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the paramagnetic chelates (3) and (4), as well as the diamagnetic complexes (1) and (2), were
responsible for the tetrahedral geometrical structure. The outcomes also led to the production of
square-planar, and high-spin octahedral structures for chelates (5) and (6). Thermodynamic

ﬁfzgj;rfaa y studies using activation energy values revealed that complex (1) is more thermally stable than
Thiourea complex (2) and complex (3) is more stable than complex (4). Fe(II) complex exhibits higher
Metal Chelates antibacterial and antifungal activities than other metal complexes. Chelate (6) exhibits the highest
IR rate of germination in wheat.

Biological Studies
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1. Introduction

Nicotinic acid is an organic compound, otherwise called vitamin B; or Niacin. It is a colorless solid water-soluble.
Nicotinic acid and its derivatives are strong organic multidentate chelating ligands, most of them coordinate with the metal
ions through the lone pair of electrons in nitrogen and oxygen atoms.! Further, it is used to reduce cholesterol levels and
lower the risk of heart disease.? Spraying of nicotinic acid increases plant growth and biomass weight. Therefore, foliar
sprays appear to mitigate the negative effects of increased salinity.? This type of ligands and their metal chelates have many
important biological activities like anticancer, antibacterial, antifungal, antiviral, and anti-inflammatory *'! as well as they
are found to be pharmacologically and physiologically active. Niacin plays an important role in the cell breath, arrival of
energy, working of the nervous system, and typical discharge of bile and stomach,!? it may help to prevent skin cells from
sun damage well as applied as a lotion and it may help prevent some types of skin cancer.'>'* Some metal chelates of
nicotinic acid and its derivatives have supramolecular association via hydrogen or covalent bonds.>!> In industry, Niacin is
used as an anticorrosion agent for mild steel '°, in the chemical polishing of steel under high-temperature conditions 7, and
as an organic catalyst.!®

Thiourea, also known as a thiocarbamide contains three functional groups, amino, imino, and thiol. On the other hand,
the importance of complexes including thiourea is due to their biological activities involving antimicrobial, antiviral,
antitumor, anti-nociceptive, and insecticidal activities along with their uses in several medicines, and agriculture
applications. In addition, thiourea is utilized to improve plant growth under normal and stressful conditions as well as
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coordinating agents due to the existence of oxygen, nitrogen, and sulfur donor atoms. '*?° Thiourea is used in several
applications in industry as in the processing of gold 2° and as a corrosion inhibitor. 27

A lack of Ca and Mg in wheat results in stunted roots, leaves that do not turn yellow, necrotic spotting in the middle of
the youngest leaf, and leaf collapse and unrolling. Ca and Mg are essential to plant macronutrients that are required for the
growth, functionality, and health of root tips and meristems. Also, Fe is a micronutrient for plant growth, its deficiency led
to new leaves being affected first and becoming chlorotic. 2% In addition, metal ions are also essential to our life as organic
molecules. Zn(II), Ca(Il), and Mg(II) ions, for example, can be employed to prevent the development of cancer and are
found in large quantities in metallothionein proteins as well as in live organisms. The cellular system's RNA and DNA are
connected to the divalent ions Ca, Mg, Fe, Cu, and Mn, which support the biological functions of the nucleus. Additionally,
magnesium is used to provide energy to enzymes in both plants and animals. 3* Numerous plants are affected by fungus-
related illnesses"¥2, so that in these reports all encourage us to create metal chelates, including nicotinic acid, and thiourea
which react with various metal chlorides. Various spectroscopic and analytical methods were used to clarify the structure
of these compounds. They were also used as a growth promoter for wheat and to explore their biological effects against
Fusarium oxysporum f.sp. betae fungi and Erwinia carotovora sbp. carotovora bacteria.

2. Experimental
2.1. Materials and Physical Measurements

All chemicals used were chemically pure grade and were utilized without further purification. CoCl,.6H,0, CuCl,.2H,0,
NiCl,.6H,0, MgCl,.6H,0, CaCl,, and FeCl;.6H,0 salts have been employed. Elemental analyses (C, H, N) were carried
out on the Perkin Elmer-2400 elemental analyzer at Micro Analytical Center, Faculty of Science- Cairo university. Metal
ions of the prepared complexes have been determined by complexometric titration using EDTA and the percentage of
chloride ions within the complexes was indirectly estimated by Mohr's method.>* The solution of the investigated metal
ions were prepared by boiling (0.08g) of complexes with concentrated HNOs acid mixed with concentrated HCI (v/v:1:3),
then followed by the addition of distilled water affording a clear solution. Thermogravimetric analysis (TG/DTG) were
performed using a Shimadzu DAT/TG-50 thermal analyzer with a heating rate of 10°C/min under an N, atmosphere with a
flowing rate of 20 mL/min from room temperature up to 900°C using platinum crucibles. Johnson Matthey’s magnetic
susceptibility balance was used to measure magnetic susceptibilities employing the Gouy method. The diamagnetic
corrections were calculated using Pascal's constants.3* The effective magnetic moments were calculated as Bohr Magneton
from the equation {p.s=2.84(xM®™)"2}. The 'H NMR spectrum was measured in DMSO-d6 on a DELTA-2 NMR
spectrometer at 500 MHz Infrared spectra of the metal chelates were demonstrated on a Thermo-Fisher Nicolete FT-IR
spectrophotometer within range (400-4000cm™). The Perkin-Elmer Lambda 4B spectrophotometer was employed to
measure the electronic absorption spectra in Nujol mulls. Mass spectrometry instruments for metal complexes (Ca, Cu, Fe,
and Co) were performed on a Shimadzu Qp-2010 Plus spectrometer. Molar conductivities of all metal complexes were
measured at room temperature in DMSO solution (10-*M) using a type ORION 4 STAR (PH — conductivity Benchtop)
conductometer. The melting points were measured with the Stuart melting point apparatus.

2.2. Preparation of Metal Complexes of Nicotinic acid and Thiourea using the Template method

A hot ethanolic solution (15mL) of one mole of nicotinic acid (3g) was added to an equimolar of ethanolic solution
(15mL) of thiourea (1.85g). The reaction mixture was stirred under reflux for 2 hours at (70°C). After that, an ethanolic
solution (10 mL) of equimolar of metal chloride salts including bivalent metals, MCl,.nH,O (M: Ca, n=0; Mg, n=6; Co,
n=6; Ni, n=6 and Cu, n=2) and FeCl3.6H,O were added with continuous stirring to the reaction mixture and refluxed at
(70°C) for 8 hours. The formed precipitate was filtered off, and washed with ethanol, and dried. Afterward, all prepared
compounds were crystallized by boiling in absolute ethanol, filtered, and dried under a vacuum over anhydrous CaCl,

2.3. Biological Activity

The antimicrobial activity of some metal complexes was estimated against Fusarium oxysporum f.sp. betae fungi and
Erwinia carotovora sbp. carotovora bacteria at Plant Pathology Research Institute, Agriculture Research Center, Egypt.
Complexes (1), (2), and (6) were utilized with different concentrations, then, they were mixed with different ratios. The
bactericidal activities of these compounds were investigated using the agar plate technique *° on (Erwinia carotovora sbp.
carotovora) plant pathogenic bacteria. In addition, these compounds were studied against fungi (Fusarium) using potato
dextrose agar (PDA).3¢

The agriculture applications experiment was conducted during the 2021 winter season, using wheat (Egypt 2) in sandy
soil. Irrigation was performed for 15 days employing different prepared complexes (Ca, Mg, Fe, and mixture from these
chelates) in different concentrations (50, 150, 250 ppm). These results were compared to distilled water (control). After the
planting intervals, germination rate, and green, dry weight were recorded. Metal concentrations of Ca, Mg, and Fe were
measured by using a standard EDTA solution and the mixture ions were identified using the Inductive Coupled Plasma
(ICP) mass spectrometry instrument, Perkin Elmer Model: Optima 7000 DV. Nitrogen concentration was measured using
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the Kjeldahl procedure.’” Agriculture measurements were evaluated at Soil, Water and Environmental Research Institute,
Agriculture Research Center, Egypt.

3. Results and discussion
3.1. Characterization of Nicotinic acid and Thiourea Metal Complexes
Analytical Data

The physical and analytical results of nicotinic acid, thiourea, and their metal complexes are tabulated in (Table S1).
The structure of the formed compounds was elucidated via microanalyses, spectral studies, thermal (TG/DTG), magnetic
and molar conductance measurements. The metal chelates obtained from the reaction of nicotinic acid and thiourea with
different metal salts are separated with different stoichiometry. All metal complexes are stable, non-hygroscopic, and
partially soluble in aprotic organic solvents, but they are freely soluble in DMSO. The molar conductance measurements
recorded in (10*M) DMSO solution established that all chelates are typified (1:1) electrolytes, within the range; 49.1-79.2
Q! em2mol-! 3839

3.2. IR Spectra of Nicotinic Acid, Thiourea, and their Metal Complexes

Tables S2 and S3 summarize the infrared frequencies and their assignments for thiourea, nicotinic acid, and their metal
complexes, respectively. The IR spectra of all metal chelates are shown in Fig. (S1). By comparing the main fundamental
infrared spectral bands of the prepared metal chelates to the spectra of the parent ligands (thiourea and nicotinic acid), it
was found that:

The IR spectral data displayed (C=NH) group which is formed from tautomerism that occurred in thiourea moiety and
observed in the chemical structures of all complexes except complex (5), but the other type of azomethine group is created
from the condensation reaction between the carbonyl group of nicotinic acid and NH; group which is found in thiourea.*
However, the spectra of chelates demonstrate new bands appeared at (1617-1635 cm™') characterized to v(C=N); these types
of bands are overlapped with v(C=0) in Co(II), Ni(II), and Cu(II) complexes.

The results of IR showed that the different vibrations of NH; group (v and 3) disappeared in all metal chelates except
in Cu(Il) complex, confirming that the condensation process which occurs between NH, of thiourea and carbonyl group of
nicotinic acid takes place. On the other hand, the 3(NH,) that was observed at 1587 cm! appeared in Cu(II) complex with
broadness and shift to lower frequency supporting its involvement in inter and intramolecular hydrogen bonding.*!-+

The lower shift of v(C=0) and the higher shift of y(C=0) are observed at (1691-1714) and (500-555) cm’!, respectively,
typified the participation of carbonyl oxygen atom in chelation.* This is confirmed by the appearance of a new vibrational
band at the same frequency assigned to v(M-O) (Table S3).

All metal chelates spectra exhibit different modes of vibrations for (OH) located at (1310-1332), (1247-1300), and (1036-
1048) cm™!, which are ascribed to §(OH) and y(OH), respectively.* These bands illustrate that one of the nicotinyl moieties
is attached to the metal ion in its protonated form (OH group). However, the y(OH) of nicotinyl moiety (956cm™)
disappeared in all complexes, except in Ca(Il) and Mg(II) complexes. Also, the OH group of other nicotinyl species chelated
with all metal ions in its deprotonated form except in Ca(II) and Mg(II) complexes.

Also, the spectra of complexes illustrated weak and strong bands that appeared within range (1562-1596) and (1403-
1422) cm™! attributed to v,(COO") and vi(COOQ"), respectively.'® This ascertains the presence of nicotinate moiety bonded
with the metal ion. In some chelates, the asymmetric stretching vibrations of (COO”) have been obscured with
{v(C=C)+v(C=N)} of the pyridine ring.

The spectra of all metal complexes revealed v(SH) and v(C-S) spectral bands observed at (2576-2632) and 744 cm™,
associated with negative and positive shifts respectively, relative to the corresponding bands in thiourea. This is supporting
the participation of (SH) sulfur atom in bonding with all metal ions.*>4®

3.3. Electronic Spectra of Metal Complexes

The electronic spectra of metal complexes were measured in Nujol mull at room temperature. The electronic spectra and
effective magnetic moment values (pesr B.M.) are represented in Table (S4) and Fig. (S2). The electronic spectra of all
metal complexes display medium bands at 226-242, 272-328; 328-471, and 388-471nm. The first three bands are assigned
to m- * and n- * electronic transitions, but the four band is due to LMCT transition.*

The electronic spectra of diamagnetic Mg(II) and Ca(II) complexes show three bands at 239, 328—342, and 433—456nm.
The first and the second bands correspond to electronic transition which is denoted by bonding and antibonding orbital (-
©*) in the pyridine ring, and (C=0) group along with (C=N) group. Also, the later peak is assigned to n- 7* transition that
occurred due to the existence of C=0 and C=N groups.*
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The electronic spectrum of cobalt(Il) complex clarifies bands at 545, 623 assignable to *Ax(F)—*T(P) and
4A5(F)—*T\(F) transitions, respectively. This points to tetrahedral geometry around cobalt(II) ions. The tetrahedral structure
of Co(Il) complex (3) (Fig. S2) was confirmed by the magnetic moment value (per=4.66 B.M.) which agrees well with the
tetrahedral environment around Co(II) ion.*!

The electronic spectrum of Ni(II) complex exhibits three bands at 640, 688, and 743 nm ascribed to
3T1(F)—>T (P),>T1(F)—3Ax(F), and *T(F)—>T»(F) transitions, respectively. The magnetic moment value of Ni(II) complex
(4) was measured giving 4.24 B.M. which was consistent with two unpaired electrons confirming the tetrahedral geometry
around Ni(II) ion.>>?

The electronic spectrum of copper(I) complex (5) depicts broad bands at 510 and 596 nm assigned to’B,—?E, and
2B1g—2A,, respectively. The magnetic moment value is found to be (1.42 B.M.) indicating the square-planar structure. 343

The high spin octahedral Fe(IlI) possesses a d°> configuration that denotes only the magnetic moment value
corresponding to the spin—only (5.9 B.M.). This is due to the absence of orbital angular contribution from the ground start
(°F). Also, the lower value of magnetic moment (4.68 B.M.) for complex (6) is due to metal-metal interaction and the spin
cross-over phenomena.”’ The electronic spectrum of Fe(III) complex (6) exhibits peaks at 472, 503, and 564nm assignable
to ®A1g—*A1g(G), “Eg(G), °Aig(S)—*T.g(G) and °A,g(S)—*T1g(G), respectively, indicating high spin octahedral
iron(I11) complex.333%>? The lower magnetic moment values for copper(I) and iron(IIl) complexes established the existence
of metal-metal interaction.>

3.4. 'THNMR Spectra of Ca(Il) Complex

The 'THNMR spectrum of Ca(II) complex (2) is displayed in Fig. (S3) as supplementary information. It was performed
in DMSO giving a weak signal at 13.38 ppm assigned to the OH proton of the nicotinic acid moiety.®® The signal due to
OH proton (-COOH) in the Schiff base is absent, referring to its involvement in coordination with the metal ion after
deprotonation. On the other hand, a broad weak signal appears at 3.47ppm assignable to coordinated water. ¢! The signals
due to pyridine ring protons were observed as two doublet, one multiple and one singlet at (8.76-8.77, 8.24-8.26); (7.54-
7.51) and 7.16 ppm, respectively.®“> Based on the integration value (2.00) (Fig. S3), it was observed that the two protons
characterized to C=NH and SH appeared as one strong signal at 9.05 ppm. 664

3.5. Mass Spectra for Metal Complexes

Fast atom bombardment (FAB) mass spectroscopy analysis of complexes CaCl,, CoCl,, CuCl, and FeCl; were
performed and the assignment of their fragments is listed in Table (S5). The molecular ion peaks of these complexes were
observed at m/e =431.47, 448.33, 553.98, and 644.61, respectively.

The spectrum of calcium(II) chloride complex (Fig. S4) shows species at m/e =431.20, 361.19, 265.20, 189.10, 148.10,
10415, 68.15 and 56.10 amu, Indicating to [C145H175N404}75$C&C1]+, [C13H13N404SC8.]+, [CngN303SCa]+,
[C5HsN,03SCal*, [CoH403SCal*, [CH405Calt, [CaO+C]* and [CaO]", respectively.

The spectrum of cobalt(Il) chloride chelate (Fig. S5) showed fragments at m/e=448.10, 424.10, 397.10, 362.10, 253.10,
177.10, 123.10, 105.10 and 82.10 amu, corresponding to [Ci5H175N40425SCoCl]", [C14H145N40375SCoClI]*,
[C13H11N403SCOC1]+, [C13H11N403SCO]+, [C3H8N303CO]+, [C3H6N203C0]+, [CH403CO]+, [CH202C0]+ and [0.5(C0203)]+,
respectively.

Besides, The spectrum of copper(Il) chloride complex (Fig. S6) donates different fragmentations at m/e =553.70,
539.45, 482.75, 387.40, 310.80, 226.10, 196.50, 123.10, 78.05 and 63.95 amu, referring to [Ci3H;9N4OsSCu>Cl]",
[C]3H175N40725$C112C1]+, [C13H15N40()SCUQ]+, [CxH]oN30§SCU2]+, [C3H7N2058CU2]+, [CH70§CU2]+, [H504CUZ]+,
[H4035Cu]", [CuO]" and [Cu]*, respectively.

Furthermore, the FAB spectrum of iron(III) chloride chelate (Fig. S7) showed fragments at m/e=644.10, 621.10, 409.10,
332.10, 260.10, 176.10, 123.10 and 112.20 amu, denoting
to  [Cia5H20.5N4Os.75SFerCla]", [Ci13.5H17.5N4O6.25SFeaCla]", [CsHoN3O3SFexCl]*,  [C3HeN203SFexClJ',
[C.HeO3Fe Cly]", [CH4O5Fe,]", [Fe.C]" and [2Fe]”, respectively.

3.6. Thermal Analysis for Metal Complexes

Thermal analysis may be a very useful technique to limit the thermal stability of compounds, confirm molecular formulas,
and decide the various forms of crystallized solvent molecules. This measurement is employed to suggest a general
mechanism for the thermal decomposition of those complexes. Fig. 1 and Table 1 clarify the TG and DTG thermal
degradation of all metal chelates. The TG curve of complexes reveals two and three thermal decomposition steps for
complexes (4) and (1, 2, 5), respectively. The decomposition of all metal complexes began at low temperatures (20-30°C),
which may be related to the solvent of crystallization inter/intramolecular hydrogen bonding with the coordination sphere.
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Metal oxide for complexes (1, 5, and 6), and metal oxide polluted with carbon are the ultimate remnants determined by the
thermal decomposition for complexes (2, 3, and 4).

The structural properties of metal complexes and the assortment of metal ions influence the thermal behavior of the
desolvation /decomposition step in metal chelates. This study can be clarified by calculating the activation energy (E,), the
order of reaction (n), and the activation enthalpy (AH), using the analysis of the DTG curves. The order of reaction (n) can
be determined using the DTG curve.® The activation energy values (E,) for the desolvation/decomposition stage can be
calculated using the initial rate method,*¢” where (Inl) was plotted versus (1000/T) for the low-temperature peak affording
a straight line with a slope equal to (-E./R), where (1) represents (do/dt) in the DTG curve and AT in the DTA curve.*:6367
Also, the parameters (AH, AS, and AG) were estimated from these equations: AH=E*-RAT; AS*=RTIn(Ah/KT): AG=AH-
TAS*, where K, h, R, A, and T are Boltzmann's, Planck's and gas constants, frequency factor and absolute temperature,
respectively. The thermodynamic and kinetic parameters of the metal complexes are given in Table 2. The TG

measurements were performed at a heating rate of 10°C/min under nitrogen within the temperature range of 20-900°C.
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Fig. 1. TG/DTG Curves of metal complexes derived from nicotinic acid and thiourea
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The TG-DTG curves of complexes (1) and (2) are demonstrated in Fig. 1 revealing their thermal decomposition in a
similar pathway including three steps (Scheme 1). The first desolvation step is observed at temperature ranges 20-163 and
30-123°C, associated with weak DTG peaks at (7,,,x=88 and 54°C), corresponding to the removal of 1.25 mol of EtOH and
0.5 mol of EtOH as well as the elimination of ionic chloride ion for complexes (1) and (2), respectively (Scheme 1). The
low-temperature extension for this decomposition is demonstrative of the elimination of adsorbed lattice solvent in chelated
compounds. In this event, the ease of releasing these dissolved particles is credited to weak interaction within the crystal
voids. The estimated activation energies for this stage are found 22.29 and 30.0 KJmol! for complexes (1) and (2),
respectively (Table 2). After that, the remaining crystallized solvent molecules (0.75 mol and 0.25 mol of EtOH); the
coordinated anions (CI and H,O), and two mol of pyridyl moieties associated with 2C and C,H>N, are eliminated in the
second decomposition step within temperature range (123-327°C). This stage is accompanied by two strong DTG peaks at
(Tnax= 228 and 209°C) with kinetic first order along with activation energy values of 87.01 and 72.32 KJmol! for complexes
(1) and (2), respectively. Finally, this stage is followed by complete delegation with the removal of the remaining lattice
water (0.5 H,O) in complex (1) with mass losses of 24.48% and 17.05% for complexes (1) and (2), respectively. This step
is associated with two broad weak DTG peaks at (T ,.x = 424 and 473°C), ended with the formation of magnesium oxide
and calcium oxide contaminated with carbon for complexes (1) and (2), respectively (Table 1).°
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The thermal decomposition of tetrahedral complexes (3) and (4) proceeds in four and two stages within temperature
ranges, (20-700 and 21-700°C), respectively, and (Scheme 2). The first stage is located at a temperature range of 20-294°C,
assignable to the removal of 0.25 mol of ethanol with weight losses of 2.64 % and 2.71% for complexes (3) and (4),
respectively. The second degradation step for complex (4) is initiated immediately after the first one at 294-650°C denoting
the removal of 0.75 mol of EtOH, one mol of ionic chloride ion along with complete decomposition of organic species
forming (NiO), and 2C) as a final product.’® This event is characterized by a mass loss of 75.40% and associated with a
broad strong DTG peak at (7,,.=374°C) and kinetic first-order reaction (1.34). The estimated activation energy for this step
is found to be 99KJ.mol"'. For complex (3), the desolvation step is followed in a manner different from that of complex (4).
The second step of this chelate involved a mass loss of 36.80% with a temperature range (248-356°C), pointing to the
elimination of lattice solvent molecule, ionic chloride, and partial ligand pyrolysis. This event is accompanied by a strong
DTG peak at (7,,,=288°C) with counted activation energy 123.78KJmol"!, (Table 2) Afterwards, as the temperature
increases, the organic moieties complete their decomposition within temperature ranges (356-456) and (456-700°C) with
mass losses of 21.40 and 14.95%. These events are described by two medium DTG peaks at (7= 407 and 575°C) together

with activation energy value (131.05 KJmol™!) and kinetic first-order reaction. The thermal decomposition of this complex

ended with the formation of (0.5C0,0; and 2C) as a final residue, * (Table 1).
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Scheme 3. Suggested thermal decomposition of complexes (5) and (6)

The TG curves of Cu(Il) and Fe(III) complexes (5, 6) demonstrated three and four decomposition steps within ranges
(25-700°C) and (26-700°C), respectively (Schemes 3 and 4). The first one is noted at (25-146°C) and (26-170°C) associated
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with weak DTG peaks at (7,,,=63 and 48°C) assignable to the elimination of (three mol of crystalized H,O and half mol of
Cl, gas) for complex (5) with mass loss of (16.17 %) and 0.75 mol of EtOH for complex (6). The counted activation energy
values and kinetic order reaction are (30.79 KJ.mol"!, 1.74) and (18.78 KJmol"!, 1.9) for complexes (5) and (6), respectively,
(Table 2). This step is followed by the second one at temperature ranges (146-380°C) and (170-303°C) and described by
two strong DTG peaks at (7,,,=300 and 242°C). This event is ascribed to the loss of two pyridyl moieties (2CsH3N) for
both chelates and (C,HsN,0,S) for complex (5) along with the removal of (1.25 mol) of coordinated H,O molecules, and
coordinated anions (Cl ion) for complex (6) (Table 1). Also, this step is characterized by activation energy values 61.64
and 54.19 KJmol™! for complexes (5) and (6), respectively. In addition, for chelate (5), the second step is followed by
complete delegation with mass loss of (5.57%) and strong DTG peak at 401°C affording two mol of CuO as a final
product.’"* This step is described by activation energy value 58.48 KJmol™' and kinetic order reaction 1.41. On the other
hand, complex (6) completes its degradation in the third and fourth steps within temperature ranges 303-415 and 415-700°C
pointing to the elimination of the remaining coordinated water, coordinated OH, chloride ions, and (C3HsN,S) forming
Fe,0s as final residue.> These steps are accompanied by medium and strong DTG peaks observed at (7,,,,=348 and 471°C)
and characterized by estimated activation energy values 125.19 and 96.82 KJmol'!, as well as kinetic order reaction 1.45.

3.7. Kinetic and Thermal Stability Studies

Based on the TG studies (Table 1) and calculation of activation energy values (Table 2) for most of the thermal
decomposition steps of metal chelates, it was concluded that:

The thermal degradation of complexes (1) and (4) has higher thermal stability and decomposition occurs at higher
temperatures in comparison with that of complexes (2) and (3), respectively. Table 2 demonstrates a regular increase in
activation energy values of complex (1) in comparison with those for complex (2), this is indicative of the higher thermal
stability of complex (1). This may be due to the smaller ionic size and higher electronegativity of Mg(II) than those of
Ca(II). This behavior can be explained by the higher covalency for the Mg-L bond than that in the Ca-L bond. In addition,
the higher thermal activity of chelate (1) than complex (2) is confirmed via the great number of crystallized solvents which
decrease the flexibility in the complex due to the different types of hydrogen bonds.** On the other hand, in comparison
with complexes (3) and (4), it was declared that the stability order is: Co<Ni for complexes (3) and (4). The higher thermal
stability of nickel is attributed to its smaller ionic radii and higher electronegativity than Co(Il). Based on the above results
the suggested chemical structure for all metal chelates is represented in (Fig. 2).

N' : H Cl | = H,O
o) N~
CcC—O — Cc—0 o) —
N’ \Nllé/ \\C@ C1.0.5H,0.2EtOH N \éa/ Xc \ »|CL0-7SEOH
c—s e N c—s” ~ "
uN H o N H H
Complex (1
plex (1) Complex (2)
| X
N~ H O, —
STON S \\c Cl.nH,O.EtOH
N AT N -
C—S o N
RIS
No. M n
3) | Cotn | 0.25
) | wNian -
Complexes (3) and (4)
2L 2
N on HOpy
T ool on o (= TS (S errsmon
.0. t
N, Cu(\ S e N2 et N /Fe‘cl/Fle\o// \ I\{
S o ™G N £ 1
HaN B H HN H>O cl
2
N Complex(6
Complex (5) plex(6)

Fig. 2. Suggested chemical structures of metal chelates
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Table 1. Thermal Analysis (TG/ DTG) Data for Nicotinic Acid, and Thiourea Metal Complexes

No. Compound TG range DTG Peak Mass Loss % Assignments Ts
(°0) (°0) Calcd. Found (°C)
@ [Mg(C,3H,,N405S) C1]C1.0.5H,0.2EtOH 20-163 88w 18.58 18.20 Loss of 1.25 mol of EtOH and 0.5 mol of Cl, gas ¢ 163
163-320 228s 49.58 49.28 Loss of 0.75 mol of EtOH, 0.5 mol of coordinated Cl, gas, and
partial ligand pyrolysis (C,,HsN,)¢
320-700 424 w.br 23.79 24.48 Loss of 0.5 mol of lattice H,O and complete ligand pyrolysis ((CH4N,
0,9)¢
At 700 8.05 8.05 MgO*
?) [Ca(C3H,1N405S)(H,0)]C1.0.75EtOH 30-123 54m 13.57 13.53 Loss of 0.5 mol of EtOH and 0.5 mol of Cl, gas ¢ 123
123-327 209s 54.87 54.68 Loss of 0.25 mol of EtOH, one mol of coordinated H,O, and partial
ligand pyrolysis (C;,H,N,)¢
327-700 473w.br 17.17 17.05 Complete ligand pyrolysis (Co.sH,0,8)¢
At 700 14.39 14.74 (Ca0+0.5C)"
A3) [Co(C3H;1N4O5S] C1.0.25H,0. EtOH 20-248 - 2.57 2.64 Loss of 0.25 mol of EtOH® 248
248-356 288s 36.95 36.80 Loss of 0.75 mol of EtOH, 0.25mol of H,0, 0.5 mol of Cl, gas, and
partial ligand pyrolysis (CsH,;N,)?
356-456 407m 20.77 21.40 Partial ligand pyrolysis (C;H,N)?
456-700 575m.br 15.84 14.56 Complete ligand pyrolysis (HNO, sS)*
At 700 23.87 24.60 {0.5(C0,05)+2C}"
@  [Ni(C,H,N,0,S]CLEtOH 21-294 = 2.60 2.71 Loss of 0.25 mol of EtOHP 294
294-700 374s.br 75.14 75.34 Loss of 0.75 mol of EtOH, 0.5 mol of Cl,, and complete ligand
pyrolysis (C1H;N40,S)°
At 700 22.26 21.95 (NiO+20)"
5) [Cu,(C;H, N,0,S) (OH),]C1.3H,0 25-146 63m 16.16 16.17 Loss of 3 mol of crystallized H,0, and 0.5 mol of Cl, gas*® 146
146-380 300s 49.70 49.62 Partial ligand pyrolysis ( C,,H,,N,0,S)
380-700 401w 5.42 5.57 Complete ligand decomposition (CH,0)*
At 700 28.72 28.64 (2Cu0)’
(6) [Fex(Ci13H11N40;S)Cl3(OH)(H,0),]CL.0.75EtOH 26-170 48w 5.36 5.30 Loss of 0.75 mol of EtOH® 170
170-303 242s 32.92 32.88 Loss of 1.25 mol of coordinated H,0, 0.5 mol of Cl, gas, and partial
ligand pyrolysis (CoHsN,)*
303-415 348m 18.63 18.18 Loss of 0.75 mol of coordinated H,O, 0.5 mol of Cl, gas, one mol of
coordinated OH, and Partial ligand pyrolysis (C,H,N,)*
415-700 471s 18.32 18.94 Complete ligand pyrolysis (CHZS) and loss of coordinated chloride
ions (2CI)¢
At 700 24.77 24.70 (Fe,05)f

Abbreviations: b: broad; m: medium; s: strong; w: weak; m.b: medium broad; s.br: strong broad; w.b: weak broad. a: dehydration; desolvation; d: decomposition and f: final residue
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Table 2. Thermodynamic Data of the Thermal Decomposition of Metal Complexes

No. Compound DTG Temperature n E*/ AH*/
Peak (°C) Range (°C) KJmol!  KJmol!
1 [Mg(C13H12N405S)CI]C1.0.5H20.2EtOH 88w 20-163 1.26 22.29 19.39
228s 163 -320 1.41 87.01 83.97
424w .br 320 -700 1.17 122.18 121.53
2 [Ca(C1sH11N4O3S)(H20)]CL.0.75EtOH 54m 30-123 189 30.00 27.15
209s 123-327 1.28 72.32 69.06
473w.br 327-700 0.925 52.33 49.06
3 [Co(C13H11N403S)]C1.0.25H20.EtOH 288s 248-356 0.824 25.48 22.87
407m 356-456 1.82 47.37 44.68
575m.br 456-700 1.12 23.29 20.03
4 [Ni(Ci3HN4O:S)]CLEtOH 374s.br 294-700 118 2144 18.51
5 [Cux(Cy3H;,N4058)(OH):]CL3H,0 63m 25-146 174 30.79 27.94
300s 146-380 1.13 61.64 58.7
401w 380-700 1.41 58.48 55.44
6 [Fex(C13H11N:03S)Cl:(OH)(H20)2]C1.0.75.EtOH 48w 26-106 19 18.78 16.03
242s 106-303 0.85 54.19 51.4
348m 303-415 1.45 125.19 122.36
471ss 415-700 1.45 96.82 96.35

3.8. Agriculture Application

Nicotinic acid and thiourea complexes were evaluated for plant growth promoters on the (Wheat) plants. Results demonstrated
that the maximum germination rate and green weight were recorded in a mixture of complexes,?3? (Table 3, and Fig. 3).

Table 3. Illustrated the Effect of Different Treatment Concentrations on Germination Rate, Average
Green, and Dry Weight, Nitrogen and Metal Concentrations

Treatment Concentration Germination Rate Average green Average dry Nitrogen conc. Metal conc.
(ppm) (%) weight weight (%) (%)
Control - 75.6 1.83 0.69 0.48 -

Mg (1) 50 93.6 3.41 1.26 8.18 0.44
150 96.3 3.71 1.38 8.51 0.58
250 92.6 3.40 1.19 8.18 0.40
Ca(2) 50 94 3.41 1.27 8.35 0.52
150 94.6 3.64 1.34 8.427 1.07
250 90.6 3.31 1.16 8.07 0.23
Fe (6) 50 96 3.71 1.36 8.46 1.9
150 96.6 3.72 1.41 8.52 2.16
250 90.3 3.23 1.12 8.04 0.88

Mix 50 94.1 3.42 1.29 8.42 Fe=1.26

Ca=0.90

Mg=0.55

150 98.6 3.81 1.48 8.57 Fe=1.96

Ca=2.23

Mg=0.17

250 90.1 3.12 1.12 7.98 Fe=2.29

Ca=2.63

Mg=0.16

3.9. Biological Activity
3.9.1. Antibacterial Activity

Different complexes (1, 2, and 3) were distributed to measure their antibacterial activity against Erwinia carotovora sbp.
carotovora. The inhibition zones were measured with a millimeter ruler at the termination of the incubation period. Complex
(6) demonstrates a good antibacterial activity than complexes (1) and (2) with an inhibition zone of 21.1 nm, (Table 4, and
Fig. 4).
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Fig. 3. Effect of Mg(II),Ca(Il), Fe(IlI), and mixture of complexes on wheat plant

Table 4. Effect of different metal complexes concentrations on inhibition of Erwinia carotovora sbp. carotovora on nutrient
agar

Treatment Concentration Radius inhibition zone Inhibition

(ppm) (mm) %

Untreated control (sterile distilled - 0.0 0.0
water)

Mg (1) 200 0.0 0.0

400 0.0 0.0

600 15.0 16.6

800 18.5 20.5

Ca(2) 200 0.0 0.0

400 14.0 15.5

600 15.0 16.6

800 17.0 18.8

Fe (6) 200 0.0 0.0

400 0.0 0.0

600 17.0 18.8

800 19.0 21.1

Mixture 200 0.0 0.0

400 0.0 0.0

600 0.0 0.0

800 17.0 18.8

Treated control (streptomycin) 200 0.0 0.0

400 14.0 15.5

600 17.5 19.4

800 24.0 26.7

3.9.2. Antifungal Activity

The growth inhibition was calculated after 10 days and the data are listed in (Table 5). The results showed that complex
(6) displays perfect antifungal activity against Fusarium oxysporum f. sp. betae with inhibition zone 48.33% (Table 5, and
Fig. 5) according to this equation:

Growth inhibition (%) = [(Ri-R2)/ (R;)] % 100

whereas R; = inward linear growth in the control plate and R, = inward linear growth in the treatment plate.
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Fig. 4. Effect of different metal complexes concentrations on inhibition of Erwinia carotovora sbp. carotovora on nutrient
agar

Table 5. Effect of different metal complexes concentrations on inhibition of Fusarium oxysporum f.sp. betae on PDA

Treatment Concentration Radial growth Inhibition
(ppm) (mm) %
Untreated control (sterile distilled water) - 90.0 0.0
Mg (1) 200 86.0 4.44
400 78.0 13.33
600 67.0 25.56
800 58.0 35.56
Ca(2) 200 90.0 0.0
400 90.0 0.0
600 74.5 17.22
800 70.0 2222
Fe (6) 200 90.0 0.0
400 76.0 15.56
600 65.0 27.78
800 46.5 48.33
Mixture 200 90.0 0.0
400 90.0 0.0
600 90.0 0.0
800 90.0 0.0
Treated control (Maxim) 200 55.5 38.33
400 45.0 50.00
600 34.0 62.22
800 30.0 66.67

The higher antimicrobial activity was due to the high electronegative and ionic radius of the Fe(III) ion. Transition metals
with large ionic radii, and high electronegative decrease the effective positive charges on the metal complex molecules
which facilitates their interaction with the highly sensitive cellular membranes towards the charged particles and enhanced
antibiological activity. 7°
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Fig. 5. Effect of various metal complexes concentrations on inhibition of Fusarium oxysporum f.sp. betae on potato
dextrose agar

4. Conclusion

The appropriate metal chelates with various stoichiometries were produced when nicotinic acid and thiourea reacted
with various metal chloride salts. Physiochemical investigations helped to establish the structure of metal complexes. In the
chelates (1), (2), (3), and (4), the organic compound is tetradentate and linked to the metal through the carbonyl group, the
protonated or deprotonated OH of the nicotinoyl moiety, and the SH group, while it coordinated in bidentate ligand in
complexes (5) and (6), respectively. The electronic spectra displayed tetrahedral geometrical structure for complexes (3),
and (4); square-planar, and high-spin octahedral structure for complexes (5), and (6), respectively.

The size of the transition metal and the number of solvent molecules influence the thermal stability of different metal
chelates. TGA showed that the development of metal oxide or metal oxide contaminated with carbon was the ultimate result
of the thermal breakdown. The antibacterial and agricultural applications make clear that complex (6) has the highest
germination rate and green weight and is more effective against Fusarium oxysporum f.sp. betae and Erwinia carotovora
sbp. carotovora.
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