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A B S T R A C T

Interaction of the diphosphoric acid (H4P2O7) and organic ligand (3.4-dimethylaniline) with transition metal ions,
cobalt (II) chloride leads to the formation of novel stable Co(II)-diphosphate cluster with empirical formula
(C8H12N)2[Co(H2P2O7)2(H2O)2].2H2O. The structure of the synthesized material was confirmed by single crystal
XRD at 120 K. The crystal was plate and crystallized in the triclinic P 1 space group with a ¼ 7.5340(4) Å, b ¼
7.5445(4) Å, c ¼ 13.6896(8) Å, α ¼ 84.215(5)�, β ¼ 76.038(5)�, γ ¼ 74.284(5)�, V ¼ 726.38(7) Å3 and Z ¼ 1.
Full-matrix least-squares refinement converged at R ¼ 0.035 and Rw ¼ 0.088 for 3636 independent observed
reflections. Indeed, the purity phase was confirmed by the powder X-ray diffraction. A detailed analysis of the
intermolecular close interactions and their percentage contribution has been performed based on the Hirshfeld
surfaces and their associated two-dimensional fingerprint plots. In this context, spectroscopic studies were per-
formed to distinguish the different chemical functional groups and their environments in this molecule. To
determine the optical properties, the UV–Visible and luminescence behavior were investigated. The magnetic
properties have been investigated in the temperature range 2–300 k. The geometry of the hybrid complex was
optimized in the gas phase, using density functional theory (B3LYP) with the 6-31þG (d,p) basis sets, it is found
that the calculated and the experimental results were in good consistency. Furthermore, the synthesized product
was screened for its antioxidant activities. Molecular docking study was additionally carried.
1. Introduction

Historically speaking, Mother Earth is considered as an ancient
example of the creation of hybrid materials. The latter, are known as a
structure that gathers the desirable properties of both the organic and
mineral components in a single phase [1]. The birth of hybrid
organic-inorganic materials was spontaneously since hundreds of mil-
lions years earlier than we knew. Thus, this concept has monopolized the
attention of scientists and inspired them to start manmade these com-
pounds with extraordinary new physicochemical properties.

Thanks to their well diversified structural, richer geometry and new
behavior, those materials have drawn great interest and are often
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employed in wide applications like pharmaceutical industries [2,3], op-
tics [4–8], and catalysis [9].

Quite recently, a keen interest is focused on the integration of various
transition metal ions with hybrid compounds, as a result of not only their
excellent biological activities due to chelation [10] but also for their
chemical and physical properties. To taking advantage of all these
technologically distinctive properties, researchers have been vigorously
used these complexes in many scientific areas and importantly within
medicinal biochemistry, where a lot of metal-based drugs have been used
with diverse therapeutic activity [11–16]. Notably, platinum was among
the first metals used as essential drugs in 50–70% of all cancer chemo-
therapy [17–19]. Up till now, three platinum complexes are used
2021
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Table 1
Crystal data and experimental parameters used for the intensity data collection
strategy and final results of the structure determination.

Empirical formula (C8H12N)2[Co(H2P2O7)2(H2O)2].2H2O

Formula weight
Temperature (K)
Wavelength (A �)
Crystal system
Space group a (Å)
b (Å)
c (Å)
α(�)
β(�)
γ(�)
Volume (Å3)
Z
Dcalc (g cm�3)
Absorption coefficient
F (000)
Theta range for data collection
Crystal size (mm3)
Limiting indices
Reflections collected
Reflections observed
Goodness-of-fit on F2

Final R indices
Largest diff. peak and hole (e Å�3)

727.28 (g mol�1)
120
0.71073
Triclinic
P1
7.5340(4)
7.5445(4)
13.6896(8)
84.215(5)
76.038(5)
74.248(5)
726.38(7)
1
1.663
0.892 (mm�1)
377
2.807

�
- 29.865�

0.10 � 0.08 � 0.04
�9<h < 9, -9<k < 10, -13<l < 19
6162
3097
1.09
R1 ¼ 0.035 and wR2 ¼ 0.1527
0.50 and -0.35

Table 2
Hydrogen-bond geometry (Å, �) of (C8H12N)2[Co(H2P2O7)2(H2O)2].2H2O with
estimated standard deviation in parentheses.

D-H … . … … A D-H(Å) H … A(Å) D … A(Å) D-H … A(�)

O(2)–H(20) … O(5)ii 0.824(17) 1.752(17) 2.574(2) 175(3)
O(6)–H(60) … O(3)iii 0.841(16) 1.719(17) 2.557(2) 174(3)
O(8)–H(80) … O(5)ii 0.848(17) 1.920(18) 2.764(2) 173(3)
O(8)-H(8P)⋯O(3)iv 0.817(17) 2.095(18) 2.904(2) 170(3)
O(9)-H(9A) … O(5)iii 0.842(17) 2.094(18) 2.924(2) 169(3)
O(9)-H(9B)⋯O(3)v 0.825(16) 2.033(18) 2.849(2) 170(3)
N(1)-H(1A) … O(1) 0.908(16) 1.992(19) 2.802(2) 148(2)
N(1)-H(1B) ⋯O(2)v 0.881(16) 2.46(2) 3.091(2) 129(2)
N(1)-H(1B) ⋯O(7)i 0.881(16) 2.17(2) 2.887(2) 139(2)
N(1)-H(1C) ⋯O(9) 0.901(16) 1.911(17) 2.799(2) 168(3)

Symmetry codes: (i) -xþ1, -yþ1, -zþ1; (ii) -xþ2, -yþ1, -zþ1; (iii) -xþ1, -yþ2,
-zþ1; (iv) x, y-1, z; (v) x-1, y, z.
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clinically, starting with cisplatin cis-[Pt(NH3)2Cl2] which has been
available since 1978 [20], and the two other platinum (II) complexes
were carboplatin and oxaliplatin. Besides platinum, other transition
metals such as titanium was employed with the same aim and acted as an
anticancer drug against breast and gastrointestinal carcinomas [21].
Also, many scientists and pharmacological works have found that gold is
a good therapeutic potential of rheumatoid arthritis (RA) [22] such as
joint pain and swelling. Additionally, Transition metal complexes of
vanadium have been extensively explored for diabetes treatment by
decreasing the level of hyperglycemia [23].

In this way, some Co(II) complexes have been combined with a va-
riety of base ligands and have been evolved enormously in a great
number of areas such as catalysis [24], antibacterial activity [25], sep-
aration and encapsulation. From a physical point of view, Co(II) com-
plexes are excellent candidates in the field of magnetism [26], because
they have showed a high ability to serve as strong models of magnetic
behavior. This behavior is related, in particular, to the single-ion Co(II)
with the electronic configuration 3d7, the strong first-order spin-orbit
coupling and the ground spin state (S ¼ 3/2) [27,28]. In this aspect,
several cobalt(II)-based complexes have been reported in numerous co-
ordination geometries. This work is particularly focused on composite
where the Co(II) arising in octahedral coordinate.

Furthermore, organic amines play a pivotal role in the design and the
determination of the final structures. Among the different types of
amines, aniline with the formula C6H5NH2 and its derivates are inten-
sively used as structure-directing agents in the synthesis. The latter are
weak bases and consist of a benzene ring attached to an amino group. In
this context, aniline and substituted anilines can be applied in numerous
fields such as pharmaceuticals, pesticides, dyes and pigments [29].

Oxidative stress (OS) is occurred by an imbalance between oxidant
and antioxidant species at the cellular or individual level [30]. This
imbalance is generated directly from the high level of reactive oxygen
species (ROS) in cells, which can cause serious chronic diseases that is
cancer, aging, diabetes and coronary heart disease [31,32]. Therefore,
the search for new antioxidant agents, prevent or reduce the impact of
oxidative stress, has been the subject of intense research. In particular,
transition metal complexes are of special interest due to their highly
efficient antioxidant activities. Among these synthetic complexes, the
cobalt (II) complexes have showed very interesting antioxidant results
[33,34].

Herein, we report the preparation of (C8H12N)2[Co(H2P2O7)2(-
H2O)2].2H2O through the method of crystallization. Foremostly, an
analysis by single-crystal X-ray diffraction has been undertaken in order
to reach a fine description of the architecture of the title compound and
provide valuable informations about the internal lattice (unit cell di-
mensions, bond-lengths, bond-angles) then the structure was optimized
at DFT/B3LYP method with the 6-31þG (d,p) basis sets in order to better
understand the molecular bonds and its relationship in observing the
spectral features. The information about intermolecular interaction was
examined by using Hirshfeld surface analysis. Frontier orbitals and mo-
lecular electrostatic potential of the title compound have been calculated.
Moreover, the optical and magnetic properties have been also well dis-
cussed in detail. The antioxidant activities were determined. Finally,
Molecular docking studies were performed between the newly synthe-
sized compound and peroxiredoxin 5 enzymes.

2. Experimental

2.1. Crystal chemistry

Plate and colorless single crystals of the title compound were syn-
thesized at room temperature by the reaction of diphosphoric acid
H4P2O7 (2.8 mmol,�95%), CoCl2 (1.4 mmol, 97%) and 3.4-dimethylani-
line (5.61 mmol, 98%) carried out in an acidic medium. The diphos-
phoric acid was produced from Na4P2O7 by using an ion-exchange resin
(Amberlite IR 120) in its H-state.
2

The resulting solution was stored at room temperature, after several
days of slow evaporation the as grown crystals appeared.
2.2. Crystal structure

Single crystal X-ray diffraction measurement was carried out on a
SuperNova diffractometer equipped with a MoKα anticathode and a
graphite monochromator (λ ¼ 0.71073 Å) radiation. Crystal structures
were solved with direct method SHELXT [35] and refined by full-matrix
least squares technique on F2 using SHELXL2018/1 software [36]. 6162
are the total number of measured reflections of which 3636 reflections
are independent. The non-hydrogen atoms were refined anisotropically.
All hydrogen atoms were situated in geometrically optimized positions
and treated as riding atoms. The molecular plots were created using the
DIAMOND program [37]. The details of data collection for the new
material are summarized in Table 1. The geometrical characteristics of
the hydrogen bonds are listed in Table 2.

X-ray powder diffraction (XRD) measurements were collected using a
BRUKER D8-advance diffractometer with CuKα radiation (λ ¼ 1.5406 Å)
at a scanning speed of 2�/min over the 2θ angular range from 0 to 40�.

In order to visualize and explore the intermolecular interactions in
the crystal of the title compound, a Hirshfeld surfaces mapped with dnorm
and their associated two-dimensional fingerprint were constructed from



Fig. 1. Experimental and simulated powder XRD patterns of the pre-
pared compound.
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CIF file and were plotted using Crystal Explorer (version 3.1) software
[38].

2.3. Computational methodology

Density functional theory (DFT) is one of the standard computational
tools and one of the most important steps to predict the correct geometric
structure to get reliable results. Indeed, ground state (GS) geometry
optimization and frequency calculations of the title compound were
accomplished by means of the Gaussian 16 software [39], the optimized
geometry is true minimum. The maximum electronic absorption bands
were calculated using TD-DFT at the same level of theory, i.e.,
B3LYP/6-31þG(d,p). ESP surface is obtained at the same level of theory.
The solvent effects are taken into consideration using the polarizable
continuum model (IEFPCM) [40].The structure based on the crystallo-
graphic data in the supplementary table was used as starting points at the
density functional theory (DFT) with the Becke-three-parameter hybrid
exchange functional combined with the Lee-Yang-Parr correlation func-
tional (B3LYP) levels under the 6-31þG(d,p) basis set.

2.4. Physico–chemical characterization techniques

The infrared absorption spectrum was recorded on pellets containing
the milled sample dispersed in a potassium bromide (KBr) (with 95% KBr
and 5% powder approximately) at room temperature, using a Nicolet
IR200 in the spectral range 4000-400 cm�1. The scanning number was
32.

Solid state UV–Vis absorption spectra were recorded, at room tem-
perature with a PerkinElmer Lambda 35 spectrophotometer over the
200–800 nm range.

The photoluminescence (PL) measurement was carried out, at room
temperature, using the PerkinElmer LS55 fluorescence spectrometer
equipped with a 450 W xenon lamp as the excitation source using solid
sample at room temperature.

Magnetic measurements of the powdered sample were recorded with
a MPMS-XL-5 SQUID apparatus (Quantum design) with an applied
magnetic field (H) of 0.5 T.

2.5. Determination of antioxidant activities

2.5.1. ABTS (2,20-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)) free
radical scavenging assay

The ABTS radical cation method, which applies decolorization assays,
has been commonly used to evaluate the antioxidant capacities of the
product. According to the protocol of Re et al. [41], the ABTS�þ was
pre-generated a day before by reacting 7 mM ABTS stock aqueous solu-
tion with 2.45 mM potassium persulfate (K2S2O8) then was incubated
overnight for 12 h–16 h in darkness at room temperature so that the color
of the solution change from colorless to deep bluish-green. Prior to assay,
the formed solution was diluted in methanol to give an absorbance of
0.700 � 0.025 centered at 734 nm. The decline in absorbance against a
methanol blank was recorded. Thereafter, to determine the scavenging
activity, 300 μL of methanolic solution of the synthesized compound with
different concentrations (0.25, 0.5, 1 mg/mL)was mixedwith 3mL of the
ABTS�þ solution, absorbances are measured at 734 nm after stored for
about 15 min in the dark and at temperature ambient. Ascorbic acid was
used as standard. The percentage of ABTS scavenging effect was
measured using the following formula:

ABTSoþ scavenging activity ð%Þ ¼
�ðAÞcontrol – ðAÞsample

ðAÞcontrol

�
� 100

Where (A)control is the absorbance of the control or the blank solution and
(A)sample is the absorbance measured in the presence of the tested com-
pound. Measurements were run in triplicate, and the presented results
are the arithmetic means of the all data were expressed as mean �
3

standard deviation (SD) of triplicate determinations (n ¼ 3).

2.5.2. Ferrous Ion Chelating (FIC) ability
The ability of sample to chelate ferrous ions was investigated by using

FIC method reported by Singh and Rajini [42]. Briefly, a methanolic
solution of the studied compound at different concentrations (0.25, 0.5,
1 mg/mL) was mixed with 1 mL of FeSO4 (0.1 mM) followed by 1 mL of
ferrozine (0.25 mM). The mixture was shaken vigorously and then left at
room temperature for about 10 min. Absorbance was measured spec-
trophotometrically at 562 nm. The ascorbic acid (AA) used in this
bioassay served as a blank control. The ability of extracts to chelate
ferrous ions (Fe2þ) was calculated by using the equation given below:

Chelating effect ð%Þ ¼
�ðAÞcontrol – ðAÞsample

ðAÞcontrol

�
� 100

Where (A)control and (A)sample are the absorbances.
2.6. Docking study

To understand the observed antioxidant activity of name of the
compound, molecular docking of the synthesized complex into the active
site of the human peroxiredoxin 5 enzyme is investigated using Autodock
package [43]. The staring geometries of peroxiredoxin 5 and the original
docked ligand benzoic acid were download from the RCSB data bank web
site (PDB code 1HD2) [44]. The re-docking of the original ligand into the
active site of peroxiredoxin 5 is well reproduced with a RMSD value less
than 0.72 Å. Stepwise of molecular docking study is reported in our
previous study [45].

3. Results and discussion

3.1. X-ray diffraction study

The X-ray powder diffraction was used to check the structural purity
and preferential alignment of the synthesis product, as presented in
Fig. 1, the calculated pattern matches well with the observed XRD pattern
extrapolated from the single crystal data, confirming the good phase
purity of the sample. There is a smooth difference in the positions,
widths, and intensities of some peaks can be observed, which are
correlated to the different temperatures used for the single crystal (120
K) and powder diffraction measurements (room temperature). Also there



Fig. 2. (a): A perspective view of (C8H12N)2[Co(H2P2O7)2(H2O)2].2H2O along the C axis exhibiting the alternation of organic and inorganic layers. The dashed red
lines bespeak hydrogen bonds. (b). A monomeric [Co(H2P2O7)2(H2O)2]2- cluster. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

Table 3
Main bond distances (Å) and bond angles (�) for the CoO6 octahedron.

Distances Co–O(Å) Co(1)-O(8)i ¼ 2.0772(15)
Co(1)–O(8) ¼ 2.0772(15)
Co(1)-O(7)i ¼ 2.0996(14)
Co(1)–O(7) ¼ 2.0996(14)
Co(1)-O(1)i ¼ 2.1385(14)
Co(1)–O(1) ¼ 2.1385(14)

Angles O–Co–O(�) O(8)i-Co(1)-O(8)¼ 180.00(7)
O(8)i-Co(1)-O(7)i ¼ 86.88(6)
O(8) -Co(1)-O(7)i ¼ 93.12(6)
O(8)i-Co(1)-O(7) ¼ 93.12(6)
O(8) -Co(1)-O(7) ¼ 86.88(6)
O(7)i-Co(1)-O(7) ¼ 180.0
O(8)i-Co(1)-O(1)i ¼ 93.59(6)
O(8) -Co(1)-O(1)i ¼ 86.41(6)

O(7)i-Co(1)-O(1) ¼ 87.66(6)
O(7) -Co(1)-O(1)i ¼ 92.34(6)
O(8)i-Co(1)-O(1) ¼ 86.41(6)
O(8) -Co(1)-O(8) ¼ 93.59(6)
O(7)i-Co(1)-O(1) ¼ 92.34(6)
O(7) -Co(1)-O(1) ¼ 87.66(6)
O(1)i-Co(1)-O(1) ¼ 180

Symmetry codes: (i) -xþ1, -yþ1, -zþ1.

Fig. 3. Crystal packing in the structure and hydrogen bonds ring of the stud-
ied compound.

Table 4
Main interatomic distances (Å) and bond angles (�).

P(1)O4 tetrahedron

P1 O1 O2 O3 O4

O1 1.5006(15) 2.543(2) 2.563(4) 2.537(8)
O2 112.65(8) 1.5545(15) 2.478(8) 2.519(7)
O3 117.01(8) 108.14(8) 1.5055(15) 2.453(7)
O4 109.08(8) 105.30(9) 103.67(8) 1.6134(16)

P(2)O4 tetrahedron
P2 O4 O5 O6 o7

O4 1.6076(16) 2.543(10) 2.486(1) 2.531(5)
O5 109.44(8) 1.5062(15) 2.473(7) 2.537(4)
O6 102.39(8) 107.51(9) 1.5594(15) 2.551(6)
O7 108.92(8) 114.96(8) 112.86(8) 1.5022(14)

P(1)–P(2) ¼ 2.914(6)Å P(2)-O(4)-P(1) ¼ 129.54(9)�.
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is some of the extra unexpected lines in the vicinity of 18�, 22�, 35� and
37� with weak intensities are observed which is certainly due to the
presence of some impurities in the powder sample, that are absent in the
single crystals state.

It can readily be seen in Fig.S1 that the asymmetric unit of the title
complex consists of one half of a [Co(H2P2O7)2(H2O)2]2- complex anion,
since the Co atom is located on a C2 axis the other half of the complex is
deduced by symmetry, one 3,4-dimethyanilinium cation and one mole-
cule of water.

In the structural arrangement, the metal complex anions are directly
connected to the H2P2O7

2� groups and the water molecules through
hydrogen bonds, leading to a layer of formula [Co(H2P2O7)2(H2O)2]2-

perpendicular to the axis c!. The organic part formed by 3,4-dimethyani-
linium are sandwiched between these layers as shown in Fig. 2(a).

In the crystal, each cobalt ions Co2þ is located on an inversion center
and is surrounded by two dihydrogendiphosphate anions fill the equa-
torial position (Fig. 2(b)) with a bent geometry (P1–O4–P2 ¼ 129.54
(9)�) as observed in other Co(II)-organic diphosphate frameworks [46]
and two symmetry-related water molecules filling the axial position, with
a Co–O(water) distance of 2.077 (7) Å.

This coordination exhibit a slightly distorted octahedral geometry,
where the O1, O7, O1i and O7i ((i): xþ1, -yþ1, -zþ1) atoms constitute the
equatorial plane of the octahedron, with a means Co–O bond distance of
2.1053 Å and O–Co–O angles range from 86.41(6) to 180�, these values
are adequately close to those observed in other complexes [47]. Themain
features of the CoO6 octahedron are presented in Table 3. Going deeper
insight in the title compound, each [Co(H2P2O7)2(H2O)2]2- complex
anion is interconnected to its adjacent and the free water molecules, via
O–H⋯O hydrogen bonds whose distances are between 2.557(2) and
4

2.924(2) Å and can be described by four types of graphset motifs R4
4ð16Þ,

R2
2ð12Þ, R4

8ð24) and R1
2ð8) (Fig. 3).

Customarily, inside the PO4 tetrahedron there are three main types of
P–O bond distances. The longest P–O distances correspond to the P–O–P
bridge range between 1.6076(16) and 1.6134(16) Å, the intermediate
ones relative to the P–O(H) bond are in the range 1.5545(15) - 1.5594
(15) and the shortest ones P–O(E), corresponding to the external oxygen
atoms, which spread from 1.5006(15) to 1.562(14). The P–P distance is
2.914(6) Å and the P–O–P is 129.54(9)�(Table 4).



Fig. 4. (a).Optimized geometry of the molecule. (b). Superposition between the X-Ray (Green) and optimized structures (Blue) of (C8H12N)2[Co(H2P2O7)2(-
H2O)2].2H2O. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 5
Experimental and calculated selected geometric parameters (Å, �) for the studied
compound at the PCM-B3LYP/6–11þG(d,p) level of theory.

Calculated Experiment Variation

Bond lengths (Å)
Co–O4 1.94295 2.13820 0.20
Co–O12 1.91125 2.09948 0.19
Co–O13 1.93407 2.07723 0.14
Co–O18 1.90145 2.13887 0.24
Co–O26 1.91602 2.09876 0.18
Co–O27 1.92980 2.07745 0.15
P2–O4 1.56381 1.50111 0.06
P2–O5 1.61686 1.55353 0.06
P2–O7 1.48596 1.50555 0.02
P2–O8 1.65327 1.61360 0.04
P3–O8 1.64219 1.60784 0.03
P3–O9 1.51105 1.50556 0.01
P3–O10 1.59386 1.55956 0.03
P3–O12 1.59386 1.50258 0.09
P16–O18 1.55386 1.50032 0.05
P16–O19 1.61319 1.55485 0.06
P16–O21 1.48696 1.50604 0.02
P16–O22 1.66786 1.61265 0.06
P17–O22 1.63003 1.60784 0.02
P17–O23 1.50509 1.50585 0.00
P17–O24 1.60099 1.55956 0.04
P17–O26 1.56193 1.50248 0.06
C37–N33 1.47114 1.47202 0.00
Bond angles (�)
O26–Co–O4 87.13018 92.34345 5.21
O26–Co–O12 177.85010 179.98118 2.13
O26–Co–O18 91.67996 87.67451 4.01
O26–Co–O13 88.95999 93.11752 4.16
O26–Co–O27 92.55125 86.90971 5.64
O26–P17–O22 114.87041 108.90948 5.96
O26–P17–O23 114.87041 114.94031 0.07
O26–P17–O24 108.56745 112.85948 4.29
O18–P16–O19 105.68788 112.63453 6.95
O18–P16–O21 122.03757 117.00041 5.04
O18–P16–O22 105.18319 109.10380 3.92
O4–P2–O5 107.24367 112.67675 5.43
O4–P2–O7 118.17949 117.01684 1.16
O4–P2–O8 105.76820 109.05172 3.28
Torsion angles (�)
P17–O26–Co–O4 141.56833 159.53091 17.963
P17–O26–Co–O18 44.04600 20.47790 23.568
P2–O4–Co–O12 8.97137 1.74783 7.224
P2–O4–Co–O13 99.76360 84.96390 14.800
P2–O4–Co–O26 171.23972 178.23700 6.997
P2–O4–Co–O27 78.70123 95.01005 16.309
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With regard to the organic motif, the 3,4-dimethyanilinium cations
are linked to each inorganic layer, built of [Co(H2P2O7)2(H2O)2]2- anions
5

and the water molecules considered as proton acceptors, through
N–H⋯O hydrogen bonds involving the hydrogen atoms of the NH3

þ

groups to maintain the stability of the crystal packing. On this molecule,
an anti-periplanar conformations were exhibited by the methyl groups
with torsion angle of �179.6(2)� for C8–C4–C5–C6 and -178.9(2)� for
C1–C2–C3–C7. The C–C–C and N–C–C angles are around to 120.1 and
119.4�, respectively. In this structure the interaction between two
neighboring anti-parallel organic cations with centroid-centroid dis-
tances of 7.534 Å which is more than 3.8 Å, the maximum contact for
which aromatic–aromatic or π–π interactions are accepted.

The optimized geometry of (C8H12N)2[Co(H2P2O7)2(H2O)2].2H2O
have been obtained by using the PCM-B3LYP/6-31þG(d,p) level of the-
ory (Fig. 4(a)). Some of the obtained theoretical geometrical parameters
(bond lengths, bond angles and dihedral torsion angles) and the experi-
mental ones are listed in Table 5. Relatively, a good superposition was
seen between the computed and experimental data (Fig. 4(b)) that show
correlation coefficients of 95–96%. The discrepancies can be explained
by the fact that the calculation relates to the isolated molecule where the
intermolecular interaction with the neighboring molecules are absent,
whereas the experimental result corresponds to interacting molecules in
the crystal lattice.
3.2. Hirshfeld surface analysis

Hirshfeld surface (HS) is a useful tool to gain insight into under-
standing the different kinds of intermolecular interactions and to esti-
mate their importance in the crystal packing. The program Crystal
Explorer 3.1 was used to visualize and quantify these interactions by
calculated the Hirshfeld surfaces [48] and their associated
two-dimensional fingerprint plots [49]. The three-dimensional dnorm
(range of �0.803 to 1.436 Å), which is defined in turns of distance inside
di, distance outside de and the van der Waals radii of the atom, was given
by the following equation:

dnorm ¼ (di - ri
vdw) / ri

vdw þ (de – re
vdw) / re

vdw

Where rivdw and revdw are van der Waals radii of atoms. The normalized
contact distance dnorm, is portrayed in Fig. 5a, using a color scheme varies
from red (distances shorter than the sum of van der Waals radii) through
white (distances around the sum of van der Waals radii) to blue (dis-
tances longer than the sum of van der Waals radii). The red spots high-
light the intermolecular interactions (intercontacts) in the crystalline
environment that involve the formation of strong hydrogen bonds be-
tween different units of the crystal. The stability of the title compound
unit is mainly due to the formation of intramolecular hydrogen bonding
that are formed between the hydrogen atom of the ammonium and the
oxygen atoms of M � O and water components (Fig. 5(b)).



Fig. 5. dnorm mapped on the Hirshfeld surface for visualizing the intermolecular hydrogen bonding interactions.

Fig. 6. The DFT computed (blue) and the experimental (pink) IR spectra of the title compound. (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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The de (range of 0.607–2.679 Å), di (range of 0.608–2.672 Å), shape
index (range of �1.000 to 1.000 Å), and curvedness (range of �4.000 to
0.400 Å) of the title compound are illustrated in Fig.S2. Two-dimensional
fingerprint plots of all the intermolecular contacts of the studied sample
are represented in Fig.S3. Indeed, the O⋯H/H⋯O hydrogen bond con-
tacts are the major contributor in the total surface of crystal packing,
attains 60%, as can be seen the O⋯H/H⋯O interactions were repre-
sented by two symmetrical points at the top left and at the bottom right.
The value (de þ di ~ 1.6 Å) is less than the sum of van der Waals radii of
hydrogen (1.20 Å) and oxygen (1.52 Å) atoms. The H⋯H contacts ac-
count for about 29.5% of the total Hirshfeld surface area, it considered as
the second most frequent interactions which are appeared with a single
broad peak at de ¼ di ¼ 1.2 Å. The value (de þ di) is superior to the sum of
van der Waals radii of hydrogen atom. Moreover, the C⋯H/H⋯C covers
7.9% of the total Hirshfeld surface, this interactions are occurred as two
6

small sharp spikes in the donor and acceptor area with (de þ di ~ 2.9 Å).
Finally the other inter-contacts, C⋯C (1.2%), O⋯O (1.1%) and P⋯O/

O⋯P (0.1%) have a smaller contribution of the Hirshfeld surface area.

3.3. Infrared vibrational study

FT-IR spectroscopy is one of the sensitive techniques that can
smoothly understand the interaction presented in the crystal structure
and identify the functional groups. In this study, the theoretical IR
spectrum has been calculated using the density functional theory (DFT/
B3LYP) method with the 6-31þG(d, p) basis set on the optimized ge-
ometries of the compound. Fig. 6 shows both experimentally and theo-
retically spectra. The experimental wavenumbers confronted to the
calculated from the quantum-chemical computations as well as the pro-
posed assignments are summarized in Table 6.



Table 6
Comparaison of some of the observed and calculated vibrational mode fre-
quencies of (C8H12N)2[Co(H2P2O7)2(H2O)2].2H2O.

Assignements Experimental IR cm-1 Calculated
B3LYP/6-31þG(d,p)

deviations

νas(OH) 3512 3765 �253
νs(OH) 3256 3668 �412
β (OH) 1630 1620 10
ν(N–H) 3264 3390 �126
νar(C–H) 3150 3111 39
νas(C–H–CH3) 2927 2991 �64
νs(C–H–CH3) 2855 2940 �85
νs(C–H–CH3) ─ 2939 �84
νar(C––C) 1630 1605 25
νas (PO3) 1262 1224 38
νas(POP) 958 945 13
νas(POP) 805 852 �47
νas(POP) ─ 838 �33
νa(POP) 725 705 20
νa(POP) 621 680 �59

ν: stretching; β: in-plane bending; as: asymmetric; s: symmetric; ar: aromatic.
Fig. 7. Molecular orbital surfaces for the HOMO and LUMO of the
title compound.

Fig. 8. The molecular electrostatic potential surface of the studied sample
calculated at the B3LYP/6-31þG(d,p) level of theory.
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3.3.1. The vibration of H2P2O7
2-

According to other diphosphate results [50–52], the peaks observed
between 1262 and 958 cm�1, coming from the symmetric and asym-
metric stretching vibrations of the PO3 terminal show satisfactory
agreement with the B3LYP/6-31þG(d,p) scaled values between 1224
and 945 cm�1. It is trustworthy to note that the bands located in the
range of 958-805 cm�1 are assigned to the asymmetric stretching vi-
brations νas(POP) and P–OH modes and the DFT calculations give these
modes in the range 945-838 cm�1, while those that appear between 725
and 621 cm�1 are attributed to the symmetric stretching vibrations
νs(POP). These modes are calculated between 705 and 680 cm�1 for
B3LYP/6-31þG(d,p).

3.3.2. The vibration of water molecule
Essentially, the vibration of the water molecules occurs in three

normal modes [53], including symmetric stretching (υ1), asymmetric
stretching (υ3) and the in-plane bending (υ2). The broad band spread
over a range of 3512-3438 cm�1 corresponds to the asymmetric
stretching vibrations. The DFT computations give the frequency of these
bands at 3765 cm�1. The observed high-wavenumber band around 3256
cm�1 is attributed to the symmetric stretching vibrations. The peaks near
1630-1590 cm�1 are assignable for the in-plane bending mode. These
vibration modes are well reproduced with the B3LYP with a variation of
10 cm�1.

3.3.3. The vibration of C8H12Nþ

In the FT-IR experiment spectra, bands between 3512 and 3438 cm�1

are assigned to the asymmetric and symmetric stretching modes of the
NH3

þ group [54]. The frequency observed at 3264 cm�1 represents the
stretching mode of the N–H group. The DFT calculation predicted this
mode at 3390 cm�1. The characteristic region for the identification of the
C–H stretching vibrations of the aromatic groups is expected to be located
in the high frequency range around 3150-3000 cm�1 [55] and it is pre-
dicted at 3111 cm�1 in our DFT calculation. The very weak band located
at 2927 cm�1 is related to the asymmetric C–H stretching vibration in the
methyl group while the band detected at 2855 cm�1 is assigned to the
symmetric C–H stretching vibration in CH3. Usually the C–C stretching
vibration of aromatic ring occurs at 1630 cm�1 [56]. The C––C aromatic
stretching modes are identified as seen in Fig. 6 between 1590 and 1510
cm�1. The bands detected at 1382 and 1262 cm�1 can be related to the
ν(C–N) mode. The bands observed within the range 1164-1118 cm�1

pertained to C––C deformation mode. In the present case, the δ (C–N)
bending mode is observed at 1012 cm�1. The C(trigonal)-H out of plane
bending vibrations were appeared in the spectral range 805-725 cm�1.
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3.4. Frontier molecular orbitals analysis

The frontier molecular orbital theory plays an important role in the
prediction and explanation of aspects of chemical reactivity and selec-
tivity of chemical reactions. As can be seen from Fig. 7, The HOMO (the
highest occupied molecular orbital) is mainly delocalized over 3,4-dime-
thylanilinium moiety, while the LUMO (the lowest occupied molecular
orbital) is mainly delocalized over the Co-L moiety. The band gap gives
qualitative information about the charge transfer interaction that occurs
within a molecule and is mainly defined as the energy difference between
HOMO that acts as electron donor and LUMO that acts as electron
acceptor [57,58]. The relatively low gap energy between FMOs (3.45 eV)
may indicates the high polarizable, the high reactivity of
(C8H12N)2[Co(H2P2O7)2(H2O)2].2H2O as we know from literature [59]
and the low molecular stability.

3.5. Molecular electrostatic potential

The Molecular Electrostatic Potential (MEP) map of the title molecule
was calculated theoretically at the B3LYP/6-31þG(d,p) level of theory
(Fig. 8). The MEP is very valuable in the visualization of the charge
distributions, the grasping of the molecular interactions as well as in the



Fig. 9. (a): Temperature dependent magnetic susceptibility for the synthesized compound. (b). Isothermal magnetization of (C8H12N)2[Co(H2P2O7)2(H2O)2].2H2O.
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depicting of the molecular size and shape [60]. The color garden in the
plot is in the range between�0.117 a.u. (red) to 0.117 a.u. (blue) for DFT
method, the electrostatic potential increases in the order red < orange <
yellow < green < blue. The red-colored region is nucleophile, where the
density of electrons is higher than the nucleus through the whole of the
molecule, the blue color indicates the positive potential and the white
region indicates neutral atoms [61,62]. The negative region of the elec-
trostatic potential corresponds to hydrogen bond acceptors while the
positive region corresponds to hydrogen bond donors. In accordance
with Hirshfeld surface analysis, the blue region around the ammonium
group indicates its role as a hydrogen donor, the red regions over oxygen
atoms indicates that the lone pairs of oxygen atoms are hydrogen bond
acceptors.
3.6. UV–visible measurement

The solid state UV–Vis absorption spectrum for (C8H12N)2[Co(H2-
P2O7)2(H2O)2].2H2O, is presented in Fig.S4(a), exhibits three peaks with
different intensities and wavelength. The band at 264 nm can be ascribed
to the π-π* transition of the aromatic ring of the organic cation. It cor-
responding predicted one obtained at B3LYP/6-31þG(d,p) appears at
λmax of 273 nm, with a variation of 9 nm with respect to the experimental
value (Fig. S4(b)). This absorption band is attributed mainly to the
electronic transition HOMO-8→LUMO with oscillator strength of 0.025.
The band located at 360 nm probably may originate from the n-π*
transition of the diphosphoric anion. The large band located at 525 nm
corresponds to the d-d transition of the cobalt (II) ions which is in good
agreement with X-ray analysis. The optical band gap (Eg) can be evalu-
ated using Tauc's method [63] by plotting (αhυ)2 versus hυ (α is the
absorption coefficient and hυ is the energy of the incident photon where
Fig. 10. (a). ABTS radical scavenging activ
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h represents Planck's constant and υ is the frequency of vibration).
The energy of the incident photon is calculated using the

equation:[64]

hυ¼ 1240
λðnmÞ

The value of the band gap, offered by the extrapolation of the linear
portion of the straight-line portion (αhυ)2 versus hυ, is equal to 2.89 eV.
This result proves that the investigated compound is a semiconductor (0
< Eg ¼ 2.89 eV < 4 eV) [65,66] and can be useful in multiple applica-
tions such as optoelectronics and laser [67].

3.7. Fluorescence properties

The photoluminescence spectrum of the title compound excited at ex
¼ 280 nm and studied in the solid state at room temperature is depicted
as follows. As displayed in Fig.S5, the luminescence spectrum of the
complex is characterized by a broad band centered at 407 nm, which is
corresponded probably to the transitions π-π* of the aromatic ring of the
organic cation. The emission at 441 nm can be ascribed to the metal-
–ligand charge transfer.

3.8. Magnetic properties

Magnetic susceptibility measurements of the synthesized compound
have been performed on powdered sample over the temperature range
from 2 to 300 K. Fig. 9(a) depicts the plots of the χMT versus T (where χM
is the molar magnetic susceptibility per cobalt (II) ion). The χMT value at
300 K is about 1.8 cm3 K mol�1 per formula unit which is well agree with
the value observed for an octahedral environment with for S ¼ 3

2 and the
ity. (b). Ferrous ion chelating activity.



Fig. 11. The interactive plot of docked ligand with the active residues of peroxiredoxin 5.
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Lande factor g ¼ 2.1897 with an orbitally degenerate 4T1 single-ion
ground state [68,69]. Once the temperature decreases, the value χMT
also drops up to the lowest measured temperature 2 K and reaches a
minimum value of 1 cm3 K mol�1. The reason for such behavior is
attributed to the effect of spin-orbit coupling rather than the occurrence
of an antiferromagnetic exchange interaction between the cobalt (II)
centers Co-Co [70].

At 2 K, the magnetization M (H) hysteresis curve increase gradually
with increasing of the appliedmagnetic field H (T) reaching a value of 1.7
μB, as can be seen in Fig. 9(b). The isothermal M(H) plots are necessary
for a complete analysis of the magnetic properties of the title compound.
Hence our sample is antiferromagnetic.
3.9. Antioxidant activities

The antioxidant activity of the synthesized compound was tested in
this study against two different radical species, ABTS and FIC at different
concentration ranges (0.25, 0.5, 1 mg/mL) and the results were
compared with that of ascorbic acid (AA), being used as reference stan-
dard. The result of ABTS test was reported in Fig. 10(a). It is observed that
the ABTS radical increases with increasing of the complex concentration
in the tested range. The percentage of inhibition is 95.4 � 0.88% for a
concentration 0.25 mg/mL and is lower than that of the reference (99.59
� 1.04% AA) while at 1 mg/mL it is 97.45� 1.39% (99.94� 0.61% AA).

Fig. 10(b) summarizes the result of the test against Ferrous Ion
Chelating (FIC), demonstrated that the title compound has the lowest
percentage of inhibition at the high concentration 89.27 � 5.06% in
comparison to the reference compound at the same concentration, the
percentage of inhibition is 99.86 � 0.17%.
3.10. Molecular docking

In an attempt to understand the observed antioxidant activity of the
title compound, molecular docking study has been carried out to deter-
mine the binding modes between the Co(II)-diphosphate cluster and the
active residues of peroxiredoxin 5. The Co(II)-diphosphate cluster-per-
oxiredoxin 5 complex show negative bending energy of �3.4 kcalmol-1,
which may indicate the potency of (C8H12N)2[Co(H2P2O7)2(-
H2O)2].2H2O act as an antioxidant. Fig. 11 displays the binding inter-
action establishes between the title compound moieties and the active
amino acids peroxiredoxin 5 into the binding site. These intermolecular
interactions are mainly of hydrogen bonding type. It appears that the Co
complex moiety in the Co(II)-diphosphate cluster has the highest
contribution to the stability of (C8H12N)2[Co(H2P2O7)2(H2O)2].2H2O-
peroxiredoxin 5. Indeed, Co complex forms five hydrogen bonding with
ARG A127, THRA 44, CYS A47, GLY A46 and THR A147 of distances
3.07, 2.20, 2.52, 3.07 and 2.50 Å, respectively (Fig. 11).

4. Conclusion

A new complex (C8H12N)2[Co(H2P2O7)2(H2O)2].2H2O was synthe-
sized through the method of crystallization. The single crystals are suc-
cessfully grown from ethanol solution by slow evaporation technique at
room temperature. The molecular and crystal structure of the obtained
compound has been elucidated by single crystal X-ray diffraction. Our
finding belongs to the triclinic system with the P 1 space group. Here, the
powder X-ray diffraction confirms the purity of the grown crystal which
can induce that the sample is suitable for the measurement of magnetic
properties. Besides, the geometrical structure are theoretically calculated
by DFT theory and compared with the experimental data, we found that
the theoretical values agree fairly well with the experimental one. To
further understand the intermolecular interactions in the crystal struc-
ture, Hirshfeld surface analysis have been carried out. The major
contribution comes from the O⋯H/H⋯O interaction. Very good agree-
ment was observed between the calculated FT-IR spectra and their
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counterparts from experimental data. Furthermore, Frontier molecular
orbital analysis and molecular electrostatic potential map have been
calculated by using DFT method with B3LYP/6-31þG(d,p) basis set.
Additionally, the optical properties were investigated by absorption and
photoluminescence measurements. It is found that the gap energy value
of the formed compound is 2.89 eV, in the light of this result, we are able
to predict that our finding is a semiconductor. Magnetic measurements
were performed and showed that the compound exhibited an antiferro-
magnetic interaction between the Co(II) centers. To determine the anti-
oxidant activity ABTS free radical scavenging assay and FIC method were
used. The results outlined highlight that this class of materials can be
considered as a promising candidate as biologically active substance
which can be helpful in the field of biological medicine.
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