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A dinuclear cobalt(Il) complex, [(N3)L'Co™?Co™L'] (1), has been synthesized and characterized
{H,L" = 2-((1-hydroxybutan-2-ylimino)methyl)-4-bromophenol and HI? = 2-amino-1-butanol}. Single
crystal X-ray diffraction analysis confirmed its structure. Extended supra-molecular architectures were
generated in the complex through weak noncovalent interactions. The energetic features of significant
supramolecular interactions have been investigated using DFT calculation and further corroborated with
NCI plot index computational tool. The complex has been found to mimic the role of phosphatase
enzyme efficiently by transforming 4-nitrophenylphosphate to 4-nitrophenolate at room temperature.
The reaction follows Michaelis—Menten enzymatic reaction kinetics with turnover numbers of ~1.4 s in
aqueous DMF (98% DMF, v/v) medium. The complex also acts as an efficient photocatalyst for degradation
of organic pollutants. Methylene blue (MB), a widely used dye in various industries, was selected as a
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model pollutant in aqueous media to evaluate the photocatalytic effectiveness of the complex.
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1. Introduction

Numerous dinuclear transition metal complexes have been
found to have fascinating applications in molecular magnetism
[1-3].Itis also interesting to explore whether the mode of bridging
is influencing the physical properties of a dinuclear complex and, if
yes, why [4—6]. Focusing to diamagnetic cobalt(Ill), magnetic
characterization is only a routine work and is not at all interesting.
However, dinuclear cobalt(Ill) complexes are attractive for their
appealing applications in biological modeling [7,8] e.g. to mimic
phosphatase. Phosphatase is a hydrolase enzyme that hydrolyses
the P—O bond of a phosphoester substrate, thereby producing a
phosphate ion and alcohol [9—11]. Cobalt(Ill) complexes may also
be used as photocatalyst for the degradation of organic pollutants.
The environmental pollution caused by organic pollutants (e.g.
methylene blue, MB, a dye used in industry) is a huge problem in
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our time [12—14]. The majority of the coloured effluents identified
in waste water are a consequence of organic dyes in textiles, dye-
stuffs, and dyeing industries [15,16]. It is not very easy to deal with
them by the method of conventional waste water treatment
because of their high solubilities in water. Therefore, photocatalysis
are used for the green ecological elimination of these harmful
pollutants [17—19].

Our laboratory has been actively engaged to design, synthesis
and explore bio-relevant catalytic activities including phosphatase
activity of several transition (e.g. iron, cobalt, copper, nickel etc) and
non-transition metal (e.g. zinc) complexes for the last few years
[19,20]. Recently, we have also worked on photocatalytic degra-
dation of organic dye by zinc and cadmium complexes [29—32].
Many other groups are also working on these two topics [33—40].
However, to the best of our knowledge investigated complex is
unique in the sense that it possess catalytic efficiency towards both
hydrolysis of phosphoester linkage and photocatalytic degradation
of methylene blue.

In this work, we have designed and synthesized a dinuclear
alkoxo bridged cobalt(11I) Schiff base complex, [(N3)L'Co™12Co™L],
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which can efficiently mimic phosphatase enzyme and acts as a
photocatalyst for degradation of MB in visible light irradiation. The
complex has been characterized by elemental and spectral analysis
and the structure of the complex has been confirmed by single
crystal X-ray diffraction study. The energetic features of significant
halogen and hydrogen bonding interactions in the solid state
structure of the complex have been investigated using DFT calcu-
lation, and further corroborated with NCI plot index computational
tool.

2. Material and methods
2.1. Starting materials and solvents

Starting materials and solvents used in this work were pur-
chased from Sigma-Aldrich, India (now Merck, India) and were of
reagent grade. They were used as received, without further puri-
fication. The entire syntheses and manipulations were carried out
under aerobic conditions.

Caution!!! Even though no troubles were experienced in this work,
metal complexes containing azide salts and organic ligands are
potentially explosive. Only a small amount of material should be
prepared, and it should be handled with care.

2.2. Preparation of [(N3)L'Co™[?Co™L!]

An acetonitrile solution (20 ml) of 2-amino-1-butanol (0.10 mL,
~1mmol) and 5-bromosalicyldehyde (201 mg, ~1mmol) was
refluxed for ca. 1 h to prepare the precursor compound, HyL!. An
acetonitrile-methanol (2:1) mixture (10 ml) of cobalt(Il) acetate
tetrahydrate (249 mg, ~1 mmol) was then directly added to it, fol-
lowed by the addition of aqueous methanol solution (5 ml) of so-
dium azide (65 mg, ~1 mmol) with constant stirring. The stirring
was continued for additional 4 h. After leaving the resulting solu-
tion in aerial condition to evaporate about half of the solvent, dark
red prisms of the complex compound were formed. The crystals
were isolated, washed with acetonitrile-methanol (2:1) mixture
three times and dried in a vacuum desiccator using anhydrous
CaClz.

Yield: 350mg (~42%); based on cobalt(Ill). Anal. Calc. for
CoH39C0,BraNgO75 (FW =833.31): C, 37.47; H, 4.72; N, 10.09%.
Found: C, 37.5; H, 4.7; N, 10.1%. FT-IR (KBr, cm~!): 1591, 1631, (uc_n);
2021 (UN3); 2880-2962 (UC—H); 3134 (UN—H); 3402 (UO—H)- UV—Vis,
Amax (M), [emax (dm> mol~! cm™1)] (DMF), 264 (7.09 x 10%), 315
(1.04 x 10%), 410 (7.03 x 10%), 540 (5.26 x 10%).

2.3. Instrumentation details

Elemental analysis (carbon, hydrogen and nitrogen) was per-
formed using a Perkin-Elmer 240C elemental analyzer. Infrared
spectrum in KBr pellets (4500-500 cm™~') was recorded using a
PerkinElmer Spectrum Two FTIR spectrophotometer. Electronic
absorption spectrum in acetonitrile medium was recorded on a
JASCO V-630 UV—Vis spectrophotometer. Electrospray ionization
mass spectra were recorded using Waters QTOF Micro YA263 mass
analyzer.

2.4. Crystallographic data collection and refinement details

Data was collected with an STOE IPDS 2T diffractometer
equipped with Mo-K, radiation, a graphite monochromator
(A=0.71073 A) and an image plate detector using an oil-coated
shock-cooled crystal at 100(2) K. Absorption effects were cor-
rected semi-empirical using multiscanned reflexions (X-Area
LANA) [41]. Cell constants were refined using 34957 of observed

reflections of the data collection. The structure was solved by direct
methods by using the program XT V2014/1 (Bruker AXS Inc., 2014)
[42] and refined by full matrix least squares procedures on F? using
SHELXL-2018/3 [43—45]. The non-hydrogen atoms have been
refined anisotropically, carbon and nitrogen bonded hydrogen
atoms were included at calculated positions and refined using the
‘riding model’ with isotropic temperature factors at 1.2 times (for
CHj3 groups 1.5 times) that of the preceding atom. CH3 groups were
allowed to rotate about the bond to their next atom to fit the
electron density. Solvent water was refined as rigid groups. Disor-
der was refined for carbon side chains of the ligands and solvent
water. Absorption corrections were carried out using the SADABS
program [46]. Crystallographic data collection and refinement pa-
rameters and data for the crystal are given in Table 1.

2.5. Theoretical methods

The geometries of the complex included in this study were
computed at the M06-2X/def2-TZVP level of theory using the
crystallographic coordinates apart from the positions of the
hydrogen atoms, which have been optimized. For all calculations
we have used the GAUSSIAN-09 program [47]. We have also used
the Grimme's dispersion [48] correction as implemented in
GAUSSIAN-09 program since it is adequate for the evaluation of
noncovalent interactions where dispersion effects are relevant like
o-hole interactions. The basis set superposition error for the
calculation of interaction energies has been corrected using the
counterpoise method [49]. The NCI plot [50] isosurfaces have been
used to characterize noncovalent interactions. They correspond to
both favorable and unfavorable interactions, as differentiated by
the sign of the second density Hessian Eigen value and defined by
the isosurface color. The colour scheme is a red-yellow-green-blue
scale with red for p*¢y (repulsive) and blue for p~ ¢ (attractive).

2.6. Hirshfeld surface analysis

Hirshfeld surface encircles that region of space adjoining a
particular molecule in a crystal where the electron distribution of
the promolecule exceeds that due to any other molecule [51—53].
Typically, Hirshfeld surface is represented by thousands of surface
points obtained by triangulation, and two parameters d; (distance
from the surface to the nearest atom interior to the surface) and d.

Table 1
Crystal data and refinement details of the titled complex.

Formula Co6H34Br2Co,Ng05,2.5(H; O)
Formula Weight 833.31
Temperature (K) 100(2)
Crystal System Triclinic
Space group P1

a(A) 9.9077(3)
b(A) 12.3035(5)
c(A) 15.0006(5)
a(°) 67.692(3)
B(°) 75.076(3)
v(°) 83.495(3)
d(calc) [g/em3] 1.693
p[mm!] 3.513
F(000) 842

Total Reflections 21365
Unique Reflections 6926
Observed data[l > 2 o(I)] 6121

No of parameters 483

R(int) 0.039

R1, wR2 (all data)
R1, WR2 ([1> 2 o(I)]
Residual Electron Density (eA~>)

0.0491, 0.0958
0.0424, 0.0926
0.660, —0.882
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(distance from the surface to the nearest atom exterior to the sur-
face) convey information about relevant contact distances from
each point. To construct a 2D fingerprint plot, the molecular
Hirshfeld surface is first obtained using standard methods [54]. As
described in several previous reports [55,56], the Hirshfeld surface
of the complex and its associated 2D fingerprint plots [57—59] were
calculated using Crystal Explorer software [60], with bond lengths
to hydrogen atoms set to standard values [54].

2.7. Kinetic measurements for the hydrolysis of 4-NPP

In the kinetics studies, to evaluate phosphate ester bond
cleavage, disodium 4-nitrophenylphosphate hexahydrate (4-NPP)
has been used as substrate. The phosphate ester bond cleavage
tendency of the complex has been detected spectrophotometrically
at 25°C by monitoring the time evolution of 4-nitrophenolate
(Amax ~425nm) in aqueous DMF (98% DMF, v/v) medium where
substrate (1073 M) was at least in 100 equivalents of the catalyst
(107> M). Additionally, to check the rate dependency on catalyst
concentration, similar sets of experiments were performed at a
fixed concentration of substrate with variable catalyst concentra-
tions. Rate of the reaction was derived from the initial rate method,
and the average initial rate over three independent measurements
was recorded. Several kinetic parameters such as Vg (maximum
reaction velocity), Ky (Michaelis constant), keq¢ (turnover number)
and kcq¢/Ky (specificity constant) have been evaluated for hydro-
lysis of 4-NPP (phosphatase mimicking activity) of the complex.
Kinetic parameters Vi and Ky evacuated directly from the various
enzyme Kkinetic equations such as Michaelis-Menten Kkinetics
equation, Lineweaver-Burk equation, Hanes equation and Eadie-
Hofstee equation. The k., value is obtained by dividing Vi,qx by
the concentration of the complex used.

2.8. Photocatalytic measurement of organic dye degradation

The photocatalytic activity of the synthesized complex was
evaluated using methylene blue (MB). Photocatalytic degradation
of Methylene Blue (MB) in aqueous medium has been carried out in
a typical method [30—32]. The photocatalytic degradation has been
carried out separately with 100 mL of MB solution (15 mg1~!) using
the complex as catalyst. The mixture solution has been pretreated
by magnetic stirring in the dark environment for 20 min to achieve
adsorption—desorption equilibrium of MB on the catalyst surface.
After attaining the equilibrium, 2 mL of sample was taken from the
reaction mixture in an interval of 10 min and irradiated with
UV—Vis light. The characteristic peak for MB (~600 nm) has been
employed to monitor the photocatalytic degradation. After com-
plete decolorization the catalyst was recollected through centrifu-
gation and recycled it to check the stability and reusability of the
catalyst.

3. Results and discussion
3.1. Synthesis of the complex

The precursor compound, H»L!, was synthesized by the
condensation of 2-amino-1-butanol with 5-bromosalicyldehyde in
acetonitrile medium following the literature method [20—29]. The
precursor compound was not isolated and used directly for the
synthesis of the cobalt(Ill) complex without any further purifica-
tion. Addition of the methanolic solution of cobalt(Il) acetate tet-
rahydrate in the acetonitrile solution of precursor compound (HL")
followed by the addition of aqueous-methanol solution of sodium
azide produced a dark brown coloured alkoxo-bridged dinuclear
cobalt(lll) complex, [(N3)L'Co™?Co™L!]. The formation of the

complex is shown in Scheme 1.

The amine ligand, HL?, most probably originates in situ via hy-
drolysis of the precursor compound, HoL. As sodium azide is
sparingly soluble in methanol, we used a methanol-water mixture
solution (4: 1) of it. This increased concentration of water might be
responsible for the initiation of hydrolysis. A plausible mechanistic
pathway of hydrolysis of precursor compound is shown in Scheme
2.

Single crystal X-ray class dark brown single crystals of the
complex were obtained from the 1: 1 methanol—acetonitrile so-
lution. Cobalt(II) is readily oxidised to cobalt(IIl) by aerial oxygen in
presence of Schiff base like strong field ligand, as was also observed
in several other cobalt-Schiff base complexes [20,22,24]. We have
repeated the reaction under inert atmosphere, but no complex
could be isolated.

3.2. Description of the solid-state structure

Single crystal X-ray crystallographic data analysis reveals that
the complex crystallizes in the triclinic space group, Pl. A
perspective view of the complex together with the selective atom
numbering scheme is shown in Fig. 1. The structure determination
reveals that the complex consists of a discrete dinuclear unit [(N3)
L'co™2Co™L'] along with two and half lattice water molecules.
Selective bond lengths and angles are gathered in Tables 2 and 3,
respectively.

The basal plane of cobalt centre, Co(1), consists of one imine
nitrogen atom, N(1), one phenoxo oxygen atom, O(4) and one hy-
droxy oxygen atom, O(1) from a deprotonated Schiff base ligand,
(L'~ and one bridging hydroxy oxygen atom, O(2) of another
deprotonated Schiff base ligand, whereas the axial coordination
sites are occupied by one terminal azide nitrogen atom, N(2) and
one bridging hydroxy oxygen atom, O(3) which is a structural part
of a deprotonated free amine moiety, (L?)~. The deviation of the
coordinating atoms, N(1), O(4), O(2) and O(1), in the basal plane
from the mean plane passing through them are 0.042(5), 0.001(3),
0.040(3) and —0.006(3) A and that of Co(1) from the same plane
is —0.0763(6) A. On the other hand, the basal plane of other cobalt
centre, Co(2), consists of one imine nitrogen atom, N(5), one phe-
noxo oxygen atom, O(5) and one hydroxy oxygen atom, O(2) from a
deprotonated Schiff base ligand and one bridging hydroxy oxygen
atom, O(3) of a deprotonated free amine moiety. The amine nitro-
gen atom, N(6), of the deprotonated free amine moiety and
bridging hydroxy oxygen atom, O(1) of the deprotonated Schiff
base constitute the axial plane of cobalt centre, Co(2). In this case,
the deviation of the coordinating atoms, N(5), O(2), O(3) and O(5),
in the basal plane from the mean plane passing through them
are —0.010(4), 0.027(3), —0.012(3) and 0.025(3) A and that of Co(2)
from the same plane is —0.0296(5) A.

A Coy03 core is formed due to tri-p-hydroxo bridging. Within
the core bridging angles, Co(1)—0(1)—Co(2), Co(1)—0(2)—Co(2)
and Co(1)—0(3)—Co(2), are 82.45(11)°, 83.82(10)° and 83.16(11)°,
respectively. The distance between two cobalt centres, Co(1)---
Co(2), is 2.5539(9) A. It is important to note that each cobalt centre
is showing distorted octahedral geometry. The distortion from ideal
octahedral geometry for each cobalt centre is due to restrictions
imposed by the ligand, as evidenced by the bite angles (Table 3).
Saturated five-membered chelate rings, R(1) [Co(2)—-0(2)-C(16)—
C(17)—N(5)] and R(2) [Co(2)—0(3)—C(30)—C(31)—N(6)] are present
in half chair conformation with puckering parameters [61,62]
Q=0.514(5) A, ¢=2683(4) for R(1) and Q=0.440(4) A,
¢ =273.9(4)° for R(2).
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Scheme 1. Synthetic route to the complex.
R! H R. H . M
- N , N~
" o Stend: P X tN OH Step 2:1,2 N: H
C ep 1: Protonation ”‘j' 2 _addition of water __ |/0/\
' -H0 . CHH
R H R/ \H R/ \H
Step 3: Proton
transfer
O: H 'O/—\
T steps: 22 (O stepa:1,2 R\ M
c ~_ Deprotonation elimination +N—H
2% = |
R H

c _d-H
R/ \H m /C\H

Coordinated to cobalt centre

Scheme 2. Probable mechanistic pathway for in situ formation of amine ligand.

3.3. Theoretical calculations of solid state supramolecular
interactions

The complex contains Br atoms in its structure that participates
in a “non-directional” halogen bonding with the azide coligand,
which is uncommon for halogen bonding. The theoretical study is
devoted to analyse the energy associated to the halogen bonding
interactions along with other more conventional interactions like
hydrogen bonding and C—H- - - .

In Fig. 2, we represent a partial view of the X-ray packing of the
complex where two infinite and anti-parallel 1D supramolecular
chains are represented. The creation of these 1D assemblies is
governed by the formation of N3---H—N interactions, represented
as black dashed lines. Curiously, the supramolecular chains are
connected by means of Br---N contacts among other weak in-
teractions (vide infra) that are analysed below.

First of all, we have studied the energy associated with H-
bonding interactions that governs the formation of the 1D supra-
molecular chain. We have computed a dimer retrieved from the
infinite chain (Fig. 3a) and its formation energy is strong
AEq = —28.4 kcal/mol because of the anionic nature of the azide
ligand and the enhanced acidity of the —NH; group (H-bond donor)
due to its coordination to the metal centre. We have also computed

the “non-covalent Interaction plot” (NCI plot) index in order to
characterize the interactions in this dimer of the complex. The NCI
plot is an intuitive visualization index that enables the identifica-
tion of non-covalent interactions easily and efficiently. The NCI plot
is convenient to analyse host—guest interactions since it clearly
shows which molecular regions interact. The colour scheme is a
red-yellow-green-blue scale with red (repulsive) and blue (attrac-
tive). Yellow and green surfaces correspond to weak repulsive and
weak attractive interactions, respectively. The representation of the
NCI plot is shown in Fig. 3b. As noted, the hydrogen bond is char-
acterized by the presence of a small blue isosurface between the
N—H and N3 groups. Quite interestingly, the NCI plot reveals the
existence of a green and more extended isosurface between the
azido ligand and the aromatic ring, thus suggesting the presence of
an anion—T interaction, also indicated in Fig. 3a. Finally, there is
also a weak interaction (green isosurface) between the other aro-
matic ring and the ethyl group of the aliphatic ligand, thus sug-
gesting the participation of a C—H---m interaction that also
contributes to the stabilization of the assembly. This analysis re-
veals a quite intricate combination of noncovalent bonds (the
stronger is the H-bond as revealed by the color of the surface) that
govern the formation of the 1D supramolecular assembly in the
complex.
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Fig. 1. Molecular structure of the complex with selective atom numbering scheme. Only the major component of the disorder has been shown. Hydrogen atoms and lattice water

molecules have been omitted for clarity.

Table 2
Selected bond lengths (A) of the titled complex.
Co(1)-0(1) 1.906(3)
Co(1)-0(2) 1.935(3)
Co(1)-0(3) 1.950(3)
Co(1)-0(4) 1.859(3)
Co(1)-N(1) 1.845(4)
Co(1)-N(2) 1.936(4)
Co(2)-0(1) 1.969(3)
Co(2)-0(2) 1.888(3)
Co(2)-0(3) 1.898(3)
Co(2)-0(5) 1.873(3)
Co(1)-N(5) 1.866(3)
Co(1)-N(6) 1.927(4)
Table 3
Selected bond angles (°) of the titled complex.
0(1)-Co(1)-0(2) 81.61(12) 0(1)-Co(2)-0(2) 81.16(12)
0(1)-Co(1)-0(3) 79.85(12) 0(1)-Co(2)-0(3) 79.55(12)
0(1)-Co(1)-0(4) 172.49(13) 0(1)-Co(2)-0(5) 94.99(12)
0O(1)-Co(1)-N(1) 89.03(16) 0(1)-Co(2)-N(5) 98.09(15)
0(1)-Co(1)-N(2) 92.89(15) 0(1)-Co(2)-N(6) 165.62(13)
0(2)-Co(1)-0(3) 79.93(12) 0(2)-Co(2)-0(3) 82.44(12)
0(2)-Co(1)-0(4) 92.11(12) 0(2)-Co(2)-0(5) 175.31(12)
0(2)-Co(1)-N(1) 168.44(18) 0(2)-Co(2)-N(5) 87.21(14)
0(2)-Co(1)-N(2) 95.87(15) 0(2)-Co(2)-N(6) 91.93(13)
0(3)-Co(1)-0(4) 95.06(12) 0(3)-Co(2)-0(5) 94.27(12)
0(3)-Co(1)-N(1) 91.80(17) 0(3)-Co(2)-N(5) 169.61(15)
0(3)-Co(1)-N(2) 172.04(15) 0(3)-Co(2)-N(6) 87.08(13)
0(4)-Co(1)-N(1) 96.70(16) 0(5)-Co(2)-N(5) 96.02(14)
0(4)-Co(1)-N(2) 91.84(15) 0(5)-Co(2)-N(6) 91.23(13)
N(1)-Co(1)-N(2) 91.35(19) N(5)-Co(2)-N(6) 94.13(15)

We have also computed the dimer retrieved from the X-ray
structure where two symmetrically related Br---N interactions are
formed and connect the 1D chain (Fig. 2). As can be observed in
Fig. 4a, the directionality of the Br---N interaction is not the typical
for a halogen bond, which is usually very linear. We have computed
the interaction energy of this dimer, which is very large
(AE; = —45.2 kcal/mol) due to the participation of several in-
teractions including C-H- - - and C-H---N, as indicated in Fig. 3a. In

an effort to estimate the contribution of the Br---N interactions to
the binding energy of the dimer, we have computed a theoretical
dimer where the Br atoms have been replaced by H-atoms (small
arrows in Fig. 4b). As a result, the binding energy is slightly reduced
to AE3 = —43.3 kcal/mol, thus indicating that the contribution of
both Br---N interactions is very small (—1.9 kcal/mol). This small
contribution is likely due to the directionality of the interaction,
where the Br atom is pointing to the m-system of the azido ligand.
Therefore, this weak interaction might be better defined asaBr- - -7
halogen bond. We have also computed the NCI plot index in order
to characterize the halogen bonding interaction in the dimer of the
complex (Fig. 4c). The halogen bond is characterized by a small
green isosurface that is located between the Br and one N atom of
the azido ligand. Moreover, an additional green isosurfaces are
located between the aromatic H atoms and two N atoms of the
azido ligand, also contributing to the stabilization of the dimer. In
addition, several green isosurfaces are located between both di-
mers, thus revealing the existence of several van der Waals contacts
(including C—H- - - interactions) that explain the large binding
energy obtained for this dimer.

3.4. Hirshfeld surface analysis

In solid state, crystal structure of a complex can be determined
by a combination of several significant intermolecular and intra-
molecular interactions, and hence all these interactions should be
taken into account. Hirshfeld surface analysis helps us to visualize
and investigate these important interactions. Visualization and
investigation of these major interactions using Hirshfeld surface-
based tools symbolize a crucial progress in enabling supramolec-
ular chemists and crystal engineers to gain insight into crystal
packing. The Hirshfeld surfaces of the synthesized complex map-
ped over none, dj, de, dnorm, Shape index and curvedness shown in
Fig. 5. The surfaces are shown as transparent so that the molecular
moieties around which Hirshfeld surfaces are calculated could be
visualized. Generally, Hirshfeld surface and properties defined by it
emphasize a whole-of-molecule approach to understanding inter-
molecular interactions, they can also be used in conjunction with
a more direct atom---atom based approach to gain a fuller
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Fig. 2. 1D supramolecular chain observed in the X-ray solid state structure of the complex. Only the hydrogens participating in hydrogen bonds have been shown for clarity.

AE1 = -28.4 kcal/mol

anion—1r

Fig. 3. (a) Dimer extracted from the 1D supramolecular chain observed in the X-ray solid state structure of the complex and its interaction energy. (b) NCI surface of the dimer of the
complex, extracted from the 1D supramolecular chain. The gradient cut-off is s = 0.35 au, and the color scale is —0.04 <p < 0.04 au. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

C—H-m
AE3 = —43.3 kcal/mol

AE2 = —45.2 kcal/mol

Fig. 4. (a) Dimer retrieved from the crystal structure of the complex. Distances in A. (b) Model without any Br atoms, which has been replaced by H-atoms (c) NCI surface of the
dimer of complex. The gradient cut-off is s=0.35 au, and the color scale is —0.04 <p <0.04 au. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Shape index

Curvedness

Fig. 5. Hirshfeld surfaces of the complex mapped with none, d;, de, dnorm, Shape index and curvedness.

appreciation of the important interactions in a molecular crystal.
The dominant interactions of the complex are H---H, C---H/H:--C,
N---H/H---N, O---H/H---O and Br---H/H---Br. Red spots on the dporm
surface (Fig. 5) indicate that these interactions are dominant.
Additionally, the two dimensional fingerprint plots (Fig. 6) exem-
plify various inter-molecular interaction patterns associated with
the complex and their relative contributions in percentage scale. In
the two dimensional fingerprint plots inter-molecular interactions
become visible as distinct spikes. Complementary regions are
visible in the two dimensional fingerprint plots where one

A 06 08 1.0 1.2 14 1.6 1.8 2.0 2.2 2.4

24
2.2
2.0
1.8
16
14
1.2

1.0

molecule act as donor (de>di) and the other as an acceptor
(de < di). Fingerprint plots can also be exploited to highlight the
selected atoms pair close contacts. This exploitation permits sepa-
ration of contributions from different interaction types, which
overlap in the whole fingerprint plots [63].

3.5. Spectral and magnetic characterization

The IR and electronic spectra of the synthesized complex are in
excellent agreement with its crystal structure. Some of the

) 06 08 1.0 12 1.4 16 1.8 20 22 24

Fig. 6. Two dimensional fingerprint plots of the complex: Full and resolved into H---H, C---H/H:--C, O---H/H:--O, N---H/H:--N and Br---H/H---Br contacts showing the percentages of
contacts contributed to the total Hirshfeld Surface area of the complex. Surfaces in the right hand columns highlight the relevant surface patches associated with the specific

contacts in the total Hirshfeld Surface area of the complex.



K. Ghosh et al. / Journal of Organometallic Chemistry 883 (2019) 52—64 59

extremely informative infrared and electronic absorptions which
assist in the structural characterization of the complex are gathered
in the Experimental section. In IR spectrum of the complex, distinct
bands due to the azomethine (C=N) group at 1591 cm~' and
1631 cm™! are customarily noticed [64—66]. A strong absorption
band in IR spectrum of the complex at 2021 cm~! indicates the
presence of terminal azide [67,68]. A moderately strong band at
3134cm™! is observed in IR spectrum of the complex, which may
be ascribed to the N—H stretching vibration [26,27]. Broad bands in
the range of 2880—2962 cm™! due to alkyl C-H stretching vibra-
tions are routinely noticed in IR spectrum of the complex [69,70]. A
broad band centered at 3402 cm ™ is observed in IR spectrum of the
complex due to O-H stretching of the water molecule, which is
involved in hydrogen bonding [71,72].

The electronic spectrum of the complex in DMF medium con-
sists of four most fundamental bands around 264 nm, 315 nm,
410 nm and 540 nm. An octahedral cobalt(Ill) complex, in presence
of strong field ligand (like Schiff base) is expected to have two d-
d transitions, 1T1g<— 1A1g and 1T2g<— 1A1g in the visible region along
with higher energy charge transfer transitions. In present case, the
electronic spectrum of synthesized complex shows broad absorp-
tion bands around 410 nm and 540 nm, corresponding to these two
spin allowed d-d transitions, as was also observed in similar com-
plexes [73,74]. High energy absorption bands around 264 nm and
316 nm may be attributed to the ligand to metal charge transfer
transitions and intra-ligand ©— 7*/n— w* transitions [75—77].

Magnetic susceptibility measurement at room temperature
confirms that the complex is diamagnetic in nature, as expected for
low spin octahedral cobalt(Ill) complexes [20,22,24,26].

3.6. Phosphate ester bond cleavage study

The complex was utilized as catalyst for hydrolysis of 4-NPP. The
catalytic activity was performed in aqueous DMF (98% DMF, v/v)
medium because of very good solubility of the complex, substrate
and their products. The efficiency of P-O bond cleavage of the
complex was screened completely by monitoring the spectral
change in the wavelength scan (300-500 nm) of a mixture solution
for 2h where complex to substrate ratio is maintained around
1:100 stoichiometrically (Fig. 7). The electronically silent substrate
4-NPP leads to band maxima around 425 nm characteristic of 4-

2.0
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Fig. 7. Time resolved wavelength scan for the hydrolysis of 4-NPP in absence and
presence of the complex in aqueous DMF (98% DMEF, v/v) at an interval of 3 min.

nitrophenolate ion owing to the hydrolytic action of the complex.
The resulting solutions were also monitored spectrophotometri-
cally after 48 h which show the formation of 4-nitrophenolate as
the sole product with no further increase of band maxima. These
consequences undoubtedly indicate that the complex is active to-
wards phosphatase mimicking activity. A blank experiment
without any catalyst for the hydrolysis of 4-NPP was also carried
out under identical conditions and in this case, no significant
growth of the absorption bands around 425 nm was observed. The
complete kinetic investigations were performed to realize the
extent of the catalytic efficiency.

3.7. Complete kinetic investigation through a number of enzyme
kinetic plots

The Michaelis-Menten model is the simplest and best-known
approach to evaluate the kinetic parameters of biochemical re-
actions involving a single substrate. However, Lineweaver—Burk,
Hanes—Woolf and Eadie—Hofstee equations, which can be ob-
tained through modification of Michaelis—Menten equation, may
also be utilized to treat this type of biochemical reactions. All these
equations are used to evaluate various kinetic parameters for
phosphatase mimicking activity of the complex. In enzyme kinetics,
turnover number (also termed as kc;¢) is defined as the maximum
number of chemical conversions of substrate molecules per unit
time that a single catalytic site will execute for a specific enzyme
concentration. The turnover number (k¢a¢) is calculated by dividing
the Vmax by the concentration of the catalyst used. The specificity
constant (also termed as kc,¢/Ky ratio) is a measure of how effi-
ciently a catalyst converts substrates into products. This ratio is a
useful index for measuring the substrate specificity of catalyst. A
comparison of specificity constants can also be used as a measure of
the preference of an enzyme for different substrates. The higher the
specificity constant, the more the enzyme prefers that substrate.
Fig. 8 represents the Michaelis—Menten, Lineweaver—Burk,
Hanes—Woolf and Eadie—Hofstee plots of the complex for catalytic
conversation of 4-nitrophenylphosphate to 4-nitrophenolate. All
kinetic parameters for phosphatase mimicking activity of the
complex is gathered in Table 4. The k¢ value suggest that the
complex is very much effective towards catalytic conversation of 4-
nitrophenylphosphate to 4-nitrophenolate.

3.8. Mechanistic pathway of phosphatase mimicking activity

It is evident from the reaction kinetics that the complex could be
acts as efficient catalyst for hydrolysis of 4-nitrophenylphosphate at
25 °C. A number of factors may influence the catalytic activity, such
as the variable oxidation state of the metal, coordination geometry
around the metal centre, metal-metal distance, ligand flexibility,
exogenous bridging ligand etc [33,78—80]. The catalytic activity
depends on the interaction between substrate and catalyst. In
several previous reports where mechanistic considerations of these
types of catalytic P-O bond cleavage investigations are presented, it
is established that the hydrolysis proceeds through a stable
catalyst-substrate intermediate [29,32,81,82]. It is worthy to
mention here that the mechanistic pathway may proceed through a
multistep sequence and catalytic cycle initiates with the nucleo-
philic attack on the phosphorus atom of the substrate, leading to
the cleavage of the P-O bond, as suggested by M. Toscano et al [83].
Based on these previous reports, we can assume that the reaction
mechanism proceeds through at least one stable catalyst-substrate
intermediate. Catalytic aerobic oxidation of 4-
nitrophenylphosphate is depicted in Scheme 3.

In order to get an insight into the nature of probable catalyst-
substrate intermediate, the ESI-MS positive spectrum of a 1: 40
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Fig. 8. Michaelis—Menten plot (a), Lineweaver—Burk plot (b), Hanes—Woolf plot (c) and Eadie—Hofstee plot (d) of the complex for catalytic conversation of 4-nitrophenylphosphate
to 4-nitrophenolate.

Table 4

Kinetic parameters of the complex for phosphatase mimicking activity using various enzyme kinetic plots at 25 °C in DMF-water medium.
Enzyme kinetic plots Vinax = SE (M §71) Km + SE (M) keat+=SE (S71) keat/Kn+SE (ST' M1
Michaelis-Menten Plot (1.411+0.004) x 10~ (35.100+0.001) x 107 (1.411£0.004) x 10! (0.402 +0.004) x 102
Lineweaver-Burk plot (1.396 +0.018) x 10~ (34.542 +0.003) x 10~ (1.396 +0.018) x 10! (0.404 + 0.004) x 10*2
Hanes-Woolf plot (1396 +0.012) x 10~ (34.542 +0.002) x 10~ (1.396 +0.012) x 10! (0.404 +0.003) x 102
Eadie-Hofstee plot (1.382+0.006) x 106 (34.100+£0.001) x 10~ (1.382 +0.006) x 10! (0.401 +0.002) x 102
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Scheme 3. Catalytic aerobic oxidation of 4-nitrophenylphosphate to 4-nitrophenolate.
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Fig. 9. Electrospray ionization mass spectrum (ESI-MS positive) of 1: 40 mixture of the complex and 4-nitrophenylphosphate in DMF medium.

mixture of the complex and 4-nitrophenylphosphate in DMF was
recorded after 2min of mixing, and the related spectrum is
depicted in Fig. 9. ESI-MS positive spectrum of the complex is also
recorded just to achieve a correlation and to determine the stability
of the catalyst in reaction medium (Fig. 10). The peak at m/
z=769.0861 corresponds to the formation of catalyst-substrate
intermediate, [Co(L)(L?)(4-NPP)(DMF)(Na)(K)]*. The peak around
m/z ~659 is indicative of a fragment of the catalyst, [Cox(L')s]",
corresponding to the loss of amine moiety and azide. Here also it is
worth mentioning that during the formation of this fragment, one
Co' is reduced to Co". Such kind of reduction is observed in ESI-Ms
mass spectra of transition metal complexes [84-86].

3.9. Photocatalytic degradation of methylene blue

For detail investigation of photocatalytic activity of the complex,
methylene blue (MB) is selected as models of dye contaminant.
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Fig. 10. Electrospray ionization mass spectrum (ESI-MS positive) of the complex in
DMF medium.

Interestingly, the synthesized complex displays the photocatalytic
activities under visible light irradiation. As illustrated in Fig. 11, the
absorption peak of MB decreased distinctly with the irradiation
time increasing from O to 90 min in the presence of the complex,
which clearly indicates the photocatalytic degradation of MB. It is
evident that the intensity of the characteristic absorption peak of
MB (~600 nm) decreased with the increase of irradiation time in
the degradation process. Additionally, the photocatalytic degrada-
tion efficiency of the complex is defined as C;/Cy, where C; and Cy
symbolize the remnant and initial concentration of methylene blue,
respectively. The changes in the C;/Cy plot of MB solution versus
irradiation time are shown in Fig. 12. The calculation of experi-
mental results shows that the complex is able to degrade ca. 55% of
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Fig. 11. Absorption spectra of the MB solution during the decomposition reaction
under visible light irradiation in the presence of the complex.
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Fig. 12. Photocatalytic decomposition of MB solution under visible light irradiation
without any complex (curve I), with the use of cobalt(Il) acetate tetrahydrate (curve II)
and with different amounts of complex (curve IIl, IV and V with 8, 10 and 12 mg
complex, respectively) under identical environment.

MB after 90 min of irradiation using only 8 mg of the complex
(curve Il of Fig. 12). Use of 10 and 12 mg of the complex, the ratio of
the degradation reaches about 60 and 82%, respectively (curve IV
and V of Fig. 12).

To confirm the photocatalytic activity of the complex, a similar
experiment without any catalyst under identical environment have
been performed, which showed only very little decomposition of
MB. The photocatalytic activity of cobalt(Il) acetate tetrahydrate has
also been studied to MB under identical condition, which showed
that the rate of degradation was still very slow (less than 20%).

A reasonable mechanistic pathway for the photocatalytic
degradation of organic dye is given in Scheme 4. As shown in the

Conduction Band
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several previously reported articles [30—32], the optical band gap
(Eg) is the most important factor affecting the speed of the photo-
catalytic degradation of methylene blue. The band gap (Eg) may be
defined as the intersection point between the energy axis and the
line extrapolated from the linear portion of the adsorption edge. It
is easily understandable that at initial step of photocatalytic cycle is
the promotion of electrons (e~) from valence band (VB) to con-
duction band (CB) upon irradiation of visible light. Due to this
excitation phenomenon equal amount of holes (h™) is created in VB.
It is a well known fact that holes (h™) can act as powerful oxidants
and electrons (e”) can act as powerful reductants. So, effective
degradation of MB can easily be happen in presence of holes. On the
other hand, the adsorption of molecular oxygen (O3) or the hy-
droxyl ion (OH™) on the surface of the complex and eventually it
gets converted to hydroxyl radical (OH) which is also responsible
for effective degradation of MB.

In order to verify whether the complex is capable of maintaining
its structural integrity after photocatalytic process, IR spectrum of
the complex was recorded before and after photocatalytic reaction.
The IR spectrum of the complex after photocatalytic reaction is in
excellent agreement with the IR spectrum of pure complex, con-
firming the structural integrity of the complex after photocatalytic
degradation of MB. Alternatively, we can say that the complex is
chemically intact during the photocatalytic reaction. Fig. 13 illus-
trates IR spectrum of the complex before and after the photo-
degradation process.

4. Concluding remarks

In a nutshell, a dinuclear alkoxo bridged cobalt(Ill) Schiff base
complex has been synthesized and structurally characterized. The
complex is found to exhibit several significant non-covalent in-
teractions i.e. halogen and hydrogen bonding in the solid state.
Analysis of energies associated to these interactions has been
conducted using DFT calculations, and further corroborated with

Methylene Blue
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20,
Degradation Products

Methylene Blue

Degradation Products
H,0/0OH"

Methylene Blue

Degradation Products

Scheme 4. Probable mechanistic pathway for the photocatalytic degradation of methylene blue.
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Fig. 13. IR spectrum of the complex before (red) and after (blue) the photodegradation
process (blue). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

NCI plot index computational tool. It presents an intricate combi-
nation of interactions including relevant C-H---m and anion-- -7
that assist to construction of the solid state architecture of the
complex. The complex is capable of showing appreciable phos-
phatase activity (kcac = ~0.14 s~ 1) with 4-NPP substrate. In addition,
the complex presents significantly impressive photocatalytic ac-
tivity for the decomposition of MB under irradiation of visible light.
Work is in progress to prepare other new cluster-based coordina-
tion complexes with improved photocatalytic activities for the
degradation of other organic dyes. In view of these merits, we
anticipate that the titled complex would open up a new direction
for the development of multifunctional molecular entities for bio-
analytical and biomimetic applications.
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