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1. Introduction

During the past few decades, global environmental
pollution has become one of the most serious topics.
Many industries such as textile, cosmetics, leather,
and plastic expel many toxic and carcinogenic organic
compounds that seriously pollute water [1-7]. Among
such pollutants, organic dyes have a great influence on
photosynthetic activity in aquatic biota and, thus, the

Abstract. A polyoxoniobate-based 3D framework [KsH3oNbgOg1] (1) was prepared
through a hydrothermal method and characterized by single crystal X-ray diffraction,
Powder X-Ray Diffraction (PXRD), solid state UV-visible, and thermogravimetric analysis
(TGA). Structure and properties of 1 were investigated by various computational methods.
Quantum Theory of Atoms in Molecules (QTAIM) and NBO studies together with
thermogravimetric analysis suggest the existence of strong interactions among potassium
ion, Lindqvist hexaniobate, and water molecules. Hirshfeld surfaces around the Nbgoéf;
reveal that the Lindqvist ion acts as a 7° ligand for the alkali cations. One remarkable
detail about the structure is the presence of an encaged potassium ion, surrounded by six
water molecules and four potassium ions. The prepared polyoxoniobate (PONbD) was tested
in the removal of diazo dye pollutant in water. The result shows that 1 has good activity
and stability during the dye removal process and can be recovered and reused at least for
five cycles.
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treatment of dye wastewater is of critical importance
to modern societies.

Removal of dye pollutants by degradation is gen-
erally challenging due to the intrinsic stability of these
compounds towards light and oxidation reactions [8-
10]. Various methods including physical, chemical, and
biological approaches have been investigated for dye
wastewater treatment [11-13]. Physical methods such
as adsorption, ion-exchange, or liquid-liquid extraction
have proven to be ineffective towards pollutants, since
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leading to secondary pollution. Biological methods, on

E-mail addresses: Barzin.kupayeh@ut.ac.ir (B. the other hand, suffer from several limitations including

Safarkoopayeh); a_abbasi@ut.ac.ir (A. Abbasi);
mokarizadeh.hadi@gmail.com (A.H. Mokarizadeh);

high-cost equipment and low degradation rates [14,15].

ashayesteh@ut.ac.ir (A. Shayesteh); On the contrary, Advanced Oxidation Process
mnajafi2014@yahoo.com (M. Najafi) (AOP) that uses highly reactive radicals, such as

doi: 10.24200/sc1.2019.52548.2770

hydroxyl radical and O3, offers excellent pathways for
the degradation of organic dye pollutants in water.
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This process, however, has its own disadvantages and
requires low pH and UV light [16-19]. Therefore,
investigations into more efficient catalytic systems are
of critical importance to find practical solutions to this
problem. Owing to their ferroelectric, piezoelectric,
and photocatalytic properties, niobate powders have
recently attracted tremendous attention [20-25]. Poly-
oxoniobates [26-32] and other polyoxometalates [33-40]
have also proved to be efficient catalysts for numerous
reactions such as water oxidation, dye degradation,
chemical warfare degradation, Knoevenagel condensa-
tion, and alcohol epoxidation.

In the present study, obtained findings on the syn-
thesis and characterization of a novel polyoxoniobate-
based 3D framework [KgH3oNbgOgz1] (1), prepared
by hydrothermal method, are reported. Removal of
Bismarck brown as a representative of dye pollutants
is investigated in water and under mild conditions.
Furthermore, this study performs calculations for de-
termining relative geometric structures, Bond Order
(B.0.), electron density, and other properties of the
3D framework using DFT calculations, QTAIM, NBO,
and reduced density gradient.

2. Experimental

2.1. Materials and methods

All chemicals were purchased from commercial sources
and used as received. Bismarck brown was obtained
from Sigma. The PXRD patterns were recorded
using a Philips diffractometer with Cu K, radiation
(K, = 1.5406 A). The FT-IR spectra were acquired
on a Bruker Equinox 55 spectrometer equipped with
a single reflection diamond ATR system. The UV-Vis
spectra were obtained using a Perkin Elmer Lambda
850 spectrophotometer.

2.2, Syntheszs Of KgHgoNbG 031

An aqueous solution (12 mL) containing 4.8 g potas-
sium hydroxide and 2.65 g Nby,Os was poured into
a 23 mL Teflon-lined stainless-steel autoclave. The
autoclave was sealed and heated in an oven at 200°C for
24 h and, then, cooled to room temperature at a rate
of 12.5°C/h. Colorless block crystals suitable for X-ray
structural analysis were isolated by filtration, washed
with distilled water, and dried at ambient temperature.

2.3. Synthesis of KgHyNbgO19.13H>0 Salt
K¢HoNbgO19.13H,O salt was synthesized using the
method proposed by Cavaleiro et al. In the typical
synthesis, 30 mL aqueous solutions of KOH:Nby,Os
(60:1 ratio) were heated at 200°C for 24 h. To the
obtained solution, an equivalent volume of absolute
ethanol was added and the precipitated solid was
filtered, washed with cold water-ethanol (50%), and
dried at ambient temperature [41].

2.4. Single crystal X-ray diffraction

X-ray data for the titled compound were collected
on Marresearch 345 dtb diffractometer using Mo K,
radiation (A = 0.71073 A) at 295 K. The structure
was solved by direct methods using SHELXS-97, and
the obtained model was refined with SHELXL-97 [42].
All non-hydrogen atoms were refined anisotropically.
Hydrogen atoms were added at ideal positions and
refined using a riding model.

2.5. Dye remowval procedure

In a typical procedure for the degradation of Bismarck
brown, 30 mg of 1 was suspended in a fresh aqueous dye
solution (Cy = 0.5 g/L, 100 mL), and the suspension
was stirred at a given time under mild conditions.
The samples were withdrawn periodically for UV-Vis
analysis to investigate the color removal of the dye at
457 nm. Dye removal was then calculated according to
the following equation:

Color removal (%) = [(Ag — A)/Aq] x 100, (1)

where Ay and A are the initial and final absorbance
values of the dye, respectively.

3. Computational details

To get detailed insights into the electronic structure
of 1, density functional theory calculations were done
with the PBEO functional [43] and the Def2-TZVP
basis sets [44] using the ORCA 3.0.3 program [45]. The
natural bond orbital analysis was performed using the
GenNBO program, [46] and the bonding characteristics
were analyzed by the quantum theory of atoms in
molecules (QTAIM) and reduced density gradient with
the Multiwfn 3.3.7 program [47].

4. Results and discussion

4.1. Structure of KgHzqNbgO3zq

Crystallographic parameters of 1 are given in Table 1.
As seen in Figure 1, the asymmetric unit of this
compound comprises [NbsO15]*~, seven KT, and nine
water molecules. The polyoxoniobate (PONDb) cluster
contains six Nb centres with octahedral geometry. Four
types of O atoms exist in 1 including terminal (Oy),
bridging (Oy), and two kinds of central O (O.). Three
types of Nb-O; are observed in the PONDb in which
O atom is connected to one, two, or three KT ions,
respectively. The bond length ranges for Nb-O are
presented in Table 2. Three KT ions are bonded to
the bridge oxygens (06, O5, and O2), while the rest of
K ions are connected to O, atoms.

There are hydrogen bonding interactions between
water molecules and O atoms of the PONb clusters
(Figure 2(a)). Some of these interactions are shown
in Table 3. The NbsO}, anions are linked together
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Table 1. Crystal and structure refinement data for 1.

Compound

Empirical formula KsH30NbgO31
Molecular weight 1396.50
Crystal system Orthorhombic
Space group Pnma
Temperature (K) 293(2)

a (A) 23.996(5) A

b (A) 10.085(2) A

¢ (A) 13.008(3) A
a=p=~() 90.00

Cell volume (A?%) 3147.93(120) A3
y/ 4

p (g cm™3) 2.947

p (mm™) 3.279

Total reflections 15987

Unique reflections 3053
Observed reflections [F? > 20(F?)] 2744
Data/restraints/parameters 3053/35/290
Goodness-of-fit (GOF) on F? 1.114

R [F? > 20(F?)] (R1, wRs)
R (all data) (R1, wR2)

0.0714, 0.1833
0.0787, 0.1890

through potassium cations and water molecules form-
ing the 3D framework, depicted in Figure 2(b).

4.2. Molecular structure

Geometry optimization of NbgO}y began with initial
atomic coordinates from the single crystal X-ray struc-
ture. Optimized bond lengths and bond angles of 1 are
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Figure 1. ORTEP diagram of 1.

listed in Table 4. All bond lengths and angels are in
good agreement with the experimental data obtained
through single crystal X-ray diffraction. Maximum
deviations of the calculated bond lengths and bond
angles from the experimental data are 0.10 A (Nb-O,)
and 3.0° (Nb-O,-Nb). These deviations originate from
the strong interaction of O; and O, with potassium
cations in the solid phase structure. For the optimiza-
tion of encaged potassium ion and Lindqvist ion with
its surrounding atoms, the X-ray experimental atomic

Table 2. Bond length range in 1.

Bond Bond length range (A)
Nb-O¢  (¢: terminal O; bonded to one Nb) 1.749(11)-1.805(7)
Nb-Op  (b: bridging O; bonded to two Nb) 1.991(7)-2.020(7)
Nb-O.1 (e central O; bonded to six Nb) 2.359(6)-2.428(9)
Nb-O.» (e: central O; bonded to two Nb and one/two KT) 2.006(6)-1.999(7)
Table 3. Hydrogen bonding interactions in 1.

DH...A D...A D-H H...A <D-H-A Symm. code
O14H14A...011 2.874(12) 0.85(9)  2.02(10)  175(14) z, 3/2—y, =
O19H19A...011  2.750(12) 0.85(10) 1.94(10)  159(11) 2, y, 2
OI5HI5A..03  2.680(16) 0.85(5)  1.84(4)  167(18) 1/2—x, 1—y, —1/2+z
OI3H13B..010 2.710(12) 0.86(14) 1.93(14)  150(16)  1/2—a, 1—y, 1/2+2
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Figure 2. (a) hydrogen bonding interactions. (b) Packing in 1.

Table 4. Selected bond lengths and angles in 1.

Bond Experimental (A) Optimized(A)
Nb-O. 2.36(1) 2.41
Nb-O 1.99(1) 2.00
Nb-O; 1.76 1.86
Angels Experimental Optimized
Nb-O-Nb 179.8(4) 179.82
Nb-O3-Nb 113.6(3) 117.14
Nb-O3-Nb 114.6(3) 117.63
0¢-Nb-0, 102.2(3) 103.46
0¢-Nb-0O, 104.3(8) 104.01

coordinates were fixed and only the hydrogen atoms
were optimized.

4.3. Molecular crystal analysis with Hirshfeld

surfaces
In order to obtain deeper insights into intermolec-
ular interactions in the molecular crystal, Hirshfeld
surface [48-50] and the related 2D-fingerprint plot
[61-53] were calculated by crystal explorer software
[54]. Hirshfeld surface and the related 2D-fingerprint
plots for the hexaniobate are shown in Figure 3. It
can be seen that the most important interactions
surrounding NbgO¥; are Nb...0/O..Nb (14.9%) and
K...0/0..K (24.7%) and appear as spikes in 2D fin-
gerprint plots.

The investigation of Hirshfeld surfaces around
NbgO1g reveals that one of the favored bonding modes
for potassium cations is on the face of the super

octahedron and through three Kt — O links; in other
words, the Lindqvist ion acts as a 5° ligand to the alkali
cations. Another favored bonding mode is found to be
bonding between terminal oxygen (O;) and potassium
cations (Figure 4).

Hirshfeld surface and the related 2D-Fingerprint
plots for the encaged potassium ion are shown in
Figure 5. The dominant interactions surrounding
the encaged potassium are O..H/H..O0/O (37.3%)
and K...0/0.. K (13.6%) and appear as spikes in 2D
fingerprint plots. The red spot over the potassium
ion confirms the presence of rather strong interactions
between potassium cation and water molecules.

4.4. QTAIM and reduced density gradient

The most efficient method to analyze the electron
density is Quantum Theory of Atoms In Molecules
(QTAIM) [55,56]. It was used here to obtain a
better insight into bonding characteristics in 1 and
the encaged potassium ion in the molecular crystal.
For this purpose, QTAIM and NBO calculations were
performed on the packing structure of 1 (Figure 6)
to provide a better understanding of the strength
of intermolecular interactions in the solid structure.
In addition, reduced density gradient analysis was
performed on the encaged potassium to investigate
the bonds in more detail [57]. QTAIM result shows
considerable electron sharing between potassium ion
and oxygen atoms in Lindqvist hexaniobate ion with
the surrounding atoms. The results are summarized in
Table 5.

The Delocalization Indices (DI) for these bonds
indicate considerable amounts of electron sharing be-
tween potassium ions and water molecules. The re-
duced density gradient analysis confirmed the presence
of weak and moderate interactions in the encaged
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Figure 3. (a) Hirshfeld surfaces mapped with duoem for NbgOqg. (b) Respected fingerprint plot. (¢) Nb...O/O...Nb

highlighted. (d) K...O/O...K highlighted.

Figure 4. 7* bonding mode of the super-octahedron
cluster face to alkali cations.

potassium structure. The gradient isosurface for the
encaged potassium is displayed in Figure 7.

4.5. Natural bond orbitals
The NBO method is used in order to understand
the intra-molecular interaction of 1 and the encaged

potassium and to complete the information obtained
by QTAIM and reduced density gradient analysis. The
calculated Mayer bond indices and natural atomic
charges are given in Table 6. NBO results of atomic
charges agree with the calculated electrostatic poten-
tial map of [NbgO19]®~ (Figure S1 in Supplementary
Information).

4.6. Thermogravimetric analysis (TGA)

The thermal properties of 1 were studied by TGA
in the temperature range of 30-600°C. TGA analysis
of 1 is shown in Figure 8 The major weight loss
up to 225°C was attributed to the decomposition of
compound 1. It was found that the mass loss value
of 16.17% was consistent with a calculated value of
15.47%, which is attributed to crystalline water of
compound 1.

4.7. Spectroscopic studies
Lindqvist hexaniobate exists in water as:

[ H3NbgO19)°, [HoNbgO19]%,

[HNb6019]7_, and [NbGOIQ]S_’

at pH = 8, 10, 12, and 14, respectively [58]. Solid
state UV-visible spectrum of 1 and solution spectra of
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Figure 6. Lindqvist hexaniobate ion with its surrounding
atoms.

hexaniobate salt at different pH values were recorded
(Figure 9). All possible hydrogenated structures,
i.e., two possible structures for [HNbgO19]"~, seven
for [HoNbgO19]%~, and twenty two for [H3NbgOq9]® ™,

were optimized with the PBEO functional and the
def2-TZVP basis sets in water using the COSMO
solvation model [59,60]. Structures and their relative
energies are summarized in Figure S2 and Table S1
(see Supplementary Information). The lowest energy
isomer for each protonation state was chosen for TD-
DFT calculations. As shown in Figure 9(b), the TD-
DFT spectra at both pH values (8 and 10) agree well
with the experimental data.

4.8. Dye remowval process

The dye removal of 1 is evaluated in the color removal
of Bismarck brown as a diazo dye pollutant in water un-
der mild conditions. The corresponding color removal
efficiency of the dye is calculated using calibration
curve (Figure S3 in Supplementary Information) and
Eq. (1). From Figure 10, it can be seen that the
absorption intensity of the dye decreases as the reaction
progresses. These results suggest that compound 1 can
act as an active catalyst for organic dye removal. In
order to investigate the effect of sunlight, the catalytic
experiment was repeated in a dark environment as
well.  The decolorization efficiency was the same,
suggesting that sunlight cannot rule out the catalytic
process.
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Table 5. Bond critical point electron densities (p), their
Laplacin (V?p), ellipticities (¢), and delocalization index

for selected bonds in 1 and for the encaged potassium.

Bond P Vip € 6 (A...B)
Nb-O. 0.456  0.167  0.002 0.536
Nb-O, 0.124 0.423 0.004 1.477
Nb-O; 0.175 0.617  0.000 2.372
K5-O7 0.035 0.180 0.043 0.251
K5-Og 0.036 0.182 0.038 0.212
K5-O24 0.031 0.154 0.058 0.250
K5-O1s 0.036 0.188 0.040 0.426
K5-O10 0.035 0.187 0.059 0.439
K5-0O31 0.045 0.264 0.077 0.528
K33-O11 0.008 0.038 0.234 0.081
K33-012 0.025 0.088  3.822 0.153
K33-029 0.016 0.081 0.038 0.081
K40-O15 0.012 0.063 0.048 0.222
Kap-O19 0.009 0.044 0.331 0.153
K40-O31 0.008 0.043 0.135 0.115
K32-O10 0.015 0.074 0.082 0.114
K32-0O11 0.022 0.115 0.038 0.168
K32-O25 0.015 0.074 0.070 0.112
K32-Ou44 0.027 0.154 0.100 0.458
K32-O4s 0.023 0.116 0.043 0.381
K32-O46 0.012 0.064 0.152 0.309
K34-014 0.018 0.084 0.003 0. 247
K35-014 0.018 0.084 0.004 0.247
Ks6-014 0.016 0.075 0.020 0.216
Ks35-Os50 0.014 0.074 0.126 0.380
K34-O49 0.014 0.074 0.121 0.380
K3s-O17 0.012  0.058 0.023 0.184
Ksg-Our 0.014 0.069 0.056 0.292
K39-O17 0.012 0.058 0.017 0.189
K39-O4s 0.015 0.075 0.070 0.315
Ko0-O135 0.012  0.056  0.009 0.217
Ko-OHy(rype 1, 0413 0224 0.113 0.473
Ke-OHy(rype—2y  0.377  0.203  0.029 0.443
K¢-OHy(Type—1y  0.009 0.041  0.029 0.169
K:-OHy(1ype—2y 0.011  0.053  0.026 0.201

Note: Kq: Central potassium ion; K¢

: Terminal potassium ion.

26 (2019) 3387-3399

3393

Table 6. Mayer B.O. and natural atomic charges of the
selected bonds and atoms in 1 and encaged potassium.

Bond B.O. Atom Charge
Nb-O. 0.164 Nb 1.64
Nb-Oy 0.724 O, -1.04
Nb-Os 0.772 O -0.90
Nb-O; 1.495 (OF -1.00
K5-O7 0.044 Ks 0.89
K5-Osg 0.075 Kao 0.99
K5-024 0.030 Kss 0.97
K5-O1s 0.046 Kse 0.95
K5-O19 0.038 Ksa 0.97
Ks5-Oa; 0.054 Kss 0.97
Ks3-011 0.075 Kse 0.97
K33-0O12 0.104 Kss 0.98
K33-022 0.076 Kso 0.98
K40-O15 0.125 Kao 0.99
K40-O19 0.104 Oy -1.05
K40-O31 0.080 Osg -1.01
K32-O19 0.012 O1o -0.90
K32-O11 0.025 On -1.02
K32-025 0.010 O12 -0.98
Ks32-044 0.105 O14 -1.16
K32-O45 0.088 O15 -0.89
K32-Ou46 0.072 O1s -0.99
K34-0O14 0.160 O1o -1.04
K35-014 0.161 O22 -0.98
Kap-O14 0.147 O24 -1.03
K35-Os0 0.109 O2s -0.91
K34-Ou49 0.108 O31 -1.03
Ka3s-O17 0.128 Oua -0.96
Kig-Our 0.107 Ous -0.98
K39-O17 0.077 Oue -0.97
Ks9-Ous 0.117 Oury -1.03
K20-O15 0.180 Ous -1.05
Ouo -1.01
Os0 -1.01
Ke-OHy(rype—1y  0.112 K. 0.99
Ke-OHy(rype—2y  0.111 K 0.99
Ke-OHy(rype 2y 0.111 0 -1.01
K¢-OHy(pype 1y 0.101
K¢-OHy(rype—2y  0.105
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(2)
Figure 7. (a) Gradient isosurfaces (s = 0.5). (b) Respected RDG plot of encaged potassium.
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Figure 8. TGA curve of 1.

Geometry optimization of Bismarck brown struc-
ture suggests that the approximate geometric size of
the dye molecule is as 17.03x10.26 x 10.26 A (Figure S4
in Supplementary Information). The combination of
this result and the packing structure of 1 (Figure 2)
reveals that cavities in 1 are not capable of taking the
dye.

In order to study the effect of the catalyst amount
on the color removal process, experiments were carried
out in the presence of different amounts of the cat-
alysts, while the other variables were kept constant.
The results, summarized in Figure 11, show that by
decreasing the amount of the catalyst from 30 to
10 mg, the decolorization efficiency decreases from 95
to 80.

The life span of a catalyst is of great importance
when considering its industrial applications. Herein,
this study examined the catalytic recyclability by re-
covering and reusing the catalysts for five cycles. After
each experiment, the suspensions were centrifuged and
the catalysts were separated. The recycled catalysts
were washed with acetone and water and, then, were
reused in the next catalytic experiment. The decol-

1.0
0.9
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Figure 9. (a) Solid state UV-visible spectrum of 1. (b)
Solution UV-visible spectra of partially protonated

Nb@Oi} and the related theoretical spectra from TD-DFT
calculations.

orization efficiency of the dye in the presence of the
recovered catalyst is illustrated in Figure 12(a). It
is evident that the catalytic activity of the recycled
catalysts remains almost unchanged after five repeated
experiments. The PXRD patterns (Figure 13) of the
catalysts after and before the catalytic reactions are the
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Figure 10. (a) Color removal activity of 1. (b) UV-Vis spectra of Bismarck brown during the color removal process in the

presence of 1.
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Figure 11. (a) Decolorization efficiency of Bismarck brown dye using different amounts of the catalysts. (b) UV-Vis
spectra of Bismarck brown after 30 min treatment with different amounts of 1.
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Figure 12. (a) Decolorization efficiency of Bismarck brown dye using recovered 1. (b) UV-Vis spectra of Bismarck brown

after 30 min treatment with recovered 1.

same, indicating the stability of the catalysts during
the decolorization process.

From Figure 14, it can be seen that the FT-
IR spectrum of the dye molecule has changed after
the dye removal process. The FT-IR spectrum of the
Bismarck brown exhibits bands at 875 and 709 cm™!,
corresponding to aromatic C-H stretching and bending
vibrations, respectively. The stretching vibrations of
aromatic C=C bonds are observed at 1520 — 1627

em™!, and the band at 1242 cm~! is attributed to
the C-N stretching vibration. After about 20 min, the
intensities of the bands decrease, suggesting the degra-
dation of the dye structure. The Ion Chromatography
(IC) analysis of the dye solution after decolorization
showed that the dye mineralized into inorganic species
such as NO3, NO3, and ClI™ indicated the catalytic
process of the dye removal (Figure S5 in Supplementary
Information).
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Figure 13. Powder X-ray diffraction patterns of 1.
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Figure 14. Changes in the FT-IR spectra of Bismarck
brown before and after contacting with 1.

5. Conclusion

A novel polyoxoniobate-based 3D  framework
[KsH30NbgO3s1] (1) was prepared through the
hydrothermal process and characterized by single
crystal X-ray diffraction. The structure and properties
of 1 were fully investigated with various computational
methods. The results of these calculations together
with thermogravimetric analysis suggested strong
interactions among potassium ion, Lindquist
hexaniobate, and water molecules, which led to the
formation of a 3D niobate framework. It was found
that compound 1 acted as an eflicient catalyst for
removing Bismarck brown as a typical diazo dye
pollutant in wastewaters. Compound 1 showed good
stability during the color removal process and could
be easily separated from the aqueous suspension and
reused for at least five cycles.

Supplementary Information

Supplementary Information is available at:
http://scientiairanica.sharif.edu/jufile?ar_sfile=124313
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Cambridge CB2 1EZ, UK fax: +44-1223-336033; or
deposit@ccdc.cam.ac.uk.

Biographies

Barzin Safarkoopayeh received his MSc from Sharif
University of Technology in 2014; currently, he is
a PhD Student at University of Tehran. His re-
search interest is synthesis and characterization of new
MOFs and investigating their gas adsorption properties
and predicting absorption/emission spectra of light
emitting diodes using TD-DFT and multireference
CASSCF/NEVPT?2 computational methods.

Alireza Abbasi received his BSc degree in Applied
Chemistry from Sharif University of Technology in
1996; he obtained MSc and PhD degrees in Structural
Chemistry from Stockholm University in 2003 and
2005, respectively. He is currently a Full Professor at
the School of Chemistry, College of Science, Univer-
sity of Tehran. His research interests include X-ray
crystallography, structural chemistry, metal-organic
frameworks, nanomaterials and catalysis.

Abdol Hadi Mokarizadeh received his MSc from
Chemical Engineering, University of Tehran. During
his master’s studies, he worked on molecular dynamic



B. Safarkoopayeh et al./Scientia Iranica, Transactions C: Chemistry and ... 26 (2019) 3387-3399 3399

and Monte Carlo simulations. Currently, he is spending
his PhD at University of Akron Polymer Science, USA.

Alireza Shayesteh received a BSc degree from Uni-
versity of Isfahan in 2001 and a PhD degree from
University of Waterloo in 2006. He is currently an As-
sociate Professor of Physical Chemistry in University of
Tehran. Moreover, his research interests are molecular
spectroscopy and computational chemistry.

Mahnaz Najafi received her BSc and MSc degrees in
Pure and Inorganic Chemistry from Alzahra University
in 2005 and 2008, respectively. She obtained her
PhD degree in Inorganic Chemistry from University
of Tehran in 2015 and, then, undertook post-doctoral
research in the field of catalysis in the group of
Professor Alireza Abbasi. Her research interests in-
clude polyoxometalates, coordination polymers, and
nanomaterials as catalysts.





