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A cobalt(I) coordination polymer of 2,6-pyridinedicarboxylic (2,6-pydc) and 4,4'-trimethylenedipyridine (4,4-TMDP)
has been resynthesized by a new synthetic method. The polymer is then characterized through single crystal
XRD (SC-XRD) analysis. Variety of other techniques such as elemental analysis, TGA, fluorescence spectroscopy,
UV-Vis spectroscopy, FTIR spectroscopy and magnetic study have been employed for further characterization.
This coordination polymer has been explored as a catalyst for degradation of methyl orange (MO) and congo red (CR) in an
aqueous medium with the reducing agent sodium borohydride (NaBH,) under dark. Surprisingly, it is observed that 96.41%
and 97.22% degradation of MO and CR dyes occurs within 8 and 10 minutes with rate constants 0.491 min' and

0.264 min "' respectively.
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The increasing population in the last few decades has
resulted in a proliferation of industries, which
includes textiles, dyeing, leather, paper and plastic
production. These industries utilize various colorizing
agents to enhance the appearance of a wide range of
products. However, the discharge of waste materials
from these sectors into aquatic environments leads to
water pollution, posing threats to both aquatic
ecosystems and human beings'”. The colorizing
agents involved are often resistant to natural
degradation due to their complex organic
compositions’. Among these, anionic dyes (methyl
orange, MO and congo red, CR) are particularly
significant as major contributors to water pollution®.
The disposal of these dyes into water bodies severely
impacts aquatic life and can subsequently introduce
toxicity to humans through the food chain, thereby
causing a range of health-related problems*’. Various
methodologies have been implemented for the
treatment of waste water prior to its discharge into
water bodies’. Techniques such as adsorption’, Fenton
reaction®, photocatalysis’ and reductive degradation'
have been explored by diverse researchers for the
remediation of dyes in the presence of nanoparticles.
Recent studies have also documented the
photocatalytic degradation of MO and CR utilizing

- 1112 .
composite  materials and metal-coordinated

compounds''*'*. Nevertheless, there exists paucity of
research regarding the degradation of dyes under dark
conditions, with limited studies having addressed this
phenomenon'*". Synthesis of polymeric coordination
compounds of different dimensions(1D, 2D, 3D) with
various carboxylic acid-substituted pyridine ligands
has been well documented in the literature'®*’. These
compounds have demonstrated their usefulness across

multiple applications such as catalysis®®, gas

storage and separation””°, water harvesting’’,
antibacterial  activity’>, efc. In this study,
an unique coordmatlon polymer of cobalt(Il)

[{Co(TMDP)(H,0)4},{Co(2,6-pydc),} ] H,O, composed
of a cationic polymer and anionic monomer has been
explored as catalyst for the degradation of these dyes
and surprisingly it shows very promising result.

Experimental sections

Materials

Co(NO3),.6H,0O is taken from Fischer Scientific.
TMDP and 2,6-pydc are taken from Hi media
laboratories. NaBH, is taken from Emplura. The dyes
MO and CR are taken from Loba Chemie Pvt. Ltd and
Merck Life Science Private Limited. All the chemicals
are used directly without further purification.
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Synthesis ~ of  [{Co(TMDP)(H,0).}.{Co(2,6-

pydc)2}]-H;O (1)
Aqueous solution of mixture of TMDP (1 mmol,
0.198g), 2,6-pydc  (Ilmmol, 0.167g)  and

Co(NO5),.6H,O (1mmol, 0.291g) is placed in an
autoclave and heated in an oven at 100°C for about
24hrs. After cooling at RT, it is filtered and red-brown
crystals are collected. Although, the synthesis of the
similar compound has been reported earlier,”® the
synthesis process is different from the reported one.
Yield: 60% (0.392g). Analytical. Calcd for
C27H32C02N40142 C, 4294, N, 742, H, 4.24. Found:
C,42.51; N, 7.62; H, 4.80%.

Characterization techniques

BRUKER D8 VENTURE SC-XRD is used to
collect single crystal data using dual X-ray sources
(Mo-Ka). BRUKER D8 ADVANCE is used to collect
powder XRD data using X-ray source (Cu K-alpha).
Shimadzu FTIR 8201 spectrophotometer is used to
collect FTIR spectroscopy data using KBr pellet in
the range of 4000 to 400cm'. Shimadzu UV-2600
UV-Vis spectrophotometer is used to collect
UV-Visible data in solid state using BaSO, as
standard reference. EuroEA elemental analyser
(model Eurovector EA3000) is used for elemental
analysis. SII 6300 EXSTAR thermogravimetric
analyser is used to collect thermal analysis data
(heating rate of 10°C/min) in N, atmosphere.
Magnetic behaviour is studied by vibrating sample
magnetometer (VSM, model: 7410 series) and Agilent
(Varian) Cary Eclipse spectrophotometer is used to
collect fluorescence spectrum.

X-ray crystallographic data collection and
refinement
The collection of the crystallographic data of

compound 1 is carried out with BRUKER DS

VENTURE SC-XRD using dual X-ray sources (Mo-
Ka). The structure is solved by direct methods and
refined by full-matrix least squares on F* using the
SHELXL2018/3 package and Olex2 program®°.
The SADABS program is used to carry out the
absorption corrections’’. The cell parameters and
other crystallographic data are similar to that of the
reported one*.

Catalytic activity

The resynthesized polymeric compound of
cobalt(Il) is applied as catalyst for degradation of MO
and CR with NaBH,. MO (1x10*M), CR (1x10*M)
and NaBH; (0.IM) are prepared separately by
dissolving in distilled water. The catalytic activities
are performed under dark at RT. The reaction is
started by adding 20 mL of MO and 20 mL of freshly
prepared NaBH, in a round bottomed flask followed
by addition of 60 mL of distill water. Then 25mg of
the catalyst is added to the reaction mixture. The
disappearance of colour is monitored with
UV-Vis spectrophotometer at regular intervals by
collecting the solution in 3.5 mL cuvette. Similar
procedure is also applied to study the degradation of
CR in presence of the catalyst.

Results and Discussion

Single crystal XRD analysis (SC-XRD)

The compound 1 is analyzed by SC-XRD. The
crystal system is found to be monoclinic with space
group P2/c; the cell parameters of the crystal structure
are a = 9.7591(6)A, b= 8.9652(5)A and
c=18.2578(11)A with a = y =90° and P=99.400°
respectively which are in accordance with the
reported one’*. The crystal structure of the
compound 1 is shown in Fig. 1. The crystallographic
study reveals that the crystal structure of the

Fig. 1 — ORTEP view of [{Co(TMDP)(H,0),},{Co(2,6-pydc),}]-H,O (1). The hydrogen atoms and solvent water molecule are omitted

for clarity
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compound consists of two separate cationic and
anionic moieties. The cationic part is polymer
whereas the anionic part is a monomer. In the
polymeric part, TMDP acts as a bridging ligand
connected two cobalt atoms and each cobalt atom is
coordinated by four water molecules. In this
polymeric structure the Co-N bond length is found to
be 2.2513(12)A. On the other hand, in the monomeric
part the cobalt atom is coordinated by two 2,6-pydc
ligands. Two oxygen atoms of two different COO™
groups and one nitrogen atom of each 2,6-pydc is
coordinated to cobalt atom. In the monomeric
structure the Co-N bond length is found to be
2.0400(10)A. The selected bond lengths and bond
angles are given in Table 1 and Table 2.

X-ray powder diffraction study (PXRD)

X-ray powder diffraction study of the synthesized
compound 1 is used to confirm the single phase of the
bulk material. Fig.2 is the comparison of
experimental powder pattern with that of stimulated
powder pattern from X-ray single crystal data.
The major peaks of the experimental PXRD pattern of
the bulk material in Fig.2(a) matches with the
stimulated one in Fig. 2(b). This confirms that the
synthesized bulk compound 1 is in same phase.

Table 1 — Selected bond lengths of
[{Co(TMDP)(H;0)4},{Co(2,6-pydc),}]-H,O (1)

Bond lengths (A)
Co(1)-0(1) 2.1502(10)
Cu(1)-0(2) 2.1813(11)
Co(1)-N(1) 2.0400(10)
Co(2)-0(5) 2.0531(9)
Co(2)-0(6) 2.0943(11)
Co(2)-N(2) 2.2513(12)

The structure is also same as determined by single
crystal X-ray study.

Fourier transform infrared spectroscopy (FTIR)

Fig. S1 is the FTIR spectrum of compound 1, which
resembles with the reported one. The broad peak
centered at 3252 cm ' is for the presence of water
molecules® in the crystal. The peaks at 1078 cm ' and
1010 cm™ are for C — O and C — C respectively”’. The
weak peak at 503 cm ' is for Co — O stretching
vibrations™. The peaks at 1614 cm ' and 1379 cm ' are
for asymmetric and symmetric stretching vibrations of
COO" respectively®. The weak peak at 1282 cm™ is
due to C — N stretching vibration®'.

UV-Visible spectroscopy (UV-Vis)

The solid-state UV-Visible spectrum of the
compound 1 is recorded at RT within the range of 200
— 850 nm. In the UV-Visible spectrum of the
compound 1 (Fig. S2) the bands observe at 231 nm
and 259 nm are due to © — 7 transitions™. The band
observe at 349 nm is mainly for the ligand-to-metal
charge transfer transitions of the compound®.

Thermogravimetric analysis (TGA)

Fig. 3 is the TGA pattern of the compound 1 within
the temperature range of 35 — 650°C at 10°C/min
heating rate. In the first step within the temperature
98°C to 162 °C five water molecules get dissociated
with weight loss of 13% (calc. 12%). Then the
compound 1 shows stability upto 219°C which
confirms the thermal stability of the dehydrated
compound and after that again decomposition
continues. In the second step it may be assumed that
one molecule of 2,6-pydc get dissociated with weight

Table 2 — Selected bond angles of [ { Co(TMDP)(H,0),},{Co(2,6-pydc),}]-H,O (1)

Bond angles (°)

O(1)-Co(1)-0(2) 151.34(4)
O(1)-Co(1)-O(1)* 97.66(4)
O(1)-Co(1)-0(2)" 87.29(4)
O(1)-Co(1)-N(1) 75.80(4)
O(1)-Co(1)-N(1)* 94.67(4)
N(1)-Co(1)-N(1)* 165.70(5)
0(2)-Co(1)-N(1) 75.67(4)
0(2)-Co(1)-0(2)" 101.81(4)
0(2)Co(1)-N(1)* 113.86(4)
0(2)~Co(1)-N(1) 75.67(4)
0(5)-Co(2)-0(6) 93.94(4)
0(5)-Co(2)-N(2) 91.48(4)

=1-x,y,3/2-z, b= 1-x,1-y,1-z

Bond angles (°)
0(5)-Co(2)-0(5)° 180.00
0(5)-Co(2)-0(6)" 86.06(4)
0(5)-Co(2)-N(2)° 88.52(4)
0(6)-Co(2)-N(2) 91.05(4)
0(6)—Co(2)-0(6)° 180.00
0(6)-Co(2)-N(2)° 88.95(4)
N(2)-Co(2)-N(2)° 180.00




SWARGIARY et al.: COORDINATION COMPOUND OF COBALT(II) 85

loss of 22.97% (calc. 22.15%) followed by loss of
remaining volatile components at high temperature.

Fluorescence spectroscopy

Fig. S3 is the fluorescence spectra of the compound
1 and parent ligands 2,6-pydc and TMDP taken at RT
in DMF solution. The ligands show high intensity
bands centered at 349nm. The bands may be due to n
- w* / m - m* transition*. The compound 1 shows a
much lower intensity centered at 349nm than the
parent ligands. The lower intensity of the compound 1
may be due to partially filled d orbital of the cobalt
ion which led to ligand to metal charge transfer
(LMCT)™. The similarity of the spectral position of
the ligands and the compound 1 in the same
wavelength suggest that the fluorescence of

(@)

Z'll ."" » -l'll 5‘('

PXRD
[{Co(TMDP)(H,0),},{Co(2,6-pydc),} ] H,O (1) (b) Stimulated
PXRD pattern of [{Co(TMDP)(H,0),},{Co(2,6-pydc),}]'H,O (1)

Fig. 2 — (a) Experimental pattern of bulk
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Fig.3—TGA  curve of [{Co(TMDP)(H,0),},{Co(2,6-

pyde),}]-H,0 (1)

compound 1 is mainly due to proposed transition
within the ligands.

Optical band gap energy (E,)
The band gap energy of the compound 1 is
determined by Tauc formula using the equation 1.

(ahv)" = C(hv - E,) ..(1)

where o indicates the absorption coefficient, generally
calculated as a = (2.303xabsorption)/t, “t” indicates
the cuvette thickness (1cm), “C” indicates a constant,
“E,” indicates the band gap energy, n indicates the
exponent that depends on the transition type and h
indicates the Planck’s constant. Fig. 4 is the plot of
(ohv)® vs hv. The band gap energy is found to be 4.04
eV indicating as semiconducting material*’. This high
band gap is also an indication that the compound 1
may not be a good candidate for photocatalytic study.

Magnetic analysis

Fig. S4 is the magnetic hysteresis loop of the
compound 1, measured by vibrating sample
magnetometer at RT. The magnetic saturation (Ms),
remanent magnetization (Mr) and coercieve force
(Hc) values are found to be 45.34 emu/g, 4.46 emu/g
and 122.30 Oe respectively. The value of Ms is found
to be higher than Hc, indicating ferromagnetic
behaviour of the compound 1°'.

Catalytic study for the reductive degradation of
MO and CR

The degradation of MO and CR with reducing
agent NaBH, are done at RT in presence of cobalt(Il)

compound as catalyst. The dyes solutions are
collected at different intervals of time and
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Fig. 4 —Band gap energy of [{Co(TMDP)(H,0),},{Co(2,6-
pyde),} ] H,0 (1)
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Fig. 5 — Catalytic degradation of (a) MO and (b) CR with NaBH,
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Fig. 6 — Degradation % vs time graph of (a) MO [inset In (C/C,) vs time plot] and (b) CR [inset In (C/C,) vs time plot]

simultaneously the absorbances are monitored with
UV-Visible spectrophotometer. The UV-Visible
spectra of catalytic degradation of MO and CR dyes
are depicted in Fig. 5. MO and CR show strong
absorbance peaks at 467nm and 497nm respectively.
The decrease in intensity at 467nm and 497nm for
MO and CR indicates the reduction of azo groups
(-N=N-) for both the dyes. As per the literature
report the reductive degradation of MO leads to
the formation of two new compounds, sulphanilic
acid and p-phenyl diamine***’. The discoloration of
the dyes is also confirmed by the appearance of new
peaks at 249nm for MO and 345nm as well as 249nm
for CR*. The degradation percentage, which is
depicted in Fig. 6 are calculated using equation 2*°°.

Degradation % = {(C, - C,)/ C,} x 100 ...(2)

Rate of degradation is monitored by measuring the
variation in color of the dyes with respect to the
reaction time. The rate of the reaction follows the first
order kinetics which is confirmed by the equation
3 (Ref. 51).

In (C/Co) =-kxt ...(3)

where, “C,” is the initial concentation of the dye
solution and “C,” is the the concentration of the dye
solution after time t, “k” is rate constant and “x” is the
indication of the multiplication sign.

The degradation percentage are found to be 96.41%
for MO and 97.22% for CR respectively. The rate of
degradation of the dyes has been predicted by studying
the reduction kinetics, indicating pseudo first order
reaction. The linear correlation plot of In (C/C,) vs time
(t) is shown in Fig. 6 (inset). The rate constants (k) for
MO and CR degradation are found to be 0.491min "' and
0.264min ' respectively. The degradation of MO and CR
with NaBH, without the catalyst are also studied
(Fig. 7). The study reveals that the MO dye takes much
longer time to degrade completely and CR dye remains
stable for a very longer period of time without
degradation in absence of catalyst.

Comparative study
Table 3 and Table 4 are the comparative study of
MO and CR degradation in the presence of the
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Fig. 7 — Degradation of (a) MO and (b) CR with NaBHj, in absence of catalyst
Table 3 — Comparison of catalytic degradation of MO
S1. No Compd / composite material Time Degradation Condition Reference
(min) %
1 [{Co(TMDP)(H,0)4},{Co(2,6-pydc),}]-H,O (1) 8 96.41 Dark This study
2 [{Cu(TMDP)(2,3-pydc)}-2H,0], 60 97 Dark Swargiary et al.*
3 [Co(2,6-pydc)(bibp)os (HyO0),]. 120 79.4 Light Zhang et al.'
4 [Ni(2,6-pydc)(bibp)g.s (H,0),]a 120 78.5 Light Zhang et al.'
5 [Co(2,6-pydc)(bbibp); 5] 120 81.3 Light Zhang et al.'
6  [Ni(2,6-pydc)(bbibp),; 5], 120 77.4 Light Zhang et al.'
7 [Zn(2,6-pydc)(bbibp)gs]a 120 46.9 Light Zhang et al.'
8  Cd(bpyp)(nba) 9 35.44 Light Zhao et al.*?
9  [Cu(MPBMPA)CI] (CIO4) 90 100 Light Carvalho et al.**
10 [Cu(PABMPA)CI]CI] 60 100 Light Carvalho ef al.**
11 [Cu(PBMPA)]CIO, 60 100 Light Carvalho et al.**
12 [Cu(BMPA)Cl,] 60 100 Light Carvalho ef al.**
13 MnTiO;perovskite 180 79.4 Light Kitchamsetti ef al."'
14 Nano-LaMnO; 280 90 Dark Rekavandi et al.”?
15 Nano-LaMnO; 60 100 Solar Rekavandi ef al."?
16 {[Pb(Tab),(bpe)]»(PE¢)s}n 300 95 Light Wang et al."*
17 Perovskite —type LaNiO; 360 86.6 Dark Zhong et al.”®
Table 4 — Comparison of catalytic degradation of CR
S1. No Compd / composite material Time Degradation % Condition Reference
(min)
1 [{Co(TMDP)(H,0)4},{Co(2,6- 10 97.22 Dark This study
pyde):} ] H,0 (1)
2 [{Cu(TMDP)(2,3-pydc)}-2H,0], 240 76 Dark Swargiary et al.*
3 MnTiOsperovskite 180 79.4 Light Kitchamsetti ef al."!
4 {[Cdy(H,0),(tpeb), 90 90 Light Zhang et al."
(1,2-CHDC),]'H,0},
5 [Cu(BMPA)Cl,] 90 88 Light Carvalho et al.>*

synthesized catalyst with that of the reported
coordination compounds and composite materials.
The literature review shows that till date among the
coordination compounds and composite materials for
MO dye degradation, Cd(bpyp)(nba)** is the fastest

one and it helps to degrade only 35.44% within 9
minutes. Comparative study with the coordination
compound 1 reveals its performance as catalyst is
even better than Cd(bpyp)(nba)’>, where it achieved
96.41% degradation of MO within just 8§ minutes. On
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Scheme 1 — Probable mechanism for degradation

the other hand, the performance of compound 1 as
catalyst for dye degradation of CR with NaBH, is
much superior than other materials as catalyst
(Table 4). Remarkably, 97.22% degradation within
only 10 minutes under dark has been achieved which
is far  better than  {[Cdy(H,O),(tpeb),(1,2-
CHDC),]'H,0},"” (90% degradation within 90
minutes under light). This comparative study reveals,
compound 1 emerged as a far better candidate as
catalyst for degradation of both MO and CR dyes.

Degradation mechanism

Freshly prepared NaBH, solution is added to the
catalyst to form NaBH,(OH), and as a result the
catalyst along with NaBH, enables the degradation of
MO. Schemel is the probable degradation
mechanism of MO. Similar type of mechanism has
been reported in the literature®’. First one hydride ion
from BH, species and one H' from the coordinated
water molecule, reduce the —N=N— group to imine.
Again, another hydride ion from BH, species and
one H" from the coordinated water molecule reduce
the imine group to amine. The final products
after degradation are assumed to be sulphanilic acid

(p-aminobenzenesulphonilic acid) and the
p-phenyldiamine. The absorption peaks in the
UV-Visible spectrum at 467nm shows decrease with
increase in time along with formation of new peaks at
249nm: mainly attributed to the sulphanilic acid as
reported™.

Reductive degradation of CR also follows the same
mechanism. The two —N=N— groups are reduced to
imines by attacking two hydride ions from two
BH, and two H" from two coordinated water
molecules. Later, the two imine groups are further
reduced to amines by attacking another two hydride
ions from two BH, and two H' from two coordinated
water molecules. As the literature reported™, two
molecules of 3,4-diamino-1-naphthalenesulphonic
acid and one molecule of biphenyldiamine are
assumed to produce after degradation.

Conclusions

A coordination compound of cobalt(Il),
[{Co(TMDP)(H20)4}n{Co0(2,6-pydc)2}'H,O (1) has
been successfully resynthesized using hydrothermal
method, which is different from reported one and it
has been characterized through various analytical
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techniques. It is to be noted that the higher optical
band gap value (4.04 eV), is indicative that the
compound 1 may not act as a photocatalysts for
degradation of dyes since photocatalytic degradation
usually occurs with lower band gap value.
Performance of 1 as a catalyst for degradation of MO
and CR with reducing agent NaBH, under dark
conditions at RT was remarkable. When compared
with other reported data in terms
of percentage degradation and time taken, this
catalyst achieved a milestone of 96.41% and
97.22% within 8 minutes and 10 minutes for MO and
CR respectively.

Supplementary Information
Supplementary information is available in the
website https:/nopr.niscpr.res.in/handle/123456789/58776.
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