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1. INTRODUCTION 14 
 15 
Transition metal (TM) complexes of hydrazones have been used for research in various 16 
applications of biological chemistry. Similarly, metal complexes of S-, N-, and O- chelating 17 
ligands have been attracting researchers due to their interesting structural features as 18 
chelating agents associated with their remarkable physicochemical properties, pronounced 19 
biological activities and their use as models for metalloenzyme active sites [1-3]. 20 

 21 
Schiff-bases have been widely used as ligands in the field of coordination chemistry, where 22 
they show a strong tendency to coordinate through the azomethine N with various metals 23 
and hence to stabilize them into upgraded oxidation states. As an example, complexes of 24 
tridentate Schiff-bases show a great range of catalytic, biological, antifungal, antitumor, and 25 
anti-HIV activities [4]. 26 
 27 
In the last few decades, extensive experimental and computational research has been 28 
aiming at developing new antimicrobial agents. Several factors including a heavy antibiotic 29 
worldwide use and person-to-person spread of bacteria have significantly increased the 30 
antibiotic-resistance through genetic mutation [5]. Unfortunately, while very few new 31 

In this work, the structural, surface potential, and antimicrobial aspects of a set of recently 
synthesized and published complexes of five transition metals(II) are investigated using 
the semiempirical PM6 and B3LYP/6-31G* methods. The complexes ML2 [M = Ni, Cu, 
and Zn] are mainly composed of 2-thiophenecarbaldehyde isonicotinoylhydrazone 
containing a trifunctional SNO-donor system. Experimentally, the complexes were 
synthesized and characterized using their conductivity, IR, 1H NMR, and MS spectra, 
where they show similar properties to those in their analogous NNO functionalized ligand 
and ONO donor ligand. The attained wavefunction for each of the complexes was 
subsequently used to compute six molecular descriptors which were then investigated in 
light of their reported antimicrobial activities against Escherichia coli, Staphylococcus 
aureus, and Pseudomonas aeruginosa. The findings are further explored to elucidate the 
impact of the structural features on the complex biological activity. It is concluded that the 
type of transition metal is significantly impacting the antimicrobial activity of the complex, 
where the structural features of Mn(II) counterpart complexes were computationally 
inspected and their untested biological activities was predicted. 
 

UNDER PEER REVIEW



antibiotics are in advanced development, very few new antibacterial drugs with a completely 32 
novel mechanism of action have been approved since 2006. This situation pushed 33 
researchers to discuss if humanity reached the Post-Antibiotic era [6].  34 

 35 
Along this line in the last few years, while we were contributing by synthesizing a set of 36 
transition metal(II) complexes with SNO functionalized ligands, two research articles have 37 
been published with almost the same experimental content we planned for [7]. Therefore, we 38 
are interested here in further computationally examining these complexes and other 39 
analogous complexes with ONO and SNO functionalized ligands for their thermodynamic 40 
stabilities and biological activities associated with various structural modifications. 41 

 42 
Computational approaches such as electronic calculations, genomics, molecular simulation 43 
and dynamics, molecular docking, structural/functional class prediction, and quantitative 44 
structure–activity relationships (QSARs) have been advantageous in antimicrobial drug 45 
discovery and design. They have become standard tools in the quest to develop novel 46 
anti-inflammatory pharmaceutical products through providing a rational basis for the 47 
selection of chemical structure [8-10]. The majority of QSAR described in the literature deals 48 
with the different classes of organic substances while very few studies cover QSAR 49 
analyses of inorganic, organometallic, or coordination compounds, because of the lack of a 50 
suitable tool for calculating descriptors for heavy atoms [11]. 51 

 52 
The recently implemented semiempirical method in Wavefunction SPARTAN ’10, PM6 was 53 
designed primarily for the investigation of molecular species of biochemical interest [12,13]. 54 
The method is a major semiempirical method available in the package that may be applied 55 
to transition metals. It successfully reproduces the heats of formation and geometries of 56 
small molecules, simple organic and inorganic crystals, and a hormone with good accuracy 57 
[14]. However, it is common that calculations including metal complexes are challenging 58 
where the systems often involve multiple open shells with high and low spin complexes while 59 
the Jahn-Teller effect should be taken in consideration and the calculated systems should 60 
distort so as to lower the symmetry.  61 

 62 
In this work, we combine experimental tools employed to synthesis and characterize our 63 
targeted structures in Scheme 1-2 with the semiempirical PM6 computational method to 64 
further explore their structural features and biological reactivity. We should stress here that 65 
while we were working on this paper, a similar experimental part of our work was published. 66 
We have decided to present our findings regardless of its agreement or disagreement with 67 
the published work. 68 
 69 
2. EXPERIMENTAL WORK 70 
 71 
As depicted in Scheme 1, the Schiff base ligand (1) used in this work was readily accessible 72 
by condensation of Thiophene-2-carbaldehyde with isonicotinoylhydrazide in 1:1 mole ratio 73 
in ethanol. The metalation of this ligand with transition metal(II) acetate [TM(II) = Co(II), 74 
Cu(II), Ni(II), and Zn(II)] in 2:1 ligand to metal mole ratio yielded six coordinate complexes in 75 
which the Schiff base ligands act as S, N, O tridentate ligands forming stable 5-membered 76 
rings by binding with the thiophene-S, the imine-N, and the amide-O atoms. 77 
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 78 
Scheme 1: metalation of ligand with transition M(II) acetate [TM(II) = Ni(II), Cu(II), Zn(II)] 79 

 80 
 81 
2.1 Conductivity Measurements : 82 
 83 
The molar conductance of the complexes measured in DMSO solution were found extremely 84 
low and almost negligible, which indicates that the complexes are non-conductive and the 85 
whole complex is neutral with two uninegative ligands [15]. 86 
 87 
2.2 IR Spectra: 88 
 89 
IR spectra of the ligand exhibits a sharp N-H stretching band at 3280-3300 cm-1 and an 90 
absorption band of 1660 cm-1 attributed to C=O stretching. However, these bands are 91 
entirely unavailable in the complexes spectra while a new C-O band at 1064-1078 cm−1 92 
appears. 93 
 94 
2.3 Mass Spectrometry : 95 
 96 
The mass spectra of each of the complexes shows a peak attributed to a ligand plus proton 97 
ion and the molecular ion peak of the complex, which ensures the proposed structure while 98 
confirming the loss one proton by each ligand upon complexation. 99 
 100 
2.4 NMR Spectra : 101 
 102 
Unfortunately, due to paramagnetic electron configuration 1H NMR spectra for the complexes 103 
of Ni(II) and Cu(II) were not helpful enough to identify the functional group. For Zn(II) 104 
complexes, the spectra successfully elaborates basic information about its complexes, 105 
where no peak has been detected for the NH proton while minor changes in the aromatic 106 
region along with its chemical shift are noticed. However, the complexity of the signals 107 
makes it useless for interpretation. The chemical shift observed for the CH=N proton about 108 
8.5 ppm is an evidence for the contribution of N in coordination to the central Zn(II).  109 
 110 
2.5 Electronic Spectra: 111 
 112 
Absorption spectra were obtained in DMF where a strong band near 369 nm attributed to a 113 
charge transfer transition is observed [16]. Also, few bands of moderate intensity in the 114 
range of 254-268 nm are detected. A band below 268 nm is due to intra-ligand transition, 115 
which is the same case for the free ligand. 116 
 117 
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3. 118 
 119 
 120 
 121 
 122 
 123 
 124 
 125 
 126 
Scheme 2: Studied transition metal (II) complexes with SNO- and ONO- functionalized 127 

ligand (1-30). 128 
 129 
COMPUTATIONAL WORK: 130 
 131 
The molecular geometries of the investigated TM(II) complexes (1- 24) depicted in Scheme 132 
2 were fully optimized with the semiempirical PM6 method using SPARTAN 10 software, 133 
version 1.0.1 without any applied molecular symmetry constraints [12].  134 

 135 
The optimized structures were properly attributed to their local minima at the same level of 136 
theory with no imaginary frequencies. Then, the density functional theory was employed with 137 
6-31G* basis set to compute various properties including energies of frontier orbitals (εH, εL), 138 
and dipole moment (µ) beside six other QSAR descriptors [17]. 139 

 140 
The electrostatic potential V(r) created at any point r in the space surrounding a molecule by 141 
its nuclei and electrons can be calculated from eq. (1), where ZA is the charge on nucleus A, 142 
at a distance RA, and ρ(r) is the electronic density. The sign of V(r) at any point r is depends 143 
on whether the positive contribution of the nuclei or the negative contribution of the electrons 144 
is dominant there. Usually, research is much concerned with the values of Vmin and Vmax as a 145 
measure of site-specific reactivity of the system [18]. 146 

 147 

           
V r

Z

R r

r dr

r r
A

AA

( )
( ') '

'
=

−
−

−∫∑
ρ

                        
(1) 148 

 149 
Each of the attained wavefunctions was used again at density functional level 150 
(B3LYP/6-31G*) to compute six descriptors attributed to the surfaces of electron density 151 
(EDS) and molecular electrostatic potential (MEP). The computed descriptors are the polar 152 
area (PA), the minimum and maximum values of the electrostatic potential, (Vmin, Vmax), the 153 
minimum value of the local ionization potential (IPmin) as mapped onto an EDS, the the 154 
exposed area (Aex) of the transition metal atom in a space-filling model and its electrostatic 155 
charge (qelec). The computed descriptors were used to foresee the biological activity of the 156 

M(II)  Co: (1,5,9,13,17,21), Cu: (2, 6,10,14,18,22), Ni: ( 3,7,11,15,19,23),  
Zn: (4,8,12,16,20,24) Mn: (25,26,27,28.29.30)  

Comp.  1 - 4 5 - 8 9 - 12 13 - 16 
25, 28 

17 – 20 
26, 29 

21 – 24 
27, 30 

X O S O S O S 
Y CH CH CH CH N N 
Z H H OH OH H H 

UNDER PEER REVIEW



untested Mn+2 complexes. 157 
 158 
 159 
4. RESULTS AND DISCUSSION: 160 
 161 
The experimental data and all the antimicrobial activity data related to our study were 162 
obtained from the literature for the studied complexes [7]. The antimicrobial activity is 163 
expressed as the zone of inhibition (IZ) produced by the system. All experimental and 164 
computed data of properties and descriptors are listed in Tables 1-3 including, εH, εL, µ, 165 
PA,Vmin, Vmax, IPmin,. qelec, and Aex. 166 
 167 

 168 

 169 
 170 

Figure 1:  Optimized M(II) skeleton complexes 171 
 172 

 173 
4.1 Geometries and Other Properties 174 
 175 
A selection of the computationally-optimized geometries of the complexes of Co+2, Cu+2, Ni+2, 176 
and Zn+2 -as described early- are depicted in Figure 1 (a-h). Also, central bond lengths and 177 
bond angles in the complexes studied are listed in Table 1. Obviously, the complexes are 178 
not limited in their shape to octahedron and may convert to other geometries as indicated by 179 
the nonzero dipoles listed in tables 1 and 2. 180 

 181 
In Co(II) complexes (1,5,9,13,17,21),, the optimized structures supported by the calculated 182 
angles and bond lengths indicate that the coordinated ligands form two five-membered 183 
chelate rings upon coordination to the Co(II), Fig 1(a,b). This, in its turn, imposes large 184 
distortions on the ideally octahedral coordination angles. The trans-N-Co-N angles are close 185 
to 180o, whereas both the trans-O-Co-O and the trans-S-Co-O angles deviate noticeably 186 

UNDER PEER REVIEW



from linearity, while the cis-O-Co-O and the cis-S-Co-O angles show a significant deviation 187 
from 90°. The distortion of the coordination sphere  around the metal, which has been 188 
observed in other similar reported complexes, is a result of the ligand’s rigidity [19, 20]. 189 
 190 
For the hexacoordinated Cu(II) complexes (2, 6, 10, 14, 18, 22), Fig 1(c,d), the common 191 
Jahn–Teller tetragonal distortion takes place impacting the octahedral symmetry [21]. 192 
Evidently, the central Cu-N and Cu-O bonds are remarkably long with 2.32 and 2.22 Å 193 
respectively when compared to four coordination bonds. Also, when the large S atom is 194 
bonded to Cu(II) such as in structures (6, 14, 22), a sharp change in N-Cu-N angles (147.8) 195 
arises compared to the situation when O atoms is available for coordination in the 196 
complexes. 197 

 198 
For Ni(II) complexes depicted in Fig 1(e,f), the computed bond lengths and angles reveal 199 
square planar optimized structures (3, 11, 19). The computed bond angles for both the 200 
trans-N-Ni-N and trans-O-Ni-O (close to 180o) and the distance between Ni-O (longer than 201 
3.2 Å) are complement with the common trend in such complexes. Obviously, there is no 202 
chemical bonding between Ni and O, where stable square planar complexes of four 203 
coordinates are formed. However, when S is available in Ni(II) complexes (7, 15, 23), the 204 
calculations predict the formation of distorted octahedral structure. 205 

 206 
Table 1:  Computed parameters and antibacterial Activity Data of the Schiff Bases. 207 

Y

X

N
N
H

O z
 208 

       209 
 210 
 211 
 212 
 213 
 214 

Schiff  
Base 

εεεεH 
eV 

εεεεL 
eV 

εεεεH-L 
eV    

µµµµ    
debye    

PA 
A2 

Vmin 
kJ/mol 

Vmax 
kJ/mol 

IPmin 
kJ/mol 

Microbial  

a b c 
1 -5.98 -1.14 -4.84 5.65 63.07 -252.89 161.90 35.84 2 2 2 

2 -6.37 -0.85 -5.52 5.32 56.96 -249.86 165.28 36.19 2 1 1 

3 -6.89 -1.30 -5.59 6.89 74.48 -275.37 318.47 34.56 2 1 2 

4 -6.08 -1.14 -4.94 6.43 68.43 -272.47 304.18 35.14 2 2 1 

5 -6.18 -1.29 -4.89 5.20 80.04 -234.11 185.45 34.15 2 1 2 

6 -6.56 -1.18 -5.38 5.00 74.41 -231.80 187.25 34.07 1 2 2 

 -6.34 -1.15 -5.19 5.75 69.57 -252.75 220.42 34.99    
 0.34 0.16 0.34 0.75 8.48 18.41 71.30 0.89    

 215 
 216 
Zn(II) complexes in Fig 1(g,h) show arrangement with severe angular distortion. The 217 
computed bond lengths and angles (4, 12, 20). Evidently, the O-Zn-O, and N—Zn—N and 218 
bond angles are (88.3 - 148.7) and (136.2-163.0), respectively. Also, while the computed 219 

Schiff base 1 2 3 4 5 6 
X O S O S O S 
Y CH CH CH CH N N 
Z H H OH OH H H 
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average Zn-O and Zn-N lengths are closely equal with around 2.00 Å, when S is available in 220 
complexes (8, 16, 24), the structure is distorted into trigonal bipyramidal or into distorted 221 
square pyramidal based with Zn-S lengths of 3.5 Å, which is a solid evident for a distorted 222 
complex structure.  223 
 224 

Table 2:  Central bond lengths (Å) and bond angles in the studied complexes  225 
 226 

N-M-N                                                       N-M N-M O-M-O O-M O-M S-M-O S-M-O S-M S-M O-M-O O-M O-M Sys M(II) 

179.4 1.81 1.81 69.2 2.00 2.17     156.3 2.00 2.17 1 

Co(II) 

175.13 1.82 1.82    168.8 76.5 2.03 2.13  1.979 1.98 5 

179.2 1.81 1.814 69.2 2.02 2.17     156.3 2.02 2.16 9 

174.9 1.83 1.814    168.6 76.2 2.03 2.13  1.99 1.99 13 

179.4 1.81 1.81 69.4 2.00 2.17     156.4 2.00 2.17 17 

174.2 1.82 1.81    167.5 86.4 2.03 2.12  1.97 1.97 21 

178.0 1.86 1.86 72.9 2.00 2..10     156.3 2.00 2.10 2 

Cu(II) 

147. 9 2.12 2.32    154.0 87.1 2.08 1.21  2.21 2.21 6 

177.9 1.85 1.86 72.5 2.03 2.09     156.1 2.03 2.10 10 

148.0 2.11 2.32    154.1 77.6 2.08 1.21  2.23 2.23 14 

178.4 1.86 1.86 72.8 2.00 2.10     156.3 2.00 2.10 18 

147.3 2.11 2.33    153.9 76.6 2.07 1.21  2.21 2.21 22 

179.4 1.86 1.86 111.9 3.21 3.21     180.0 1.86 1.86 3 

Ni(II) 

174.4 1.87 1.87 
   

137.3 60.2 2.67 2.67 
 

1.89 1.89 7 

177.9 1.87 1.87 114.5 3.65 3.41 
    

180.0 1.88 1.88 11 

176.2 1.86 1.86 
   

163.6 63.7 2.41 2.16 
 

2.34 2.34 15 

180.0 1.87 1.87 114.4 3.83 3.80     180.0 1.87 1.87 19 

174.4 1.87 1.87    137.3 59.9 2.68 2.68  1.90 1.89 23 

136.2 1.95 1.95 88.3 2.99 2.99     148.5 2.00 2.00 4 

Zn(II) 

161.4 2.09 2.02    142.6 46.4 2.43 3.48  2.08 2.08 8 

137.1 1.95 1.94 88.5 2.99 2.98     148.7 2.00 2.00 12 

154.4 2.07 2.02    148.3 48.3 2.47 3.51  2.06 2.06 16 

136.8 1.95 1.95 88.5 2.99 3.00     148.6 2.00 2.00 20 

163.0 2.10 2.03    141.8 45.8 2.42 3.50  2.08 2.08 24 

 227 

4.2 Antibacterial Properties: 228 
 229 
The title Schiff bases and their metal(II) chelates were evaluated in reference 7 for their 230 
antibacterial activity against the standard bacterial strains of a) Escherichia coli, b) 231 
Staphylococcus aureus, and c) Pseudomonas aeruginosa. The compounds were tested at a 232 
concentration of 30 µg/0.01 mL in DMF solution. The inhibition zones for E. coli (a), S. 233 
aureus (b), and P. aeruginosa (c) were measured in mm and the results are listed in tables 2 234 
and 3 in terms of relative numbers 1, 2, and 3 representing: (27– 45%), (45–64%), (64–82%), 235 
and (82–100%) of % inhibition respectively. All the Schiff bases were found to be biologically 236 
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active and their metal(II) complexes showed significantly enhanced antibacterial activity 237 
against one or more bacterial species in comparison to the free Schiff bases. It is however 238 
known that chelation such as in (5, 7, 17) tends to make the ligands act as more powerful, 239 
thus killing more of the bacteria than the parent Schiff bases do [22]. Frequently, a general 240 
reduction of the complex’s dipole moment was counted a factor behind increasing the 241 
biological activity. 242 
 243 
Table 3:  Computed parameters and antibacterial Activity Data of the Metal(II) complexes. 244 
 245 

M(II) Sys εεεεH 

eV 
εεεεL 

eV 
εεεεH-L 

eV 
µµµµ    

debye 
PA 
A2 

Vmin 

kJ/mol 
Vmax 

kJ/mol 
IPmin 

kJ/mol qelec Aex 
Microbial 
a b c 

 
 
 

Co(II) 

1 -5.15 -1.79 -3.36 3.67 126.99 -184.13 111.51 33.36 0.70 1.82 3 2 3 

5 -4.68 -2.05 -2.63 3.62 127.11 -195.92 112.07 33.79 0.69 0.11 4 3 3 

9 -5.12 -1.79 -3.33 5.22 149.98 -244.00 257.55 33.32 0.73 1.81 3 3 2 

13 -4.76 -2.11 -2.65 4.21 163.49 -233.80 251.77 32.99 0.67 0.12 2 2 3 

17 -5.50 -2.17 -3.33 6.97 127.43 -199.64 133.66 32.82 0.73 1.79 4 3 2 

21 -4.91 -2.37 -2.54 6.45 127.39 -200.40 134.64 32.79 0.90 0.14 3 4 3 

 av. -5.02 -2.05 -2.97 5.02 137.07 -209.65 166.87 33.18 0.74 0.96    

 s 0.30 0.23 0.40 1.44 15.82 23.62 68.76 0.39 0.08 0.92    

 
 
 

Cu(II) 

2 -5.10 -1.87 -3.23 3.87 125.39 -183.71 113.35 33.35 0.47 2.53 3 3 2 

6 -4.92 -2.04 -2.88 2.65 98.41 -172.74 114.46 33.74 0.41 1.45 3 3 2 

10 -5.07 -1.88 -3.19 5.28 148.69 -245.82 256.24 33.49 0.40 2.54 3 3 3 

14 -4.89 -2.04 -2.85 5.25 132.86 -220.62 266.67 33.78 0.25 1.42 3 3 3 

18 -5.47 -2.25 -3.22 7.45 128..21 -200.43 134.09 32.78 0.54 2.54 3 3 2 

22 -5.27 -2.47 -2.80 5.95 108.69 -203.13 138.04 32.64 0.44 1.62 3 3 3 

 av. -5.12 -2.09 -3.03 5.08 122.81 -204.41 170.48 33.30 0.42 2.02    

 s 0.22 0.23 0.20 1.66 19.83 26.18 71.25 0.48 0.10 0.57    

 
 
 

Ni(II) 

3 -5.30 -1.91 -3.39 1.19 104.81 -162.51 107.31 28.39 0.70 4.69 3 2 4 

7 -5.18 -1.95 -3.23 1.24 79.21 -157.27 108.10 32.53 0.69 2.77 4 2 3 

11 -5.40 -1.95 -3.45 3.75 124.53 -194.36 269.64 29.01 0.69 4.86 3 3 3 

15 -4.96 -2.37 -2.59 5.71 152.72 -226.06 262.21 33.36 0.50 1.49 3 4 2 

19 -5.72 -2.25 -3.47 7.10 127.79 -202.91 178.61 32.65 1.08 5.52 3 3 3 

23 -5.65 -2.32 -3.33 8.00 128.78 -202.88 140.55 32.67 0.83 0.70 4 3 2 

 av. -5.37 -2.13 -3.24 4.50 119.64 -191.00 177.74 31.44 0.75 3.34    

 s 0.29 0.21 0.33 2.92 24.99 26.35 73.18 2.15 0.19 1.98    

 
 
 

Zn(II) 

4 -5.37 -1.93 -3.44 4.20 122.88 -175.92 114.50 33.92 1.17 5.68 3 2 3 

8 -5.45 -2.07 -3.38 3.62 102.70 -171.64 128.21 33.54 1.09 4.35 2 3 4 

12 -5.25 -1.93 -3.32 5.00 142.59 -239.00 250.94 33.61 1.16 5.68 3 4 2 

16 -5.48 -2.08 -3.40 5.84 133.80 -202.79 283.88 32.77 1.09 4.36 2 3 3 

20 -5.74 -2.30 -3.44 7.37 124.43 -200.15 133.62 32.76 1.17 5.73 2 3 2 

24 -5.83 -2.43 -3.40 7.10 113.49 -201.77 150.01 32.67 1.08 4.37 3 3 3 

 av. -5.52 -2.12 -3.40 5.52 123.32 -198.55 176.86 33.21 1.13 5.03    

 s 0.22 0.20 0.04 1.53 14.17 24.10 71.82 0.54 0.05 0.73    

 246 
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4.3 Electrostatic Potential and Electron Density: 247 
 248 
According to the crystal field theory (CFT), the metal cation is affected by the purely 249 
electrostatic field created by the nearest neighbor ligands represented by point charges or 250 
point dipoles [23]. 251 
   252 
Following Bader et al in taking the surface to be a particular outer contour of the molecule’s 253 
electronic density [24], Figure 2 (a-d) shows examples of electrostatic potentials on ρ(r) = 254 
0.002 au molecular surfaces of the ligands and complexes; (1, 7, 14, 21) subsequently. The 255 
computed potential’s maxima (Vmin, Vmax), PA, IPmin, qelec, and Aex along with their 256 
subsequent averages and standard deviation are listed in Tables 2 - 4. 257 
 258 

 259 
 260 

 261 
 262 
Figure 2: Computed electrostatic potential on the molecular surface of complexes 263 

(1,7,14,21) optimized at PM6. The potential ranges according to the color code: 264 
red (most negative) < orange <yellow < green < blue (most positive). 265 

 266 
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 267 
For each individual Schiff base, a systematic decrease in each of the computed surface 268 
related properties was obvious with sulfur (S) atom compared with Oxygen (O) atom. As 269 
shown in table 2, the smallest computed PA for example, is associated with the absence of 270 
lone pairs in S atom (14), while when lone pairs exist with both O and N atoms, PA shows a 271 
high increase with 83.33 A2 (5). However, the average computed values are 67.3 A2, -328.2 272 
kJ/mole, 196.5 kJ/mol, and 51.3 kJ/mol for PA, Vmin, Vmax, and IPmin respectively. 273 
 274 
Though two bidentate ligands are common constituents of each of the complexes studied, a 275 
significant variance was concluded in each set of the computed surface related quantities 276 
with averages of 105.8 A2, -324.0kJ/mol, and 52.8 kJ/mol for PA, Vmin, and IPmin respectively 277 
(Table 3). Obviously, these averages are comparable with their computed counterparts for 278 
each of the single ligand indicating the significance of these quantities as a possible function 279 
of their biological activity. However, the computed Vmax for Z(II) complexes Unexpectedly 280 
jump to thousands. The VS,min are all within a relatively narrow range, –289.4 to –386.0 281 
kJ/mole, which may infer their primary importance in the structures activity. 282 
 283 
4.5 Exploring Manganese (II) complexes: 284 
 285 
Manganese (II) complexes are commonly available in active centers of enzymes and various 286 
integrins [9-10]. There has been extensive experimental and theoretical research on Mn(II) 287 
complexes with various ligands. It has been widely assumed that octahedral Mn(II) 288 
complexes are dominantly high-spin molecules [23]. However, researchers frequently 289 
tended to question these long term findings. Consequently, low-spin complexes of the metal 290 
such as [Mn(CN)6]

4- have been studied because of their occurrence in biological systems. 291 
Interestingly, the predicted spin-state of most complexes varied depending on the employed 292 
computational method and basis set. 293 
 294 
In this part of the work, basic investigation concerning the geometry of Mn(II) complexes are 295 
discussed in view of our preceding findings. The Mn(II) complex in the this study is expected 296 
to be of a high-spin octahedral. Two optimization calculations using the semiempirical PM6 297 
with spin multiplicity of 2 and 6 concluded that the highest spin multiplicity is lowest in 298 
energy. Also, a single point calculation using B3LYP/6-31G* could not even proceed with the 299 
low spin geometry while ended properly with spin multiplicity of 6. 300 
 301 
The computed geometry is summarized in table 4, while basic structures are depicted in 302 
figure 3. The computed angles at the Mn(II) center show large deviations from the ideal 303 
octahedral values of 90o and 180o, the N-Mn-N and O-Mn-O angles are 128.3o and 91.95o 304 
respectively, These angles are close to those in Zn(II) complexes. The bond lenghts in Mn(II) 305 
coordination geometry are 2.91 and 1.95 Å for Mn-O and 1.79 Å for Mn-N which are similar 306 
to that of Zn(II) complexes. 307 
 308 

     309 
Figure 3:  Optimized Mn(II) skeleton complexes 310 

 311 
 312 
 313 
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 314 
Table 4:  Central bond lengths (A) and bond angles in studied Mn(II) complexes  315 

 316 
Mn(II) Mn-O Mn-O Mn-S Mn-N N-Mn_N O-Mn-O S-Mn-S 

1 2.83 1.95 - 1.79 130.9 94.7 - 

5 3.28 3.28 2.29 1.86 171.5  104.3 

9 1.98 3.06 - 1.86 167.7 88.9 - 

13 2.03 2.03 2.26 1.87 176.6 93.0 105.0 

17 1.95 2.91 - 1.79 178.0 93.6 - 

21 2.02 2.02 2.26 1.87 178.7 92.0 111.8 

 317 
The computed descriptors including, εH, εL, µ, PA,Vmin, Vmax, IPmin,. qelec, and Aex for the 318 
studied Mn(II) complexes are listed in Table 5. Comparing the averages of the computed 319 
values for most of the descriptors with their counterparts for the former complexes in table 3, 320 
one can expect that Mn(II) complexes would have antimicrobial potency ranges between 321 
Zn(II) and Ni(II) complexes.  322 
  323 

                324 
 Table 5:  Computed parameters of biologically untested Mn(II) complexes. 325 
 326 

M(II) Sys εεεεH 

eV 
εεεεL 

eV 
εεεεH-L 

eV 
µµµµ    

debye 
PA 
A2 

Vmin 

kJ/mol 
Vmax 

kJ/mol 
IPmin 

kJ/mol qelec Aex 

 
Mn(II) 

1 -4.47 -2.05 -2.42 5.45 126.69 -216.34 119.86 33.95 1.19 4.94 

5 -3.65 -2.21 -1.44 5.15 124.36 -172.89 139.73 33.62 0.99 2.28 

9 -3.68 -2.10 -1.58 4.43 123.72 -222.42 256.68 33.83 1.28 5.66 

13 -3.69 -2.15 -1.54 4.71 169.47 -239.92 249.68 32.55 0.89 0.30 

17 -4.71 -2.47 -2.24 9.42 128.82 -201.95 140.67 32.73 1.19 5.16 

21 -4.00 -2.43 -1.57 9.96 138.84 -206.06 141.46 32.57 0.66 0.40 

 avg -4.03 -2.24 -1.80 6.43 135.32 -209.93 174.68 33.21 1.03 3.12 

 s 0.46 0.18 0.42 2.57 17.61 22.57 61.38 0.66 0.23 2.45 

 327 
 328 
 329 
Conclusion: 330 
 331 
The structure of previously synthesized Schiff base ligand coordinated with the Co(II), Cu(II), 332 
Ni(II), and Zn(II) metal ions through N, O, and/or S toms have been computationally 333 
investigated by PM6 and DFT/6-31G methods. Ten different electronic and surface related 334 
quantities were calculated to confirm the geometry of the complexes and to explore their 335 
antimicrobial potency. A small standard deviation in most of the calculated mathematical 336 
averages for the computed quantities supports the closeness of the experimental potency. 337 
Similar Calculations for Mn(II) complexes showed that Mn(II) would thermodynamically 338 
prefer a high-spin octahedral  with a spin multiplicity of 6. In terms of its antimicrobial 339 
activity, Mn(II) complexes would come next to Zn(II) complexes. PM6 semiempirical method 340 
can be successfully employed to investigate similarity in molecular features and to predict 341 
their individual biological behavior. 342 
 343 

344 
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