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Abstract: Cyamelurate anions obtained from the hydrolysis of polymeric graphitic carbon nitride
were used for the preparation of a water-stable and crystalline coordination polymer based on
nickel(IT)-cyamelurate. The polymer was prepared and applied as a catalyst for the reduction of
4-nitrophenol to 4-aminophenol in the presence of borohydride under ambient conditions. The
catalyst was prepared by a simple and environmentally friendly method in an aqueous medium, and
it was completely characterized by a variety of techniques, including FTIR, UV-Vis, XRD, TGA, TEM,
and STEM. The obtained catalyst was able to catalyze the reaction of 4-nitrophenol to 4-aminophenol
with a good kinetic constant. In addition, the catalyst proved to be significantly robust, maintaining
a conversion rate greater than 80% after five minutes of reaction for eight consecutive catalytic
cycles. In addition, the catalytic activity of the coordination polymer was much higher than that
observed for a homogeneous catalyst based on aqueous Ni** ions, suggesting the importance of the
structure of the coordination sphere formed by the cyamelurate anions. The results presented here
can contribute to the application of other coordination polymers anchored with cyamelurate-like
ligands and derivatives, as well as to new catalyst designs based on this coordination site formed by
oxygen and nitrogen donor atoms.

Keywords: coordination polymer; carbon nitride; cyamelurate; nickel; 4-nitrophenol

1. Introduction

The process of reducing global carbon emissions will require significant changes in the
production sector, which will have a profound impact on the chemical industry. Catalysis
will play a central role in this new industrial revolution as it has been estimated that
90% of all commercially produced chemicals go through some catalytic process during
at least one stage of their production process. Therefore, catalysts must be redesigned to
reduce production costs, minimize dependence on critical minerals, and operate efficiently
under ambient conditions [1]. Over the past decade, there has been an increase in the
use of coordination polymers (CPs) in various catalytic reactions. The outcomes of these
experiments have shown that CPs have the potential to be used as effective heterogeneous
catalysts in a range of organic reactions [2]. In fact, catalysts based on coordination polymers
are considered very promising, since they are incorporated into the class of single-atom
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catalysts [3]. In this field, several reports have demonstrated high activity and performance,
especially in recent years [4]. In this context, coordination polymers composed of ligands
derived from elements that are abundant in the Earth’s crust, which are easy to prepare,
low in cost, and physicochemically stable, emerge as interesting alternatives for chemical
industry transformation in the coming years. Nevertheless, their availability and certain
economic and environmental limitations are barriers to their use in many applications [5].

The cyamelurate anion is a derivative of cyameluric acid for which the nucleus is
the C6N7 unit; in addition to its high thermal and chemical stability, this chemical has a
conjugated planar structure and high versatility to generate different coordination modes.
Due to its N- and O-donors, it enables multitudinous architectures with tunable prop-
erties and the possibility of a wide range of lateral chemical modifications [5,6]. As a
result, its potential as a ligand has been widely explored in the development of novel
hybrid materials for various applications [5,7-11], including the development of a new
class of metal-free catalysts for reactions conducted in aqueous media [12,13]. Recently,
Wang et al. [12] used potassium cyamelurate as a homogeneous and heterogeneous pho-
tocatalyst for the photodegradation of tetracycline hydrochloride under visible-light ir-
radiation in aqueous medium and ethanol, respectively. The authors demonstrated that
the degradation efficiency of the molecular structure was approximately 10 times larger
than those on melon and g-C3Ny. On the other hand, Oliveira et al. [13] reported on the
Fenton-like catalytic behavior of fragments of polymeric g-C3Ny sheets functionalized with
cyamelurate-like functional groups. In addition to the good catalytic properties presented
by the materials, the authors demonstrated a realistic mechanism for the formation of
oxidizing radicals from oxidation and reduction reactions of hydrogen peroxide.

Coordination polymers based on cyamelurate ligands are considered as interesting
alternatives, since these molecules can be prepared in aqueous media and have good chem-
ical and thermal stability [9]. Despite the potential of coordination polymers based on the
building block derived from s-heptazine, the application of these hybrid materials as hetero-
geneous catalysts in aqueous media has been poorly reported. Recently, Oliveira et al. [13]
prepared and characterized a new coordination polymer formed by iron(Ill)-cyamelurate
units and demonstrated its high performance in the degradation of indigo carmine (IC)
dye as a Fenton-like catalyst [7]. On the other hand, this class of materials has been widely
used in the detection of nitrophenol [14-17]. However, regarding the use of coordination
polymers as catalysts for reduction reactions of nitroaromatic compounds, some papers
have recently been published [18-20]. For example, Kuang et al. [18] reported a N-tripodal
ligand Cu-based coordination polymer in the presence of N,N-dime-thylacetamide (DMA)
and water as a catalyst for the reduction reaction of 4-nitrophenol in the presence of NaBHy
with high catalytic activity. Zang et al. [19] synthesized a new Co-based coordination poly-
mer using a carboxyl-triazolyl bifunctional ligand with good stability in aqueous media.
In addition to the excellent catalytic activity in the hydrogenation of 4-nitrophenol under
relatively mild conditions, the catalyst was re-used for five cycles without a significant loss
of performance. The reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) has both
environmental importance, since it can cause damage to the central nervous system and
other organs and tissues, and industrial importance, where it is essential to the manufacture
of pharmaceutical products, photographic developers, and corrosion inhibitors, among
other applications [21]. Although the reduction reaction of 4-NP to 4-AP (E° = —0.76 V)
with NaBHy (E° = —1.33 V) is thermodynamically favorable under ambient conditions, this
reaction is very slow due to its kinetic barrier, which can be judiciously by-passed through
the deployment of a catalyst.

Here, we propose the use of nickel(Il)-cyamelurate coordination polymer as a cat-
alyst for the 4-nitrophenol reduction reaction in the presence of sodium borohydride as
a reducing agent. We synthesized a stable coordination polymer in an aqueous solution
using potassium cyamelurate, an s-heptazine derivative, as a ligand. The resulting material
was employed as a heterogeneous catalyst for the hydrogenation reaction of 4-nitrophenol
in the presence of NaBH4 as a reducing agent. The coordination polymer obtained was
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characterized by different techniques, and its stability in aqueous media was demonstrated.
Finally, we evaluated its catalytic properties and investigated the impact on its structure
after catalysis and the likely reaction mechanism.

2. Materials and Methods
2.1. Materials

All chemicals were purchased and used without further purification. Nickel(II) chlo-
ride hexahydrate (NiCl,.6H,O) (Vetec), melamine, and sodium borohydride (NaBH4) were
purchased from Sigma-Aldrich; 4-nitrophenol (4-NP), potassium hydroxide (KOH, 98%),
and ethanol were supplied by the company Dinamica.

2.2. Preparation of Materials

Firstly, polymeric g-C3N4 was obtained from the thermal decomposition of melamine
at 550 °C in a muffle furnace under a nitrogen atmosphere using a heating ramp of
3 °C-min~! with a plateau of 2 h. Potassium cyamelurate was obtained according to
the procedure reported elsewhere by our research group [13]. Briefly, 0.5 g of polymeric
g-C3Ny was dispersed in 40 mL of a 5M KOH aqueous solution using an ultrasound bath.
Then, the mixture was refluxed, under stirring, for 6 h at 80 °C. After the reaction time,
the solution was filtered and washed with ethanol. Finally, the obtained material was
dried in an oven (60 °C) for 24 h. Herein, we use some characterization results of this
compound as a complementary /reference form when discussing the results obtained for
the nickel(Il)-cyamelurate coordination polymer. Nickel(Il)-cyamelurate coordination
polymer was obtained by dissolving 0.5 g of the material in 50 mL of an aqueous solution
of NiCl, with a concentration of 0.1 mol.L~! at pH~2. The mixture was stirred for 24 h.
After this time, the obtained suspension was filtered and the solid washed thoroughly with
water until the pH was close to neutrality. To confirm the presence and stability of Ni** ions
in the structure of the coordination polymer, 5 mg of nickel(II)-cyamelurate coordination
polymer was dispersed in 15 mL of water (solution A). After 15 min of stirring, the solid
was separated by filtration and redispersed in another 15 mL of water (dispersion B). To
evaluate the presence of Ni?* ions in both solutions, drops of a dimethylglyoxime solution
(0.1 M) were added to both solution A and solution B.

2.3. Characterization of Materials

A Shimadzu diffractometer (XRD6000) was applied to measure the X-ray diffraction
(XRD) patterns of the catalysts to evaluate changes in the crystal structure after alkaline
hydrolysis and metal ion binding. The XRD data were fitted by the Rietveld method
using FullProf Suite 2022 software. The morphology of the samples was characterized by
scanning electron microscopy, using a model VEGA3 LMH device (Tescan). The elemental
composition and mapping were determined using energy-dispersive X-ray spectroscopy
(EDS) equipment (Oxford Instruments) coupled to a microscope. FTIR spectra were ob-
tained with a model IRSPIRIT Shimadzu spectrometer using the single-reflection ATR
measurement accessory (QATR-S). Reflectance diffuse data were obtained with a Cary 50
UV-Vis spectrometer (Varian) using a UV-Vis DIFFUSIR diffuse reflection accessory (Pike
technologies). TEM images were obtained using a FEI TECNAI G2 F20 operated at 200 kV.
The samples (~5 mg-mL~!) were firstly sonicated with isopropyl alcohol for 5 min and then
dropped onto a Cu holey carbon TEM grid. The high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) method was used to investigate the
dispersion of metal ions across the surface of the material, as well as the possible presence
of nanoparticles.

The thermal properties of the materials were investigated using a model 8000 simulta-
neous thermal analyzer (STA) (Perkin-Elmer) under a N, atmosphere.

Nickel concentrations were determined using an atomic absorption spectrophotometer,
model AA 50B (Varian). It was equipped with a multi-element (Co, Cr, Mn, Fe, Cu, and Ni)
hollow cathode lamp (Varian).
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The electrochemical activity of the material was investigated using cyclic voltammetry.
Electrochemical experiments were obtained in an electrochemical cell using the traditional
three-electrode arrangement. Graphite foil and Ag/AgCl electrodes were used as working
and reference electrodes, respectively. A Pt wire was used as a counter electrode. Voltam-
metric data were obtained with a scanning speed of 100 mV /s and a working window
of 1.5 to —2.0 V using a pAutolab III potentiostat/galvanostat (Metrohm, Autolab BV)
controlled by GPES 4.9 software. All electrochemical measurements were carried out in a
1.0 M NaClOy electrolyte solution under ambient conditions. To obtain the cyclic voltam-
mograms of the nickel(Il)-cyamelurate CP sample, 200 mL of an aqueous dispersion of the
material (0.9 mg.mL~1) was directly deposited on the graphite electrode and dried at 40 °C.
On the other hand, the cyclic voltammograms of the NiCl, sample were obtained with a
0.12 mg.mL~! solution prepared with the supporting electrolyte.

2.4. Catalytic Performance

To evaluate the catalytic activity of nickel(Il)-cyamelurate coordination polymer in the
reduction reaction of 4-NP (Equation (1)), 100 pL of an aqueous suspension of the material
(0.9 mg.mL~!) was placed into a quartz cuvette containing 3 mL of a solution containing
4-nitrophenol (3 mg.L’1 or 0.021 mM-6.3 x 10~8 moles) and 200 pL of NaBH, solution
(26.4 mM-5.28 x 10~° moles). To maintain a consistent concentration throughout the
reaction, we employed a relatively high concentration of NaBH,, enabling us to conduct a
pseudo-first-order kinetic analysis concerning 4-nitrophenol reduction. The rate constant (k)
of the reduction reaction can therefore be directly calculated from the linear relation between
In(I/Ip) and time, where Ij is the initial absorbance of the reaction system. The kinetics of
the reaction were investigated by monitoring the band with maximum absorption at 400 nm
by UV-Vis spectroscopy using a Cary 50 instrument (Varian). To assess catalyst reusability,
we conducted an eight-cycle recycling experiment in accordance with established literature
protocols. After the first reaction cycle, 100 uL was carefully removed from the reaction
system, and the concentrations of 4-NP and NaBH4 were restored through the addition of
100 pL of 4-NP (87 rng.L_1 or 0.63 mM) and 10 uL of NaBH4 solution (26.4 mM). For all
cycles, the product concentration was determined after 18 min of reaction. All experiments
were conducted at room temperature and normal pressure. The adsorption study was
conducted similarly to the procedure described for the kinetics of the 4-NP reduction
reaction without the addition of the reducing agent and the initial pH of the solution
previously adjusted to 10.

In order to investigate the stability of the catalyst and the leaching of the metal after
the reaction, a procedure with higher concentrations of reactants and catalyst was carried
out. To 20 mL of a 4-nitrophenol solution (50 mg-L~!), 15 mg of NaBH, and 20 mg of
nickel(Il)-cyamelurate CP catalyst were added. After complete conversion of 4-NP, i.e.,
5 min of reaction, the suspension was quickly filtered and the solid washed thoroughly
with water and dried. The turnover frequency (TOF) was determined using this same
concentration and volume of the 4-NP solution and 1.5 mg of catalyst.

BH,
HO NO, — > HO NH,
(1)

2.5. Cyclic Voltammetry

Both 4-NP and the reaction product were characterized by cyclic voltammetry. The
cyclic voltammograms were obtained in an electrochemical cell using the traditional three-
electrode arrangement. The working, reference, and auxiliary electrodes were glassy carbon,
Ag/ACl (saturated), and platinum wire, respectively. To the electrochemical cell, 200 pL
of a 4-NP solution (50 mg/L) dissolved in 600 pL of a Britton—Robinson buffer solution at
pH 4,7, or 10 was added. To obtain the cyclic voltammograms of the reduction reaction
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product, i.e., 4-AP, 200 pL was collected after 5 min of the reduction reaction containing
20 mL of a 4-nitrophenol solution (50 mg.L’l), 15 mg of NaBHy, and 20 mg of nickel(II)-
cyamelurate CP catalyst; afterwards, 600 uL of a Britton—Robinson buffer solution was
added to maintain the pH at 4, 7, or 10. Measurements were obtained with a pAutolab III
potentiostat/galvanostat (Metrohm, Autolab BV) controlled by GPES 4.9 software.

3. Results

Figure 1A shows images of powdered materials and a schematic illustration of the
materials prepared in this research. The X-ray diffraction pattern obtained from the
sample containing nickel(I) ions attests to the excellent crystallinity of this material
(Figure 1B). A comprehensive analysis, using the Rietveld method, revealed a structure
indexed in a triclinic lattice (space group P1, Z = 2) with lattice parameters a = 14.0223(2) A,
b =23.1364(4) A, c= 15.9773(6) A, a =15.97°, B =152.20°, v = 155.99°, and unit cell volume
697.75 A3.
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Figure 1. (A) Images of powdered materials with schematic illustration of the steps to obtain
potassium cyamelurate and the material containing nickel(Il) ions. (B) XRD pattern and Rietveld
refinements and (C) FTIR spectra obtained for potassium cyamelurate and the coordination polymer
based on nickel(II)-cyamelurate.

The unit cell of nickel(Il)-cyamelurate displays substantial distortion and asymmetry.
The small « angle indicates a sharp deviation of one crystallographic axis (typically the a-
axis) from orthogonality with the others, leading to a single orientation of nickel atoms and
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cyamelurate ligands along this axis. Consequently, atomic positions and bond angles vary
along this axis, introducing structural non-uniformity. Additionally, the non-orthogonal
and -y angles induce a rotational distortion in the molecular arrangement within the crystal
lattice. This specific angular arrangement results in an asymmetric and distorted structure,
leading to diverse bond lengths, bond angles, and coordination environments. These
angular distortions are pivotal in shaping the unique structural and chemical characteristics
of nickel cyamelurate, contributing to its distinctive properties.

The FTIR spectra are displayed in Figure 1C, from which it can be seen that after the
formation of the coordination polymer, the general profile of the FTIR spectrum underwent
significant changes compared to the spectrum of potassium cyamelurate. Potassium
cyamelurate presents a spectrum with its characteristic bands, especially those centered at
1646 and 816 cm ™. The first is attributed to the vibrations of the C=N bonds of heterocyclic
rings and C=0 stretching, and the second is assigned to the ring-sextant out-of-plane
bending vibration of the triazine or heptazine rings [22].

After the formation of the coordination polymer, a significant decrease in the band
around 1650 cm~! is observed, indicating the direct participation of these functional groups,
ie., C=0/C-0O, in the bonding with metal ions. This change is followed by the shift of
the characteristic band of the triazine rings from 816 to 794 cm ™!, indicating a weakening
of the bonds in the ligand structure. In addition, the strong absorption at 1408 cm ! is
attributed to, among other bonds, the deformation of OH bonds in the water molecule.
The bands located between 930 and 1200 cm ! are generally associated with the change in
metal cations coordinated to structures based on carbon nitrides [23,24].

The SEM images show that after the reaction between potassium cyamelurate and
aqueous nickel(Il), a drastic change in morphology occurred, with the typical rod shape
of cyamelurate being changed to spherical particles, formed by agglomerates of smaller
structures similar to wood shavings (Figure 2A—C). The EDS mapping (Figure 2D-I) clearly
shows that all monitored elements, including metal ions, were homogeneously dispersed
across the entire particle surface of the nickel(Il)-cyamelurate CP sample, suggesting the
formation of highly dispersed nickel sites. Potassium ions displayed a lower density of
spots compared to nickel and other elements, indicating the ion exchange of potassium for
nickel during the coordination polymer’s preparation. The average elemental composition
obtained with this technique is shown in Table S1. The percentage of nickel in the sample
was 14.5%. Despite the limitations of the technique, this result is very close to that obtained
using the atomic absorption spectroscopy technique, 13.7%, and is in agreement with those
previously reported for a coordination polymer based on nickel(II)-cyamelurate [5].

Transmission electronic imaging of the potassium cyamelurate and nickel(Il)—cyamelurate
CP samples is displayed in Figure 3. As indicated by the SEM images, potassium cyamelu-
rate presents a rod morphology with varying sizes (Figure 3A). Apparently, the rods have a
microstructure characterized by the presence of pores homogeneously distributed through-
out the structure, with an appearance similar to that of a sponge. This porous nature is
likely a result of the fragmentation process induced by KOH. This phenomenon may also
have been observed during the partial fragmentation of the polymeric g-C3Ny structure,
where the formation of a porous feature in the reduced sheets was similarly observed [7,13].
On the other hand, after the complexation reaction with Ni?* ions (Figure 3B), the morphol-
ogy was predominantly formed by fragmented particles with a more compact structure, as
observed by Mohan et al. [5] during their investigation of cyamelurate polymers embedded
with several metals.
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Figure 2. SEM images of potassium cyamelurate (A,B) and nickel(II)-cyamelurate CP (C,D). Energy-
dispersive spectroscopy (EDS) image (E) and elemental mapping images of Ni (F), N (G), C (H), O (I),
and K (]).

To access the potential changes in the nature of Ni sites during the reaction, STEM-
HAADF imaging was performed on nickel(II)-cyamelurate, both before and after the
reaction (Figure 3C,D, respectively). Initially, the pristine material did not reveal any visible
Ni metal formation, indicating a high dispersibility of Ni** species throughout the material.
Nevertheless, after the reaction, the formation of small agglomerates (highlighted with
green circles) of varying sizes, ranging from 50 to 60 nm, was observed. This suggests the
formation of metallic nanoparticles promoted by NaBH, throughout the reaction.
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Figure 3. TEM images of potassium cyamelurate (A) and nickel(II)-cyamelurate CP (B). STEM-
HAADF images of the nickel(Il)-cyamelurate CP before (C) and after (D) its use in the catal-
ysis of 4-NP reduction in the presence of NaBH,. Green circles in D indicate the presence of
metallic nanostructures.

The thermal properties of nickel(II)-cyamelurate CP were investigated using thermo-
gravimetric analysis, and the results are shown in Figure S1. The coordination polymer
presented two mass losses with maxima centered at 196 and 670 °C. The first loss, cor-
responding to approximately 19%, is attributed to the elimination of water molecules
chemically bonded to the metal, while the second, corresponding to 56% of the total mass,
is attributed to the decomposition of the organic structure, i.e., cyamelurate anions. The
presence of structural water molecules, as labile ligands, is interesting for catalytic activity,
since the ligands attached to catalytically active metal ions impact on the reaction rate [25],
and inert ligands can hinder the access of the reagent to the catalytic site. The residual mass
of approximately 25% is associated with the formation of nickel oxide and waste carbon
materials after the decomposition of the organic structures.

The electronic properties of potassium cyamelurate and nickel(II)-cyamelurate CP
were analyzed by UV-Vis spectroscopy and cyclic voltammetry (Figures S2 and S3). Poly-
meric g-C3Ny presents a typical UV-Vis spectrum with a strong absorption from 440 nm.
After hydrolysis, that is, the formation of cyamelurate anions, the conjugation between
the structure of the s-heptazine units is broken, causing a blue shift at the beginning of
absorption (440 — 400 nm). After the coordination of nickel(Il) ions, a shift towards the
absorption associated with the structure of the C4N7 nucleus of both polymeric g-C3sNy
and cyamelurate was observed. For the polymeric g-C3Ny the shift was from 440 to
430 nm, and for the cyamelurate anions, a more significant shift was observed, from 400
to 360 nm. For the nickel(Il)-cyamelurate sample, an absorption located between 600
and 800 nm was also observed, typically associated with hydrated nickel(II) complexes.
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The electrochemical properties in aqueous media of the nickel(Il)-cyamelurate CP were
studied by cyclic voltammetry. Figure S3 shows the cyclic voltammograms obtained in the
presence of 0.1 M NaClOy as the supporting electrolyte. The coordination polymer presents
two well-defined redox processes at 0.7 V and 0.51 V vs. Ag/AgCl at circumneutral pH.
The redox potential obtained, 0.60 V, is similar to the redox potential of the Ni?* solution
(0.55 V) and very close to the redox potential of the reaction Ni?* + 2e” — Ni(0), E = 0.45 V
vs. Ag/AgCl. In general, both UV-Vis spectroscopy and the results obtained through cyclic
voltammetry suggest an electronic structure of the coordination polymer similar to that
observed for water-nickel(II) complexes.

The results shown so far, in particular the high dispersibility and structural and
electronic homogeneity of the coordination sphere of the metal centers, enable the use of
this class of materials as catalysts for a variety of reactions.

Catalytic Performance in the Reduction of 4-Nitrophenol

One of the main challenges associated with the use of coordination polymers in cat-
alytic processes is their structural stability in the presence of a solvent, especially water [26].
We conducted a simple qualitative test using the typical complexation reaction between
dimethylglyoxime (DMG) and nickel(Il) ions to evaluate the stability of the coordination
polymer in water. In this case, a low chemical stability of the material would lead to
the leaching of Ni?* ions due to the replacement of the cyamelurate ligands by water
molecules, which would be detected by the formation of a compound with a reddish color.
In Figure 4, images of the solutions containing DMG are shown. Figure 4A shows the
supernatant solution after separation of the solid and the addition of DMG. As can be seen,
the solution remained colorless after the addition of the complexing agent (nickel(II) reacts
with DMG, forming reddish complexes), indicating a low solubility and good structural
stability of the compound, without an indication of nickel leaching under the reaction
conditions. On the other hand, when DMG was added in the presence of the nickel(I)-
cyamelurate coordination polymer, there was a clearly observable color change in the
solution (Figure 4B,C), indicating the alteration of the coordination sphere of the metallic
center due to the replacement of water molecules by DMG.

Figure 4. (A) Image of the supernatant solution obtained after the separation of the nickel(II)-
cyamelurate CP added with DMG. Images of the addition of DMG in the presence of the nickel(II)-
cyamelurate solid: (B) side view and (C) top view.

Once the stability of the coordination polymer based on nickel(II)-cyamelurate had
been demonstrated, the catalytic properties were evaluated through the reduction of 4-
nitrophenol (4-NP) in the presence of sodium borohydride. The 4-NP presents a strong
absorption in the UV region of the spectrum, more precisely at 317 nm [27]. However, at pH
values greater than 7.15, the pKa of 4-NP, the predominant structure is the 4-nitrophenolate
anion, which has a yellow color and a maximum absorption at 400 nm. Therefore, when
evaluating the reduction reaction of 4-nitrophenolate to 4-aminophenol, it is important
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to consider the pH of the system in the presence of the catalyst. A decrease in pH to
a value close to 7 will lead to a shift in the equilibrium of the 4-nitrophenolate anion,
causing the absorption at 400 nm to shift towards the protonated structure of 4-NP, which
absorbs at 317 nm. This evaluation is particularly important, since the product of the
4-NP reduction reaction, 4-aminophenol, has a maximum absorption close to 300 nm.
Therefore, the decrease in pH after the addition of the catalyst may indicate a non-existent
reduction reaction. Here, after the addition of NaBH4 to 4-NP solution, the color turned
from colorless to bright yellow, accompanied by the change in pH from 5.8 to 10.0. Then,
the nickel(Il)-cyamelurate CP catalyst was added to the system, and the pH underwent
a small change to 9.8. Under these conditions, the decrease in absorption at 400 nm and,
in parallel, the increase in adsorption at ~290 nm, associated with the reduction reaction
product (4-AP), can be monitored by UV-Vis spectroscopy:.

Figure 5A displays the time-dependent UV-Vis spectra, in which the decrease in
absorption at 400 nm, attributed to the 4-nitrophenolate ion, can be seen. This decrease
is accompanied by an increase in absorption at around 290 nm, characteristic of the 4-AP
compound. In Figure 5S4, the time-dependent UV-Vis spectra are shown for the system
containing only the catalyst and the 4-NP (adsorption) with the initial pH of the 4-NP
solution adjusted to 10. As can be seen, after a time of 18 min, the absorption maximum at
400 nm remained unchanged. The possible reductive catalytic properties of the precursor
materials, i.e., polymeric g-CsNy and cyamelurate, were also evaluated. The spectra
obtained for 4-NP in the presence of these materials are shown in Figure 54C,D. Again, no
decrease in absorption centered at 400 nm was observed, indicating the inability of these
materials to catalyze the 4-NP reduction reaction in the presence of borohydride. Similar
results were obtained in the presence of a homogeneous catalyst prepared with the same
concentration of nickel(Il) ions (Figure S4E). This result indicates that, regardless of the
reaction mechanism involved during the progress of the reaction, the unique structure of the
coordination polymer has a determining role in the reaction kinetics. Another interesting
result is that in the presence of dimethylglyoxime (DMG), a typical Ni>* complexing agent,
all kinetic activity of the coordination polymer was strongly inhibited (Figure S4F).

In Figure 5B, the results show the relative absorption intensity at 400 nm over time
for all materials evaluated. Differently from the coordination polymer, polymeric g-C3Ny
and cyamelurate samples showed negligible reductions of 8% and 3%, respectively. On
the other hand, the nickel(II)-cyamelurate CP sample showed a reduction in absorption
greater than 90% after 18 min of reaction, indicating a good catalytic activity for the
conversion of 4-NP into 4-AP. Since the concentration of NaBHj in the reaction system is
much higher compared to that of 4-NP, the pseudo-first-order kinetic model was applied
to estimate the rate constants (K) for 4-NP hydrogenation [19]. The estimated result was
0.068 & 0.01 min~!, with a corresponding TOF of 5h~1.

It is also possible to observe from the relative intensity data a latency time of approx-
imately 5 min after the catalyst introduction, followed by the rapid conversion of 4-NP.
Several hypotheses have been reported regarding this latency [28]. This result suggests a
previous “activation” step, for example, the reduction of Ni%* ions to Ni(0), followed by the
dissociative adsorption of hydrogen molecules or even activation through the replacement
of labile ligands, i.e., HyO by H" ions.

The results of the reusability test on nickel(II)-cyamelurate CP are shown in Figure 5C.
Overall, the catalyst proved to be quite robust, maintaining its conversion capacity at above
80% even after eight reaction cycles. The small loss of catalytic activity may be associated
with the reduction of Ni?* ions with the formation of nanoparticles and subsequent coales-
cence leading to the formation of larger structures with low catalytic activity. On the other
hand, the investigation of the supernatant solution showed a small concentration of NiZ*
ions, 0.36% wt., suggesting metal leaching during the reaction, which may also contribute
to this decrease in catalytic activity.
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Figure 5. (A) Time-dependent UV-Vis spectra obtained for 4-NP solution in the presence of the
nickel(Il)-cyamelurate CP and borohydride. (B) Conversion kinetics of 4-NP to 4-AP. (C) Cycles of
reusability of nickel(II)-cyamelurate for the reduction of 4-NP in the presence of NaBH,. Experimental
conditions: initial pH = 10, catalyst mass = 0.09 mg, [4-NP] =3 mgl L~! and NaBH, mass = 0.2 mg.

To investigate the reaction products formed after the reaction, cycle voltammograms
were obtained at acidic, circumneutral, and basic pH. Figure 6 shows the cyclic voltam-
mograms obtained for 4-NP before and after 5 min of reaction in the presence of NaBH,
and nickel(Il)-cyamelurate CP catalyst in Britton-Robinson buffer solution at different pH
values. Unlike the results in acidic and circumneutral environments, the cyclic voltam-
mograms obtained in alkaline pH present a higher capacitance current, causing lesser
definition of the redox peaks, especially in relation to the results presented for the product
of the 4-NP reduction reaction (Figure 6C). In general, small changes in the positions of
potential peaks in the region around 0.0 V (Ag/AgCl) were still observed. On the other
hand, a well-defined shift in the reduction potential can be attributed to the functional
group —-NOy, from —0.75 to —0.93 V from the acidic to the alkaline medium. The reduction
peak centered in this region corresponds to the reduction of four electrons of the nitro
group that results in the formation of hydroxylamine [29]. The cyclic voltammograms
of the 4-NP sample presented a redox couple positioned above 0 V, which were also as-
sociated to the oxidation/reduction of the nitro function [30,31]. Using a glassy carbon
electrode and under acidic conditions, the oxidation peak attributed to the -OH functional
group is normally observed at potentials close to 1 V [30]. After the reaction, the intense
reduction peak characteristic of the -NO, function completely disappeared, indicating a
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chemical modification of the molecule. In addition, from the electrochemical data of the
reaction product, we observed a reversible redox reaction that was well defined in neutral
and acidic media, at potentials slightly lower than 0 V(Ag/AgCl). The absence of other
oxidation and reduction peaks in the voltammograms obtained for the 4-NP sample after
the reduction reaction suggests the presence of very low concentrations of the reagent or
even intermediate compounds eventually formed from the reduction of nitro groups, such
as hydroxylamine functional groups and other molecules.
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Figure 6. Cyclic voltammograms obtained for NaBH4 and 4-NP solutions before and after
(4-AP) the reaction catalyzed by nickel(II)-cyamelurate CP at different pH values. (A,C,E) show
the voltammograms obtained in the potential window from —1.5 to 0.8 V, while (B,D,F) are the
respective magnifications.

4. Discussion

In the presence of a strongly alkaline medium, the N-C bonds of tertiary and, eventu-
ally, secondary and primary amines, formed by the incomplete condensation of nitroge-
nous precursors in polymeric g-C3Ny, are hydrolyzed with the elimination of ammonia
molecules, leading to the formation of cyamelurate anions with low concentrations of
impurities [13]. Upon the addition of cyamelurate anions to a Ni** solution, a greenish
solid promptly forms, indicating the creation of coordinated structures featuring hydrated
Ni%* ions (see Figure 1A). As a result of the electronic and structural characteristics of
the cyamelurate ligand, a coordination polymer with good stability was formed in aque-
ous media, allowing for its use in various applications under these conditions. Here, we
propose its use as a catalyst for the traditional nitrophenol reduction reaction. The high
dispersibility of the metal ions associated with the electronic/structural homogeneity of
the catalytic site, together with a suitable interface for interaction between the reagents
in addition to the surface of the catalyst, provided by the organic structure of the ligand,
indicates a catalyst with properties suitable for reduction reactions [29].

Our main hypothesis for the reaction mechanism consists in the formation of Ni(0)
sites through the reaction between Ni?* ions and the strong reducing agent BHy". In Fig-
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ure S5, images and UV-Vis spectra of the aqueous Ni(II) and nickel(Il)-cyamelurate CP
solution/suspension are shown before and after 18 min of reaction with sodium boro-
hydride. From the images, it is possible to clearly observe the presence of dark colored
particles dispersed in both solutions, but this is much more evident in the aqueous Ni?*
sample. The UV-Vis spectrum of this sample (Figure S5) clearly shows the disappearance
of the typical absorption bands of [Ni(H,0)4]** around 700 and 400 nm, generating a
noisy plasmon resonance spectrum of metallic nanoparticles [30]. On the other hand, the
nickel(Il)-cyamelurate CP catalyst was separated by the filtration method to check its
structural integrity and verify the presence of nickel(Il) ions after its catalytic performance.
Figure S6 shows the images of the aqueous dispersion of the material recovered in the
presence of DMG. As can be clearly seen, as in the tests to verify the aqueous stability
of nickel(Il)-cyamelurate CP, the reddish color indicates that Ni%* ions were present in
the material. In addition, the FTIR spectra obtained before and after using the material
as a catalyst in the 4-NP reduction reaction are very similar (Figure S7), suggesting the
maintenance of the basic structure of the compound, formed by cyamelurate and hydrated
Ni%* ions. However, the percentage of nickel in the sample after use as a catalyst in the
reaction increased significantly, from 14.5 to 33% wt. These results indicate that part of the
nickel ions can be reduced in the presence of a strong reducing agent, forming small clusters
and/or nickel nanoparticles with the leaching of organic ligand molecules. The presence of
nickel metal was confirmed using cyclic voltammetry (Figure S8). The cyclic voltammo-
gram of the material obtained after the reaction clearly presents two redox peaks associated
with the Ni?* /Ni(0) couple at 0.78 V and 0.88 V vs. saturated Ag/AgCl. Qualitative testing
using molecular iodine also showed the presence of reduced nickel species. STEM-HAADF
imaging of the nickel(Il)-cyamelurate CP after its use in the catalysis of 4-NP reduction in
the presence of NaBHj clearly shows the presence of metallic nanoparticles anchored to
the surface of the material (Figure 3D).

The reduction reaction of nitroaromatic compounds can follow a direct pathway,
involving the formation of intermediates such as nitrous and N-phenylhydroxylamine, or a
condensation pathway, with the formation of intermediates containing azo groups [31]. In
the presence of a catalyst, currently, two main mechanisms for the reduction of nitroarenes
using metal-based catalysts have been proposed [32,33]. The first, based on metallic
nanomaterials such as Pt, Pd, and Ni, involves the adsorption of both reactants on the
surface of the nanoparticle [32]; the second is based on the heterolytic cleavage of hydrogen
molecules [33]. For a homogeneous catalyst, it is clear that the catalytic process basically
involves the reduction of Ni?* ions and the subsequent reduction reaction on its surface—a
relatively slow process (see Figure S4E). On the other hand, we observed the following
results for the nickel(Il)-cyamelurate CP catalyst: (i) a latency time of approximately
five minutes; (ii) fast conversion kinetics compared to the homogeneous catalyst; (iii)
inhibition of the reaction in the presence of DMG; (iv) the presence of nickel(Il) ions after
the reduction reaction, in addition to its basic structure formed by cyamelurate anions and
water molecules; and (v) the formation of metallic nanoparticles. It is clear that the structure
of the coordination polymer is important for the catalytic process, since the reaction kinetics
are much higher in relation to those for the homogenous catalyst. This suggests that part
of the nickel sites in the coordination polymer might be reduced to Ni(0) and, in a lesser
proportion, form clusters and/or nanoparticles. However, they remain predominantly
dispersed, explaining the high activity compared with the nanoparticles formed by the
reduction of Ni?* salt. Some authors have carried out detailed structural characterizations
of coordination polymers composed of cyamelurate and certain transition metals, such
as nickel(I). The studies, which included single-crystal X-ray diffraction, indicate that
metal-organic polymers made of nickel(Il)-cyamelurate have two metal ions in each unit
cell. One of these is coordinated by cyamelurate anions and water molecules, and the
other has a coordination sphere formed by six water molecules. We speculate that in the
presence of a strong reducing agent, the [Ni(H,O)g]?* site could be reduced more effectively,
leading to the formation of metallic nanostructures while the nickel(Il) coordinated by
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the organic ligand remains with its electronic structure unchanged or is reduced to Ni(0),
which remains “stabilized” and highly dispersed across the surface. It seems that this
system does not involve a single reactional process. On the other hand, the presence of
organic ligands can improve the interaction between 4-NP molecules, thus facilitating their
adsorption on the surface of the material. Finally, it is necessary to consider the fact that
in the presence of the complexing agent DMG, the catalyst is completely inactivated, due
to “blocking” of the nickel sites. Thus, the reaction mechanism must initially involve the
reaction of NaBH, with Ni?* ions, forming, as its products, reduced and predominantly
dispersed nickel species and hydrogen gas, which is activated on the reduced metallic sites.
This is a catalytic process through the dissociative adsorption of reagents [31]. In other
words, at first, BH4 ™ reacts with nickel ions, forming reduced nickel species (Equation (2)),
with the majority remaining highly dispersed and others coalescing and forming metallic
nanoparticles. In this reaction between borohydride and water (Equation (3)), hydrogen
molecules are formed, which are adsorbed and activated on the surface of the metallic
structures that subsequently react with 4-NP to form 4-AP.

BH, ™ (aq) + 4Ni%*(aq) + 8OH ™ — 4Ni(0) + H + H,BO; ™~ + 4H,0 )
BH, ™ + 4H,0 — B(OH)3 + 4H, + OH™ 3)

5. Future Perspectives

The development of new catalysts with high atomic efficiency is very promising
for sustainable catalytic systems. Together with other classes of materials, coordination
polymers with good stability in aqueous systems are extremely relevant materials, due to
the greater ease of the structural and electronic control of the catalytic site compared to that
for other supports for metal ions. Specifically, regarding structures based on the s-heptazine
unit, i.e., cyamelurate, the ease of obtaining them and their physicochemical stability are
differentiating factors for the use of these materials as ligands. At this moment, there are
few reports on the use of this class of compounds as an alternative for the development of
high-efficiency catalysts. Thus, new materials prepared with different metals and mixed
structures should be reported in the short term. On the other hand, proposals for selective
modification of the ligand structure to optimize the characteristics of the catalytic site and
increase the stability of the coordinated metal will be of great interest, in addition to the
investigation of cationic mechanisms in different reaction processes, which are among the
most relevant future perspectives for these materials.

6. Conclusions

A water-stable and crystalline coordination polymer based on nickel(II)-cyamelurate
was obtained by a simple and environmentally friendly method in an aqueous medium.
The prepared material was applied as a catalyst for the reduction of 4-nitrophenol in
the presence of borohydride under ambient conditions. Rietveld refinement revealed
a distorted triclinic unit cell with lattice parameters a = 14.0223(2) A, b = 23.1364(4) A,
¢ = 15.9773(6) A, a =15.97°, B =152.20°, ¥ = 155.99°, and volume 697.75 A3. Because
of its high structural stability in aqueous media, the catalyst was used for the reduc-
tion reaction of 4-nitrophenol to 4-aminophenol. In addition to its good kinetic constant,
0.068 + 0.01 min~!, the catalyst proved to be significantly robust, maintaining a conver-
sion rate greater than 80% after eight consecutive catalytic cycles. On the other hand, the
catalytic activity of the coordination polymer was much higher than that observed for a
homogeneous catalyst based on aqueous Ni%* ions, suggesting the importance of the struc-
ture of the coordination sphere formed by the cyamelurate anions. This can be explained
by the uniform distribution of the metallic ions, in parallel with the high accessibility and
electronic and structural homogeneity of the catalytically active sites. Finally, the results
presented herein can contribute to the design of new catalysts with highly dispersed metal
ions anchored on coordination sites based on the cyamelurate-like functional groups.
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