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Chapter 2 

Investigation of Magnetic Anisotropy and SOD Activity of a Series of 

Pentagonal Bipyramidal Mn(II) Complexes 

 

 

 

Abstract: Systematic studies of magnetic anisotropy in a series of pentagonal 

bipyramidal Mn(II) complexes have been carried out by using magnetization 

measurements and DFT calculations. Significantly large deviation in the axial zero 

field splitting parameters were observed on subtle modification of the coordination 

environment around the pentagonal bipyramidal Mn(II) center. Further, the influence of 

the coordination environment on the superoxide scavenging ability of these Mn(II) 

complexes were also evaluated. 
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2.1. Introduction 

Mononuclear manganese (II) complexes are gaining considerable attention due to their 

implications in various scientific domains such as biochemistry and catalysis [1]. In 

biological systems, Mn(II) complexes are present in the active sites of several enzymes 

such as superoxide dismutase (SOD), catalase, ribonucleotide reductase, peroxidases, 

etc.[2-3]. The role of Mn(II) ion in the active sites of these enzymes are being subjected 

to extensive investigation due to their relevance in pharmacology [4]. Tremendous 

research efforts are currently being focused on developing model Mn(II) compounds 

which can effectively mimic these enzymes and thus develop abiotic catalyst for 

similar chemical transformations. This accounts for the recent surge in synthesis of 

Mn(II) complexes having coordination geometry/environment similar to those present 

in the active sites of the enzymes and subsequent investigation of their catalytic 

properties [5-9]. However, due to the lack of accurate structural data, the precise 

coordination geometry around the Mn(II) centres in the active sites of many enzymes 

have not been accurately deciphered so far. The lack of structural data is further 

aggravated by the fact that no useful information is generally obtained from electronic 

spectroscopic studies of Mn(II) complexes due to the spin forbidden nature of d-d-

transitions in all coordination geometries.  

In view of the above, experimental electronic structure determination of Mn(II) ions in 

active sites of different enzymes have traditionally relied on electron paramagnetic 

resonance (EPR) and subsequent structural correlation of the EPR data [10-11]. In these 

studies, the geometry and coordination environment around the Mn(II) centers were 

generally predicted with regard to the position and width of the EPR spectral lines. The 

advent of multifrequency high field/high frequency EPR has led to an outburst of 

activity in exploration of precise electronic structure in synthetic as well as biological 

Mn(II) complexes [12]. In this regard, structural correlations based on zero field 

splitting has emerged as a versatile probe in precise and unambiguous electronic 

structure determination of mononuclear Mn(II) complexes.    

In all coordination geometry, high spin Mn(II) ion (d
5
) has a singly degenerate ground 

electronic state, 
6
S, electronic spin state S = 5/2 and nuclear spin state I = 5/2. The spin 

Hamiltonian (Ĥ) of an orbitally degenerate high spin d
5
 configuration is generally 

expressed by the equation- 

Ĥ = D[Sz
2
 – {S(S+1)}/3] + E[Sx

2
-Sy

2
] + gβHS + IAS, 
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where, the first two terms are the zero field splitting (ZFS) interactions with D and E 

representing the axial and the rhombic ZFS terms respectively. The third term is the 

Zeeman interaction term and the last term indicates the nuclear hyperfine interactions. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1. Schematic representation of Zero Field Splitting in d
5
 systems  

 

Due to the spherically symmetric electron density of the 
6
S ground electronic state in 

high spin Mn(II), the in-state orbital angular momentum of the ground electronic state 

is negligible. Therefore, the anisotropy of the Zeeman interaction in Mn(II) ion is very 

small and the g values generally lie close to 2. Moreover, there exist only one 

possibility of distributing five spin up electrons in five d-orbitals and therefore no other 

sextet excited states are available for SOC of the ground 
6
S state with excited electronic 

levels of identical spin multiplicity. Apart from that the metal-ligand bonds in Mn(II) 

complexes generally show very poor covalency and therefore the energy of the ligand 

to metal charge transfer states are too high for any meaningful SOC with the ground 
6
S 

state (Figure 2.1). These eventually rules out the possibility of inducing out-of-state 

orbital angular momentum in the ground electronic state and therefore the magnitude of 

ZFS in Mn(II) complexes are expected to be rather small.      

Recent works on accurate determination of ZFS in high spin mononuclear Mn(II) 

complexes show that the axial ZFS parameter, D generally lie between 0-1.21 cm
-1

 [13-

22]. Moreover, systematic studies on a series of four, five and six-coordinate 

mononuclear Mn(II) dihalide complexes reveal that ZFS is not dependent on 
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coordination geometry of the complex and instead relies on the nature of halide ligands 

present. The observed trend of the magnitude of D is DI>DBr>DCl and it is attributed to 

the ligand field strength of the halide ligands (ΔI<ΔBr<ΔCl) [13-17].
 
 However, recent 

studies have established that the mutual disposition of the two halide ligands also play a 

crucial role as ZFS of cis-dihalide Mn(II) complexes were found to be approximately 

two times less than the corresponding trans isomers [23].
 

In contrast to five- and six-coordinate Mn(II) complexes, very little investigations have 

been carried out to probe ZFS of seven-coordinated Mn(II) complexes. To the best of 

our knowledge, ZFS of only four seven-coordinated Mn(II) complexes have been 

reported so far and no concrete rationalization with regard to structure, geometry or 

coordination environment could be drawn so far (Chart 2.1) [24-26]. It is pertinent to 

note here that seven coordinate complexes Mn(II) complexes show efficient SOD 

activity comparable to native MnSOD and therefore the relevance of seven-coordinate 

Mn(II) in biological systems are being increasingly investigated [27-28 ].  

 

 

 

 

 

 

 

Chart 2.1. Examples of seven coordinate Mn(II) complexes for which D values have 

been determined 

 

Moreover, several first row transition metal ions e.g. Fe
2+

, Co
2+

 and Ni
2+

 show large 

axial ZFS parameter in seven-coordinate geometry and it is observed that the 

coordination environment plays a crucial role in determining the D parameter. Thus, a 

systematic study on ZFS of a series of pentagonal bipyramidal (PBP) Mn(II) complexes 

with subtle differences in their coordination environment was carried in this study. 

The planar pentadentate ligand 2,6-diacetylpyridine bis(benzoyl hydrazone) (H2L) is 

widely recognized for its ability to stabilize transition metal ions in PBP geometry 

(Chart 2.2). This acyclic ligand (H2L) used in this work can be easily prepared by 

condensation of 2,6-diacetyl pyridine with phenyl hydrazine [29]. Due to the presence 
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of five ligating atoms in this planer acyclic molecule, it has been extensively used for 

assembling PBP complexes of a plethora of transition metal as well as lanthanide ions 

[30]. 

N

N N
NN

O O
Ph Ph

HH

 

 

Chart 2.2.The ligand 2,6-diacetylpyridine bis(benzoyl hydrazone) (H2L) 

 

Herein, we have reported the synthesis, characterization, crystal structures and 

magnetic susceptibility measurements of four PBP Mn(II) complexes 

[Mn(H2L)(SCN)2].4H2O (1), [Mn(HL)(H2O)Cl].2H2O (2), [Mn(HL)(H2O)2]ClO4 (3), 

[Mn(L)(H2O)2] (4). The ZFS of all four complexes were determined by magnetization 

measurements and DFT based theoretical calculations were performed to rationalize the 

experimental results. Moreover, superoxide dismutase activity of these complexes have 

been studied spectrophotometrically by using indirect nitro blue tetrazolium (NBT) 

assay.  

 

2.2. Experimental Section 

2.2.1. Materials and Methods 

Starting materials were procured from commercial sources and used as received. 

Solvents were purified by conventional techniques and distilled prior to use. Elemental 

analyses were performed on a Perkin Elmer Model PR 2400 Series II Elemental 

Analyzer. Infrared spectra were recorded on a Nicolet Impact I-410 FT-IR spectrometer 

as KBr diluted discs and a Perkin Elmer MIR-FIR FT-IR spectrometer. The UV-visible 

spectra were recorded in a Shimadzu UV 2550 spectrophotometer. Melting points were 

recorded on a Buchi M-560 Melting Point apparatus and are reported uncorrected. 

Magnetic susceptibility data were collected on microcrystalline samples over a 2-300 K 

temperature range with an applied field of 1000 Oe using a MPMS SQUID 

magnetometer. Magnetization studies were performed between 0-5 T at 2 K, 5 K, 7 K 

and 10 K. 2, 6-diacetylpyridine bis(benzoyl hydrazone) i.e., H2L and 
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[Mn(H2L)(H2O)Cl]Cl were prepared according to the reported literature procedure [31-

32].
 
 

 

2.2.2. Synthesis of [Mn(H2L)(SCN)2].4H2O (1) 

To a solution of [Mn(H2L)(H2O)Cl]Cl (0.015 mmol, 0.009 g) in 15 mL methanol, 

K2[Co(SCN)4] (0.015 mmol, 0.0055 g) dissolved in 5 mL distilled water was added 

without agitation. The reaction mixture was kept undisturbed in dark for slow 

evaporation at room temperature. Orange block shaped crystals were observed after 10 

days. The mother liquor was discarded and crystals were extracted separately, washed 

with ethanol and diethyl ether and air dried. Characterization data for (1): Yield: 0.0062 

g (65% based on Mn). M. p. >250
◦
C; Elemental analysis: Found C, 46.11%; H, 4.02%; 

N, 14.96%. C25H29N7O6S2Mn requires C, 46.74%; H, 4.55%; N, 14.96%. IR (KBr, cm
-

1
): 3420(br), 2106(m), 2094(s), 1624(m), 1577(m), 1537(w), 1490(s), 1447(w), 

1381(m), 1290(s), 1159(w), 1075(s), 1028(w), 899(w), 809(s), 707(m), 625(w), 

471(w).  

 

2.2.3. Synthesis of [Mn(HL)(H2O)Cl].2H2O (2) 

To a solution of [Mn(H2L)(H2O)Cl]Cl (0.03 mmol, 0.018 g) in 30 mL methanol and 

stirred for 10 minutes. Then, K3[Fe(CN)6] (0.005 mmol, 0.0017 g) dissolved in 1 mL 

distilled water was added without agitation. The reaction mixture was kept undisturbed 

in dark for slow evaporation at room temperature. Orange block shaped crystals were 

observed after two weeks. The mother liquor was discarded and crystals were extracted 

separately, washed with ethanol and diethyl ether and air dried. Characterization data 

for (2): Yield: 0.0098 g (60% based on Mn); M. p. >250
◦
C; Elemental analysis: Found 

C, 51.22%; H, 5.02%; N, 12.07%. C23H26N5O5Mn requires C, 50.89%; H, 4.83%; N, 

12.90%. IR (KBr, cm
-1

): 3385(br), 1674(m), 1571(m), 1490(s), 1403(w), 1361(s), 

1162(w), 1097(s), 1023(s), 867(w), 801(s), 713(m), 689(m), 427(w). 

  

2.2.4. Synthesis of [Mn(HL)(H2O)2]ClO4 (3) 

To a solution of [Mn(H2L)(H2O)Cl]Cl (0.1 mmol, 0.0602 g) in 5 mL methanol, 

NaClO4.H2O (0.1 mmol, 0.0140 g) dissolved in 10 mL distilled water was added. 

Stirring was continued for two hours at room temperature. The reaction mixture was 

kept undisturbed for slow evaporation at room temperature. Orange needle shaped 
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crystals were observed after three weeks. The mother liquor was discarded and crystals 

were extracted separately, washed with ethanol and diethyl ether and air dried. 

Characterization data for (3): Yield: 0.1020 g (85 % based on Mn); M. p. >250
◦
C; 

Elemental analysis: Found C, 45.78 %; H, 3.99%; N, 11.21%. C46H48N10O17Mn2Cl2 

requires C, 46.29%; H, 4.05%; N, 11.73%. IR (KBr, cm
-1

): 3464(br), 1698(w), 1620(s), 

1532(m), 1486(s), 1366(s), 1297(s), 1089(s), 801(m), 709(s), 621(s), 520(m), 429(w).  

 

2.2.5 Synthesis of [Mn(L)(H2O)2] (4) 

To a solution of [Mn(H2L)(H2O)Cl]Cl (0.027 mmol, 0.016 g) in 15 mL methanol, NaN3 

(0.054 mmol, 0.0035 g) dissolved in 5 mL distilled water was added. Stirring was 

continued for three hours at room temperature. Then, the K3[Fe(CN)6] (0.027 mmol, 

0.008 g) dissolved in 10 mL distilled water was added without agitation. The reaction 

mixture was kept undisturbed for slow evaporation at room temperature. Dark brown 

block shaped crystals were observed after a week. The mother liquor was discarded and 

crystals were extracted separately, washed with ethanol and diethyl ether and air dried. 

Characterization data for (4): Yield: 0.0081 g (62 % based on Mn); M. p. >250
◦
C; 

Elemental analysis: Found C, 55.92%; H, 4.80%; N, 14.23%. C23H23N5O4Mn requires 

C, 56.57%; H, 4.75%; N, 14.34%. IR (KBr, cm
-1

): 3435(br), 1643(m), 1585(s), 1494(s), 

1407(w), 1359(s), 1160(s), 1044(m), 899(w), 705(w), 682(m). 

 

2.2.6. Determination of SOD activity  

The SOD activity of the Mn(II) complexes were measured by using a modified nitro 

blue tetrazolium (NBT) assay [33-34]. Reduction of NBT by alkaline DMSO, which 

acts as a source of superoxide radical ion (O2
-.
) produces a blue formazan dye which 

can be easily detected spectrophotometrically. The % inhibition of NBT reduction was 

monitored against different concentration of the Mn(II) complexes. In general, 100 µL 

of 1.5 mM NBT was added to 1.5 mL of 0.2 M potassium phosphate buffer (pH 7.8). 

The tubes were kept in ice for 15 min. Then, 1.4 mL of alkaline DMSO solution was 

added with stirring. The absorbance was recorded at 630 nm against a sample prepared 

under similar condition except the addition of NaOH in DMSO. The compounds were 

added to the above condition before the addition of alkaline DMSO. Each experiment 

was performed in duplicate for different concentrations of the compounds. The 
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concentration required to produce 50% inhibition (IC50) of the reduction of NBT has 

been determined by linear fitting of the curve.  

 

2.2.7. Single Crystal X-Ray Diffraction Studies 

Suitable single crystals of all the compounds obtained directly from the reaction 

mixtures were used for diffraction measurements. The diffraction data for the 

compounds were collected on a Bruker APEX-II CCD diffractometer using MoK 

radiation (=0.71073 Å) using φ and ω scans of narrow (0.5
◦
) frames at 90-100K. All 

the structures were solved by direct methods using SHELXL-97 as implemented in the 

WinGX program system [35].
 
Anisotropic refinement was executed on all non-

hydrogen atoms. The aliphatic and aromatic hydrogen atoms were placed on calculated 

positions but were allowed to ride on their parent atoms during subsequent cycles of 

refinements. Positions of N-H and O-H hydrogen atoms were located on a difference 

Fourier map and allowed to ride on their parent atoms during subsequent cycles of 

refinements. 

Continuous shape analysis was performed on the complexes using SHAPE program to 

determine the geometry of the Mn(II) compounds [36]. The data obtained from the 

analysis are listed in Table 2.1. 

 

Table 2.1. Shape analysis data for compounds 1-4 using SHAPE program 

Complex HP-7 HPY-7 PBPY-7 COC-7 CTPR-7       JPBPY-7       JETPY-7 

1 32.272 22.404 0.602 6.911 4.902 3.339 20.548 

2 33.491 20.260       1.267 6.805 5.187 5.447 21.106 

3 32.477 22.001 0.567 7.344 5.806 3.477 22.259 

4 32.082 20.164 0.931 6.443 5.118 3.752 20.876 

HP-7: Heptagon (D7h); HPY-7:Hexagonal pyramid (C6v); PBPY-7:Pentagonal 

bipyramid (D5h); COC-7:Capped octahedron (C3v); CTPR-7: Capped trigonal prism 

(C2v); JPBPY-7: Johnson pentagonal bipyramid J13 (D5h); JETPY-7: Johnson elongated 

triangular pyramid J7 (C3v).          
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Table 2.2. Crystal data and refinement parameters of compounds 1-4 

Complex 1 2 3 4 

Empirical formula C25H21N7O6S2Mn C23H26N5O5MnCl C46H48N10O17Mn2Cl2 C23H23N5O4Mn 

Formula weight 636.52 542.88 1193.72 484.37 

Temperature/K 296 100 100 296 

Crystal system Monoclinic Triclinic Triclinic Monoclinic 

Space group P2(1)/n P-1 P-1 C2/c 

a/Å 11.446 (5) 8.983 (11)  9.816 (5) 11.617 (11) 

b/Å 15.850 (7) 10.911 (13) 9.932 (5) 15.772 (15) 

c/Å 16.456 (7) 13.553 (17) 14.941 (7) 7.425 (4) 

α/° 90 95.89 (2) 71.70 (4) 90 

β/° 98.19 (2) 100.07 (2) 89.25 (4) 94.02 (7) 

γ/° 90 111.79 (2) 68.55 (4) 90 

Volume/Å
3
 2955.4 (2) 1194.00 (3) 1278.76 (12) 5926.5 (9) 

Z 4 2 1 8 

ρcalc, g cm
-3

 1.431 1.510 1.550 1.086 

μ/mm
-1

 0.772 0.710 0.681 0.476 

Crystal size, mm
3
 0.41x0.32x0.26 0.36x0.27x0.16 0.31x0.17x0.12 0.31x0.24x0.05 

F(000) 1300 562 614 1992 

Reflections collected 29091 4723 22652 29080 

Data/parameters/restraints 7349/378/0 3813/346/0 6396/392/6 7325/300/0 

Goodness-of-fit on F
2
 1.043 1.036 0.990 0.807 

Final R indexes [I>=2σ (I)] R1= 0.0510,wR2=0.1415 R1= 0.0383, R2=0.0921 R1= 0.0673,wR2=0.1454 R1= 0.765, wR2=0.1967 

Final R indexes [all data] R1= 0.0829, wR2=0.1659 R1= 0.0459, wR2=0.0976 R1= 0.1712, wR2=0.1811 R1= 0.2220 wR2=0.2272 
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2.2.8. Theoretical Calculations 

The theoretical calculations were performed with the ORCA program package [37]. All 

the calculations were carried out on the experimental crystal structures of compounds 

1-4 using BP86 functional and the Karlsruhe polarized triple-zeta valence (TZVP) basis 

set [38-40]. The BP86 functional was found to be a reasonable choice for Mn(II) 

compounds than the more expensive hybrid functional [24]. Tight convergence criteria 

and denser integration grids (Grid 4) were also used for better accuracy. Spin 

unrestricted DFT together with the spin-orbit mean field (SOMF) representation of the 

SOC operator was used to calculate the EPR parameters of all mononuclear Mn(II) 

compounds [40]. Contribution of SOC to ZFS was calculated by considering four types 

of excitations as described by Neese and co-workers [42]. The  (SOMOVMO) 

and ββ (DOMOSOMO) excitations couple excited state of same multiplicity with 

the ground state. The β (SOMOSOMO) and β (DOMOVMO) excitations 

couple the ground state with excited states of multiplicity S-1 and S+1 respectively 

[25].
 

 

2.3. Results and Discussions 

2.3.1. Synthesis and characterization of [Mn(H2L)(SCN)2].4H2O (1) 

Recently, it has been reported that bridging thiocyanate ligand can induce substantial 

exchange interaction between spin carriers and this has spurred the development of 

several heterometallic thiocyanate based assemblies [44-46]. However, no thiocyanate 

bridged complex featuring seven coordinated metal ion has been so far reported and 

therefore we carried out the reaction of [Mn(H2L)Cl(H2O)]Cl with K2[Co(SCN)4] in 

aqueous methanol at room temperature (Scheme 2.1).  

 

N

N N

NN

O O

Mn

+

H2O Cl HH
+

1

N

N N

NN

O O

Mn
SCN NCS HH

CH3OH

H2O
K2[Co(SCN)4]

 

 

Scheme 2.1. Synthesis of compound 1 
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It was anticipated that the thiocyanato ligand in [Co(SCN)4]
2-

 will replace the axial 

ligand in [Mn(H2L)Cl(H2O)]Cl and thus result in heterometallic Mn(II)-Co(II) 

assemblages. On the contrary, the resulting species do not feature the [Co(SCN)4]
2- 

unit, instead a neutral mononuclear seven coordinate Mn(II) complex, 

[Mn(H2L)(SCN)2].4H2O (1) was isolated. The inherent soft basic nature of the donor S 

atom may be attributed for the inability of [Co(SCN)4]
2-  

in bridging seven coordinated 

Mn(II) centers. The synthesized compound 1 was characterized with the help of 

elemental analysis, FT-IR and single crystal X-ray diffraction studies. 

Results of the elemental analysis are in good agreement with the proposed formulation 

of compound 1. The IR spectrum of compound 1 is depicted in Figure 2.2. Two intense 

peaks observed at 2094 and 2079 cm
-1

 can be attributed to C≡N stretching vibration of 

the axial thiocyanate ligands. The IR spectrum features strong absorption bands 

observed at 1624 cm
-1

 which can be attributed to the C=N stretching vibration of the 

imine group from the bis-hydrazone ligand. The absorption peak at 1381 cm
-1

 in the 

spectrum is due the C=C stretching vibration of phenyl rings present in the ligand H2L. 

A strong absorption peak was observed at 1537 cm
-1

 and this can be assigned as the 

stretching frequency due to the phenyl ring of the ligand H2L. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2. FT-IR spectrum of compound 1 as KBr diluted discs 
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2.3.2. Synthesis and characterization of [Mn(HL)(H2O)Cl].2H2O (2) 

In recent years, metal-cyanide complexes are gaining considerable interest as they are 

reported to exhibit tunable magnetic properties. In this regard, approaches have been 

diverted towards the isolation of cyano-bridged heterometallates that are expected to 

possess large magnetic anisotropy. The reaction of with [Mn(H2L)(H2O)Cl]Cl with 

equimolar amount of K3[Fe(CN)6] is found to be very facile and immediately leads to 

the formation of a yellow amorphous solid. In order to prevent precipitation of the 

amorphous solid, we carried out the reaction of [Mn(H2L)(H2O)Cl]Cl in methanol with 

one sixth equivalent of aqueous K3[Fe(CN)6] solution in a dilute medium (Scheme 2.2). 

The solution remained clear for more than a week and orange block shaped crystals are 

observed after two weeks. However, the expected cyano-bridged complex was not 

formed and instead the reaction resulted in the formation of [Mn(HL)(H2O)Cl].2H2O 

(2) as orange block shaped crystals. The acyclic pentadentate ligand in compound 2 is 

in mono-anionic form, LH, due to the removal of one N-H proton. It is anticipated that 

the paramagnetic linker, [Fe(CN)6]
3-

 used in this reaction has acted as base for the 

abstraction of protons and this resulted in the isolation of compound 2. 

N

N N

NN

O O

Mn

+

H2O Cl HH
+

2

CH3OH

H2O
K3[Fe(CN)6]

N

N N

NN

O O

Mn
H2O ClH

 

 

Scheme 2.2. Synthesis of compound 2 

 

Compound 2 was characterized by using of elemental analysis, FT-IR and single crystal 

X-ray diffraction studies. The elemental analysis data obtained agrees well with the 

proposed formulation of compound 2. The FT-IR spectrum of compound 2 is shown in 

Figure 2.3. The absorption peak at 1674 cm
-1

 in the IR spectrum of compound 2 can be 

attributed to the C=N stretching vibration of the imine group from the bis-hydrazone 

ligand. The absorption peak at 1571 cm
-1

 can be assigned as the stretching frequency 

due to the phenyl ring of the ligand HL. The absorption peak due to C=C stretching 

vibration of phenyl rings present in the ligand HL was observed at 1381 cm
-1

. 
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Figure 2.3. FT-IR spectrum of compound 2 as KBr diluted discs 

 

2.3.3. Synthesis and characterization of [Mn(HL)(H2O)2]ClO4 (3) 

As in the case of compound 2, similar abstraction of N-H proton to yield mono-anionic 

acyclic pentadentate ligand can also be facilitated by the ClO4
-
 anion. Thus, when the 

reaction of [Mn(H2L)(H2O)Cl] solution in methanol with aqueous NaClO4.H2O in 

stoichiometric ratio was carried out at room temperature, it resulted in the formation of  

[Mn(HL)(H2O)2]ClO4 (3) upon slow evaporation of the reaction mixture (Scheme 2.3). 

The orange needle shaped crystals of compound 3 was characterized by elemental 

analysis, FT-IR and single crystal X-ray diffraction studies. 
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Scheme 2.3. Synthesis of compound 3 
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Results of the elemental analysis are in good agreement with that calculated from the 

proposed formulation of compound 3. Figure 2.4 depicts the FT-IR spectrum of 

compound 3. The FT-IR spectrum of compound 3 shows strong absorption peak at 

1620 cm
-1

 which can be attributed to the C=N stretching vibration of the imine group 

from the bis-hydrazone ligand. The absorption peak at 1532 cm
-1

 can be assigned as the 

C=C stretching frequency of the phenyl ring present in the ligand HL. The absorption 

peak observed at 1365 cm
-1 

was due to C=C stretching vibration of phenyl rings present 

in the ligand HL. The absorption band due to the perchlorate ion is observed at 1088 

cm
-1

 in the spectrum. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. FT-IR spectrum of compound 3 as KBr diluted discs 

 

2.3.4. Synthesis and characterization of [Mn(L)(H2O)2] (4) 

In case of compound 2, the cyano-bridged architecture was not formed due to very less 

concentration of K3[Fe(CN)6] as it acted as a base in the abstraction of N-H proton. 

Therefore, the reaction of [Mn(H2L)Cl(H2O)]Cl was carried out in presence of excess 

NaN3 and equimolar concentration of K3[Fe(CN)6]. It was anticipated that the 

ferricyanide may substitute the labile axial sites of the precursor complex, 

[Mn(H2L)Cl(H2O)]Cl and thus result heterometallic Mn(II)-Fe(III) aggregate. 

However, the reaction yielded a neutral complex [Mn(L)(H2O)2] (4) where both the N-

H protons of the pentadentate ligand are absent (Scheme 2.4). Dark brown block 
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shaped crystals of compound 4 was isolated and characterized by means of elemental 

analysis, FT-IR and single crystal X-ray diffraction studies. 

4

N

N N

NN

O O

Mn

+

H2O Cl HH
+

CH3OH

H2O
K3[Fe(CN)6]

N

N N

NN

O O

Mn
H2O OH2

+NaN3

 

 

Scheme 2.4. Synthesis of compound 4 

 

The results found from elemental analysis are in good agreement with that calculated 

from the proposed formulation of compound 4. The FT-IR spectrum of compound 4 is 

given in Figure 2.5. The absorption peak at 1643 cm
-1

 in the IR spectrum of compound 

4 can be attributed to the C=N stretching vibration of the imine group from the bis-

hydrazone ligand. The absorption peak at 1585 cm
-1

 can be attributed to the stretching 

frequency of the phenyl ring of the ligand L. The absorbtion peak at 1359 cm
-1 

can be 

assigned as the absorption peak due to C=C stretching vibration of phenyl rings present 

in the ligand L. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5. FT-IR spectrum of compound 4 as KBr diluted discs 
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2.3.5. Molecular structures of compounds 1-4 

Single crystal X-ray structure of compounds 1-4 have been determined and perspective 

view of their molecular structures are depicted in Figure 2.6 while relevant crystal data 

along with refinement parameters are listed in Table 2.2. The pentagonal bipyramidal 

geometry of the Mn(II) center in the precursor complex, [Mn(H2L)(H2O)Cl]Cl is 

retained in all four new compounds 1-4. The planer pentadentate bis-hydrazone ligand 

occupies the equatorial coordination sites in all four mononuclear compounds 1-4. The 

pyridine nitrogen atom, two imine nitrogen atoms and two oxygen atoms of the 

hydrazide moiety from the bis hydrazone ligand are ligated to the Mn(II) centers in 

compounds 1-4. In all four compounds, the five donor atoms of the bis hydrazone 

ligand in are nearly coplanar and the mean deviation from coplanarity are measured as 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Molecular structures of compounds 1-4. Aromatic and aliphatic hydrogen 

atoms are omitted for clarity. Only the N-H protons are shown wherever present 
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0.0952, 0.0462, 0.0304 and 0.000 Å for compounds 1-4 respectively. The central 

Mn(II) centers in compounds 1-4 lie 0.0227, 0.1305, 0.0533 and 0.000 Å below the 

equatorial plane respectively. The sum of the chelate angles and O(1)-Mn(1)-O(2) bite 

angles in compounds 1-4 vary between 359.4-360.5 ° and in all cases lie close to 360°, 

the sum of angles for an ideal planer structure.   

Continuous shape analyses using the SHAPE program reveal (Table 2.1) that for all the 

four compounds, the mean deviations from D5h pentagonal bipyramidal geometry are 

least among all possible seven coordinate geometries. Thus, the PBP geometry of the 

Mn(II) center in the precursor complex, [Mn(H2L)(H2O)Cl]Cl has been retained in all 

the four compounds. Important bond lengths and bond angles of compounds 1-4 are 

listed in Table 2.3.  

 

Table 2.3. Selected bond lengths [Å] and bond angles [◦] of compounds 1-4 

Bonds lengths 1 2 3 4 

Mn-O(1) 2.260(1) 2.256(2) 2.187(3) 2.200(2) 

Mn-O(2) 2.229(1) 2.351(2) 2.373(3) 2.342(2) 

Mn-N(1) 2.199(1) 2.314(3) 2.256(4) 2.281(2) 

Mn-N(2) 2.226(1) 2.366(3) 2.312(3) 2.256(2) 

Mn-N(4) 2.221(1) 2.251(2) 2.276(4) 2.327(2) 

Mn-axial(1) 2.128(1) 2.504(7) 2.150(3) 2.259(2) 

Mn-axial(2) 2.105(1) 2.273(2) 2.187(3) 2.167(2) 

Bond Angles 1 2 3 4 

O(1)-Mn(1)-N(2) 69.84(2) 66.82(6) 69.48(1) 70.25(2) 

N(2)-Mn(1)-N(1) 69.63(2) 66.65(9) 69.71(1) 68.77(2) 

N(1)-Mn(1)-N(4) 70.10(2) 68.85(8) 68.49(1) 68.45(2) 

N(4)-Mn(1)-O(2) 70.18(2) 69.42(7) 66.74(1) 65.70(2) 

O(2)-Mn(1)-O(1) 80.80(2) 87.72(6) 87.71(1) 86.82(2) 

N(4)-Mn(1)-axial(1) 86.19(1) 87.81(7) 88.47(1) 90.24(2) 

N(2)-Mn(1)-axial(2) 84.01(2) 90.96(5) 93.05(1) 95.78(2) 

O(1)-Mn(1)-axial(1) 88.92(2) 88.07(5) 90.08(1) 83.31(2) 

O(2)-Mn(1)-axial(2) 85.70(2) 79.95(8) 87.71(1) 88.60(2) 

Axial(1): SCN(1), Cl(2), H2O(3), H2O(4); Axial(2): SCN(1), H2O(2), H2O(3), H2O(4) 

 



Magnetic Anisotropy of PBP Mn(II) Complexes  

 

  
70 

 

  

Within the pentadentate bis-hydrazone ligand, the >C=N and N-N bond distances in 

compound 4 (1.346 Å & 1.480 Å) are found to be relatively longer as compared to 

respective average bond distances (1.283 Å & 1.383 Å) in compounds 1-3. Further, C-

O bond distances of the hydrazone ligand in compound 1 are shorter (1.229 Å and 

1.243 Å) as compared to C-O bond distances observed in compound 4 (1.303 Å). In 

case of compounds 2 and 3, one of the C-O bond distances (1.241 & 1.244 

respectively) is found to be slightly shorter as compared to the other C-O bond distance 

(1.275 Å & 1.287 Å respectively). 

These intra-ligand bond lengths along with electroneutrality condition for the final 

complexes establish that the pentadentate bis-hydrazone ligand is present in neutral bis-

hydrazine >C=N-NH-C=O form in compound 1. In compounds 2 and 3, the bis-

hydrazine ligand is present in mono-anionic form as one of the hydrazide arm is present 

in α-oxiazine >C=N-N=C-O
-
 while the other arm is present in neutral hydrazine >C=N-

NH-C=O form. Both the arms of the bis-hydrazone ligand are present in deprotonated 

α-oxiazine form in compound 4 and thus it acts as a di-anionic ligand. The equatorial 

Mn-O bonds distances in compound 1 (2.229 Å and 2.260 Å) are in good agreement 

with Mn-O bond distances reported for the precursor complex, [Mn(H2L)(H2O)Cl]Cl 

(2.228 Å and 2.278 Å). However, one of the equatorial Mn-O bond distance in 

compound 2 (2.351 Å) & 3 (2.373 Å) is significantly longer. This can be attributed to 

the negative charge on the oxygen atom of the deprotonated α-oxiazine arm of the 

ligand, which strengthens one of the Mn-O bonds. In order to avoid deposition of 

excess electron density on the central metal center, the other Mn-O bond is elongated 

considerably. This argument also support the observation that the equatorial Mn-O 

bond distances in compound 4 (2.297 Å) are found to be equal and comparable to Mn-

O bond distances observed in compound 1 as both the arms of the bis-hydrazone ligand 

are in deprotonated α-oxiazine form.  In compound 1, the axial sites are occupied by 

nitrogen atoms of two thiocyanato ligands and overall the Mn(II) center has a N5O2 

coordination environment. The axial Mn-N(thiocyanato) bond distances measure 2.105 

Å and 2.128 Å respectively and these bond distances agree well with Mn-N bond 

distances observed in other thiocyanato complexes. The coordination environment 

around the central Mn(II) atom in compound 2 is identical to the precursor complex 

and while the Mn-Cl distances in both the compounds measure 2.503 Å, the axial Mn-

O(H2O) distance in compound 2 (2.273 Å) is slightly longer as compared to that in the 
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precursor complex (2.258 Å). Compounds 2 and 3 show interesting hydrogen bonding 

architecture due to the presence of lattice water molecules. The structural parameters of 

all hydrogen bonds observed in compounds 2 and 3 are listed in Table 2.4.  

 

Table 2.4. Hydrogen bonding parameters of compounds 2 and 3 

Complex Interactions H
...

A (Å) D
...

A (Å) ∠D–H
...

A(°) Symmetry  

2 O(3)-H(3A)...O(2) 2.610 2.910(3) 104.0 1-x, 1-y, 1-z 

 O(3)-H(3B)...O(1) 2.870 3.100(3) 99.0 1-x, 1-y, 1-z 

 

3 

O(4)-H(4A)...O(1) 2.910 3.051(4) 92.0 1-x, -y, 1-z 

 O(4)-H(4B)...O(2) 2.880 3.074(4) 95.0 1-x, -y, 1-z 

 N(5)-H(5A)...O(7) 2.340 3.027(6) 134.0 1-x, 1-y, -z 

 O(3)-H(3A)...O(5) 1.995 2.812(4) 163.0 1-x, 1-y, -z 

 

In case of compound 2, there are two lattice water molecules in each asymmetric unit. 

These two lattice water molecules are involved in strong O-H
…

O hydrogen bonding 

with lattice water molecules of a nearby asymmetric unit. This leads to the formation of 

a hydrogen bonded cyclic water tetramer (Figure 2.7). The structure of the water 

tetramer present in compound 2 is depicted in Figure 2.8. It has an irregular uudd 

configuration [47]. Within the water tetramer, all atoms participating in O-H
…

O 

hydrogen bonding (four hydrogen atoms and all four oxygen atoms) reside in one 

plane. The remaining four hydrogen atoms which do not participate in intra-tetramer 

hydrogen bonding interactions protrude out of the above plane. The uudd configuration 

is not the most stable mode of cyclic water tetramer and very few examples of uudd 

water tetramer has been reported so far [47-51]. 

 

 

 

 

 

 

 

 

Figure 2.7. Hydrogen bonding pattern of compound 2 
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Figure 2.8. Water tetramer formed in compound 2 

 

Both the hydrogen atoms from one of the water coordinated to the Mn(II) center form 

strong hydrogen bonding with equatorial oxygen atoms of a nearby molecule. This 

leads to the formation of a hydrogen bonded dimeric structure in compound 2. Further, 

the four exocyclic hydrogen atoms of the water tetramer are involved in O-H
…

Cl 

hydrogen bonding with the axially coordinated chloro ligand and O-H
…

N hydrogen 

bonding with the deprotonated nitrogen atom of the pentadentate ligand. This leads to 

the formation of a ladder shaped 1D supramolecular chain structure as shown in Figure 

2.8. The donor-acceptor bond distances within the water tetramer are 2.837 (2) Å and 

2.800 (3) Å and compare well with the donor-acceptor distances in udud water 

tetramers reported earlier.   

In compound 3, no lattice water molecules are present and therefore the supramolecular 

hydrogen bonded architecture observed is largely due to involvement of the two H2O 

coordinated at the axial site of the Mn(II) center. Both hydrogen atoms from one of the 

axial H2O i.e., O(4) form strong O-H
…

O hydrogen bonding with the two oxygen atoms, 

O(1) and O(2) occupying equatorial sites of a nearby molecule as shown in Figure 2.9. 

This leads to the formation of a hydrogen bonded dimeric structure. Further, one of the 

H-atom (H3B) attached to the other axial H2O (O3) form strong O-H
…

N hydrogen 

bonding with the deprotonated nitrogen atom N(5) of the α-oxiazine ligand in a nearby 

molecule. This leads to the formation of a 1D hydrogen bond network in compound 3. 

The perchlorate ions are also involved in hydrogen bonding and embedded between the 

1D supramolecular networks. The remaining H atom of the axial H2O i.e., O(3) forms 

hydrogen bond with the O(5) atom of the perchlorate ion present in the lattice. Both 

compounds 2 and 3, one of the axial H2O is hydrogen bonded with equatorial oxygen 

atoms of a nearby molecule and this leads to the formation of a dimeric structure.  
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Figure 2.9. Hydrogen bonding pattern of compound 3 

 

2.3.6. Superoxide dismutase activity 

The superoxide scavenging activity of the mononuclear Mn(II) compounds 1-4 were 

investigated by employing a modified nitro blue tetrazolium (NBT) assay. The indirect 

determination of SOD activity was monitored by the reduction of NBT by superoxide  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2.5. Probable mechanism for the reduction of NBT by superoxide 
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generated by alkaline DMSO. As the reaction proceeds, the colour of the solution 

changes from light yellow to blue due to the formation of blue formazan. This blue 

coloured formazan dye formed can be detected spectrophotometrically. The probable 

mechanism for reduction of NBT by superoxide is depicted in Scheme 2.5. 

Compounds 1 and 2 do not show any superoxide dismutase activity. In contrast, 

compounds 3 and 4 are catalytically active towards dismutation of superoxide. The IC50 

values of the compounds 3 and 4 are calculated to be 1.18 and 2.10 µM respectively 

(Figure 2.10). These values signify that compound 4 acts as a better SOD mimic. This 

indicates that the presence of labile aqua-ligands in the axial coordination of the metal 

complexes is the essential criteria for the SOD catalysis.  

 

 

 

 

 

 

 

 

 

Figure 2.10. Determination of IC50: Inhibition percentage as a function of the 

concentrations of compounds 3 and 4 respectively 

 

The SOD activities were determined as their IC50 values and a systematic comparison 

of the IC50 values of the reported seven coordinated Mn(II) complexes in PBP 

geometry have been depicted in Table 2.5. The IC50 values of compounds 3 and 4 are 

found to be considerably high as compared to the native MnSOD complex. However, 

the IC50 values of compounds 3 and 4 are comparable to those observed in case of 

acyclic PBP Mn(II) complexes reported earlier. 
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Table 2.5. IC50 values of mononuclear Mn(II) complexes  

Sl.No. Complexes IC50 value References 

1. Native MnSOD 0.005 53 

2. [Mn(L1)(CH3OH)(H2O)(ClO4)(H2O)] 0.013 28 

3. [Mn(Me2[15]pyridinane N5)(H2O)2]Cl2.H2O 0.024 28 

4. [Mn(L2)(OTf)2] 0.75 27 

5. [Mn(L3)(OTf)2] 1.41 27 

6. [Mn(L4)(OTf)2] 1.51 27 

7. [Mn(L4)Cl2] 2.57 27 

8. [Mn(H2L)(SCN)2].4H2O (1) Not active This work 

9. [Mn(HL)(H2O)Cl].2H2O (2) Not active This work 

10. [Mn(HL)(H2O)2]ClO4 (3) 1.18 This work 

11. [Mn(L)(H2O)2] (4) 2.10 This work 

L1: 2,6-diacetylpyridinebis(semioxamazide); L2: 2,6-bis(pyridine-2-methyl 

sulfanylmethyl)-pyridine; L3: 2,6-bis(pyridine-2-yl methoxymethyl)-pyridine; L4: 

pyrridin-2-yl methyl-(6{[pyridine-2-yl methyl]-methyl}pyridine-2-yl methyl)-amine; 

H2L: 2,6-diacetylpyridinebis(benzoyl hydrazone)     

 

2.3.7. Variable temperature magnetic studies of compounds 1-4 

Magnetization measurements were performed on the polycrystalline samples of 

compounds 1-4. Temperature dependence of magnetic susceptibility of compounds 1-4 

were measured under an applied field of 1000 K and Figure 2.11 depicts the variation 

of χMT between 2-300 K for compounds 1-4. The χMT products at 300 K are found to 

be 4.51, 4.56, 4.76 and 4.65 cm
3
Kmol

-1 
for compounds 1-4 respectively. These values 

are slightly higher than the expected χMT product of 4.375 cm
3
Kmol

-1
 for a 

magnetically isolated Mn(II) center considering S = 5/2 and g = 2.0. On lowering the 

temperature, the χMT product remains constant upto 56 K for compound 1 and on 

further lowering, χMT decreases to reach 3.027 cm
3
Kmol

-1
 at 2 K. However, for 

compounds 2 and 3, the χMT product remains static upto 7 K and 5 K respectively. On 

further lowering the temperature, the χMT product for compounds 2 and 3 decreases 

abruptly upto 3.74 and 3.99 cm
3
Kmol

-1 
respectively. The decrease in χMT product at 

much higher temperature for compound 1 as compared to compounds 2 and 3 can be 

either attributed to hydrogen bonding mediated antiferromagnetic interactions or 
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relatively larger zero field splitting in compound 1. In compound 4, the χMT product 

remains constant upto 26 K on lowering the temperature and, χMT decreases to reach 

3.69 cm
3
Kmol

-1
 on further lowering to 2 K.   

 

 

Figure 2.11. Temperature dependence of χMT between 2-300 K for compounds 1-4 

respectively. The circles represent experimental data and the solid lines indicate the 

best fit obtained by using PHI program 

 

Temperature dependence of 1/χM between 5-300 K of compounds 1-4 is depicted in 

Figure 2.12. All the three compounds obey Curie-Weiss law with a Weiss constant θ = 

1.66 K, -0.61 K, 0.61 K and -1.39 K respectively for compounds 1-4. The Curie 

constant C equals 4.47 cm
3
Kmol

-1
, 4.45 cm

3
Kmol

-1
, 4.78

 
cm

3
Kmol

-1 
and 4.173 

cm
3
Kmol

-1 
for compounds 1-4 respectively. The experimental C value agrees well with 

the calculated C value of 4.375 cm
3
Kmol

-1
 for an isolated high spin Mn(II) with S = 5/2  

assuming gMn= 2.0. The sign of Weiss constant indicates the presence of weak 

ferromagnetic interactions between the spin carriers in case of compounds 1 and 3, 

whereas weak antiferromagnetic interaction due to hydrogen bonding prevail in 

compounds 2 and 4. 
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Figure 2.12. Variation of 1/χM against temperature for compounds 1-4. Circles represent 

experimental value and the solid line represents the best fit obtained by using PHI 

program 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13. Reduced magnetization plots of compounds 1-4 respectively 
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The reduced magnetization plots for compounds 1-4 are depicted in Figure 2.13. For 

compound 1, 2 and 3, the reduced magnetization plots at different temperatures do not 

completely superimpose on each other and this indicate that the presence of magnetic 

anisotropy in the mononuclear Mn(II) complexes. However, in case of compound 3, 

reduced magnetization plots at different temperatures superimpose on each other and 

this rules out the presence of magnetic anisotropy in compound 3. 

Isothermal field dependence of magnetization for compounds 1-4 was measured 

between 2-10 K are depicted in Figure 2.14. Magnetization increases linearly with the 

increase in field strength for all these compounds, but saturation magnetization Ms= 5 

μB (for S = 5/2 and g = 2.0) was not achieved even at a field strength of 5 T for 

compounds 1-4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14. Field dependence of magnetization between 0-5 T for compounds 1-4 

respectively along with the calculated magnetization behaviour for an isotropic S=5/2 

system. Circles represent experimental value and the solid lines are the best fit obtained 

by using PHI program 
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A spin Hamiltonian of equation 1 can be utilized to qualitatively describe zero 

field splitting: 

Ĥ = D/3 Ô2
0 

+ EÔ2
2
 + gμBŜ x B             (1) 

where, μB, E, Ŝ and B represent Bohr magneton, rhombic ZFS parameter, spin 

and magnetic field vectors respectively while Ôk
q 

is the equivalent operator as 

described by Stevens [43]. The ZFS parameters in compounds 1-3 were evaluated by 

least square fitting of the field dependence of magnetization plots. Initially, temperature 

dependence of the χMT plot was fitted by using the PHI program and it lends the value 

of g parameter as 2.03, 2.02, 2.05 and 2.05 for compounds 1-4 respectively. Best fitting 

of the field dependence of magnetization plots by using the above g parameters yielded 

the value of D parameters as 0.606, 0.201, 0.010 and -0.88 cm
-1

 respectively for 

compounds 1-4. As anticipated from the reduced magnetization plots, the D value for 

compound 1 is significantly larger as compared to the D value of compound 2 while the 

D value obtained for compound 3 is very close to zero. Moreover, the D value is small 

negative in compound 4. 

In order to theoretically estimate the ZFS parameters in compounds 1-4 and also to 

unravel the origin of ZFS in PBP Mn(II) complexes, DFT calculations were also 

performed by using the Coupled Perturbed (CP) method as implemented in ORCA 

module [52]. The results of the CP calculations are summarized in Table 2.6 and very 

good agreement between the experimentally evaluated D parameters with the CP 

method calculated values are observed for all compounds. DFT calculations show that 

the spin-spin (SS) interaction between the unpaired electrons (1
st
 order perturbation) 

along with the spin orbit coupling (SOC) of the electronically excited states with the 

ground states (2
nd

 order perturbation) contributes to the ZFS.  Moreover, it is observed 

that major contribution to the axial ZFS parameter, D comes from SOC for compounds 

1 and 2. However, for compound 3, a significant contribution to the overall D value 

 

Table 2.6. Data obtained from ORCA program for compounds 1-4 

Complex Dexp Dcalc E/D Dssc DSOC α→α  β→β  α→β  β→α  

1 0.60 0.506 0.162 0.003 0.503 -0.092 0.005 0.587 0.003 

2 0.20 0.192 0.081 0.009 0.183 0.067 0.026 0.119 -0.029 

3 0.002 -0.071 0.232 -0.025 -0.046 -0.001 -0.024 -0.028 0.008 

4 -0.88 -0.746 0.320 -0.076 -0.670 0.089 -0.004 -0.231 -0.524 
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comes from spin-spin coupling between the five d-electrons present in Mn(II). The 

DFT calculated sign of the D parameter obtained for compounds 1, 2 and 4 agree with 

the experimental D values, but it do not match for compound 3. This discrepancy in the 

sign of D parameter can be attributed to unreliability of DFT calculated D parameter in 

seven coordinated complexes when the value of E/D is found to be greater than 0.19.  

High spin Mn(II) complexes are expected to be isotropic in any coordination 

environment and the ZFS parameter should be very small. ZFS parameter of a large 

number of six and five coordinate Mn(II) complexes have been probed and D values 

ranging between 0.0009-1.46 have been reported. However, systematic investigation of 

ZFS parameters in seven coordinated Mn(II) complexes are relatively scarce and so far 

D values have been reported only for four PBP complexes [26-27]. Results described 

herein allow us to unravel the influence of subtle coordination environment 

modifications on the ZFS parameters. Substituting one of the axial H2O ligand in 

compound 3 with a chloro ligand in compound 2, leads to significant enhancement of 

the overall D parameter. Careful inspection of Table 2.6 reveals that apart from the 

β→β excitation, contributions from all other excitations are significantly large in case 

of compound 2. Due to increase in axial ligand field strength in compound 2, better 

interference of the metal electrons with the ligand electrons are expected and this leads 

to eventual increase in DSOC. A similar trend is also observed when axial ligand field 

strength is further increased by substituting both the axial sites by thiocyanato ligand as 

in compound 1. Substantial increase in DSOC is observed as contribution of α→β 

excitation is enhanced and it further establishes the interplay of ligand field strength in 

DSOC. In compound 4, the equatorial ligand field strength is enhanced while the axial 

ligand field strength is weakened by the H2O ligand. All the contributions are negative 

except that of α→ α excitation, thereby leading to a overall negative value of D in 

compound 4. 

 

2.4. Conclusions 

Thus, a series of PBP Mn(II) complexes have been prepared by using a planar 

pentadentate bis-hydrazone ligand and all the complexes were characterized with the 

aid of analytical, spectroscopic and structural tools. Single crystal X-ray structure 

determinations of all four complexes, 1-4 reveal that the coordination environments of 

the four complexes are subtly different from each other. The acyclic pentadentate bis 
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hydrazone ligand H2L is neutral in compound 1 while in compounds 2 and 3, it is 

monoanionic. The dianionic form of the ligand is observed in compound 4. The zero 

field splitting parameters of compounds 1-4 have been determined both experimentally 

and theoretically. In general, good agreement is observed between the experimentally 

determined ZFS parameter and theoretically estimated ZFS parameters. Results 

presented herein indicate that the value of ZFS in PBP Mn(II) complexes strongly 

depend on the coordination environment. As observed for five and six coordinate 

Mn(II)-halide complexes, the ZFS of PBP Mn(II) complexes also increase with 

increasing covalency of axial metal-ligand bond.  In spite of identical equatorial ligand 

environment in both compounds 2 and 3, the large difference in ZFS between these two 

compounds can be attributed to the larger covalency of Mn(II)-chloride bond in 

compound 2 as compared to Mn(II)-O(H2O) bond in 3. Accordingly, presence of two 

Mn(II)-NCS bond with reasonable covalency accounts for the rather large ZFS 

observed in compound 1. However, the ZFS value observed in compound 4 is large and 

negative and therefore cannot be accounted by the covalency of axial metal-ligand 

bond. The pentadentate equatorial ligand in compound 4 is present dianionic state and 

therefore the covalency of equatorial metal-ligand bonds are high which eventually 

leads to a large negative ZFS. Further, it has been also observed that modulation of the 

axial and equatorial field strength affects the value of D in these mononuclear Mn(II) 

complexes. The values of D in compounds 2 and 3 decrease with the decrease of the 

axial field strength as compared to that of compound 1. On further strengthening of the 

equatorial field strength while lowering that of the axial field strength, the value of D 

reaches to a minimum value in compound 4.   

The SOD activity of the rigid pentagonal bipyramidal systems, compounds 1-4 has 

been evaluated by using an indirect assay and it is observed that compounds 3 and 4 

can efficiently decompose superoxide. Moreover, compound 3 shows better SOD 

activity than compound 4. Thus, the results presented herein show that presence of 

labile aquo ligand coordinated to the PBP Mn(II) center is the most important 

prerequisite for observing SOD activity. The IC50 values observed for compounds 3 & 

4 are far higher than those reported for native MnSOD or macrocyclic PBP Mn(II) 

complexes. However, the IC50 values of compounds 3-4 are comparable to those 

observed in case of acyclic Mn(II) complexes reported earlier.  
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