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A binuclear phenoxo-bridged azido adduct of manganese( III) Schiff base complex has been synthesized. Structure analysis
reveals that two units of the tetradentate Schiff base forms the equatorial plane around manganese( III) center in this com-
plex. One of the axial positions is occupied by a terminal azide, while the remaining axial position of the octahedron is con-
nected to a phenoxo group of the neighboring monomeric unit which forms the bridge in the dimer. The benzene rings at-
tached to the two adjacent Mn atoms through O are slightly opened up at their rear ends. The distance between the ben-
zene rings facing each other gradually increase outward. This opens up the possibility of interaction with guest molecules
which thereby results in sensing of the analyte molecules. The synthesized binuclear complex was evidently found to have
dual actions in sensing and catalysis. Interesting spectral features of the compound allow it to act as a sensor towards an
aromatic hydrocarbon, benzene down to ~0.06 mM (4.37 ppm) concentration range. A promising catalytic phenoxazinone syn-
thase activity was also observed in the same compound due to the oxidation of o-aminophenol (OAPH). The Michaelis bind-
ing constant (KM), maximum velocity (Vmax) and turnover number (kcat) were found to be (1.09±0.3)×10–2 M, 5.77×10–8 M s–1

and 20.77 h–1, respectively. The rate determining step is governed by formation of substrate-catalyst adduct of OAPH with
complex 1 followed by free radical mechanism. The structural and electronic parameters of complex 1 were justified by den-
sity functional theory (DFT) and time dependent density functional theory (TD-DFT) computations.

Keywords: Mn(III), Schiff base, sensor, benzene, phenoxazinone synthase activity, TD-DFT.

Introduct ion
The continuous evolution of metal assembled complexes

of manganese have attracted considerable attention in re-
cent years due to their various interesting properties like
biomimetism, catalysis, molecular magnetism1–3, etc. Man-
ganese takes part in several essential life processes. On the
other hand, polynuclear Mn(III) species are also found to play
an important role in catalytic and biological fields especially
as the oxygen evolving compound (OEC) of photosystem II
(PS II)4,5. In this connection, Schiff base complexes of Mn3+

containing metal centers are of particular interest because
the Mn3+ ion, whose oxidation state is stabilized in the N2O2
environment of tri/tetradentate Schiff bases. Accordingly, the
self-assembly of the Mn(III) Schiff base with azide led to the

formation of dinuclear entities6–9 and frequently constrained
one-dimensional (1D) chains10–14.

Benzene is widely used as industrial solvents for synthe-
sis of organic compounds. In spite of their well proven carci-
nogenic activities, such compounds are disposed relentlessly
in the environment without proper pretreatment. Exposure of
the living world to even minute quantities of such compounds
is harmful and has long lasting effect. The American Confer-
ence of Governmental Industrial Hygienists (ACGIH) has re-
stricted the occupational exposure limits for benzene as 0.5
ppm in air respectively, as threshold value-time weighted
averages (TLV-TWA)15. Sensing of volatile organic com-
pounds is therefore an upcoming research as is also evident
from the recent literature reports14,16–21.
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Recently, low-cost and efficient nanoscale devices ca-
pable of fast and reversible detection of these compounds
are being fabricated14. Ag nanoprism arrays coupled to aryl
bridged polysilsesquioxane films are designed and fabricated
through colloidal templating approach, which were found suit-
able to detect 30 ppm xylene or benzene in N2 atmosphere22.
Porous materials with tailored nanostructure cavities are yet
another mode to trap and detect these volatile solvents with
the aid of absorption and fluorescence spectrometry16. Apart
from designing sensor materials, advanced technologies like
non-dispersive infrared spectrophotometry, tunable diode la-
ser spectroscopy, photoacoustic spectroscopy and high reso-
lution localized surface plasmon resonance spectroscopy are
also under investigation to detect these compounds at trace
and ultra-trace quantities20–22. Some of the reported meth-

ods for detection of benzene along with the corresponding
limit of detection (LOD) values are tabulated in Table 1.

Schiff base metal complexes are also coming up as po-
tential sensor materials for several analytes23. The advan-
tage with these complexes is that they have versatile spec-
tral properties which are apt to show detectable changes if
they react with analytes of special interest. When these com-
pounds are dissolved in suitable solvents they exhibit char-
acteristic spectral features which get modified upon interac-
tion with certain analytes and hence can act as spectroscopic
sensor materials. Recently we have reported two such cases
where Schiff base metal complexes were found suitable for
sensing application. In the first report selective sensing of
perdisulfate and thiosulfate ions using Nd containing
heterometallic Schiff base Cu complex24. In the second re-

Table 1. Comparison of previously reported sensing methods of benzene/xylene
Compound Reagent(s)/Condition Technique LOD Sample type Interference Ref.
Benzene Polymer coated quartz Static headspace 0.98 ppm Gas – 31

crystal microbalance sampling technique
Benzene Bioluminescent bacteria, Optical detection 0.2% liquid volume Gas – 32

at 37ºC temperature
p-Xylene Cu(NO3)2·3H2O and Gravimetric method 400 ppb Vapor Benzene, toluene 33

trimesic acid and ethylbenzene
Benzene [Ru(5,6-Me2Phen)3](tfpb)2, Fluorescence 7600 ppm Vapor – 34

heating at 100ºC, followed by spectroscopy
cooling to room temperature,
then exposed to N2-atm.

Benzene Pd/i-diamond interface Measuring current (I) – Gas – 35
as a function of
voltage (V)

Benzene Polyacrylate resin, Optical detection <10 ppm Gas Other volatile organic 36
and xylene spin coater with compounds having

1500 rpm higher concentration
Benzene TiO2/SnO2 nanoparticles; Cataluminescence 6 ppm Vapor No interference 37

air flow rate is 240 mL/min;
220ºC temperature

Benzene WO3 layer, Pt micro-heater, Mass spectrometry 0.2 ppm Gas – 38
Pt interdigitated electrodes,
300ºC temperature

Benzene Dibenzoylmethanat o- Fluorescence ~ 20 ppm and ~10 Gas – 39
and p-xylene boron difluoride spectroscopy ppm for benzene

and p-xylene
respectively

Benzene C36H36Mn2N10O4 Absorption 4.37 ppm Liquid – This
spectroscopy work
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port another Cu based Schiff base complex was found to
sense an organophosphorous compound25.

On the other hand a quick literature survey establishes a
prominent growth in the catalytic activity of the transition metal
Schiff base complexes, phenoxazinone synthase in particu-
lar in addition to their conventional catecholase like activ-
ity26–29. The essence of compounds having phenoxazinone
synthase activity lies in their ability to catalyze the penultimate
reaction step of the biosynthesis of actinomycin D, an antibi-
otic produced by Streptomyces antibioticus30. Two molecules
of 3-hydroxy-4-methylanthranilic acid pentapeptide lactone
undergo an oxidative condensation to form the phenoxazi-
none chromophore of actinomycin D which is also a potent
destroyer of the viability of cancer cells. Herein, we report
the synthesis and characterization of an azido adduct of Schiff
base manganese(III) phenoxo-bridged dimer with its dual role
in sensing activity towards benzene at ultra-trace levels along
with a promising phenoxazinone synthase activity. To the best
of our knowledge such dual action in a single transition metal
Schiff base complex is reported here for the first time.

The single crystal X-ray diffraction analysis of complex 1
reveals that its structure has similar features with those of
the one reported by Saha et al. in 20049. In this case, the
tridentate Schiff base ligand has undergone hydrolysis at
benzylic position of N-benzyl ethylene diamine, resulting fur-
ther condensation of -NH2 group with that of another o-
hydroxyacetophenone molecule. Therefore, the complex was

produced involving tetradentate N2O2 donor Schiff base
ligands instead of N2O donor. In the previous report9 the
complex was thoroughly characterized by different spectro-
scopic tools and magnetic property of the complex was de-
termined which showed antiferromagnetic character possess-
ing an S = 4 ground state at room temperature. No further
application based studies were reported therein. Therefore
identical single crystal X-ray data in the present work
prompted us to explore some interesting properties of the
compound. The complex possesses a different CCDC num-
ber mainly due to difference in cell parameters. There are
differences in cell parameters between previously reported
complex and our complex mainly due to the difference in
temperature of data collection. The ORTEP diagram of the
complex 1 and crystallographic data for complex 1 have been
given in the Fig. 1 and Table 2 (CCDC No. of 1 is 1557254).

Experimental
Materials and instrumentation

N-Benzyl ethylenediamine and o-hydroxyacetophenone
were purchased from Sigma-Aldrich, manganese(II) acetate
trihydrate, sodium azide, methanol and benzene were of AR
grade and used as received. All other chemicals used were
of analytical grade. IR spectra were recorded in KBr pellets
within the range 4000–400 cm–1 on a Perkin-Elmer Spec-
trum 65 FTIR spectrometer. Elemental analyses were car-
ried out using a Heraeus CHN-O-Rapid elemental analyzer.

Fig. 1. Ortep view of complex 1. Atoms are shown as 30% thermal ellipsoids. H atoms are omitted for clarity [Symmetry Code: A = -x, -y, -z].



J. Indian Chem. Soc., Vol. 96, October 2019

1320

The UV-Visible spectra were obtained using an Agilent 8453
diode array spectrophotometer. Total independent data for
complex 1 was collected on a Bruker Smart Apex II CCD
Area Detector equipped with a graphite monochromator Mo-
K radiation ( = 0.71073 Å). Electron spray ionization mass
(ESI-MS positive) spectra were recorded on a MICROMASS
Q-TOF mass spectrometer. The electro analytical instrument,
BASi Epsilon-EC for cyclic voltammetric experiment in CH2Cl2
solutions containing 0.2 M tetrabutylammonium hexafluoro-
phosphate as supporting electrolyte was used. The BASi plati-
num working electrode, platinum auxiliary electrode, Ag/AgCl
reference electrode were used for the measurements. The
redox potential data are referenced vs. ferrocenium/ferrocene,
Fc+/Fc, couple. Redox properties of complex 1 (in DMF so-
lution) were investigated by cyclic voltammetry (CV) with
tetrabutylammonium perchlorate as the supporting electro-
lyte at a scan rate of 100 mV s–1.

Synthesis of complex 1
Caution! Since the metal azide is potentially explosive,

only small amount of the material should be prepared and it
should be handled with care.

To a solution of o-hydroxyacetophenone (2 mM, 0.26 g)
in 20 mL methanol, N-benzyl ethylene diamine (2 mM, 0.50
g) was added dropwise and the resulting mixture was heated
under reflux for 4 h. A methanolic solution of manganese(II)
acetate trihydrate (2 mM, 0.52 g) was then added and the
mixture was refluxed for another 2 h to obtain a deep-brown
solution. The aqueous solution of NaN3 (4 mM, 0.26 g) dis-
solved in minimum volume of water was then added drop-

wise to the refluxed mixture. Then the resulting mixture was
stirred for about another 2 h and then filtered. The brown
solution was then kept at room temperature for 7 days. Dark
brown colored block shaped crystals of the product (com-
plex 1) were obtained. Complex 1: yield of 70% (based on
the weight taken of manganese(II) acetate trihydrate). Anal.
Calcd. for C36H36Mn2N10O4: C, 43.5; H, 4.7; N, 19.9. Found:
C, 44.0; H, 4.9; N, 19.1%.

Sensing application
0.1 mM solution of complex 1 was prepared in DMSO for

absorption spectroscopic studies. Aliquots of benzene were
added to this solution to get final concentration in the range
0.028–0.785 mM. The change in the spectral pattern was
recorded with each successive addition.

Catalytic oxidation of o-aminophenol
Functional model for phenoxazinone synthase activity was

examined by the reacting 1.0×10–5 M dioxygen-saturated
methanolic solutions of the complex with 0.01 M solution of
2-aminophenol (OAPH) at 25ºC. Upon formation of the
phenoxazinone chromophore, there is a successive increase
in absorbance band at ca. 433 nm which was monitored spec-
trophotometrically. To evaluate the rate dependence of the
reaction on OAPH concentration and various kinetic param-
eters like Vmax, KM, Kcat, 1.0×10–5 M solution of the com-
plexes were mixed with various concentration of substrate
maintaining minimum 10-folds excess to that of catalyst to
retain the pseudo-first order condition. Rate of a reaction was
evaluated from the initial rate method, and the average ini-
tial rate over three independent measurements was recorded.

Table 2. Crystallographic data for 1
Crystal data Complex 1 Crystal data Complex 1
Empirical formula C36H36Mn2N10O4 Z 2
Formula weight 782.63 Temperature (K) 173(2)
Crystal dimension (mm) 0.26×0.23×0.09 Dcalc (g cm–3) 1.545
Crystal system Monoclinic  (mm–1) 0.809
Space group ‘P 21/n’ F(000) 808
a (Å) 7.7658(2) (º) 2.6–27.8
b (Å) 19.6118(6) Total data 18707
c (Å) 11.0534(3) Unique data 4019
 (º) 90.00 R 0.0301
 (º) 92.2110(8) Rw 0.0799
 (º) 90.00 Goodness-of-fit on F2, S 1.042
V (Å3) 1682.19(8) Rint 0.0288
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Theoretical calculations
Electronic structure analysis of complex 1 (in the gas-

eous phase) was carried out using the Gaussian0940 pro-
gram suite. Without symmetrical constrains, all geometries
for ground states (S0) were optimized with gradient-corrected
exchange functional B3LYP and 6-311+G** basis set41,42.
All minimized geometries were confirmed by frequency cal-
culations with true minima. One of the extensively used gra-
dient corrected correlated functional is the LYP functional of
Lee, Yang and Parr. In 1988 Becke proposed a famous gra-
dient-corrected exchange functional. The combination of
these two methods is the B-LYP method. B3LYP model is
known to be the best of these hybrids functional where
Becke’s three-parameter formulation was used as hybrid
model with corrections for both gradient and exchange cor-
relations used for optimization of the complex 141,42. The
coordinates of asymmetric unit of complex 1 obtained from
single crystal X-ray diffraction data were used for computa-
tion using the LanL2DZ effective core potential (ECP) set of
Hay and Wadt43–45 for manganese atom and the standard
6-31+G(d) basis set for C, H, N and O atoms respectively46,47.
To confirm local minima, only positive eigen values of opti-
mized geometries, the vibrational frequency calculations were
carried out. Time-dependent density functional theory (TD-
DFT) was computed48–50 in dimethylsulfoxide (DMSO) ( =
46.826) using conductor-like polarizable continuum model
(CPCM)51–53 with the same B3LYP level basis set to verify
the solvent effect. The excited states of the complex were
calculated by time dependent density functional theory (TD-
DFT) method with the same basis set. GAUSSSUM 3.054

was used to calculate the percentage contributions of ligand,
co-ligand and metal ion to each molecular orbital.

Hirshfeld surface analysis
Hirshfeld surface analysis have been done using Crystal

Explorer version 17.555. The normalized contact distance
(dnorm) based on di and de has been determined by the given
equation where rvdW is the van der Waals (vdW) radius of
the appropriate atom internal or external to the surface.

d r d rd
r r

vdW vdWi e ei
norm vdW vdW

ei

( ) ( ) 
 

dnorm becomes negative for shorter contacts than vdW sepa-
rations and becomes positive for contacts greater than vdW

separations, and is displayed using a red-white-blue color
scheme, where red highlights shorter contacts, white is used
for contacts around the vdW separation, and blue is for longer
contacts56.

Results and discussion
Synthesis

The ligand was prepared by the 1:1 condensation of N-
benzyl ethylene diamine with o-hydroxyacetophenone in
methanol. The methanolic solution of the ligand was added
to a methanolic solution of manganese(II) acetate trihydrate
and this complex reacts with sodium azide in methanol-wa-
ter mixture in refluxing condition to prepare the dinuclear
complex 1. Such complexes are generally obtained both from
manganese(II) acetate trihydrate and manganese(III) acetate
dihydrate. When manganese(II) acetate trihydrate is used it
undergoes aerial oxidation during the course of the reaction
in presence of this kind of tetradentate Schiff bases6–13. Com-
plex 1 was characterized by IR spectroscopy and CHN analy-
sis.

Cyclic voltammetry
The cyclic voltammogram of the complex 1 (Fig. 2) shows

a cathodic peak at potential –0.309 mV indicating the reduc-
tion of Mn(III) to Mn(II). The anodic peak appears at –0.210
mV for oxidation of Mn(II) to Mn(III) indicating a quasi-revers-
ible process. This result indicates that complex 1 is capable
to exhibit redox acitivity.

Fig. 2. Cyclic voltammogram of complex 1 against Ag/AgCl reference
electrode.
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Sensing application
The comparative absorption spectra of the Schiff base

ligand with that of the complex 1 in DMSO solution is shown
in Fig. 3. The characteristic max for the complex 1 appears
at a wavelength of 258 nm which is due to the aromatic moi-
ety of the benzene ring present in the complex57. The Schiff
base ligand shows an additional peak at 320 nm due to a
* transition arising out of the azomethine group. Fur-

The results are also suggested by IR spectral data shown
in Fig. 6

Phenoxazinone synthase like activity
Catalytic oxidation of o-aminophenol (OAPH) was spec-

trophotometrically studied in dioxygen-saturated methanol
solution at 25ºC. It is essential to validate the efficiency of a
complex for deploying it as a catalyst for the oxidation of o-
aminophenol to 2-aminophenoxazine-3-one. Initially, 1×10–5

M solution of the complex 1 was reacted with a 0.01 M solu-
tion of 2-aminophenol under aerobic conditions. Upon con-
tinual catalytic oxidation of 2-aminophenol (OAPH), the char-
acteristic absorption band ca. at 433 nm was obtained which
gradually increases by time endorsing the catalytic activity
of the complex resulted from oxidation of OAPH to 2-
aminophenoxazine-3-one under aerobic condition. The en-
hancement of absorbance band at ca. 433 nm has been stud-

Fig. 3. Absorption spectra of 0.1 mM solutions each of the Schiff base
ligand and complex.

Table 3. Different analytical parameters for the detection of
benzene

Parameter Detection of benzene
Regression equation Y = sX
Slope (s) (mmol–1) 0.96
Correlation coefficient (R2) 0.87
Standard deviation () 0.016
Limit of detection (LOD = 3.3×/s (mM)) 0.06
Limit of quantification (LOQ = 10×/s (mM)) 0.17
Linear range (mM) 0.028 to 0.166
max (nm) 228

Fig. 4. Absorption spectral profile of complex 1 with increasing con-
centrations.

ther, it is also observable from the low molar extinction coef-
ficient () value of 196 L mol–1 cm–1 calculated using the
absorption spectrum with increasing concentrations of com-
plex 1 at this max which arises for n* transition in the
molecule (Fig. 4). With addition of increasing concentrations
(0.028–0.785 mM) of benzene to this system, a prominent
increase in the absorption intensity is observed. This arises
due to the attractive polarization forces between the  elec-
tron densities of the added benzene with that of the complex
molecule itself. The absorption intensity increases with in-
creasing benzene concentrations due to increased  elec-
tron density in the system (Fig. 5). The possibility of such
spectral changes is nullified both in the ligand solution as
well as in blank DMSO medium (negligible change in spec-
tra, figure not shown). Different analytical parameters for the
spectral detection of benzene using complex 1 are tabulated
in Table 3. The possibility of similar kind of detection for dif-
ferent other organic solvents like toluene and quinoline were
also explored and were not found to yield interesting results
using complex 1.
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ied by absorption spectroscopy for a period of 2 h after. The
time-resolved spectral profile of complex 1 is shown in Fig.
7. Under identical conditions a blank experiment in absence
of the complex 1 has been carried out, which does not result
any substantial enhancement of absorption intensity ca. at
433 nm. It implies that complex 1 is solely responsible for
catalyzing oxidation process of o-aminophenol to 2-
aminophenoxazine-3-one under aerobic condition. In order
to understand the degree of catalytic efficiency of complex
1, a detail kinetic study was performed at 25ºC. For this pur-
pose, 1×10–5 M solution of the complex 1 was reacted with

at least 10-fold excess concentration of substrate solution to
maintain the pseudo-first order reaction condition. In each
case a particular OAPH ratio to that of the complex has been
maintained and time scan at the maximum band i.e. 433 nm
was monitored for a period of 1 h. Each experiment was per-
formed thrice and average values were noted. From each
kinetic measurement a straight line has been obtained where
absorbance was plotted against time. The initial rate was
determined by linear regression from the slope of the absor-
bance versus time. The initial rate of the reactions versus
concentrations of the substrate plot shows rate saturation

Fig. 5. Absorption spectral profile of 0.1 mM solution of complex 1 with increasing addition of benzene in 0.01 mL portions, in the concentration
range 0.028–0.785 mM. The linear range is found between 0.028–0.166 mM.

Fig. 6. IR spectra of (a) pure complex 1 and (b) complex 1 treated with benzene.

JICS-11
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kinetics as depicted in Fig. 8. In the catalytic cycle, a sub-
strate-catalyst adduct of OAPH is formed with complex 1 fol-
lowed by release of the oxidized product of OAPH in irre-
versible manner which is the rate determining step (r.d.s.).
The successive steps are governed by an electron transfer
process and a free radical mechanism thereafter (Scheme
1). The free azide generated from complex 1 during the ad-

Fig. 7. UV-Vis spectral scans (1 cm path length) showing the increase
in phenoxazinone chromophore band at 433 nm after the ad-
dition of o-aminophenol (10–2 M) to a solution of complex 1
(1×10–5 M) in methanol at 25ºC. The spectra were recorded
for the period of 2 h.

Fig. 8. Initial rate verses substrate concentration plot for the oxida-
tion of 2-aminophenol catalyzed by complex 1 in dioxygen-
saturated methanol at 25ºC. Symbols and solid line represents
the experimental and simulated profiles, respectively.

duct formation converts the OAPH to its free radical. The
free radical then immediately gets oxidized to benzoquinone
monoimine (BQMI) which further undergoes oxidative
dimerisation to generate phenoxazinone. Since the kinetic
measurements were performed in such a manner that it re-
tains pseudo-first order reaction condition that it can be fit-
ted to Michaelis-Menten model. The parameters namely Vmax,
KM, and kcat can be evaluated from Lineweaver-Burk plot
which was obtained by linearizing Michaelis-Menten equa-
tion. The observed and simulated initial rate versus substrate
concentration plot and the Lineweaver-Burk plot for the com-
plex was shown in Fig. 9. Michaelis binding constant (KM)
and Vmax were calculated to be (1.09±0.3)×10–2 M and
5.77×10–8 M s–1, respectively. The turnover number (kcat)
value is calculated by dividing the Vmax with the concentra-
tion of the complex used, and is found to be 20.77 h–1.

ESI mass study
Catalytic behaviour of complex 1 encourages us to per-

form mass spectrometry of the reaction mixture (complex 1
+ OAPH) to have information regarding the important inter-
mediates. Complex 1 was mixed with around 50-folds ex-
cess of OAPH and the mixture was used for spectral study. A
peak at m/z 953.18 was arrested which corresponds to the
complex-substrate adduct of formula [Mn2L2(OAPH)2 + K]+.
The peak at m/z 953.18 implies that the azido co-ligands are

Fig. 9. Lineweaver-Burk plots for the oxidation of o-aminophenol cata-
lyzed by complex 1 in aerobic condition. Symbols and solid
line represents the experimental and simulated profiles, re-
spectively.
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Scheme 1. Probable mechanistic pathway for the formation of the phenoxazinone chromophore.

loosely bound and they detach when OAPH gets attached to
the Mn(III) centre. Two interesting peaks were found at m/z
212.9947 and 215.0113 correspond to 2-amino-3H-
phenoxazin-3-one and 2-amino-10H-phenoxazin-3-ol, re-
spectively (Fig. 10). So, it is proposed that at r.d.s. two mol-
ecules of OAP get attached to the complex by replacing
loosely bound azido ions and results formation of OAP radi-
cal. Therefore, the complex itself gets reduced to Mn(II) sys-
tem. Then OAP radical could be transformed into o-benzo-
quinone monoimine (BQMI) in various ways including self-
disproportionation. BQMI further reacts with dioxygen and
OAPH to result phenoxazinone chromophore (Scheme 1).

Theoretical calculations
DFT study:
DFT/B3LYP method was used for optimization with the

coordinates derived from single crystal X-ray diffraction data
of complex 1. Optimization for computational simplicity needs
the asymmetric framework of complex 1. Calculated bond
distances and angles are comparable with that of X-ray data
(Table 4). Mulliken charge distribution shows a positive charge
of 0.823882 eV on metal atom. Table 5 contains the Mulliken
charge distribution of complex 1. Energy (eV) of some se-
lected molecular orbitals of complex 1 is encapsulated in
Table 6. Key electronic transitions and composition of M.O.s
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of some selected ones are presented in Table 7. Contour
plots of some selected M.O.s are given in Figs. 11 and 12.
The energies of HOMO and LUMO are –5.4 eV (-spin),
–5.36 eV (-spin) and –2.28 eV (-spin), –1.73 eV (-spin)
respectively.

DFT study shows that molecular orbitals HOMO-5 to
LUMO+5 (for -spin and -spin) have significant contribu-
tion from ligand as these orbitals are -rich in character ex-
cept HOMO-3, HOMO-1 and LUMO. LUMO+4 (-spin) en-
joy equal contribution from both metal and ligand. LUMO+4
to LUMO+2 (-spin) and HOMO (-spin) have major contri-

Table 4. Bond angles (º) and bond distance (Å) for complex 1
Bond distance (Å) and Bond angles(º) for complex 1

X-ray Calcd. X-ray Calcd.
Mn1-O7 1.856(1) 1.9675 O7-Mn1-N10 90.64(5) 92.76
Mn1-N10 2.008(1) 2.1473 O7-Mn1-O22 95.29(5) 97.22
Mn1-N13 1.987(1) 2.0939 O7-Mn1-N23 92.91(5) 94.31
Mn1-O22 1.913(1) 2.0843 O7-Mn1-O22 85.65(4) 87.28
Mn1-N23 2.180(2) 2.2637 N10-Mn1-N13 84.58(6) 87.20
Mn1-O22 2.396(1) 2.4178 N10-Mn1-O22 168.22(5) 170.38
O22-Mn1 2.396(1) 2.4367 N10-Mn1-N23 95.04(6) 97.37
N23-N24 1.190(2) 1.2831 N10-Mn1-O22 91.77(5) 92.78
N24-N25 1.148(3) 1.2290 N13-Mn1-O22 88.59(5) 90.01
Mn1-O7 1.856(1) 2.0313 N13-Mn1-N23 92.32(6) 93.05
Mn1-N10 2.008(1) 2.1083 O22-Mn1-N23 94.81(5) 95.08
Mn1-N13 1.987(1) 2.2010 O22-Mn1-O22 78.58(4) 80.12
Mn1-N23 2.180(2) 2.2870 N23-Mn1-O22 173.05(5) 175.03
N10-C11 1.479(2) 1.6032 Mn1-O7-C2 130.7(1) 132.20
N23-N24 1.190(2) 1.2011 C1-C8-N10 121.6(1) 123.49
N24-N25 1.148(3) 1.2022 Mn1-N10-C8 128.9(1) 130.03
C2-O7 1.319(2) 1.4022 Mn1-N10-C11 110.8(1) 112.02
C8-N10 1.301(2) 1.4089 C8-N10-C11 120.0(1) 122..21
N10-C11 1.479(2) 1.6023 C12-N13-C14 123.8(1) 124.88
C12-N13 1.474(2) 1.5089 Mn1-O22-C20 122.06(9) 125.02
N13-C14 1.295(2) 1.3038 Mn1-O22-Mn1 101.42(5) 102.29
C20-O22-Mn1 115.91(9) 117.02 O22-Mn1-N13 89.67(5) 91.03
Mn1-N23-N24 124.4(1) 125.87 O22-Mn1-O22 78.58(4) 19.83
N23-N24-N25 178.6(2) 179.39 O22-Mn1-N23 173.05(5) 175.02
O22-Mn1-O7 85.65(4) 87.83 O7-Mn1-N10 90.64(5) 92.31
O22-Mn1-N10 91.77(5) 92.01 O7-Mn1-N13 173.21(5) 175.43
O7-Mn1-N13 173.21(5) 175.02 O7-Mn1-O22 95.29(5) 97.05
O7-Mn1-O22 95.29(5) 96.72 O7-Mn1-N23 92.91(5) 93.02
N10-Mn1-N23 95.04(6) 96.29 N10-Mn1-N13 84.58(6) 87.02
N13-Mn1-O22 88.59(5) 90.10 N10-Mn1-O22 168.22(5) 170.31
N13-Mn1-N23 92.32(6) 94.07 O22-Mn1-N23 94.81(5) 96.21
C8-N10-C11 120.0(1) 122.04 Mn1-O7-C2 130.7(1) 132.01
Mn1-O22-Mn1 101.42(5) 112.03 Mn1-N10-C8 128.9(1) 129.02
Mn1-O22-C20 115.91(9) 116.97 Mn1-N10-C11 110.8(1) 112.18
Mn1-O22-C20 122.06(9) 123.69 N23-N24-N25 178.6(2) 180.04
Mn1-N23-N24 124.4(1) 126.03
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Table 5. Mulliken atomic charge distribution of complex 1
Complex 1

1 Mn 0.823882 25 N –0.516080
2 C 0.057118 26 C 0.284381
3 C 0.398261 27 C 0.045352
4 C –0.026918 28 C –0.059423
6 C 0.025232 30 C –0.004215
8 C –0.008552 32 C 0.027249

10 C –0.081298 34 C –0.029748
12 O –0.619581 36 C 0.402157
13 C 0.279984 37 C 0.071483
14 C 0.061889 41 O –0.627278
18 N –0.535018 42 N –0.454092
19 C 0.222366 43 N 0.403449
22 C 0.208689 44 N –0.349290
Sum of Mulliken charges with hydrogens summed into heavy atoms =
0.00000

LUMO+2 –1.58 2 98 0
LUMO+1 –1.67 7 92 1
LUMO –2.28 57 17 26
HOMO –5.4 10 82 8
HOMO-1 –5.79 5 19 76
HOMO-2 –5.9 4 86 10
HOMO-3 –6.26 43 27 30
HOMO-4 –6.65 25 63 12
HOMO-5 –6.7 15 65 20
M.O.s (-spin) Energy (eV) % Metal % Ligand % Azide (N3)
LUMO+5 0.2 1 37 62
LUMO+4 –1.02 11 70 19
LUMO+3 –1.31 8 59 33
LUMO+2 –1.35 8 56 36
LUMO+1 –1.68 2 14 84
LUMO –1.73 2 35 63
HOMO –5.36 9 74 17
HOMO-1 –5.59 24 2 74
HOMO-2 –5.85 4 4 92
HOMO-3 –6.27 63 9 28
HOMO-4 –6.61 62 8 30
HOMO-5 –6.79 2 1 97

Fig. 10. ESI mass spectrum of complex 1 in presence of excess amount of OAPH.

Table 6. Energy (eV) and composition (%) of selected M.O.s of
complex 1

M.O.s (-spin) Energy (eV) % Metal % Ligand % Azide (N3)
LUMO+5 0.46 14 86 0
LUMO+4 0.39 10 89 1
LUMO+3 –0.6 57 43 0

Table-6 (contd.)
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bution from ligand site. But, HOMO-1, HOMO-2 and HOMO-
5 have major contributions from co-ligand i.e. azide side.

HOMO-3 and HOMO-4 have major contribution from metal
centre.

TD-DFT study:
TD-DFT calculations were performed using B3LYP/CPCM

method using same basis sets in DMSO solvent to support
the electronic transitions of complex 1. Table 7 represents
the calculated electronic transitions along with the calculated
Oscillator Strength (f) of 1. Complex 1 shows ligand based
n- and -* transitions around 258 nm and 390 nm, re-
spectively. The bands at 258 nm and 390 nm can be theo-
retically correlated as the following excitations at 3.25 eV (
= 275.34 nm, f = 0.0029), 2.12 eV ( = 400.34 nm, f = 0.0039),
2.61 eV ( = 412.69 nm, f = 0.0012) and 2.65 eV ( = 420.25
nm, f = 0.0016), respectively and the assigned absorption
bands are due to the contribution of HOMO-2() 
LUMO+4() (57%), HOMO-2()  LUMO+1() (18%),
HOMO()  LUMO+2() (23%), HOMO()  LUMO ()
(58%), HOMO()  LUMO() (11%), HOMO-1()  LUMO
() (49%), HOMO-1()  LUMO+1() (27%) and HOMO()
 LUMO+1() (37%), respectively, transitions and may be
considered as a combination of (L) *(L)/d*(Mn) tran-
sitions.

Hirshfeld surface analysis:
Hirshfeld surface analysis was performed to investigate

supramolecular interactions in 1. Complex 1 is mapped over
dnorm (range of –0.1 to 1.5 Å), shape index (range of –1.0–
1.0 Å) and curved (range of –4.0–0.4) respectively and pre-
sented in Figs. 13 and 14, respectively. To visualize the dif-
ferent supramolecular interactions surfaces are kept trans-
parent during mapping. Hydrogen bonding interactions be-
tween the nitrogen atom of azide and hydrogen atoms of the

Table 7. Electronic transition calculated by TDDFT using B3LYP/CPCM method in DMSO solvent of complex 1
Complex- 1

Eexcitation excitation Osc. Key transition Character
(ev) (nm) strength (f)
3.25 275.34 0.029 HOMO-2()  LUMO+4() (57%) (L) *(L)

HOMO()  LUMO+2() (23%)
2.12 400.34 0.0039 HOMO()  LUMO() (58%) (L) *(L)

HOMO()  LUMO() (11%)
2.61 412.69 0.0012 HOMO-1()  LUMO() (49%) (L)/N3

–(p) *(L)
HOMO-1()  LUMO+1() (27%)

2.65 420.25 0.0016 HOMO()  LUMO+1 () (37%) (L)/N3
–(p) *(L)

HOMO-2()  LUMO+1() (18%)

Fig. 11. Selected contour plots of -spin molecular orbitals of com-
plex 1.

Fig. 12. Selected contour plots of -spin molecular orbitals of complex
1.
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phenyl ring has been found to be predominant as bright red
area in the Hirshfeld surfaces in complex 1. Light color in the
surfaces represents the other longer and weaker interactions
present in 1. All type of intermolecular interactions is present

Fig. 13. Surface mapping of complex 1 over dnorm.

Fig. 14. Surface mapping of complex 1 over shaped index and
curvedness.

Fig. 15. Decomposed fingerprint plot of complex 1.

in fingerprint plots. So, fingerprint plots should be decom-
posed to have idea of individual contacts. Complementary
regions are obtained in the decomposed fingerprint plot where
one molecule acts as a donor (de > di) (bottom left of finger-
print plot) and the other as an acceptor (de < di) (bottom right
of fingerprint plot). N…H/H…N, O…H/H…O and H…H inter-
actions comprise 28.00%, 4.30% and 49.60% of the total
Hirshfeld surface in complex 1. N…H interactions are as-
signed around 14.7% of the total Hirshfeld surface and rep-
resented by a spike (di = 1.05 Å, de = 1.4 Å) in the bottom left
(donor) area. Whereas H…N interactions are represented
by a spike (di = 1.40 Å, de = 1.08 Å) in the bottom right (ac-
ceptor) region and assigned around 13.3% of the total
Hirshfeld surface (Fig. 15). The O…H/H…O contacts are neg-
ligible in comparison.

Conclusion
The competence of the newly synthesized azido adduct

of Schiff base manganese(III) phenoxo-bridged dimer com-
plex towards sensing of benzene is a new prospect of this
class of compounds. The synthesis of the compound has
been illustrated together with its relevant characterization.
Absorption spectral method has been implemented for the
sensing of the benzene. Interaction of the aromatic moiety
of the complex 1 with the aromatic hydrocarbon analyte was
strongly suspected and was found to have agreeable matches
with the corresponding IR spectra. Besides, complex 1
showed nice catalytic activity towards 2-aminophenol oxida-
tion. A functional model for phenoxazinone synthase like ac-
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tivity has been established using Michaelis-Menten model.
Michaelis binding constant (KM), Vmax and turnover number
(Kcat) were calculated to be (1.09±0.3)×10–2 M, 5.77×10–8

M s–1 and 20.77 h–1, respectively. Furthermore, the struc-
tural and electronic parameters of complex 1 have been jus-
tified by DFT and TD-DFT computation. Also Hirshfeld fin-
gerprint plotting has been performed to visualize the close
contacts like hydrogen bonding.
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