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ABSTRACT 

New mononuclear Mn (II), Cr (III) and Fe (III) complexes of flexible symmetrical 2-(2-(2-hydroxy-3-methoxybenzylidene) hydrazinyl)-

2-oxo-N-(pyridine-2-yl) acetamid (H4MPA) were isolated and characterized. IR spectra proved that the hydrazone   coordinates as ONO 

dibasic or monobasic in keto and enol forms. The density functional theory (DFT) based quantum chemical calculations were 

accomplished at B3LYP/6-level of theory. Muilikan atomic charge in a companion with global and local reactivities and various 

energitic values have been calculated at the selected atoms, and the reactive sites have been assigned on the surface of the molecules 

through molecular electrostatic potential (MEP) map. The stability of all compounds was examined by TGA and DrTGA and the 

associated kinetic parameters were determined. Also, the optical band gap values were evaluated and found to be comparable with those 

obtained by DFT suggesting the possibility of using the title compounds in solar cells. 

Keywords: symmetrical hydrazine; ONO dibasic or monobasic; TGA; DFT and optical band gap. 

 

1. INTRODUCTION 

 Over decades numerous researches are focused on 

hydrazone Schiff bases as they presented one of the most 

fascinating subjects in the field of coordination chemistry owing to 

their well-known physiological activity, versatile coordination 

capability and applications in analytical chemistry [1-4]. Ligands 

derived from substituted hydrazone have played an important part 

in revealing the preferred coordination geometries of metal 

complexes and have a valuable contribution in the coordination 

chemistry due to their preparative accessibility, diversity and 

structural variability. The hydrazones and their complexes with 

transition metal ions have been well documented in the literature 

as good therapeutic, antimicrobial, anticonvulsant, 

pharmacological and catalytic agents [5–7]. The ligands that 

contain an amidic bond are capable of keto- enol tautomerism thus 

providing numerous modes of chelation to a metal ion either in 

neutral or deprotonated form as quinquedentates, via hydrazone 

nitrogen and carbonyl oxygen atoms depending upon the metal 

ion, pH of the medium, the reaction conditions and the nature of 

the hydrazones [8–14]. Also, the impetus for the preparation of the 

metal derivatives of Schiff base of carbohydrazide and substituted 

salisaldehyde has come from the desire to form simple polymeric 

complexes for their physicochemical characterization and 

structural elucidation. The paper deals with the synthesis and 

characterization of Cr(III), Mn(II) and Fe(III) metal complexes 

derived from 2-(2-(2-hydroxy-3-methoxybenzylidene) hydrazine)-

2-oxo-N-(pyridine-2-yl)acetamid (H4MPA)in more details, 

including structural elucidation, thermal behavior and DFT 

molecular modeling. 

2. MATERIALS AND METHODS 

2.1. Materials. 

 All reagents used were purchased from Fluka, Aldrich-

Sigma companies.  

2.2. Instrumentation. 

 Thermo-Nicolet IS10 FTIR spectrometer was used for IR 

spectral measurements (as KBr disc). Unicam UV-VIS UV2 

spectrometer was used to measure the electronic spectra. 1H-NMR 

spectra in d6-DMSO was were recorded on a Varian Gemini WM-

200 MHz spectrometer. Thermogravimetric analysis performed 

using an automatic recording Thermo balance, type 951 DuPont; 

heating rate of 10 °C/min (25-800 °C) in N2. Mass spectrum 

recorded on Varian Mat 311. Molar conductance (10-3 mol/l in 

DMF) was measured on a Tacussel conductivity bridge model 

CD6NG. The C, H and N contents, were determined using a 

Perkin-Elmer 2400 series II analyzer while M and Cl contents 

were determined according to standard method [15].  

2.3. Preparation of H4MPA. 

 This is illustrated in figure 1. The pale yellow precipitate 

(H4MPA) that formed, filtered off, washed several times with hot 

ethanol, diethyl ether and dried in a vacuum desiccator over 

anhydrous CaCl2. The purity was checked by TLC, IR 

and1HNMR.spectra. The melting point of the product was found to 

be ˃ 300 ºC. 

2.4.Preparation of metal complexes. 

 A hot ethanolic solution of the respective metal chloride 

(1.0 mmol) was added to hot ethanolic solution of (H4MPA) 

(0.314g, 1.0 mmol) and heated under reflux for 6h. Pale yellow 

precipitates that formed were filtered off, washed with ethanol 

followed by diethyl ether and dried in a vacuum desiccator over 
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anhydrous CaCl2. The complexes (figure 2) are found to be stable 

in air and insoluble in non-polar solvents but soluble in DMF and 

DMSO solvents. The analytical data are listed in table 1 and the 

complexes are stable in air, soluble in dimethylformamide (DMF) 

and dimethyl sulfoxide (DMSO) and non-electrolytes (1-18 ohm-1 

cm2 mol-1) [16]. Many trials were performed to isolate a single 

crystal but failed. 

 
Figure 1. Schematic preparation of H4MPA. 

 
Figure 2. Schematic preparation of complexes. 

 

2.3. Molecular modeling. 

 Cluster calculations were carried out using DMOL3 

program [16] in Materials Studio package [17] that is designed for 

the realization of large scale density functional theory (DFT) 

calculations. The DFT semicore pseudopods calculations (dspp) 

were performed with the double numerical basis sets plus 

polarization functional (DNP) which are of comparable quality to 

6-31G Gaussian basis sets [18]. Delley et al. showed that the DNP 

basis sets are more accurate than Gaussian basis sets of the same 

size [18]. The geometric optimization is performed without any 

symmetry restriction. 

3. RESULTS  

3.1. IR spectra. 

 The important IR bands of H4MPA  and its metal 

complexes (KBr discs)  and represented in Table 2. The spectrum 

of H4MPA (Structure I) exhibits bands at 3396, 1678 and 1604  

cm-1 characteristic to ν(OH)ring, ν(C=O) and ν(C=C)pheny[19]. The 

strong band at 33333 cm-1 may be attributed to ν(OH) that formed 

due to enolization of one C=O group  suggesting the presence of 

the chelate in keto and enol forms in the solid state (Structures 1a, 

1b) which is supported by the disappearance of the band due to 

ν(NH) of attached to carbonyl group and further by DFT 

molecular modeling of H4MPA that showed the two isomers 

possessing different binding energy (-4280.62, -4274.76 kcal/mol) 

for keto and enol isomers in 50:50%, respectively. The bands 

observed at 1576, 1080, 626 and 404 cm-1 assigned to ν 

(C=N)pyridine stretching [20] pyridine-ring breathing modes, in-

plane bending and out-of plane ring vibration modes [21]. The 

bands due to ν(NH)py and ν(C=N)azomethine modes appeared at 3217 

cm-1 and 1547 cm-1
 while that observed at 1355 are assigned to 

ν(OCH3)  vibrational mode. The band due to ν(N-N) is observed at 

998 cm-1
 that suffers a blue shift on coordination to the metal ion 

as a result of drift of electron density upon coordination through  

azomethine nitrogen atom [21]. 

        A comparison of the IR spectra of the ligand and its metal 

complexes (Table 2) reveals two modes of chelation. Firstly, as 

monobasic ONO tridentate in [Cr(H2MPA)Cl2 (H2O)]  and 

[Mn(H3MPA)Cl(H2O)2 

Complexes  (Structure II & III) through (C=N) azomethine, (C-

O)phenol[22] and second carbonyl group changed into C-OH 

without participation in coordination in Cr(III) complex or shared 

in coordination to metal ion in Mn (II) complex. Secondly, 

H4MPA coordinates as dibasic ONO tridentate in 

[Fe(H2MPA)Cl(H2O)2] (Structure IV) through one (C-O) that 

results on deprotonation of enolized carbonyl, (C=N) azomethine and 

deprotonated OH groups. This suggested modes of chelation are 

supported by the following notifications;-  

i.The disappearance of ν(OH) phenol proves its deprotonation and 

sharing in chelation with the appearance of a new band at 1215 

cm-1 characteristic for ν (C-O) mode.  

ii.The higher shift of the ν(C=N)hydrazone and ν (C=N)py bands to 

higher wavenumber.  

iii.The disappearance of the band due to ν(C=O) suggesting that 

one C=O undergoes enolization followed by deprotonation 

contributing in coordination and the second carbonyl group does 

or does not participate in coordination but changed into C-OH 

supported by a new broad band at 3403 cm-1 overlapped with that 

due to the coordinated water [23]. 

iv. The band due to ν(N-N) shifts to higher wavenumber as a 

result of the increase in the double bond character of N-N 

offsetting the loss of electron density via donation to the metal ion 

and is further support of coordination via the azomethine nitrogen 

atom. 

v.The band assignable to ν(NH) modes suffers broadness as 

overlapped with that due to water. 

vi.The appearance of new bands at 509-526 and 422-463 cm-1 

attributable to ν (M-O)  and ν (M-N) [23], respectively. 
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3.2. NMR spectra. 

 The 1H, C13- NMR spectra in d6-DMSO were recorded on 

Varian Gemini WM-300 MHz spectrometer at room temperature. 

In 1HNMR spectrum (Figure 3a), it is an important feature that all 

signals of hydrogen are duplicated confirming the existence of 

keto- and enol tautomerism in solution which is further supported 

by the two signals at : 12.09 ppm and 9.95 ppm assigned to the 

enolic OH and NH protons for enol form. On the other hand the 

signals due to phenolic (OH), (NH)hydrazine and (NH)py protons 

appeared at  (10.47, 10.65&10.88 ppm) (i.e. downfield from 

TMS) of keto form. These signals disappeared upon adding D2O. 

The signals of all hydrogen among the aromatic ring and pyridine 

ring are duplicated (6.53–8.98 ppm) equivalent to 14 protons as 

well as those at 3.34- 3.83 ppm characteristic to protons of –OCH3 

group confirming the existence of keto and enol tautomers. The 

presence of the ligand in solution in enol form is further confirmed 

by its 13C NMR spectrum (fig.3b) which indicated the appearance 

of enolized carbon (C3-OH) at 162.89 ppm confirms the formation 

of keto-enol tautomerism in solution. The signals due to (C5=N7) 

azomethine, (C5-O6)ph, (C=O) and (C5=N7)py are observed at 165.9, 

158.5,155.8 and 148.5, respectively. The multiple signals at 

146.07-150.82 ppm due to phenyl and pyridine C=C. Aliphatic 

CH3 carbons give signal at 55.85 ppm..                                                                                                                        

 
Figure3a.

1HNMR spectrum of  H4MPA in d6DMSO. 

 
Figure 3b.13CNMR spectrum of H4MPA in d6DMSO. 

3.3. UV-visible spectra. 

 Electronic spectra of H4MPA and its metal complexes in 

DMSO were recorded on a Unicam UV–Vis spectrophotometer 

UV2. Magnetic susceptibilities of metal complexes were measured 

with a Sherwood scientific magnetic susceptibility balance at 298 
◦K. The data are shown in Table 3 and Fig. 4. The spectrum of the 

ligand shows an intense absorption band at 32051 and 25000 cm-1  

assigned to π → π* and n → π* {a combination of the transitions 

due to those of carbonyl and azomethine groups} [24]. A blue or 

red shift is observed for theses transitions in the spectra of metal 

complexes as a result of coordination of the nitrogen of the 

azomethine and supporting the coordination of the hydrazone via 

these groups [24]. The Cl → M2+ transition is generally found in 

the 25252–27777 cm-1region and would contribute to the higher 

energy n → π* band[24]. It is clear that the nonbonding (n) MO’s 

are higher in energy than the highest bonding p orbitals so the 

energy gap for an n → π* transition is smaller than that of a π → 

π* transition and thus the n → π* peak is at a longer wavelength. 

In general, n– π* transitions are weaker (less light absorbed) than 

those due to π → π*transitions The electronic spectrum of 

[Cr(H2MPA)Cl2 (H2O)] complex (Figure ‎4b) show two strong 

absorption bands at 17921 (ν1) and 24271 (ν2) cm-1 assignable to 
4A2g(F)→4T2g(F)(ν1), 

4A2g(F)→4T1g(F)(ν2) characteristic for 

octahedral Cr(III) complexes [25]. We could not observe the 

expected ν3 band due to 4A2g (F) →4T1g (P) transition which hidden 

below the CT band. Racah interelectronic repulsion parameter (B) 

is calculated [25] and the value of nephelauxetic parameter is 

computed as β = B/B○ (B○=918 cm-1) and found to be 1792.1, 

613.4 and 0.668. Moreover, the μeff value (3.20 B.M.) referred to 

Cr-Cr interaction.  

        The spectrum of [Mn(H3MPA)Cl(H2O)2] complex shows 

bands at 20161, 17667 cm-1 respectively assigned to the 
6A1g→

4T1g transition. The μeff. values (5.65 B.M.) as expected for 

high spin 3d5 system and extra support for the proposed octahedral 

structures [25].The electronic spectra of [Fe(H2MPA)Cl](H2O)2 

complex shows three bands at 31847, 27173 and 20920cm-1 

attributable to 6A1g→4T2g(D), 6A1g→4Eg(G), 6A1g→4T1g(G) 

transitions in an octahedral configuration [25].The magnetic 

moment value per atom (5.71 B.M.) supporting the proposed 

geometry. 

3.4. Optical band gap calculations.                                                                       

 The plots of absorbance versus wavelength of electronic 

spectra of the title complexes (figure 4) indicated an intense 

absorption edge at ~ 412, 566 & 478 nm for Cr3+, Mn2+ and Fe3+ 

complexes, respectively. Also, the band gap (Eg) value was 

obtained using Tauc’s formula [26]: 

(αhυ) =A(hυ−Eg)
m                  (1) 

Where, α expresses the absorption coefficient. For the allowed 

direct transitions, m equals 2 [27], and A is a parameter, 

determined using the following relation [28]:  

A=(4πc) σo/noEu                  (2) 

σo,  expresses  the electrical conductivity value at absolute zero and 

Eu is the Urbach energy. The Eg proposed geometry. 

σo,  expresses  the electrical conductivity value at absolute zero and 

Eu is the Urbach energy. The Eg value is determined via 

extrapolating of the linear part of (αhυ)2 versus hυ plot and were 

found to be 1.900, 1.975 and 1.901 eV, respectively (Fig. 5) 

indicating that they are semiconductor [28]. 

σo,  expresses the electrical conductivity value at absolute zero and 

Eu is the Urbach energy. The Eg value is determined via 

extrapolating of the linear part of (αhυ)2 versus hυ plot and were 

found to be 1.900, 1.975 and 1.901 eV, respectively (Fig. 5) 

indicating that they are semiconductor [28]. 
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Figure 4. Electronic spectra of: (a) H4MPA  )b) [Cr(H2MPA)Cl2 (H2O)] 

(c) [Mn (H3MPA)Cl (H2O)2] and   (d) [Fe(H2MPA)Cl(H2O)2]. 

 
Figure 5. The allowed direct band gap(a ) [Cr(H2MPA)Cl2 (H2O)] 

(b) [Mn(H3MPA)Cl(H2O)2] (c) [Fe(H2MPA)Cl(H2O)2]. 

 

3.5. Thermogravimetric studies.                                                                                                        

 TGA, DrTGA measurements (20-1000oC) were recorded 

on a DTG-50 Shimadzu thermogravimetric analyzer at a heating 

rate of 10oC/min and nitrogen flow rate of 20 ml/min. The stages 

of decomposition, temperature range, decomposition product as 

well as the weight loss percentages of H4MPA and its metal 

complexes are given in Table 4 and their TGA curves are 

represented graphically in figure 6. The experimental weight loss 

values are in good agreement with the calculated values and metal 

oxide and carbon  were the final decomposition product. 

 
Figure 6. TGA curves of: (a)H4MPA and (b)[Mn (H3MPA)C (H2O)2] (c) 

[Fe(H2MPA)Cl(H2O)2] complex. 

 

3.5. Mass spectra           

 The H4MPA mass spectrum (figure 7) shows the molecular 

ion peak at m/z = 314.84 coincided with the suggested molecular 

weight (C15H14N4O4 = 314.10). The spectrum showed several 

peaks due to compound fragmentation. The first observed at m/z = 

234.82 (C10H10N3O4
·+ =236.19) while the base peak was at m/z = 

104.85 were attributed to acetophenone moiety (C7H6O
· = 106.12).  

3.6. Kinetic data. 

Two different non-isothermal methods namely Coats-Redfern [29] 

and Horowitz-Metzger [30] methods have been used for the 

calculation of the kinetic parameters of the thermal degradation. 

The data are summarized in Tables 5 and 6 and represented 

graphically in Figures 8 & 9. 



Mononuclear Cr(III),  Mn (II), and Fe(III) complexes derived from new ONO symmetrical flexible hydrazone: Synthesis, 

spectral characterization, optical band gap and DFT  computational study 

Page | 747  

 
Figure 7. Mass spectrum of H4MPA. 

 
Figure 8.Coats-Redfern  plots of first degradation step for: (a) H4MPA 

(b) (b) [Mn (H3MPA)Cl (H2O)2]  (c)[Fe (H2MPA)Cl(H2O)2].   

 

1. ∆G* values are positive revealing that the free energy of the 

final residue is higher than that of the initial compound, and all 

decomposition steps are non-spontaneous processes. This 

lowering. may be occurred because of the oversize structural 

rigidity of remaining complex after the removal of one or more 

ligand moieties. 

2. The negative values of. the entropy of activation. (ΔS*) of 

some decomposition. steps of the metal. complexes indicate that 

the. activated fragments have a more ordered structure than the 

undecomposed. fragments and the. degradation reactions are slow, 

[31]. The positive values of entropy change of some complexes, 

may suggest that the disorder of the decomposed fragments 

increases much more rapidly than that of the undecomposed one. 

[32]. 

3.  The positive value of ∆H* means the endothermic nature of 

the decomposition processes. 

4. According to the values of the average of total activation 

energy (Ea.), the thermal stability of complexes. decreases as 

following: 

              [Fe(H2MPA)Cl](H2O)2 > H4MPA >                  

             [Mn(H3MPA)Cl(H2O)2] 

 
Figure 9. Horowitz-Metzger plots of first degradation step for:(a)H4MPA 

(b) [Mn (H3MPA)Cl (H2O)2] (c)[Fe (H2MPA)Cl(H2O)2] complex. 

 

3.7. Computational studies.  

 The DFT molecular modeling structure of H4MPA and its 

metal complexes are shown in figure 10. The data in tables [1S-

4S] summarize the differences in bond lengths and bond angles in 

the metal complexes and the ligand, H4MPA. the bond lengths 

become slightly longer compared to those in the free ligand as 

clarified in N (11)-N (12), N (5)-C (6), N (12)-C 11) ), N (5)-C(6)py. 

The C (8)-O (14) and C (9)-O (11) bond distances in all title 

complexes becomes longer due to the formation of the M-O bond. 

 
Figure 10. Molecular modelling of: (a) H4MPA and (b) 

[Fe(H2MPA)Cl](H2O)2 
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Figure 11. (a) HOMO, (b) LUMO of H4MPA, (c) HOMO and (d)LUMO 

of [Fe (H2MPA)Cl(H2O)2]. 

 

3.7.2. Global reactivity descriptors. 

 Table 7 includes the electronegativity (χ), global hardness 

(η), global softness (δ), global softness (δ) and the Frontier 

molecular orbitals (FMO’s) viz.the highest occupied and lowest 

unoccupied molecular orbitals (HOMO & LUMO) for H4MPA 

(fig. 11 a) calculated by B3LYP/6-3111G method. revealing that 

HOMO is localized on the hydrazone arm (EHOMO = - 5.500eV) 

and LUMO is spread over the cyclohexane ring as well as 

hydrazone moiety (ELUMO = - 2.404 eV) giving energy gap ΔE =- 

2.59 eV while in Fe (III) complex (fig. 11 b) HOMO are localized 

on phenyl rings and LUMO orbital spread over the coordinated 

hydrazone arm (EHOMO=-4.672eV & ELUMO=-2.809eV), energy 

gap ΔE= -1.863eV, lower than that of the ligand. Thus this 

complex with small energy gap could be considered potential 

materials for harvesting solar radiation in solar cell applications 

[34]. The values of the electronegativity (χ), global hardness (η) of 

Fe (III) complex reveal less softness and less reactivity than the 

ligand. 

3.7.2. Molecular Electrostatic Potential. 

 The molecular structure with its physiochemical property 

relationship as well as hydrogen bonding interactions can be 

examined in terms of the MEP (Molecular electrostatic potential) 

which is a plot of electrostatic potential mapped onto the constant 

electron density surface [35, 36]. The electrostatic potential V(r) at 

a given point r (x, y, z) is defined in terms of the interaction 

energy between the electrical charge generated from the molecule 

electrons, nuclei and proton located at r [37]. In the present study, 

3D plots of MEP (Fig12) have been drawn. The red color 

expresses the maximum negative region which preferred site for 

electrophilic attack indications   and the blue one expresses the 

maximum positive region which preferred site for nucleophilic 

attack. Potential increases in the order red < green < blue, where 

blue shows the strongest attraction and red shows the strongest 

repulsion. As can be seen from MEP map of the title molecule, 

while regions having the negative potential are over the 

electronegative atoms (nitrogen atoms), the regions having the 

positive potential are over the hydrogen atoms.  

 
Figure 12. Molecular electrostatic potential map for H4MPA. 

 

Table 1. Physical properties and elemental analyses of H4MPA and its complexes. 

Compound 

(Mol. Wt.) 

Color M.P. 
o
C 

Found (Calcd.) % 

C H N Cl M 

H4MPA 

C15H14N4O4                                         (314.10) 

peage >300 57.32 

(57.31) 

4.49 

(4.48) 

17.83 

(17.82) 

- - 

[Mn(H3MPA)Cl(H2O)2] 

C15H17ClMnN4O6                      (439.71) 

peage >300 41.60 

(40.97) 

3.70 

(3.90) 

13.5 

(12.74) 

8.52 

(8.06) 
12.00 

(12.49) 

[Cr(H2MPA)Cl2 (H2O)] 

C15H15Cl2CrN4O5                              (454.20) 

Yellow >300 38.96 

(39.67) 

3.01 (3.33) 11.98 

(12.34) 

14.80 

(15.61) 
12.40 

(11.45) 

[Fe(H2MPA)Cl](H2O)2 

C15H16ClFeN4O6                       (439.61) 

Dark 

brown 

>300 40.00 

(40.98) 

3.01 (3.67) 11.80 

(12.74) 

7.00 (8.06) 11.99 

(12.70) 

 

Table 2. Selected infrared spectral data of H4MPA and its complexes. 

mode H4MPA Mn(II) Cr(III) Fe(III) 

ν(OH)ph 3396 - - - 

ν(NH)py 3217 3219 3220 - 

ν(C=N)Py 1601 1596 1596 1600 

 (C=N)Py 626 633 622 663 

ν(O-CH3) 1355 1361 1334 1377 

ν(C=N)azo 1547 1516 1561 1548 

ν(C=O) 1678 1682 1643 - 

ν(N-N) 998 965 962 971 

ν(C-O) 1182 1184 1170 1172 

Table 3. Electronic spectral data of H4MPA and its complexes. 

Compound 

 

 

Band position,cm
-1

 

Ligand field parameters μeff 

(B.M.) Dq 

(cm-1) 

B 

(cm-1) 
 

H4MPA  32051, 25000 - - - - 

[Cr(H2MPA)cl2] (H2O)  34246, 29761, 24271,17921   1792.1 613.4 0.668 3.60 

[Mn(H3MPA)Cl(H2O)2] 31645,27027, 24813, 17667 - - -  
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Table 4. Decomposition steps with the temperature range and weight loss for H4MPA and its complexes. 

Compound 

 

Step Temp. 

Range,°C 

Removed species  

Wt. Loss (mg) 

Found

% 

Calcd% 

 

 H4MPA 

 

1st 119-211.68 NH2+CO+NH 18.35 18.79 

2nd 212-380 C5H4N+3CO+NH3+C2H4 63.54 65.92 

Residue  -4C 17.45 15.28 

 

 

[Fe(H2MPA)Cl (H2O)2] 

 

1st 21-288 2H2O+HCl 13.00 16.48 

2nd 289-485 2CN+CH3+C5H4N 33.82 33.02 

3rd 486-700 CN+3CO+4CH 38.31 36.93 

Residue  FeO 14.86 16.34 

[Mn(H3MPA)Cl(H2O)2] 

 

1st 156-311 2H2O+HCl+C5H4N+CN+CO 45.39 46.53 

2nd 312-445 4CH2+2CN+2CO 37.00 37.33 

Residue 446-800 MnO 17.61 16.13 

 

Table 5. Kinetic Parameters evaluated by Coats-Redfern equation for H4MPA complexes. 

Complex peak Mid 

Temp(K) 

Ea 

KJ/mol 

A 

(S
-1

) 

∆H* 

KJ/mol 

∆S* 

KJ/mol.K 

∆G* 

KJ/mol 

H4MPA 1st 455.90 119.22 1.87E+11 115.43 -0.0327 130.32 

2nd 562.61 83.35 1.76E+05 78.67 -0.1498 162.93 

[Mn(H3MPA)Cl(H2O)2] 

 

1st 540.27 96.23 1.10E+07 91.73 -0.1151 153.90 

2nd 658.35 87.73 4.10E+04 82.26 -0.1632 189.70 

[Fe(H2MPA)Cl](H2O)2 

 

1st 421.32 13.58 1.12E-01 10.08 -0.2660 122.16 

2nd 624.23 116.12 3.48E+07 110.93 -0.1067 177.53 

3rd 829.22 110.68 2.17E+04 103.78 -0.1704 245.07 

 

Table 6. Kinetic Parameters evaluated by Horowitz-Metzger equation for H4MPA complexes. 

Complex peak Mid 

Temp(K) 

Ea 

KJ/mol 

A 

(S
-1

) 

∆H* 

KJ/mol 

∆S* 

KJ/mol.K 

∆G* 

KJ/mol 

H4MPA 1st 455.90 127.79 1.85E+12 124.00 -0.0136 130.21 

2nd 562.61 94.50 2.06E+06 89.82 -0.1293 162.57 

[Mn(H3MPA)Cl(H2O)2 1st 540.27 105.64 9.40E+07 101.15 -0.0972 153.67 

2nd 658.35 98.41 3.09E+05 92.94 -0.1464 189.32 

[Fe(H2MPA)Cl](H2O)2 

 

1st 421.32 20.47 1.13E+00 16.97 -0.2468 120.94 

2nd 624.23 125.57 2.16E+08 120.38 -0.0915 177.49 

3rd 829.22 123.94 1.63E+05 117.05 -0.1536 244.44 

  

Table 7. Calculated EHOMO, ELUMO, energy band gap (EH – EL), chemical potential (μ), electronegativity (χ), global hardness (η), global softness (S) and 

global electrophilicity index (ω) for H4MPA and its complexes. 

Σ ω S η μ χ EH-EL EL EH Compound 

0.7698 5.42726 0.64975 1.299 -3.755 3.755 -2.599 -2.656 -5.155 H4MPA 

1.6611 15.30718 0.301 0.602 -4.293 4.293 -1.204 -3.691 -4.895 [Cr(H2MPA)Cl2 (H2O)]  

2.1668 12.9291 0.23075 0.4615 -3.4545 3.4545 -0.923 -2.993 -3.916 [Mn(H3MPA)Cl(H2O)2] 

1.0735 7.5101 0.46575 0.9315 -3.7405 3.7405 -1.863    -2.809 -4.672 [Fe(H2MPA)Cl(H2O)2] 

 

4. CONCLUSIONS 

 Cr3+, Mn2+and Fe3+ complexes derived from 2-(2-(2-

hydroxy-3-methoxybenzylidene) hydrazinyl)-2-oxo-N-(pyridine-

2-yl)acetamid (H4MPA)  were prepared and characterized by 

elemental analyses and conventional spectroscopic techniques. IR 

data showed that H4MPA ligand acts as OS bidentate and the 

complexes adopted the molecular formulae; 

[Cr(H2MPA)Cl2(H2O)], [Mn(H3MPA)Cl(H2O)2]and 

[Fe(H2MPA)Cl(H2O)2], respectively. An octahedral environment 

was suggested for Cr3+
,
 Mn2+ and Fe3+complexes. The importance 

of such work lies in the possibility that the new compounds might 

be more effective drugs against bacteria for which a thorough 

investigation regarding the structure–activity relationship, toxicity 

and in their biological effects which could be helpful in designing 

more potent antibacterial agents for therapeutic use. 

5. REFERENCES 

1. Ghorbanloo, M.; Jafari, S.; Bikas, R.; Krawczyk, M.S.; Lis, 

T. Dioxidovanadium (V) complexes containing thiazol-

hydrazone NNN-donor ligands and their catalytic activity in the 

oxidation of olefins. Inorg. Chimi. Acta 2017, 455, 15-24. 

https://doi.org/10.1016/j.ica.2016.10.005.  

2. Shebl, M. Coordination behavior of new bis (tridentate ONO, 

ONS and ONN) donor hydrazones towards some transition 

metal ions: Synthesis, spectral, thermal, antimicrobial and 

antitumor studies. J. Mol. Struct. 2017, 1128, 79-93. 

https://doi.org/10.1016/j.molstruc.2016.08.056.  

3. Xu, J.; Zhou, T.; Xu, Z.Q.; Gu, X.N.; Wu, W.N.; Chen, H.; 

Wang, Y.; Jia, L.; Zhu, T.F.; Chen, R.H. Synthesis, crystal 

structures and antitumor activities of copper (II) complexes with 

a 2-acetylpyrazine isonicotinoyl hydrazone ligand. J. Mol.  

Struct.  2017, 1128, 448-454. 

https://doi.org/10.1016/j.molstruc.2016.09.016.  

4. El-Sherif, A.A.; Fetoh, A.; Abdulhamed, Y.K.; El-Reash, 

G.M.A. Synthesis, structural characterization, DFT studies and 

biological activity of Cu (II) and Ni (II) complexes of novel 

hydrazone. Inorg. Chimi. Acta 2018, 480, 1-15. 

https://doi.org/10.1016/j.ica.2018.04.038.  

5. Patra, D.; Paul, S.; Sepay, N.; Kundu, R.; Ghosh, T. 

Structure-activity relationship on DNA binding and anticancer 

activities of a family of mixed-ligand oxidovanadium (V) 

https://doi.org/10.1016/j.ica.2016.10.005
https://doi.org/10.1016/j.molstruc.2016.08.056
https://doi.org/10.1016/j.molstruc.2016.09.016
https://doi.org/10.1016/j.ica.2018.04.038


Ola Ahmed El-Gammal, Gabr  Mohamed Abu El-Reash, Hend El-Sayed Goama 

Page | 750  

hydrazone complexes. J. Biomol. Struct. Dyn. 2018, 36, 4143-

4155. https://doi.org/10.1080/07391102.2017.1409652.  

6. Mandewale, M.C.; Thorat, B.; Nivid, Y.; Jadhav, R.; 

Nagarsekar, A.; Yamgar, R. Synthesis, structural studies and 

antituberculosis evaluation of new hydrazone derivatives of 

quinoline and their Zn (II) complexes. J. Saudi Chem.l Soc. 

2018, 22, .218-228. https://doi.org/10.1016/j.jscs.2016.04.003.  

7. Kendur, U.; Chimmalagi, G.H.; Patil, S.M.; Gudasi, K.B.; 

Frampton, C.S.; Mangannavar, C.V.; Muchchandi, I.S. 

Mononuclear late first row transition metal complexes of ONO 

donor hydrazone ligand: Synthesis, characterization, 

crystallographic insight, in vivo and in vitro anti-inflammatory 

activity. J. Mol.  Struct. 2018, 1153, 299-310. 

https://doi.org/10.1016/j.molstruc.2017.10.022.  

8. Bakale, R.P.; Naik, G.N.; Machakanur, S.S.; Mangannavar, 

C.V.; Muchchandi, I.S.; Gudasi, K.B. Structural characterization 

and antimicrobial activities of transition metal complexes of a 

hydrazone ligand. J. Mol. Struct. 2018, 1154, 92-99. 

https://doi.org/10.1016/j.molstruc.2017.10.035.  

9. Kumar, S.S.; Biju, S.; Sadasivan, V. Synthesis, structure 

characterization and biological studies on a new aromatic 

hydrazone, 5-(2-(1, 5-dimethyl-3-oxo-2-phenyl-2, 3-dihydro-

1H-pyrazol-4-yl) hydrazono)-2, 2-dimethyl-1, 3-dioxane-4, 6-

dione, and its transition metal complexes. J. Mol.  Struct. 2018, 

1156, 201-209. https://doi.org/10.1016/j.molstruc.2017.11.057.  

10. Aboafia, S.A.; Elsayed, S.A.; El-Sayed, A.K.; El-Hendawy, 

A.M. New transition metal complexes of 2, 4-

dihydroxybenzaldehyde benzoylhydrazone Schiff base 

(H2dhbh): Synthesis, spectroscopic characterization, DNA 

binding/cleavage and antioxidant activity. J. Mol. Struct. 2018, 

1158, 39-50. https://doi.org/10.1016/j.molstruc.2018.01.008.  

11. Bino, A.; Frim, R.; Genderen, M.V. Three coordination 

modes of the pentadentate ligand 2,6-

diacetylpyridinedisemicarbazone. Inorg. Chim. Acta. 1987, 127, 

95-101, https://doi.org/10.1016/S0020-1693(00)88368-1. 

12. Mohan, M.; Sharma, P.; Jha, N.K. Some metal(II) chelates of 

4-(m-aminophenyl)-2-formylpyridine thiosemicarbazone: Their 

preparation, characterizafion and antitumour activity. Inorg. 

Chim. Acta. 1985, 107, 91-95, https://doi.org/10.1016/S0020-

1693(00)82279-3. 

13. Wester, D.; Palenik, G.J. Synthesis and characterization of 

novel pentagonal bipyramidal complexes of iron(II), cobalt(II), 

and zinc(II). J. Am. Chem. Soc. 1973, 95, 6505-6506, 

https://doi.org/10.1021/ja00800a086. 

14. El-Asmy, A.A.; El-Gammal, O.A.; Radwan, H.A. Synthesis, 

Characterization and Biological Study on Cr3+, ZrO2+, HfO2+ and 

UO2
2+  Complexes of oxalohydrazide and bis(3-

hydroxyimino)butan-2-ylidene)- oxalohydrazide. Spectrochim. 

Acta Part A 2010, 76, 496-501,  

https://doi.org/10.1016/j.saa.2010.04.012. 

15. Geary, W.J. The use of conductivity measurements in 

organic solvents for the characterisation of coordination 

compounds. Coord. Chem. Rev. 1971, 7, 81-122, 

https://doi.org/10.1016/S0010-8545(00)80009-0. 

16. Modeling and Simulation Solutions for Chemicals and 

Materials Research. Materials Studio, Version 7.0, 

Accelryssoftware Inc., San Diego, USA, 2011.  

17. Hammer, B.; Hansen, L.B.; Nørskov, J.K. Improved 

adsorption energetics within density-functional theory using 

revised Perdew-Burke-Ernzerhof functionals. Phys. Rev. B 1999, 

59, 7413-7421, https://doi.org/10.1103/PhysRevB.59.7413. 

18. (i) Delly, B. An all‐electron numerical method for solving 

the local density functional for polyatomic molecules. J. Chem. 

Phys. 1990, 92, 508-517, https://doi.org/10.1063/1.458452.  

(ii) Delley, B. A scattering theoretic approach to scalar 

relativistic corrections on bonding. Int. J. Quantum Chem. 1998, 

69, 423-433, https://doi.org/10.1002/(SICI)1097-

461X(1998)69:3<423::AID-QUA19>3.0.CO;2-2.  

(iii) Delley, B. From molecules to solids with 

the DMol3 approach. J. Chem. Phys. 2000, 113, 7756-7764, 

https://doi.org/10.1063/1.1316015.  

(iv) Wu, X.; Ray, A. K. Density-functional study of water 

adsorption on the PuO2(110) surface. Phys. Rev. B 2002, 65, 

85403-85409, https://doi.org/10.1103/PhysRevB.65.085403. (v) 

Kessi, A.; Delley, B. Density functional crystal vs. cluster 

models as applied to zeolites. Int. J. Quantum Chem. 1998, 68, 

135-144, https://doi.org/10.1002/(SICI)1097-

461X(1998)68:2<135::AID-QUA6>3.0.CO;2-W. 

19. El-Gammal O.A.; El-Asmy, A.A. Synthesis and Spectral 

Characterization of 1-(aminoformyl-n-phenylform)-4-ethyl 

Thiosemicarbazide and its Metal Complexes. J. Coord Chem. 

2008, 61, 2296-2306, 

https://doi.org/10.1080/00958970801907748. 

20. El-Gammal, O.A.; Abu El-Reash, G.M.; Ahmed, S.F. 

Structural, spectral, thermal and biological studies on 2-oxo-N′-

((4-oxo-4H-chromen-3-yl)methylene)-2-

(phenylamino)acetohydrazide (H2L) and its metal complexes.             

J. Mol. Struct. 2012, 1007, 1-10, 

https://doi.org/10.1016/j.molstruc.2011.03.043.   

21. El-Gammal, O.A.; Abu El-Reash, G.M.; Ghazy, S.E.; 

Radwan, A.H. Synthesis, characterization, molecular modeling 

and antioxidant activity of (1E,5E)-1,5-bis(1-(pyridin-2-

yl)ethylidene)carbonohydrazide (H2APC) and its zinc(II), 

cadmium(II) and mercury(II) complexes. J. Mol. Struct. 2012, 

1020, 6-15, https://doi.org/10.1016/j.molstruc.2012.04.029. 

22. El-Gammal, O.A.; Mostafa, M.M. Synthesis, 

characterization, molecular modeling and antioxidant activity of 

Girard′s T thiosemicarbazide and its complexes with some 

transition metal ions. Spectrochimi. Acta Part A 2014, 127, 530-

542, https://doi.org/10.1016/j.saa.2014.02.001.                                                     

23. El-Gammal, O.A.; Abu El-Reash, G.M.; El-Gamil, M.M. 

Binuclear copper(II), cobalt(II) and Nickel(II) complexes of N1-

ethyl-N2-(pyridin-2-yl) hydrazine-1,2-bis(carbothioamide): 

Structural, spectral, pH-metric and biological studies. 

Spectrochimi. Acta Part A 2012, 96, 444–455, 

https://doi.org/10.1016/j.saa.2012.05.046. 

24. Bekheit, M.M.; El-Gammal, O.A.; Tahoon, M.M. Ligational 

behaviour of biacetylmonoxime-α-naphthoxyacetylhydrazone 

(H2BNAH) Towards Some Transition Metal Ions. Mans.                   

J. Chem. 2009, 36, 129-142. 

25. El- Gammal, O.A.; Abu El-Reash, G.M.; Ghazy, S.E.; 

Yousef, T. A. Heterocyclic substituted thiosemicarbazides and 

their Cu(II)complexes: synthesis, spectral  characterization, 

thermal,molecular modeling, and DNA degradation studies.           

J. Coord. Chem. 2012, 10, 1655–1671, 

https://doi.org/10.1080/00958972.2012.674519. 

26. Zhou, Z.H.; Wan, H.L.; Tsai, K.R. Syntheses and 

Spectroscopic and Structural Characterization of 

Molybdenum(VI) Citrato Monomeric Raceme and Dimer, 

K4[MoO3(cit)]·2H2O and K4[(MoO2)2O(Hcit)2]·4H2O. Inorg. 

Chem. 2000, 39, 59-64, https://doi.org/10.1021/ic990042s. 

27.  Fenn, M.; Akuetey, G.; Donovan, P.E. Electerical resistivity 

of Cu and Nb thin films. J. Phys.:Condens. Matter 1998, 10, 

1707-1720. 

28. Suresh, B.V. Solid State Devices and Technology. 3rd ed., 

Pearson Education, India, 2010. 

29.  Sawada, T.; Fukumaru, K.; Sakurai, H. L-band ESR spectra 

of copper(II) complexes with CuN4 configurations. Biochem 

Biophys Res Commun. 1995, 216, 154-161. 

30. Shimizu, I.; Morimoto, Y.; Faltermeier, D.; Kerscher, M.; 

Paria, S.; Abe, T.; Sugimoto, H.; Fujieda, N.; Asano, K.; Suzuki, 

T.; Comba, P.; Itoh, S. Tetrahedral Copper(II) Complexes with a 

Labile Coordination Site Supported by a Tris-

https://doi.org/10.1080/07391102.2017.1409652
https://doi.org/10.1016/j.jscs.2016.04.003
https://doi.org/10.1016/j.molstruc.2017.10.022
https://doi.org/10.1016/j.molstruc.2017.10.035
https://doi.org/10.1016/j.molstruc.2017.11.057
https://doi.org/10.1016/j.molstruc.2018.01.008
https://doi.org/10.1016/S0020-1693(00)88368-1
https://doi.org/10.1016/S0020-1693(00)82279-3
https://doi.org/10.1016/S0020-1693(00)82279-3
https://doi.org/10.1021/ja00800a086
https://doi.org/10.1016/j.saa.2010.04.012
https://doi.org/10.1016/S0010-8545(00)80009-0
https://doi.org/10.1103/PhysRevB.59.7413
https://doi.org/10.1063/1.458452
https://doi.org/10.1002/(SICI)1097-461X(1998)69:3%3C423::AID-QUA19%3E3.0.CO;2-2
https://doi.org/10.1002/(SICI)1097-461X(1998)69:3%3C423::AID-QUA19%3E3.0.CO;2-2
https://doi.org/10.1063/1.1316015
https://doi.org/10.1103/PhysRevB.65.085403
https://doi.org/10.1002/(SICI)1097-461X(1998)68:2%3C135::AID-QUA6%3E3.0.CO;2-W
https://doi.org/10.1002/(SICI)1097-461X(1998)68:2%3C135::AID-QUA6%3E3.0.CO;2-W
https://doi.org/10.1080/00958970801907748
https://doi.org/10.1016/j.molstruc.2011.03.043
https://doi.org/10.1016/j.molstruc.2012.04.029
https://doi.org/10.1016/j.saa.2014.02.001
https://doi.org/10.1016/j.saa.2012.05.046
https://doi.org/10.1080/00958972.2012.674519
https://doi.org/10.1021/ic990042s


Mononuclear Cr(III),  Mn (II), and Fe(III) complexes derived from new ONO symmetrical flexible hydrazone: Synthesis, 

spectral characterization, optical band gap and DFT  computational study 

Page | 751  

tetramethylguanidinato Ligand. Inorg. Chem. 2017, 56, 9634-

9645, https://doi.org/10.1021/acs.inorgchem.7b01154. 

31. Hatakeyama, T.; Quinn, F.X. Thermal Analysis 

Fundamentals and Applications to Polymer Science. 2nd ed., 

John Wiley and Sons, Chichester, 1994.  

32. Maravalli, P.B.; Goudar, T.R. Thermal and spectral studies 

of 3-N-methyl-morpholino-4-amino-5-mercapto-1,2,4-triazole 

and 3-N-methyl-piperidino-4-amino-5-mercapto-1,2,4-triazole 

complexes of cobalt(II), nickel(II) and copper(II). Thermochim. 

Acta 1999, 325, 35-41, https://doi.org/10.1016/S0040-

6031(98)00548-6. 

33. El-Gammal, O.A. Synthesis, Characterization and 

Antimicrobial Activity of 2-(2-ethylcarbamothioyl)hydrazinyl)-

2-oxo-N-phenylacetamide copper complexes.                           

Spectrochim. Acta Part A. 2010, 75, 533-542, 

https://doi.org/10.1016/j.saa.2009.11.007. 

34. El-Gammal, O.A.; Bekheit, M.M.; El-Brashy, S.A. 

Synthesis, characterization and in-vitro antimicrobial studies of 

Co (II), Ni (II) and Cu (II) complexes derived from macrocyclic 

compartmental Ligand. Spectrochimica Acta Part A 2015, 137, 

207-219, https://doi.org/10.1016/j.saa.2014.08.016.  

35. Fukui, K.; Yonezawa, K.; Nagata, C.; Shingu, H. Molecular 

orbital theory of orientation in aromatic, heteroaromatic, and 

other conjugated molecules. In: Frontier Orbitals And Reaction 

Paths: Selected Papers of Kenichi Fukui, World Scientific, 

1997; pp. 33-42.   

36. Luque, F.J.; López, J.M.; Orozco, M. Perspective on 

Electrostatic interactions of a solute with a continuum. A direct 

utilization of ab initio molecular potentials for the prevision of 

solvent effects. Theor. Chem. Acc. 2000, 103, 343-345, 

https://doi.org/10.1007/978-3-662-10421-7_56. 

37. Politzer, P.; Laurence, P.R.; Jayasuriya, K. Molecular 

electrostatic potentials: an effective tool for the elucidation of 

biochemical phenomena. Environ Health Perspect. 1985, 61,  

191-202, https://doi.org/10.1289/ehp.8561191. 

 

 

© 2019 by the authors. This article is an open access article distributed under the terms and conditions of the 

Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1021/acs.inorgchem.7b01154
https://doi.org/10.1016/S0040-6031(98)00548-6
https://doi.org/10.1016/S0040-6031(98)00548-6
https://doi.org/10.1016/j.saa.2009.11.007
https://doi.org/10.1016/j.saa.2014.08.016
https://doi.org/10.1007/978-3-662-10421-7_56
https://doi.org/10.1289/ehp.8561191


Ola Ahmed El-Gammal, Gabr  Mohamed Abu El-Reash, Hend El-Sayed Goama 

Page | 752  

Supplementary Material 

 

Table 1S. Bond lengths (Å) and angles (°) of H4MPA. 

Bond Length (Å) Angle Degree (°) 

O(22)-H(34) 0.977 H(34)-O(22)-C(16) 107.174 

C(16)-O(22) 1.373 N(5)-C(4)-C(3) 124.288 

N(12)-C(13) 1.301 C(6)-N(5)-C(4) 116.671 

N(11)-N(12) 1.379 N(7)-C(6)-N(5) 118.368 

C(9)-N(11) 1.358 C(8)-N(7)-C(6) 130.025 

C(9)-O(10) 1.24 O(14)-C(8)-C(9) 121.328 

C(8)-O(14) 1.238 O(10)-C(9)-C(8) 123.127 

C(8)-C(9) 1.557 N(11)-C(9)-C(8) 110.316 

N(5)-C(6) 1.342 N(11)-C(9)-O(10) 126.533 

C(8)-N(7) 1.363 N(12)-N(11)-C(9) 122.085 

C(6)-N(7) 1.414 O(14)-C(8)-N(7) 128.096 

C(17)-O(21) 1.379 C(13)-N(12)-N(11) 115.596 

 

Table 2S. Selected bond lengths (Å) and angles (°) of  [Mn(H3MPA)Cl(H2O)2]. 

Bond length Length (Å) Bond angle Degree (°) 

Mn(23)-Cl(24) 2.368 O(26)-Mn(23)-Cl(24) 167.531 

O(22)-Mn(23) 1.932 O(26)-Mn(23)-O(22) 89.497 

O(21)-C(27) 1.446 O(26)-Mn(23)-N(12) 95.6 

C(17)-O(21) 1.38 O(26)-Mn(23)-O(10) 83.673 

N(12)-Mn(23) 1.954 O(25)-Mn(23)-Cl(24) 87.694 

N(12)-C(13) 1.335 O(25)-Mn(23)-O(22) 83.728 

N(11)-N(12) 1.389 O(25)-Mn(23)-N(12) 178.22 

O(10)-H(33) 0.989 Cl(24)-Mn(23)-O(22) 98.796 

O(10)-Mn(23) 2.245 Cl(24)-Mn(23)-N(12) 93.02 

C(9)-N(11) 1.295 Cl(24)-Mn(23)-O(10) 89.955 

C(9)-O(10) 1.377 O(22)-Mn(23)-N(12) 94.549 

C(8)-O(14) 1.255 O(22)-Mn(23)-O(10) 166.537 

N(7)-H(32) 1.022 N(12)-Mn(23)-O(10) 74.674 

N(7)-C(8) 1.371 Mn(23)-O(22)-C(16) 125.516 

C(6)-N(7) 1.429 Mn(23)-N(12)-C(13) 122.731 

N(5)-C(6) 1.348 Mn(23)-N(12)-N(11) 122.484 

  Mn(23)-O(10)-C(9) 108.441 

  N(11)-C(9)-O(10) 121.277 

  N(11)-C(9)-C(8) 125.795 

 

Table 3S. Selected bond lengths (Å) and angles (°) of [Cr(H2MPA)Cl2 (H2O)]. 

Bond length Length (Å) Bond angle Degree (°) 

Cr(23)-Cl(25) 2.355 O(26)-Cr(23)-Cl(25) 86.125 

Cr(23)-Cl(24) 2.366 O(26)-Cr(23)-Cl(24) 86.555 

O(22)-Cr(23) 1.965 O(26)-Cr(23)-O(22) 92.142 

O(21)-C(27) 1.448 O(26)-Cr(23)-O(14) 86.725 

C(17)-O(21) 1.374 O(26)-Cr(23)-N(12) 175.527 

C(16)-O(22) 1.315 Cl(25)-Cr(23)-Cl(24) 172.016 

O(14)-Cr(23) 2.016 Cl(25)-Cr(23)-O(22) 92.361 

N(12)-Cr(23) 2.045 Cl(25)-Cr(23)-O(14) 88.895 

N(12)-C(13) 1.329 Cl(25)-Cr(23)-N(12) 92.823 

N(11)-N(12) 1.381 Cl(24)-Cr(23)-O(22) 91.093 

O(10)-H(33) 0.981 Cl(24)-Cr(23)-O(14) 87.509 

C(9)-N(11) 1.302 Cl(24)-Cr(23)-N(12) 94.232 

C(9)-O(10) 1.36 O(22)-Cr(23)-O(14) 178.25 

C(8)-O(14) 1.263 O(22)-Cr(23)-N(12) 92.245 

N(7)-C(8) 1.357 O(14)-Cr(23)-N(12) 88.909 

C(6)-N(7) 1.43 Cr(23)-O(22)-C(16) 128.433 

C(6)-N(5) 1.345 Cr(23)-O(14)-C(8) 130.848 

N(5)-C(4) 1.35 Cr(23)-N(12)-C(13) 123.564 

  Cr(23)-N(12)-N(11) 125.263 

  N(12)-N(11)-C(9) 124.077 

  O(10)-C(9)-C(8) 114.086 

  C(9)-C(8)-N(7) 122.517 

 

Table 4S. Selected bond lengths (Å) and angles (°) of [Fe(H2MPA)Cl(H2O)2]. 

Bond length Length (Å) Bond angle Degree (°) 

Fe(23)-Cl(24) 2.299 O(26)-Fe(23)-Cl(24) 88.453 

O(22)-Fe(23) 1.921 O(26)-Fe(23)-O(22) 94.6 

O(21)-C(27) 1.452 O(26)-Fe(23)-N(12) 90.487 

C(17)-O(21) 1.367 O(26)-Fe(23)-O(10) 86.413 

C(16)-O(22) 1.31 O(25)-Fe(23)-Cl(24) 89.506 
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Bond length Length (Å) Bond angle Degree (°) 

C(20)-C(15) 1.42 O(25)-Fe(23)-O(22) 87.919 

N(12)-Fe(23) 1.919 O(25)-Fe(23)-N(12) 91.294 

N(12)-C(13) 1.319 O(25)-Fe(23)-O(10) 91.337 

N(11)-N(12) 1.386 Cl(24)-Fe(23)-O(22) 92.542 

O(10)-Fe(23) 2.064 Cl(24)-Fe(23)-N(12) 174.055 

C(9)-N(11) 1.327 Cl(24)-Fe(23)-O(10) 94.837 

C(9)-O(10) 1.302 O(22)-Fe(23)-N(12) 93.374 

C(8)-O(14) 1.359 O(22)-Fe(23)-O(10) 172.578 

C(8)-C(9) 1.515 N(12)-Fe(23)-O(10) 79.256 

N(7)-C(8) 1.286 Fe(23)-O(22)-C(16) 121.493 

C(6)-N(7) 1.414 Fe(23)-N(12)-C(13) 125.218 

N(5)-C(6) 1.35 Fe(23)-N(12)-N(11) 117.438 

N(5)-C(6) 1.35 C(13)-N(12)-N(11) 117.228 

C(4)-N(5) 1.354 N(12)-N(11)-C(9) 108.759 

  Fe(23)-O(10)-C(9) 107.635 

  N(11)-C(9)-O(10) 125.424 

  N(11)-C(9)-C(8) 115.296 

  O(10)-C(9)-C(8) 119.145 

  O(14)-C(8)-C(9) 116.881 

  O(14)-C(8)-N(7) 117.214 

  C(9)-C(8)-N(7) 125.795 

  C(8)-N(7)-C(6) 119.876 

  N(7)-C(6)-N(5) 116.154 

  N(7)-C(6)-C(1) 120.795 

 

 

 

 

 

 

 

 

 

 

 


