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The 1D coordination polymer, [Cuy(u;—OH),(DABA);], (1), (HDABA = 4-Diallylamino-benzoic acid) is
characterized by Single crystal X-Ray diffraction analysis. The structure switches to a 2D geometry by hy-
drogen bonding interactions. Hand grinding aqueous suspension of the coordination polymer, 1, present
in nano regime of av. 100 nm dimension and shows catalytic performance in the reduction of toxic nitro-
phenols to corresponding aminophenols by NaBH,. The rate constant values (kapp) are 2.4 x 1073 (4-NP),
5.3 x 1073 (2,4-DNP) and 5.6 x 103 (2,4,6-TNP) s ~ ! are much higher than reduction by only NaBHj.
The susceptibility measurements (xyT) of Cu(ll) coordination polymer indicates the presence of a very
weak antiferromagnetic coupling between the metal centres. The hand grinding technique and reusability
of 1 makes the approach chemically green, cost effective and attracts the attention towards the real-life
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1. Introduction

Nitroaromatics (NACs) are well known weedkillers and insect
repellent and precursors to synthetic dyestuff [1-3]. These com-
pounds are not degraded easily by microbes. Because of strong tox-
icity, the NACs are noted as pollutants by the Environmental Pro-
tection Agency [4]. Conventional waste water management meth-
ods such as reverse osmosis, adsorption ion exchange [5], pho-
tocatalysis [6], membrane separation [7], and electro-coagulation
have been proposed for the detoxification of highly persistent or-
ganic pollutants. Besides, some of the nitrophenols are explosive
and have been used for terroristic activity. Immediate disposal of
NACs is an issue of explosive and safety departments of the Gov-
ernment. The conversion of toxic NACs to the secondary nontoxic
and useful chemicals is very urgent issue for the forensic person-
als and researchers. The chemical reduction has been one of the
most commonly applied techniques of detoxification of the NACs
using metal nanoparticles (MNP’s) as catalysts and BH4~ as reduc-
ing agent. On the other hand, the reduced products, amino phenols
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(AP) are very important moiety in dyes and pigments, pharmaceu-
ticals industry [8]. Literature survey reports that there is no such
coordination polymer that serves as catalyst bed for the reduction
of NACs. Up to now, large number of nano metal catalysts (Pt, Ay,
Ag, Pd etc.) have been fabricated for the reduction of NACs [9-13].
Yongsheng Fu [14] et al. (2017), Nguyen [15] et al. (2018) and Yukui
Fu [16] et al. (2019) have used expensive gold catalyst to carry out
such transformation while Ying Ma [17] et al. (2017) used silver
catalyst for the same. Sahiner [18] et al. (2010) introduced cobalt
catalyst for the reduction.

Coordination Polymers (CPs) are prepared by bridging organic
coordinating groups with metal ions [19-22]. They are promising
contender for catalysis [23], drug delivery [24], gas storage [25],
and energy storage systems [26,27]. Some of the CPs have been
serving as catalyst in the reduction of Nitrophenols (NP), (4-NP,
2,4-DNP, 2,4,6-TNP) [28]. In this paper, we have characterized Cu(Il)
coordination polymer (CP) that has been used as a catalyst for
the reduction of toxic and explosive NPs in aqueous medium. The
easy removal of solid phase catalyst even at nM level by filtration
makes this catalyst analytically useful. The efficiency of the cata-
lyst is reflected in the rate constant (kapp) data of the nitrophenol
reductions, which is larger than the conventional methods (Table
S$1). Owing to the catalytic activity we have designed the coordi-
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nation polymer of Cu(ll)- 4-diallylamino benzoic acid and has been
structurally characterized. The reusability of the catalyst in the sev-
eral catalytic cycles of various nitrophenols, makes the compound
unique. Besides, the coordination polymer of Cu(ll), d°, may show
efficient magnetic exchange behaviour that has been supported by
variable temperature magnetic measurements. A comparison of re-
cently reported results in Carboxylato bridging Cu(ll) complexes
has been documented in Table S2.

2.1. Experimental methods and materials

The chemicals required in this research were obtained from
Sigma Aldrich and no further purification was carried out. Micro-
analytical data (C, H, N) were collected using Perkin-Elmer 2400
CHNS/O elemental analyser. Perkin-Elmer Pyris Diamond TG/DTA
instrument was used for thermogravimetric analysis in the tem-
perature range 30 - 600 °C under N, atmosphere at a heating rate
of 12 °C min~!. Bruker D8 advance X-ray diffractometer was used
for field emission scanning electron microscope (FESEM, S-4800,
Hitachi) measurement. The PXRD data were collected on an X-ray
diffractometer using Cu Ko radiation (A = 1.548 A) generated at
40 kV and 40 mA. The PXRD spectra were recorded in a 26 range
of 5-50°. Magnetic susceptibility measurement for the compound
was carried out on polycrystalline sample, at the Servei de Magne-
toquimica of the University de Barcelona, with a Quantum Design
SQUID MPMS-XL susceptometer apparatus working in the range 2-
30 K and 30-300 under magnetic field of approximately 500 G
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and 10,000 G, respectively. Diamagnetic corrections were estimated
from Pascal Tables.

2.2. Synthesis of coordination polymer (CP, 1)

4-Diallylamino benzoic acid (HDABA) was prepared by re-
ported procedure [29]. An ethanolic solution of (2 ml) of HDABA
(43.45 mg, 0.2 mmol) neutralized with Et3N (20.23 mg, 0.2 mmol)
was added slowly in drops to water-methanol (1:1, v/v) buffer
mixed solvent over the aqueous solution (2 ml) of Cu(NO3),. 3H,0,
(48.32 mg, 0.2 mmol) [30]. After week long settling needle-shaped
blue coloured crystals were grown on the glass wall. The crystals
were isolated mechanically under the microscope and washed sev-
eral times with methanol and water (1:1) mixture, and dried in a
desiccator. The yield of product, [Cuy(u;-OH),(DABA), L (1) was
85% (78.23 mg).

Elemental analysis, Calculated (CygH3gCu;N,0g): C, 52.61; H,
5.09; N, 4.72%; Found: C, 52.52; H, 5.0; N, 4.76%. FT-IR (4000—400
cm~1) (Fig. S1): 3388 (w), 1637 (s), 1594 (s), 1537 (s), 1385 (s),
1351 (s), 1251 (s), 1199 (s), 1136 (s), 994 (s), 912 (s), 817 (s), 784
(s), 703 (s), 641 (s), 555(w), 512 (w).

2.3. X-Ray crystallographic data collection and structure
determination

Bruker Smart Apex diffractometer equipped with CCD and Mo-
Ko radiation (A = 0.71073 A) was used for crystal data collection
of 1 (Table S3) at room temperature. Cell refinement, indexing and
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Fig. 1. ORTEP diagram of coordination polymer [Cuy(u2-OH),(DABA), ], (1) (40% probability ellipsoids).
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scaling of the data were done by using programs of Bruker Smart
Apex and Bruker Saint packages [31]. Direct method used for the
structure analysis with subsequent Fourier analyses [32] and re-
fined by the full-matrix least-squares method based on Fy2 with
all observed reflections [33]. Hydrogen atoms were placed at geo-
metrical positions. All the calculations were performed using the
WinGX System, Ver 2018.3.39 Molecular pictures were prepared
with program DIAMOND [34].

2.4. Preparation of nanoscale cu(ii) coordination polymer (1)

Solubility of the coordination polymer in common organic sol-
vent and in aqueous medium is a practical problem. There are so
many other methods like sonochemical, surfactant mediated syn-
thesis, solvothermal, microemulsion etc. to scale down the particle
size but all of them consume time and are non-ecofriendly. So, to
handle this problem we take the help of a green hand-grinding
strategy [35, 36]. By applying this classical technique the particle
size of the CP, 1, came down to 100 nm and surface area would
increase accordingly. The compound 1 (50 mg) was grinded with
the help of mortar pestle for near about 45 mins and extracted
with water. The relevant experiments were performed using the
aqueous extract. To confirm the structural integrity and morphol-
ogy in nano regime the prepared material was analysed by measur-
ing PXRD. The phase purity of the nano scaled product (1) matches
with the PXRD patterns as that of the synthesized ones.

2.5. Reduction of nitrophenols using NaBH, catalysed by nano regime
1

The reduction of nitrophenols (4-NP, 2,4-DNP, 2,4,6-TNP) to cor-
responding aminophenols were followed by Shimadzu UV- 3101 PC
UV-Visible spectrophotometer. In a cuvette, nitrophenol (30 ul of
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10 mM) in deionized water (3 ml) was added to NaBH,4 (0.16 ml of
0.1 M) solutions followed by the addition of water dispersed nano
scaled synthesized compound 1 (1 mg). The solution colour slowly
changed from bright yellow to transparent as the reaction proceeds
with time. The colour change was followed by spectral measure-
ment with time. Pseudo-first order rate equations were used to
calculate the kinetic data.

3. Results and discussion
3.1. Molecular structure

The compound 1 crystallizes in the orthorhombic space group,
Fdd2 and the symmetric unit comprises two independent Cu(II),
two 4-(diallylamino)benzoate (DABA~) bridgers and two p,-OH™.
Two copper atoms, Cul and Cu2, exhibit distorted square pyra-
midal geometry where the basal plane is formed by two bridg-
ing hydroxides and two carboxylato oxygen donors (Fig. 1 and
Fig. S2). The coordination is completed by occupying caoboxylato-
O at apical position of a symmetry related species. The coordina-
tion bond lengths and angles, reported in Table S4, indicate that
the Cu-O bond distances in the square pyramidal base are in be-
tween 1.875(6)—1.988(4) A, while the Cu-O (apical) are signifi-
cantly longer of 2.598(5) A and 2.609(6) A, for Cul and Cu2, re-
spectively.

The 1D polymer (Fig. 2a) is formed by two adjacent -
[Cu(DABA)(OH)]n- chains where carboxylate-O, O1 and 02, be-
have as apical donors for the copper atoms to the adjacent chain.
In chain, copper atoms are alternatively separated by 3.338 and
3.377 A, sharing a vertex of the square pyramidal polyhedron
(Fig. 2b). Besides, copper atoms of the two adjacent chains are
3.389 A far apart and share an edge of their polyhedra.

Fig. 2. (a) The two connected 1D polymeric chains elongated along axis ¢ with indication of coordination polyhedral around the copper atoms (H atoms not included for

clarity) and (b) Details of the 1D chain of 1.
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Fig. 3. (a) Low magnificent SEM image of synthesized nano scaled compound 1. (b) High magnificent cubic rod-shaped SEM image of nano scaled compound 1. (c¢) PXRD

pattern of simulated, as synthesized & nano scaled product 1 collected under air.

3.2. Stability and morphology of 1

The particle size of the synthesized compound, 1, diminished
to nano regime by following hand grinding technique. The resul-
tant powder 1 was characterised by scanning electron microscope.
The SEM images of the powder 1 had a cubic rod like morphol-
ogy (Fg. 3a) as it is supported from the single crystal symmetry
of 1. The SEM image (Fig. 3b) reveals the uniform distribution of
the particles. Using Gaussian function, we have fitted the particle
size distribution which is obtained from the SEM images. The fit-
tings show that the average particle size is 100 nm (Fig. S3). Small
particle size indicates the lower grain size and higher grain bound-
ary which may affect the conducting electrons which helps in the
reduction reaction. Intense peaks of PXRD patterns of bulk are
matched with those simulated from single crystal data and nano
regime form which also indicates the phase pureness of the bulk
sample (Fig. 3c).

Thermogravimetric analysis (TGA) of nano scaled compound has
shown that, the compound is stable up to 420 K after decomposi-

tion (Fig. S4), the end product of the thermal decay (near about
26%) may be the copper oxide and this is in support of the calcu-
lated data (CuO, 26.78%).

3.3. Magnetic studies

Bridged Cu(Il) (d°) multinuclear complexes usually show weak
magnetic exchange between spins and is the reason for subnor-
mal magnetic moment and/or antiferromagnetic coupling. In this
work, the magnetic measurements were carried out at 2 - 300 K to
analyse the effect of temperature on the spin population at higher
magnetic levels.

The plot of x T against T [x is the magnetic susceptibility
per two copper(Il) ions] (Fig. 4) shows that at 300 K, xmT is 0.90
cm® mol-! K, a value which was as expected for magnetically iso-
lated spin doublets (0.75 cm3 K mol~! with g = 2.0). This value
was kept upon cooling until 40 K and it further decreased to 0.177
cm? mol~! K at 2 K. This small decrease in the low temperature re-
gion could be characteristic to a very weak intramolecular antifer-
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Fig. 4. Variation of x T vs T for compound 1 (per two Cu). Figure in Inset refers to
the field dependence of reduced magnetization at 2 K for 1 (per two Cu), continu-
ous line corresponds to the Brillouin function simulation for two isolated ions with
S=1/2 and g = 2.0.
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romagnetic coupling across the chelated ligand (coppereeecopper
separation alternately of 3.338 and 3.377 A) [37].

The structure consists of copper ions bridged by 4-
(diallylamino)benzoate (DABA~) through the oxygen atoms (Fig. 5),
giving a system with a ladder like chain motif. The interpreta-

Fig. 5. Schematic diagram representing the exchange interaction within Cu(ll) cen-
tres of 1; (a) structure motif and (b) metal skeleton for magnetic exchange.
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Fig. 6. Time-dependant UV-vis spectral changes in Nitro Aromatic Compounds like (a) 4-nitrophenol (4-NP), (b) 2,4-dinitrophenol (2,4-DNP), (c) 2,4,6-trinitrophenol (2,4,6-
TNP) in presence of 1 and excess NaBHj.
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Fig. 7. Concentration (A¢/A¢) changes in (pink solid line, nude eye test inserted in the box) 4-nitrophenol, (blue solid line) 2,4-dinitrophenol and green solid line) 2,4,6-

trinitrophenol in the presence of catalyst 1.
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Fig. 8. The plot of In (C/Co vs t (time) for 4-nitrophenol (pink solid line), 2,4-
dinitrophenol (blue solid line) and 2,4,6-trinitrophenol (green). C;, the concentra-
tion of NPs at time t and Cy, the initial concentration of nitrophenols at t = 0. The
C¢/Co is measured from the relative intensity of absorbence (A¢/Ao).

tion of magnetic behaviour of 1 is attended by considering two
assumption: (i) a negligible contribution from the weak axial in-
teractions through one of the 4-(diallylamino)benzoate due to the
large Cu(1)-0(2) and Cu(2)-0(1) distances (2.597 A and 2.608 A
respectively) then J3 = 0 (Fig. 5a, 5b), (ii) the very similar Cul and

Cu2 geometric environment (mainly the neighbours angles Cu-O-
Cu which are 123.67° and 126.71° (vide detailed crystallographic
data).

Use of one coupling parameter (] = J;=J,) must be consid-
ered to assess the possible magnetic interaction corresponding to
the double oxo/carboxylato bridge. The magnetic data have been
fitted using Bonner-Fisher calculation [37] based on the isotropic
Heisenberg Hamiltonian: H = -] (5;Si, ). The best fit parame-
ters from 300 down to 2 K are found as | = - 8.07 cm~! and
g = 2.07 with an error R = 2.7 x 1074, where R = X[(xyDexp
- (XMDcatcPIEI(x MT)exp]? (Fig. 4). The small value of the super-
exchange parameter can be realised on considering the large Cu-
0-Cu angle (123.7°/126.7°). The weak antiferromagnetic interaction
was checked by magnetization measurements at 2 K up to an ex-
ternal field of 5 T. The magnetization in M/Ng units at higher field
indicates a value of 0.54 corresponding to two isolated Cu (II) ions
(Fig. 4, inset). The shape of the plot is compared with the Brillouin
plot (solid line plot) for two isolated ions with S = 1/2 system and
g = 2; this indicates the slower magnetization which is consistent
with a weak antiferromagnetic interaction.

3.4. Reduction of nitrophenols

The nano regime form of the coordination polymer, 1, acts as a
competent catalyst in the reduction of toxic nitrophenols to non-
toxic p-aminophenols compared to free Cu(ll) salt while the crys-
talline compound 1 is insoluble in water. The Coordination poly-
mer nano materials (CPNM) is a new advanced area in nanoscience
and nanotechnology in the last decade and have shown many ap-
plications in the field of catalysis, medicine, bioimaging, drug de-
livery, sensors in biomedicine, e-skin, energy harvester, etc. [38-
40]. During the reduction of 4-NPs, NaBH, serves as a reducing
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Fig. 9. Reusability cycles of (a) 4-NP, (b) 2,4-DNP and (c) 2,4,6-TNP.

agent and nano regime coordination polymer, 1 serves as a cat-
alyst. In absence of catalyst, the reaction is unfavourable and no
significant spectral change is seen even after 4 h (Fig. S5); the
nano scaled compound plays a significant role to bring reactant
and reagent together during the catalysis and improves the trans-
fer of electrons from BH4 to the nitro groups of 4-NPs [41-46].
The nano catalyst surface may decrease the kinetic energy barrier
and hence makes easy to reduction.

Upon addition of NaBH4 to NP solution, colour turned from
yellow to bright yellow. The strong absorption peak at 317 nm
is shifted to 401 nm (Fig. 6a); this may be due to the genera-
tion of nitrophenolate anions under basic condition and the ab-
sorbence remained intact with time in the absence of a nano
scaled catalyst 1 but decreased rapidly with a small amount of the
catalyst.

The absorption peak at 357 nm in case of 2, 4-dinitrophenol
(2, 4-DNP, Fig. 6b) decreases with concomitant increase in absorp-
tion at 450 nm (by adding NaBH4 in reaction medium) with time
followed by the decrement of intensity at 450 nm band with sub-
sequent development of new band at 300 nm. This implies that
the two step reduction reaction: 2, 4-dinitrophenol — intermedi-
ate 2-amino-4-nitrophenol — 4-aminophenol. 2,4,6-Trinitrophenol
(2,4,6-TNP) undergoes reduction similarly. Herein, the peak

(Fig. 6¢) at 389 nm corresponds to phenolate anion and the peak
at 291 nm increases with time indicates the formation of 2,4,6-
triaminophenol.

The pseudo first-order kinetics principle is used and it is more
appropriate to assess the rate constants data for nitrophenol re-
duction because the concentration of NaBH, is higher than those
of model substrate and can be considered as a constant during the
reaction period (Fig. 7). The linear relationship of In (A¢/Ag) versus
time (t) indicates that the reduction of nitrophenols by nano scaled
catalyst 1 follows the pseudo first order kinetics. The rate con-
stants for 4-nitrophenol, 2,4-dinitrophenol and 2,4,6-trinitrophenol
reduction are 0.0024 s — 1, 0.0053 s ~ 1, and 0.0056 s ~ ! respec-
tively (Fig. 8).

3.5. Reusability test

The catalyst was separated after reaction by filtration method
then reuse the catalyst at least 6 times (Fig. 9). After catalytic
performance, we did the SEM experiment to check its integrity
(Fig. S6-S8) which exactly matches with the SEM image before
the catalytic activity. We also performed PXRD experiment af-
ter separating the catalyst. The peak-to-peak matching elaborates
that the catalyst is able to hold it’s integrity for a long time pe-

HO™ ~0
<+

Cu(NO:3),

Scheme 1. Synthesis of the Coordination polymer [Cu,(u,-OH),(DABA); |, (1).
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Scheme 2. Plausible mechanism for nitrophenol reduction by BH4— catalysed by nanopolymer.

riod (Fig. S9). Hence, we can say that the coordination polymer
[Cuy(pp-OH),(DABA), In (1), catalyst is successful in acting as an
adsorbent catalyst in the reduction process.

4. Conclusion

In summary, a 1D coordination polymer of dinuclear Cu(Il),
[Cuy(up-OH),(DABA), | (1) (HDABA, 4-Diallylamino-benzoic acid)
is structurally characterised who has useful catalytic efficiency for
the reduction of nitrophenols to aminophenols by NaBH,4. Even
after 6 cycling experiment, the catalytic activity for reduction
was still noteworthy. Therefore, the recent discussions has further
shown that we have successfully exhibited a facile green technique
to synthesize nanoscale CP displaying as selective, sustainable as
well as long term catalyst for nitroaromatic reduction. The mag-
netic study indicated the weak antiferromagnetic interaction in the
reported compound.

Scheme 1 and 2.
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