimer’s, amyotrophic lateral sclerosis, AIDS-associated dementia, and Down
syndrome, as well as schizophrenia and Huntington’s diseases [21]. Furthermore, such
functionalized 4H-pyran derivatives have been playing a greater part in synthetic methods
for potential agricultural molecules, cosmetics, and pigment industries [22,23]. Between
both different pyran derivatives, 4H-pyrans with cyan functionality have the potential to
be used in the treatment of rheumatoid arthritis, psoriasis, and cancer, as well as laser dyes,
optical brighteners, fluorescence markers, pigments, cosmetics, and potent biodegradable
agrochemicals [24–29]. Some of the 4H-pyrans derivatives had high pharmacological
activity. The research survey confirmed no reports on ethyl 6-amino-4-(4-chlorophenyl)-5-
cyano-2- methyl-4H-pyran-3-carboxylate (L) (Scheme 1A) with metal ions.
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Scheme 1. (A) Ethyl 6-amino-4-(4-chlorophenyl)-5-cyano-2- methyl-4H-pyran-3-carboxylate (L) 
and (B) 1,10-phenanthroline monohydrate (Phen). 
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Scheme 1. (A) Ethyl 6-amino-4-(4-chlorophenyl)-5-cyano-2- methyl-4H-pyran-3-carboxylate (L) and
(B) 1,10-phenanthroline monohydrate (Phen).

Phen (Scheme 1B) is a heterocyclic compound acting as a ligand, which is appealing
owing to its capacity to serve as a powerful binder for double-stranded DNA and to
assist in the extraction of the hydrogen atom from the sugar unit [30,31]. In the literature,
there are several studies of mixed ligands metal complexes that integrate Phen with other
ligands [32–36]. Numerous studies have also shown that the biologically relevant elements
Co(II), Ni(II), Cu(II), and Zn(II) participate in a variety of structures and activities of the
components of biology, thus they have also shown strong cytotoxic action when combined
with a variety of ligands [37–39].

To carry out more research on mixed ligand metal complexes [40–43], the goal of the
current research was to observe the interaction of some biological metals such as Cr(III),
Fe(III), Co(II), Ni(II), Cu(II), and Zn(II) with L and Phen for producing some novel mixed
ligand metal complexes. Elemental studies, molar conductivity, magnetic susceptibility
tests, FT-IR, UV-vis, 1H NMR, XRD, and thermal gravimetric analyses were used to explain
the complexes’ structures. Furthermore, biological activities towards some bacteria and
fungi strains of the synthesized compounds were assessed.

2. Results and Discussion
2.1. Elemental Analysis and Molar Conductance

L chelated with chromium(III), iron(III), cobalt(II), nickel(II), copper(II), and zinc(II) in
the existence of Phen to obtain complexes. The reaction system proceeds in the absence of
any oxidizing agent which stabilizes the oxidation state of Co(II) in the reaction mixture
in the absence of atmospheric oxygen. All complexes are stable in air, coloured, non-
hygroscopic powders, and soluble in DMSO and DMF. Table 1 shows the data of CHN,
melting points, and molar conductance for L, Phen, and investigated complexes. The values
of molar conductance of all compounds in DMF were obtained and observed between
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125.94 and 198.65 Ω cm2 mol−1 for complexes, these values confirmed that the trivalent
complexes were 1:3 electrolytes while, the divalent complexes were 1:2 electrolytes with
chloride existing outside the complex sphere [44,45], and L and Phen ligands were found
to be nonelectrolytes with values of 6.28 and 5.00, respectively.

Table 1. Elemental analysis and physico-analytical data for L, Phen, and their metal complexes.

Compounds
M.Wt. (M.F.) and Cord. F.

Color
Yield (%) M.P. (◦C)

Calc. (Found) (%) Λ

Ω cm2 mol−1C H N M Cl

L
318.50 (C16H18ClN2O3)

Yellow
88.00 165 60.28

(60.01)
4.71

(4.57)
8.79

(8.68) - 11.14
(10.99) 6.28

Phen
198.20 (C12H10N2O)

White
- 100 72.61

(72.35)
5.00

(4.89)
14.05

(13.98) - - 5.00

(1)
737.99 (CrC28H32N4O7.5Cl4)

[Cr(L)(Phen)(H2O)2]
Cl3.2.5H2O

Faint Green
85.43 200 45.53

(45.22)
4.34

(4.22)
7.59

(7.37)
7.04

(6.87)
19.24

(19.01) 198.65

(2)
723.80 (FeC28H30N4O6.5Cl4)

[Fe(L)(Phen)(H2O)2]Cl3.1.5H2O

Dark Red
74.17 95 46.42

(46.32)
4.14

(4.05)
7.73

(7.52)
7.70

(7.46)
19.61

(19.23) 191.23

(3)
691.50 (CoC28H30N4O6.5Cl3)

[Co(L)(Phen)(H2O)2]Cl2.1.5H2O

Faint Green
78.33 210 48.59

(48.19)
4.34

(4.24)
8.10

(7.99)
8.52

(8.22)
15.40

(15.13) 142.35

(4)
709.20 (NiC28H32N4O7.5Cl3)

[Ni(L)(Phen)(H2O)2]Cl2.2.5H2O

Pale Green
78.96

280
Decomposed

47.38
(47.19)

4.51
(4.43)

7.90
(7.67)

8.28
(8.11)

15.02
(14.87) 137.58

(5)
678.00 (CuC28H28N4O5.5Cl3)

[Cu(L)(Phen)(H2O)2]Cl2.0.5H2O

Green
76.69

180 49.56
(49.44)

4.13
(3.99)

8.26
(8.02)

9.37
(9.13)

15.71
(15.44) 125.94

(6)
688.90 (ZnC28H29N4O6Cl3)

[Zn(L)(Phen)(H2O)2]Cl2.H2O

Buff
80.09

105 48.77
(48.34)

4.21
(4.04)

8.13
(8.01)

9.51
(9.29)

15.46
(15.25) 128.32

2.2. FT-IR Spectra

The spectra of L, Phen, and our complexes were observed (Figure S1) with details
listed in Table S1. The positions of the important bands in the spectra of L and Phen
were demonstrated to identify the binding sites that could be linked in coordination. The
spectrum of L was characterized mainly by medium to very strong intensity absorption
bands at 3263, 3223, and 2192 cm−1. The first two bands are due to ν(N-H), while, the
last band is related to ν(C≡N) [46]. In terms of a contrast of the IR data of the complexes
with those of L, the shift of ν(N-H) to higher and/or lower frequency values (Table S1) in
the spectra of the complexes could imply an increase in N-H bond strength throughout
chelation [46,47]. The change in intensity of C≡N in all complexes from very strong
to medium proves that the L molecule binds with metal ions via the nitrogen atom of
the cyano group (Scheme 2) [47]. Furthermore, the shift of ν(C≡N) in some complexes
from 2192 to around 2228 confirmed the chelation from the lone pair of electrons on
the N atom in the cyano group with metal ions [48,49]. The potential that coordination
to metal ions reduces the electron density on the nitrogen atom means that it attracts
single bond electrons, resulting in a stronger N-H bond and then a higher frequency
bond. While the shift of ν(C≡N) intensity to a lower value confirms the presence of a CN
group in the interaction with L forming five membered rings around the metal ion. The
detected peak at 1586 cm−1 in Phen, which may be assigned to ν(C=N), moved to lower
frequencies in the metal complexes, showing the role of pyridine ring nitrogen in complex
development [31,32,50]. The existence of strong and broad bands at 3321–3406 cm−1

represents ν(O–H) stretching vibrations, proving that all complexes contain coordinated
and/or hydrated water molecules [31,32,51]. The complexes’ spectra involve some new
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bands with different intensities for ν(M-O) and ν(M-N), which were discovered at 719 and
505,722 and 516,721 and 506,725 and 507,719 and 629, and 732 and 507 cm−1 for complexes
(1), (2), (3), (4), (5), and (6), respectively.

Inorganics 2023, 11, x FOR PEER REVIEW 4 of 18 
 

 

ν(O–H) stretching vibrations, proving that all complexes contain coordinated and/or 
hydrated water molecules [31,32,51]. The complexes’ spectra involve some new bands 
with different intensities for ν(M-O) and ν(M-N), which were discovered at 719 and 505, 
722 and 516, 721 and 506, 725 and 507, 719 and 629, and 732 and 507 cm−1 for complexes 
(1), (2), (3), (4), (5), and (6), respectively. 

N

NO

CN

NH2H3C

Cl

O

EtO M

H2O

H2O

Cln.mH2O

 
Scheme 2. Proposed structure for metal complexes. 

2.3. UV-vis. Spectra and Magnetic Moment 
In DMSO, the electronic absorption spectra of L, Phen, and their complexes were 

observed between 200 and 800 nm (Figure S2). The outcomes assigned that L showed two 
bands at 284 and 343 nm, which may be related to π-π* and n-π* transitions, respectively 
(Table 2). Furthermore, Phen bands were observed at 300 and 340 nm, which referred to 
π-π* and n-π*transitions [31,52]. The complexes (1), (2), (3), (4), and (5) are paramagnetic 
because of the presence of an unpaired electron and their d-d transition spectra obtained 
at 19,047 cm−1 for complex (1) with 10Dq value at 227.8 kJmol−1 with CFSE at −273.36, 
which is assigned as 4A2g(F)→4T2g(F), at 13,850 cm−1 for complex (2) with 10Dq at 165.6 
kJmol−1, which is referred to as 6A1g → 4T1g(G), at 16,129 for complex (3) with 10Dq at 192.9 
kJmol−1 and CFSE at −154.3+2p, which refer to 4T1g(F) → 4A2g(F), at 15,384 cm−1 for complex 
(4) with 10Dq at 184.0 kJmol−1 and CFSE at 220.8+3p, which is assigned as 3A2g(F) → 3T2g, 
and at 16,260 cm−1 for complex (5) with 10Dq at 194.5 kJmol−1 and CFSE at 116.7+4p, 
which is assigned as 2Eg→2T2g [53–57]. The magnetic susceptibilities (µeff) of the com-
plexes were evaluated and found at 3.32, 5.90, 4.22, 3.05, and 1.76 B.M. for complexes (1), 
(2), (3), (4), and (5), respectively. The molar absorptivity (ε) values of the synthesized 
complexes were obtained by using Equation (1):  

A = εcl  (1)

where A = absorbance, l = cell length of 1 cm, and c = 1.0 × 10−3 M. 

  

Scheme 2. Proposed structure for metal complexes.

2.3. UV-vis. Spectra and Magnetic Moment

In DMSO, the electronic absorption spectra of L, Phen, and their complexes were
observed between 200 and 800 nm (Figure S2). The outcomes assigned that L showed two
bands at 284 and 343 nm, which may be related to π-π* and n-π* transitions, respectively
(Table 2). Furthermore, Phen bands were observed at 300 and 340 nm, which referred to
π-π* and n-π*transitions [31,52]. The complexes (1), (2), (3), (4), and (5) are paramagnetic
because of the presence of an unpaired electron and their d-d transition spectra obtained
at 19,047 cm−1 for complex (1) with 10Dq value at 227.8 kJ mol−1 with CFSE at −273.36,
which is assigned as 4A2g(F)→4T2g(F), at 13,850 cm−1 for complex (2) with 10Dq at 165.6 kJ
mol−1, which is referred to as 6A1g → 4T1g(G), at 16,129 for complex (3) with 10Dq at
192.9 kJ mol−1 and CFSE at −154.3 + 2p, which refer to 4T1g(F)→ 4A2g(F), at 15,384 cm−1

for complex (4) with 10Dq at 184.0 kJ mol−1 and CFSE at 220.8 + 3p, which is assigned
as 3A2g(F)→ 3T2g, and at 16,260 cm−1 for complex (5) with 10Dq at 194.5 kJ mol−1 and
CFSE at 116.7+4p, which is assigned as 2Eg→2T2g [53–57]. The magnetic susceptibilities
(µeff) of the complexes were evaluated and found at 3.32, 5.90, 4.22, 3.05, and 1.76 B.M. for
complexes (1), (2), (3), (4), and (5), respectively. The molar absorptivity (ε) values of the
synthesized complexes were obtained by using Equation (1):

A = εcl (1)

where A = absorbance, l = cell length of 1 cm, and c = 1.0 × 10−3 M.
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Table 2. UV-vis. Spectra for L, Phen, and their metal complexes.

Compound λmax (nm) ν (cm−1)
Peak As-
signment

ε

(M−1cm−1)
10Dq

CFSE
µeff

(B.M)cm−1 kJ/mol

L
284 35,211 π→π * 12 - - - -
343 29,154 n→π * 104

Phen
275 36,364 π→π * 27 - - - -
355 28,169 n→π * 235

(1)

255, 305 39,215, 32,786 π→π * 42, 30
354 28,248 n→π * 15

475, 490 21,052, 20,408 LMCT 358, 270

525 19,047 d-d
transition 125 19,047 227.8 −273.36 3.32

(2)

250, 280 40,000, 35,714 π→π * 45, 100
345 28,985 n→π * 55

485, 570 20,618, 17,543 LMCT 600, 1341

722 13,850 d-d
transition 24 13,850 165.6 0.00 5.90

(3)

290 34,482 π→π* 90
350 28,571 n→π* 53

465, 490 21,505, 20,408 LMCT 47, 285

620 16,129 d-d
transition 478 16,129 192.9 −154.3

+ 2p 4.22

(4)

250, 290 40,000, 34,482 π→π * 38, 40
320 31,250 n→π * 20

460, 490 21,739, 20,408 LMCT 442, 457

650 15,384 d-d
transition 43 15,384 184.0 220.8 +

3p 3.05

(5)

255 39,215 π→π * 34
300, 330 33,333, 30,303 n→π * 25, 18
460, 490 21,739, 20,408 LMCT 442, 445

615 16,260 d-d
transition 56 16,260 194.5 116.7 +

4p 1.76

(6)
255 39,215 π→π * 53

310, 350 32,258, 28,571 n→π * 60, 30
420, 470, 490 23,809, 21,276, 20,408 LMCT 66, 388, 299 - - - -

2.4. 1H NMR and 13C NMR Spectra

The proposed structures of L, Phen and Zn(II) complex were characterized by 1H, 13C
NMR spectroscopy in DMSO-d6 as a solvent (Figure 1). 1H NMR of L: δ (1.03) (t, J = 3.09,
3H, –CH2CH3), 2.30 (s, J = 6.9, 3H, –CH3), 3.96 (q, J = 11.88, 2H, –CH2CH3), 4.31 (s, J = 12.93,
1H, –H-pyran) 6.95 (s, J = 28.95,2H, –NH2), 7.15–7.35 (d, J = 0.6, 2H, -H-aromatic), 3.82
(s, J = 11.46, 2H, H2O). 13C NMR (DMSO-d6, 100 MHz): δC = 18.50, 24.26, 57.86, 61.96,
108.4, 116.2, 123.5, 128.6, 130.6, 131.6, 142.7, 157.3, 162.3 and 165.5. Furthermore, 1H NMR
spectrum of Zn(II) complex was obtained: δ(1.01–3.95) (t, J = 8.82, 3H, –CH2CH3), 2.29
(s, J = 6.87, 3H, –CH3), 4.29 (s, J = 12.87, 1H, –H-pyran) 6.97 (s, J =20.91, 2H, –NH2), 7.29–8.00
(d, J = 2.13, 2H, -H-aromatic). In Zn(II) complex spectrum, L peaks possess some shifts
from the binding of L to Zn(II). Furthermore, H2O has a new peak at δ 3.82 [58].
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2.5. Thermal Analyses

Thermal analyses were carried out with the aim to investigate the kind of H2O in the
investigated compounds. In the proposed structure for our complexes, the type of adsorbed
or lattice H2O molecules that are found outside the inner coordination sphere of the central
metal ion will move away from the structure at below 120 ◦C. However, the second type of
H2O molecules were found inside the complex sphere and formed coordinated bonds with
metal ions; this type of water moves away from the structure at above 120 ◦C. The TG curve
(Figure S3) of L with melting point (M.P.) at 165 ◦C initiated at 137 ◦C and completed at
761 ◦C (Table S2), with two steps. The 1st stage occurs at Tmax 239 ◦C with a drop in mass of
62.95% (calc. 62.63%), relating to the removal of CH4+2C2H2+2CO+C3H4+0.5Cl2; this step
is characterized by activation energy (Ea) of 185.56 kJ mol−1 and the reaction order is 0.981.
Furthermore, it was confirmed with DTA endothermic peaks at −24.85 and −8.40 µV. The
2nd step at Tmax of 318 and 520 ◦C with a drop in mass of 36.94% (calc. 37.37%), refers to the
loss of C4H2+0.5N2+HCN, and is confirmed by exothermic DTA at 3.39 µV. According to
the literature survey, the thermogram of Phen with M.P. at 100 ◦C indicates two successive
stages of degradation [54]. The TG diagram of complex (1) (M.P. 200 ◦C) initiated at 40 ◦C
and completed at 889 ◦C, with three steps. The 1st one was found at Tmax 85 ◦C with
mass loss of 6.00% (calc. 6.09%) and was assigned to the removal of 2.5H2O with DTA
endothermic peak at −0.75 and −2.24 µV. The 2nd stage at a maximum of 255 ◦C with a
drop in mass of 29.11% (calc. 29.27%) was assigned to the removal of 6C2H2+2NO and
supported by Ea = 35.11 kJ mol−1. The last step at Tmax 477 and 770 ◦C with 57.41% overall
weight loss (calc. 57.59%) was assigned to the removal of 7C2H2+NO+CO2+2Cl2+HCN
and supported by endothermic DTA peak at −1.19, −2.29, and −0.67 µV, leaving Cr as
residue. Complex (2) with M.P. at 95 ◦C follows three degradation phases: The 1st step at
87 ◦C, with a weight loss of 3.70% (calc. 3.74%) was related to removal of 1.5 H2O. The 2nd
step at Tmax 226 ◦C with a drop in mass of 44.88% (calc. 44.55%) was assigned to the loss
of 6C2H2+2NO+1.5Cl2, and confirmed with endothermic DTA peak at 3.56 µV and Ea at
27.96 kJ mol−1. The 3rd step at Tmax 383 and 511 ◦C with mass loss of 45.15% (calc. 44.01%)
associated with liberation of 7C2H2+HCN+NO+CO2+0.5Cl2, with one endothermic peak at
15.40 µV, leaving iron as a residue. Complex (3) with M.P. at 210 ◦C follows four degradation
phases. The 1st step found at 79 ◦C, with a drop in mass of 3.88% (calc. 3.90%), involved the
removal of lattice water with DTA endothermic peak at −8.63 µV. The 2nd decomposition
step at Tmax 198 ◦C with 32.76% overall weight loss (calc. 31.24%) liberated 6C2H2+N2+O2,
and was confirmed with two DTA endothermic peaks at −6.73 and −3.78 µV with Ea at
44.16 kJ mol−1. The 3rd step at Tmax 388 ◦C with 10.37% overall weight loss (calc. 10.12%)
was assigned to the removal of Cl2. The 4th step at Tmax 640 ◦C with a drop in mass of 43.41%
(calc. 43.74%) liberated 7C2H2+2CO+HCl+N2, with one endothermic peak at −1.32 µV,
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leaving CoO as residue. Complex (4) (M.P. 280 ◦C) follows three degradation phases. The
1st step obtained at 68 ◦C, with a drop in mass of 6.31% (calc. 6.34%) related to the release
of 2.5H2O with two DTA endothermic peaks at −5.34 and −1.68 µV. The 2nd step at Tmax
183 ◦C with a drop in mass of 39.68% (calc. 40.46%) liberated 6C2H2+Cl2+O2+N2, and was
confirmed with a DTA exothermic peak at −2.20 µV and Ea at 30.38 kJ mol−1. The 3rd step
at Tmax 405 ◦C with a drop in mass of 47.19% (calc. 46.97%) was assigned to removal of
7C2H2+HCN+NO+CO2+0.5Cl2, with one endothermic peak at −0.88 µV, leaving Ni as a
residue. Complex (5) with M.P. at 180 ◦C follows three decomposition phases: the 1st step
at 58 ◦C, with a drop in mass of 1.34% (calc. 1.33%) corresponding to the release of 0.5 H2O.
The 2nd step at Tmax 182 and 358 ◦C with a drop in mass of 41.76% (calc. 42.33%) was
assigned to the removal of 6C2H2+2NO+Cl2, and was confirmed with DTA endothermic
peak at −4.24 µV and Ea at 48.70 kJ mol−1. The 3rd step at 639 and 844 ◦C maxima with
47.16% overall weight loss (calc. 46.98%) liberated 7C2H2+CO+CO2+N2+HCl, with one
endothermic peak at −0.99 µV, leaving Cu as a final product. Finally, complex (6) (M.P.
105 ◦C) follows four degradation phases. The 1st step at 87 ◦C, with 2.66% overall weight
loss (calc. 2.61%) related to the release of H2O, and was validated with DTA endothermic
peak at −10.23 µV. The 2nd stage at 164, 268, and 491 ◦C maxima with 57.58% overall
weight loss (calc. 57.99%) was assigned to removal of 8C2H2+HCl+Cl2+2CO+N2, and was
proven by DTA endothermic peak at −7.47 µV and DTA exothermic peak at 3.20 µV with
Ea at 42.50 kJ mol−1. The 3rd step at Tmax 607 ◦C with 18.00% overall weight loss (calc.
17.99%) liberated 3C2H2+CO+H2O, with one exothermic peak at 24.68 µV. The last step at
Tmax 844 ◦C with a drop in mass of 12.39% (calc. 11.90%) was assigned to the removal of
C2H2+CO+N2, with one endothermic peak at −2.90 µV, leaving Zn metal as residue.

2.6. The Kinetic Data

The activated thermodynamic parameters, activation energy (Ea), enthalpy (∆H*),
entropy (∆S*), and Gibbs free energy (∆G*) were computed using Coats–Redfern (CR) and
Horowitz–Metzger (HM) methods (Figure S4) [59,60].
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RTs
+

Ea θ
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for n 6= 1 (5)

∆H∗ = Ea − RT (6)

∆S∗ = R ln
hA
KBT

(7)

∆G∗ = ∆H∗ − T∆S∗ (8)

For Arrhenius, the correlation coefficient plots of thermal decomposition phases were
observed in the 0.758–0.998 zone, showing a good fit with the linear function. Ea of degra-
dation were observed between 8.53 and 146.78 kJ mol−1 (Table 3) [45,61]. The negative
values of ∆S* of the degradation steps for metal complexes imply that the activated frag-
ments are more organized than the undecayed complexes or that the decayed activities are
slow. The positive sign of ∆H* assigned to the degradation steps demonstrates that the
steps of breakdown are endothermic. Furthermore, positive ∆G* values suggest that the
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free energy of the end residue is greater than that of the starting molecules, and all break
phases are nonspontaneous processes [45,62].

Table 3. Thermal behavior and kinetic parameters for L, Phen, and metal complexes.

Compounds Decomposition
Range (K)

Ts
(K) Method

Parameter

R a SD bEa
(kJ/mol)

A
(s−1)

∆S*
(kJ/mol·K)

∆H*
(kJ/mol)

∆G*
(kJ/mol)

L 436–540 512 CR
HM

185.56
157.18

5.08 × 1018

7.81 × 1015
0.0746
0.0208

181.30
152.92

143.07
142.27

0.981
0.970

0.034
0.036

Phen 394–572 551 CR
HM

117.83
146.78

2.03 × 109

7.97 × 1011
−0.071
−0.022

113.250
142.210

152.84
154.42

0.996
0.998

0.120
0.076

(1) 313–683 529 CR
HM

35.11
47.13

5.72 × 102

2.11 × 1010
−0.2309
−0.0860

30.71
42.73

152.87
88.24

0.948
0.951

0.105
0.097

(2) 310–690 656 CR
HM

27.96
53.91

17.00
2.94 × 103

−0.2619
−0.2190

22.51
48.46

194.32
192.17

0.909
0.883

0.102
0.198

(3) 292–617 198 CR
HM

44.16
8.53

6.03 × 104

7.18 × 1010
−0.1840
−0.0336

42.51
6.89

78.94
13.56

0.976
0.968

0.043
0.057

(4) 313–646 457 CR
HM

30.38
40.49

1.89 × 102

9.87 × 103
−0.2389
−0.2060

26.59
36.69

135.76
130.84

0.955
0.948

0.051
0.094

(5) 292–650 455 CR
HM

48.70
38.55

2.33 × 104

5.95 × 103
−0.1988
−0.2101

44.91
34.77

135.39
130.40

0.842
0.758

0.265
0.407

(6) 332–602 437 CR
HM

42.50
35.10

4.88 × 103

3.45 × 103
−0.2115
−0.2143

38.86
31.47

131.29
125.15

0.947
0.979

0.036
0.092

a = correlation coefficients of the Arrhenius plots; b = standard deviation.

2.7. XRD

The crystallinity and the diffraction patterns of L, Phen, and their metal complexes
were obtained over the assessing range of 2θ = 0–80◦ (Figure 2). According to the strong
sharp peaks, the prepared complexes have high crystallinity. Table 4 includes details of the
diffractograms and associated data, such as the relative intensity, the inter-planar spacing
(d-values), and the 2θ values (for each peak). Significant peaks with relative intensity
greater than 10% were found in the XRD pattern of our compounds. The last outcome
proved that the ligand and the complexes are crystalline in nature. The XRD pattern of L
found at 100% intensity was determined at 2θ = 17.99◦. The data recorded in the literature
review for Phen showed the crystallinity in the range 2θ = 0–56◦ [32]. The main peaks
for Phen were determined at 2θ = 19.87◦. Sharp peaks represent strong crystallinity in
the synthesized complexes [45,63]. The diffraction peaks at maximum intensity (100%)
for complex (1) were found at 2θ = 21.90◦. The XRD peaks of (2) were recognized at
2θ = 22.33◦; for (3), at 2θ = 28.54◦; for (4), at 2θ = 24.34◦; for (5), at 2θ = 27.66◦; and for (6),
at 2θ = 31.66◦. The Debye–Scherer Equation (8) was used to determine the crystallite sizes
of tested compounds.

Cs =
Kλ

βcosθ
(9)

where, k is the Scherer constant = 0.9, λ is the X-ray beam wavelength = 0.15405 nm, β is
the full width at half maximum (FWHM) of the diffracted peak in radians, and θ is the
diffraction angle (radians) [64,65].
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Figure 2. XRD spectra of L, Phen, and their metal complexes.

Table 4. The average crystallite size of L, Phen, and their metal complexes estimated from XRD patterns.

Compounds 2θ (◦) d (A◦) FWHM Cs (nm) D × 10−4

(nm−2)
ε × 10−2

(rad)

L 17.99 4.95 0.1771 45.41 4.84 27.97
Phen 19.87 4.47 0.2170 38.93 7.24 30.97

(1) 21.90 4.07 0.0984 82.22 1.47 12.71
(2) 22.33 4.00 0.2558 31.65 9.98 32.40
(3) 28.54 3.14 0.1574 52.07 3.68 15.47
(4) 24.34 3.67 0.1378 58.97 2.87 15.97
(5) 27.66 3.24 0.2168 37.78 7.00 22.02
(6) 31.66 2.84 0.1771 46.62 4.60 15.62
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Cs values of the investigated compounds were obtained in the range of 31.65 to
82.22 nm (nano-size structures) as listed in Table 4. Dislocation density value (D) was in
the range of 1.47 × 10−4 to 9.98 × 10−4 nm−2, by which D and micro strain (E) can be
determined using Equations (10) and (11) [66].

D =
1

C2
s

(10)

E =
β

4tanθ
(11)

2.8. Antimicrobial Efficiency

The antimicrobial effectiveness of L, Phen, and their metal complexes against two
gram-positive bacteria (Staphylococcus aureus and Bacillus subtilis), two gram-negative
bacteria (Escherichia coli and Pseudomonas aeruginosa) and two fungi (Candida albicans and
Aspergillus flavus) using the disk diffusion technique. MIC and AI values are illustrated
in Table 5 and in Figures 3 and S5, respectively. For metal salts, no growth inhibition
was obtained, indicating that they are not subjected to the observed antimicrobial activity
obtained from the studied metal complexes [67–70]. Complex (1) was significant against S.
aureus, B. subtilis, P. aeruginosa, C. albicans, and A. flavus and showed non-significant activity
towards E. coli. For complex (2), no detectable effects against all tested fungi and bacteria
except B. subtilis were non-significant. Complex (3) explicated high significance towards
all tested bacteria except E. coli and significance against E. coli and two fungi. Complex (4)
indicated non-significant effect towards all tested microorganisms except C. albicans, which
is significant. Complex (5) is non-significant towards all tested microorganisms and non-
detectable towards C. albicans. Complex (6) indicated non-significant activity towards all
microorganisms but significant towards C. albicans. The data reported in a comparative
study of two ligands and their metal complexes showed that the complexes exhibited
higher antimicrobial activity than the ligands and standard references. The increase in
activity of metal chelates can be explained based on the overtone concept and chelation
theory. Complex (3) is the most active of the two ligands, other complexes, and standard
references towards tested bacterial and fungi. The higher antimicrobial activity of Co(II)
complex might be attributed to the higher reactivity of Co(II), replacing the metals of
metalloenzyme, especially respiratory enzymes and all oxidoreductase enzymes causing
cellular growth arrest, as well as, the displacement of metals from metalloenzymes, causing
enzyme denaturation with predictable loss to enzyme activity [71]. The second explanation
for the Co(II) complex’s greater antimicrobial activity may be related to the production
of DNA-metals adducts that damage, mutate, and ultimately prevent DNA replication as
well as transcription and translation [72]. Of note, the lipid membrane that surrounds the
cell, which permits lipid-soluble chemicals to penetrate and is an essential component of
antimicrobial action, can be used to characterize increasingly more beneficial complexes.
This indicates that chelation might promote metal complex diffusion across the lipid section
of the cell membrane and into the action region [73–75].
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Table 5. Antimicrobial activities of L, Phen, and metal complexes.

Compounds

G(+ve) and G(−ve) Bacterial Strains

S. aureus B. subtilis E. coli P. aeruginosa

D.iz a

(mm)
AI
b

(%)
MIC c

(µg/mL)
D.iz

(mm)
AI
(%)

MIC
(µg/mL)

D.iz
(mm)

AI
(%)

MIC
(µg/mL)

D.iz
(mm)

AI
(%)

MIC
(µg/mL)

L 9 ± 0.22 37.5 0.050 13 ± 0.05 56.5 0.100 8 ± 0.01 32.0 0.050 10 ± 0.33 43.5 0.075
Phen 7NS ± 0.55 29.2 0.075 9NS ± 0.11 39.1 0.075 ND —- —- 4NS ± 0.11 17.4 0.050

(1) 11+1 ± 0.08 45.8 0.100 15+1 ± 0.88 65.2 0.100 10NS ± 0.11 40.0 0.075 13+1 ± 0.05 56.5 0.100
(2) ND —- —- 3NS ± 0.60 13.0 0.025 ND —- —- ND —- —-
(3) 14+2 ± 0.06 58.3 0.100 17+2 ± 0.01 73.9 0.100 11+1 ± 0.09 44.0 0.100 16+2 ± 0.60 69.6 0.100
(4) 9NS ± 0.44 37.5 0.075 11NS ± 0.03 47.8 0.075 8NS ± 0.77 32.0 0.025 9NS ± 0.09 39.1 0.050
(5) 5NS ± 0.33 20.8 0.025 8NS ± 0.22 34.8 0.025 6NS ± 0.22 24.0 0.050 9NS ± 0.33 39.1 0.075
(6) 4NS ± 0.07 16.7 0.050 6NS ± 0.09 26.1 0.050 3NS ± 0.01 12.0 0.025 5NS ± 0.77 21.7 0.025

Standards Ampicillin 24 ± 0.02 100 0.100 23 ± 0.07 100 0.100 23 ± 0.22 100 0.100 23 ± 0.22 100 0.100
Clotrimazole ND —- —- ND —- —- ND —- —- ND —- —-

Compounds

Fungal Strains
C. albicans A. flavus

D.iz
(mm)

AI
(%)

MIC
(µg/mL)

D.iz
(mm)

AI
(%)

MIC
(µg/mL)

L 12 ± 0.14 44.4 0.100 14 ± 0.16 56.0 0.100
Phen 10NS ± 0.11 37.0 0.075 12NS ± 0.11 48.0 0.050

(1) 16+1 ± 0.22 59.2 0.100 18+1 ± 0.09 72.0 0.100
(2) ND —- —- ND —- —-
(3) 15+1 ± 0.55 55.5 0.100 16+1 ± 0.8 64.0 0.050
(4) 7+1 ± 0.09 25.9 0.075 9NS ± 0.02 36.0 0.025
(5) ND —- —- 7NS ± 0.11 28.0 0.075
(6) 5+1 ± 0.22 18.5 0.050 9NS ± 0.70 36.0 0.050

Standards Ampicillin ND —- —- —- —- —-
Clotrimazole 27 ± 0.11 100 0.100 25 ± 0.02 100 0.100

Statistical significance: PNS, P not significant, p > 0.05; P+1, P significant, p < 0.05; P+2, P highly significant, p < 0.01;
P+3, P very highly significant, p < 0.001; student’s t-test (paired). a D.iz: inhibition zone diameter (mm); b AI:
activity index (%); c MIC: minimum inhibitory concentration (µg/mL); ND: not detectable.
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3. Experimental
3.1. Materials

The chemicals and solvents employed in this study for synthesis of L and its metal
complexes, ethyl acetoacetate, pyridine, cinnamonitrile derivative, Phen, ethanol AgNO3,
CrCl3.6H2O, FeCl3, CoCl2.6H2O, NiCl2.6H2O, CuCl2, and ZnCl2 were of analytical grade
(Merck, Sigma Aldrich, and BDH) and utilized unpurified.
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3.2. Physical Techniques

Fourier-transform infrared spectra were located between 4000 and 400 cm−1 using an
FT-IR 460 Plus spectrophotometer. A Perkin Elmer-2400 elemental analyzer was employed
to carry out CHN analyses. Metal ion contents of investigated complexes were observed
complexometrically, gravimetrically, and by atomic absorption [51,56]. To this aim, a
PYE-UNICAM SP 1900 spectrometer equipped with the appropriate lamp was employed.
The chloride content was determined using Mohr’s technique [76]. Molar conductivity
analysis was performed in DMF solution (10−3 M) by CONSORT K410. Melting points
were measured using a Buchi apparatus. A Shimadzu UV3101PC was utilized to obtain
the electronic absorption spectra in DMSO. A Varian Mercury VX300 NMR spectrometer
was used to obtain 1H NMR spectra by using DMSO-d6. The thermal analyses (TG, DTG
and DTA) were performed using a Shimadzu TG-60H thermal analyzer under nitrogen
atmosphere with a flow rate of 30 mL/min and heating rate of 10 ◦C/min within the
range of 25–1000 ◦C using platinum crucibles. A Sherwood scientific magnetic balance was
employed to perform the magnetic susceptibilities using a modified Gouy methodology
and diamagnetic corrections were computed using Pascal’s constants [77]. X-ray powder
diffraction investigations (XRD) were obtained by utilizing a diffractometer (Panalytical
XPERT PRO MPD). Cu-Kα radiation (λ = 1.5418 Å) was performed at 40 kV to 40 mA.
Antimicrobial activity of the investigated compounds was carried out at the Laboratory of
Phytopathology, SAFE, University of Basilicata, Potenza, Italy.

3.3. Synthesis of L

L was prepared according to the published literature [78,79]. A mixture of
4-chlorobenzylidenemalononitrile (0.01 mol, 1.8861 g) and ethyl acetoacetate (0.01 mol,
1.27 mL) was mixed in 20 mL ethanol with a few drops of pyridine. The mixture was
refluxed at 60 degrees for 6 h. The mixture was cooled overnight and a yellow precipitate
developed which was filtered and dried under vacuum over CaCl2.

3.4. Syntheses of Metal Complexes

The faint green solid complex [Cr(L)(Phen)(H2O)2]Cl3.2.5H2O (1), brown red complex
[Fe(L)(Phen)(H2O)2]Cl3.1.5H2O (2), dark green complex [Co(L)(Phen)(H2O)2]Cl2.1.5H2O
(3), dark brown complex [Ni(L)(Phen)(H2O)2]Cl2.2.5H2O (4), brown complex [Cu(L)(Phen)
(H2O)2]Cl2.0.5H2O (5), and brown complex [Zn(L)(Phen)(H2O)2]Cl2.H2O (6) were synthe-
sized by adding 0.5 mmol of chloride salts of the metal ions used in 20 mL ethanol to form
a mixture of 50 mL of 0.5 mmol of L and Phen. The reactants were stirred with reflux for
16 h at ≈85 ◦C. The obtained colored solids were filtered, cleaned with C2H5OH, and dried
under vacuum over CaCl2.

3.5. Antimicrobial and Minimal Inhibitory Concentrations

Antibacterial activity of L, Phen, and their complexes were examined by a modified
Beecher and Wong methodology [80] against two gram-positive bacteria (S. aureus and
B. subtilis), two gram-negative bacteria (E. coli and P. aeruginosa) and two fungi (C. albicans
and A. flavus). The strains of microorganisms used were obtained from the microbiological
collection of the School of Agricultural, Forestry, Food and Environmental Sciences (SAFE),
University of Basilicata, Potenza, Italy, and were recultured and conserved as explained by
Elshafie et al. [81,82]. The Müller–Hinton agar medium (MHA) for antibacterial activity
(0.2 g/L beef extract, 17.5 g/L acid hydro lysate of casein, 1.5 g/L starch and 17 g/L agar)
was prepared. After autoclaving, it was cooled to 47 ◦C and then poured onto sterilized
Petri dishes (plate of 12 cm diameter). Plates were infected with tested bacteria by dipping
a sterile swab into the inoculum and then streaking the swab all over the surface of the
medium twice, rotating the plates by 60 ◦C after every attempt. After this, swabs were
discarded into an appropriate container. Furthermore, the inoculum was left to dry for
a few minutes at room temperature. Whatman No. 1 filter papers with a diameter of
6 mm were put in a Petri dish and sterilized in an autoclave for 40 min. After this, disks
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impregnated with appropriated antimicrobial were carefully lowered down onto the agar
surface with a pair of sterile forceps to achieve total connection with the agar surface. The
plates had been left at 37 degrees Celsius in an incubator. After being left overnight, the
diameter of each inhibitory zone (which involves the diameter of the disk) was obtained
and documented in mm using a ruler. The Czapex–Dox agar medium (30 g/L sucrose,
3 g/L sodium nitrate, 1 g/L dipotassium hydrogen phosphate, 0.05% potassium chloride,
0.001% ferrous sulphate, and 20 g/L agar) was prepared. After autoclaving, it was left
to cool to 47 ◦C and then seeded with tested fungal strain. After this, media was poured
into sterile Petri dishes and left to solidify. After solidification, 5 mm diameter holes
were punched with a sterile cork-borer. Ligands and their complexes were dissolved in
DMSO (1 × 10−3 M), and then inoculated in Petri dishes (only 0.1 mL). After this, plates
were incubated at 30 ◦C for 7 days. The diameter of the inhibitory zone was used to
calculate activity (in mm). The index percent activity of the compounds was calculated
(Equation (12)):

Activity Index (AI) =
Inhibition zone by test compound diameter

Inhibition zone by standard diameter
× 100 (12)

MIC determined for L, Phen, and metal complexes towards the above-mentioned
tested bacterial and fungal strains were obtained using the standard broth microdilution
method in LB broth [83]. Metal compounds were investigated at concentrations ranging
from 0.025 to 0.100 µg/mL, using DMSO solvent as standard.

4. Conclusions

This investigation was accepted for the synthesis previously prepared new mixed
ligand complexes of Cr and Fe trivalent and Co, Ni, Cu, and Zn divalent ions with L and
Phen. Spectroscopic and physicochemical techniques were utilized to characterize the new
mixed metal complexes. In all these complexes, both L and Phen behaved as bidentate
ligands via the nitrogen of the amino group, nitrogen of the cyano group, and two nitrogen
atoms of the pyridine group, respectively. Molar conductance proved that all prepared
complexes are electrolyte in nature with different Cl- ions found out the outer sphere of the
complexes. The antimicrobial activity of two ligands and all generated complexes has been
examined towards Gram-positive and Gram-negative bacteria and two fungi strains. In
addition, Co(II) complex has a significant efficiency toward bacteria, and Cr(III) complex is
highly significant towards fungal strains compared to other compounds.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/inorganics11050220/s1. Figure S1: FT-IR spectra for L, Phen and
their complexes; Figure S2: UV-vis. spectra for L, Phen and their complexes; Figure S3: TG, DTG and
DTA diagrams for L, Phen and their complexes; Figure S4: Kinetic parameters diagrams of L, Phen
and their metal complexes; Figure S5: Statistical representation for biological activity for L, Phen
and their metal complexes; Table S1: Selected FT-IR bands for L, Phen and their metal complexes;
Table S2: Maximum temperature (Tmax, oC) and mass loss of the decomposition steps for L, phen
and metal complexes.
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