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Abstract: The 3D Zn(II) coordination polymer {[Zn3(L)(4,4'-bpy)]in (GTU-3) was prepared with a
novel hexapod-shaped molecular building block, hexakis(methyl-2-(4-phenoxyphenyl)acetatebenzene)
cyclotriphosphazene (HgL1) by solvothermal reaction in dimethylformamide (DMF). Zn(II) coordina-
tion polymer was characterized by FTIR, thermal analysis, SEM-EDX, BET, powder X-ray diffraction
analysis, and single crystal X-ray diffraction techniques. GTU-3 consists of six crystallographically
independent Zn?* ions, two fully deprotonated cyclophosphazene-based ligands, and two 4,4’
bipyridines (4,4’ -bpy). In the complex, the flexible multisite cyclotriphosphazene bridging ligand
(HgL) was completely deprotonated. GTU-3 exhibited relatively good catalytic activity toward
Rhodamine B (RhB) removal in aqueous solution. A 0.4 g/L amount of GTU-3 could degrade the
10 mg/L solution of RhB up to 76.5% in the presence of peroxymonosulfate (PMS) oxidant in 1 h. The
kinetic studies showed that the degradation process followed pseudo-first-order kinetic. By extending
the degradation time to 5 h, the degradation efficiency reached 95.3%. Under the same conditions,
Methylene Blue (MB) and Acid Red 17 (AR17) dyes were degraded by 86.2% and 52.8%, respectively.

Keywords: coordination polymer; Zn(Il) complex; catalytic degradation; dye removal; peroxymonosulfate
(PMS)

1. Introduction

With the increase in environmental pollution and the decrease in available water
resources, controlling water pollution has become increasingly critical in today’s world,
especially considering the amount of pollutants present in industrial wastewater. Many
processes in the industry are associated with the mixing of dye molecules with wastewater.
As such, treatment of wastewater containing dye molecules is an important issue that needs
to be addressed in order to protect both water resources and the environment. It is possible
to remove these types of dyes from water using the catalytic degradation of dyes [1]. Many
industries use different colorant species, especially a cationic fluorescent dye, RhB. The
interaction between active media or pollutants and catalyst surfaces is important for the
production of active species and the degradation of pollutants. It is critical to note that
heterogeneous activation is strongly influenced by catalyst properties, especially surface
characteristics. In the course of catalytic reactions, the surface characteristics of catalysts
are crucial due to the solid-liquid contact near the catalyst’s surface where the catalytic
reactions often take place. Since coordination polymers have very high porosity and surface
area, they have attracted considerable attention in the catalyst area. They are an excellent
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alternative to traditional catalysis since they bring together inorganic and organic matters
at the same time [2].

Coordination polymers are inorganic/organic hydride structures built up by metal
cation centers linked by organic building blocks. As early as the 1960s, it was synthesized for
the first time [3,4]. There are coordination polymers that are capable of being coordinated
and covalently connected in one, two, and even three dimensions. A one-dimensional chain
can be formed when weak interactions exist, as well as a two-dimensional structure and
a three-dimensional structure that arise from the interconnection of long bridge ligands.
The advancement of technology over the past two decades has contributed to improving
X-ray analysis devices and computer programs used in crystal structure analysis. The
crystal engineering approach has benefited many researchers by enabling them to obtain
coordination polymers with new topologies [5]. As a result, a larger number of coordination
polymers have been obtained.

There is significant interest in this concept, since coordination polymers are capable of
a wide range of applications, demonstrating their versatility. As a result of different metals
and binder types being used to manufacture this material, it is capable of demonstrating a
wide range of properties, such as gas storage, catalysis, magnetism, and fluorescence [6-11].
It has become increasingly imperative to construct coordination polymers based on flexible
carboxylic ligands in recent years [12-15]. A carboxylic acid is an excellent tool to synthesize
robust coordination polymers, in terms of both ensuring charge balance and bridging in a
number of different ways.

There are many different coordination polymers used as catalyst candidates for the
degradation of dyes in wastewater treatment. The role of the metal center is an important
issue for designing the coordination polymers and tuning their catalytic efficiency. In this
respect, Zn(Il) is considered an appropriate metal for making these coordination polymers
because its d'° configuration offers flexible stereochemistry. As a result, the geometries
of the complexes can be easily changed, ranging from a tetrahedral geometry to square
pyramidal and trigonal bipyramidal geometries to an octahedral geometry with varying
degrees of distortion [16]. Because of the significant Lewis acid activity observed, this ion
has been utilized in a number of catalytic processes [17]. Zn(II) complexes are easily able
to take on a variety of 1D, 2D, and 3D configurations, but these also depend on the molar
ratio, reaction conditions, the nature of the ancillary ligand, and coordinative skills.

For the preparation of coordination polymer, cyclophosphazenes which are an impor-
tant part of inorganic cyclic systems were chosen as the core of synthesized hexacarboxylate
organic ligand. As a result of the fact that phosphazenes can form coordination compounds
with transition metals in recent years, more and more research is being conducted on
this group of compounds. There are, however, few coordination polymers that contain
cyclotriphosphazene-based ligands. Our group has utilized the flexible hexa-carboxylate
ligand hexakis(methyl-2-(4-phenoxyphenyl)acetatebenzene) cyclotriphosphazene (HgL;,
Scheme 1) in constructing a novel coordination polymer with transitional metal ions. In this
work, we synthesize a newly designed coordination polymer based on Zn(II) metal centers,
called GTU-3, and investigate its catalytic activity, one of the most frequently studied prop-
erties of coordination polymers. The catalytic activity of these structures has been tested by
examining RhB degradation experiments, which has allowed us to investigate the catalytic
activity of these structures. To make sure that the prepared structure can be applied as an
efficient catalyst for dye degradation, another cationic dye, MB, and an anionic dye, AR17,
were degraded by GTU-3. As part of the investigation of the degradation process, the effect
of PMS oxidant on the process was also investigated [18]. Advanced oxidation processes
(AOPs) are promising technologies that generate hydroxyl and sulfate radicals for pollutant
degradation. Recently, much emphasis has been placed on the production of sulfate radi-
cals via the activation of PMS. Because of its high reactivity and potential for generating
sulfate radicals, PMS has gained popularity in recent years. In fact, it is becoming a viable
substitute for hydrogen peroxide and persulfate. PMS is an unsymmetrical oxidant that
can produce both hydroxyl and sulfate radicals when activated [19].



Catalysts 2023, 13, 756

3of 14

4 N\
oo
A\ W4
N"\
N
. J/

Scheme 1. Synthesized ligand (HgL;) used to synthesize the Zn(II) coordination polymer.

2. Results and Discussions
2.1. Synthesis and Structural Characterization

Solvothermal conditions were used for GTU-3 synthesis, so a mixture of ZnCl, and
HgL;, whose chemical structure is given in Scheme 1 with a molar ratio of 4:1, was heated
at 80 °C for one day. Both synthesis processes resulted in needle-like colorless crystals.
According to the IR spectra of HgL; and GTU-3 shown in Figure 1, some characteristic ab-
sorption bands can be seen, which are mostly related to the asymmetric (vas: ca. 1638 cm™1)
and symmetric (vs: ca. 1398 cm ™) stretching vibrations of the carboxylate groups. The
sharp peaks that appear at 1161 cm ! in the FTIR spectra of HgL; correspond to stretching
vibrations of the P=N groups. The increase in Zn metal clusters in coordination polymers
slightly decreased the frequency of P=N stretching. The strong band at 958 cm ! is assigned
to P-O stretching in the experimental IR spectrum of the GTU-3, and HgL;. The presence of
no bands in the region 1690-1730 cm ! indicates complete deprotonation of the carboxylate
groups and is consistent with the result of the single crystal X-ray diffraction analysis.
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Figure 1. FTIR spectrum of the synthesized GTU-3 and HgL;.

Morphological clarification was achieved by SEM analysis, and the obtained images
of GTU-3 are given in Figure 2. The images show rod-shaped particles and a layered
structure. For the chemical characterization and elemental analysis of the GTU-3, EDX
analysis was performed, and the results are given in Figure 3. As the obtained results,
elemental composition of synthesized GTU-3 are consistent with the expected percentages.
The high presence of Zn atoms in the elemental percentages supports successful synthesis.
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Figure 2. SEM images of the GTU-3.
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Figure 3. EDX spectra of the GTU-3.

2.2. Description of Crystal Structures

The reaction of ZnCl, with Hgl; under conventional conditions at 80 °C resulted
in a 3D coordination polymer, namely {[Zng(L)>(4,4-bpy)2]in. The asymmetric unit of
GTU-3 consists of six crystallographically independent Zn?* ions, two fully deprotonated
cyclophosphazene-based ligands, and two 4,4'-Bipyridine (4,4'-bpy) (Figure 4a). GTU-
3 crystallizes in the monoclinic crystal system with P2;/n space group. Regarding the
hexacarboxylated cyclophosphazene ligands, three of the six-carboxylate arms are situated
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above the central heterocyclic ring, and the other three below. Zn1 and Zn6 central atoms
have similar coordination environments and are distorted square pyramidal coordination
geometry composed of four carboxylate oxygen atoms (02, 010, 025, O28 for Zn1; O12,
015, 031, 036 for Zn2) and one nitrogen atom of 4,4’-bpy (N4 for Zn1; N10 for Zn6). Zn2,
Zn4, and Zn5 ions are four-coordinate through four carboxylate oxygen atoms to give
distorted tetrahedral coordination geometry. Zn3 ion is a distorted tetrahedral geometry by
three carboxylate oxygen atoms and one nitrogen atom of 4,4’-bpy. The Zn-Ocarboxylate bond

distance is in the range of 1.919 (5) A-2.136 (6) A, comparable to reported bond lengths in
other N3P3-based hexacarboxylated Zn complexes [20]. As indicated in Figure 4b, there are
two fully deprotonated cyclophosphazene-based linkers with different coordination modes
in the crystal structure. The one cyclophosphazene linker adopts a 19 coordination binding
mode, in which carboxylate groups have three syn-syn-p,-n'm! and three syn-anti-yi,-n'm?
binding modes, while the other linker in the asymmetric unit has a p;; coordination
binding mode involving five syn—syn—uz—n1 m! and one syn—amti—uz—nl m! coordination
mode (Figure 4b). On the other hand, the nitrogen atom in one of the two bipyridine
ligands does not participate in coordination. In Figure 4c, an image of three-dimensional
coordination polymer by a-axis is shown. The P-N distances in GTU-3 are typically in the
range of 1.565 (6) A-1.598 (6) A and the average N-P-N and P-N-P angles are 117.25° and
121.65° [21,22].

Figure 4. (a) Ball-stick representation of crystal structure of GTU-3. All H-atoms were omitted for clar-
ity, and 4,4'-bpy units are shown in blue. (b) Coordination modes of deprotonated ligand (L). (c) View
of three-dimensional coordination polymer looking down the a-axis. Symmetry transformations used
to generate equivalent atoms: (i): 1.5-x,-1/2+y,1/2-z; (ii): 1-x,1-y,1-z; (iii): -1/2+x,1.5-y,-1/2+2z: (iv):
1-x,2-y,1-z: (v): 1.5-x,1/2+y,1.5-z: (vi): 1/2+x,1.5-y,1/2+z: (vii): -1/24x,1.5-y,1/2+z: (viii): 1-x,1-y,1-z.
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2.3. Powder Diffraction, Thermal Properties, and Gas Sorption Measurement

In order to confirm the bulk phase purity of GTU-3, powder X-ray diffraction analyses
were performed. As shown in Figure 5a, experimental PXRD pattern diffraction peaks
are almost matched with the simulated pattern (CIF), indicating that the as-synthesized
coordination polymers are undoubtedly GTU-3.
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Figure 5. (a) Simulated and experimental PXRD patterns of GTU-3, (b) TGA thermogram of the
synthesized GTU-3 and HgL;.

Thermogravimetric analysis (TGA) was performed for single crystalline samples of
HgL1, GTU-3 under N, atmosphere while the heating rate was 10 K/min, and the results
are given in Figure 5b. The TG curve of HgL; remains unimpaired until 280 °C. Then, the
coordination polymer remains undamaged until 404.59 °C and then starts to break down
(obsd: 37.7%). The zinc-based coordinations’ polymers appear to have high thermo-stability,
which is due to the stable hexa-carboxylate ligands.

2.4. Catalytic Efficiency of the Prepared GTU-3

As mentioned above, the synthesized coordination polymer can act as a catalyst. In
the present study, we applied its catalytic potential for dye degradation. At RT, magnetic
stirring was used in every experiment involving catalytic degradation. First of all, some
preliminary experiments were performed to find the appropriate ranges of the effective
parameters on degradation efficiency, including the initial concentration of the dye solution,
PMS amount, and degradation time. Then, the degradation tests were performed at
different conditions, namely, in the presence of bare GTU-3, bare PMS, and both of them
at the same time. The effect of catalyst amount on RhB degradation efficiency was also
surveyed. The observed results showed that the optimum amount of GTU-3 was found
to be 0.40 g/L, as shown in Figure S1 (in the Supplementary Materials). According to
the results shown in Figure 6, by using bare GTU-3, the degradation efficiency is not so
impressive, by using bare PMS, DE% increases to 23%, while introducing both GTU-3
and PMS to the dye solution increases the degradation efficiency dramatically, up to ~76%
(Figure 6a). It can be due to the synergistic effect between GTU-3 and PMS. Furthermore;
absorption spectra of RhB degradation in the presence of GTU-3 and PMS are given in
Figure S2 (in the Supplementary Materials).
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Figure 6. (a) Catalytic degradation efficiency of GTU-3 at different conditions, [RhB]y = 10 mg/L
(50 mL), [PMS] = 0.5 mM, GTU-3 = 0.4 g/L, and (b) pseudo-first-order kinetic model graph for the
processes in plot a.

It was assumed that the degradation process obeyed pseudo-first-order kinetics, and
the In(Cy/C) graph was plotted versus time (Figure 6b). The linear plots with high R?
values proved this assumption to be true. Therefore, the slope of the obtained trendline
could be considered as the reaction kapp. Applying this kapp, the synergistic effect (SE)
between the simultaneous presence of GTU-3 and PMS could be calculated using the
following equation (Equation (1)) [23]:

kapp,combined process (kapp, process 1 + kapp, process 2)}

SE% = x 100 1)

kapp,cornbined process

SE > 0 means that the two factors involved in the process have a reinforcing effect on
each other. According to Figure 6b, the kapp values were 0.0256 min—!, 0.0042 min—! and
0.0002 min~! for the degradation processes performed in the presence of GTU-3 and PMS,
bare PMS, and bare GTU-3, respectively. Therefore, the SE% was calculated to be 82.8%,
which proves the enhancing effect of GTU-3 and PMS in the presence of each other.

The Lewis acid site of the surface is involved in the catalytic oxidation of metal oxides.
Abundant H,O molecules are adsorbed to the surface of the metal oxide catalyst when
it is added to an aqueous solution. Water molecules split apart to form OH™ and H*,
which combine with surface metal atoms and oxygen-containing sites, respectively, to form
surface hydroxyl groups. The metal oxide’s hydroxyl group is visible as a Bronsted acid
point. Unsaturated covalent oxygen atoms and metal cations exhibit Lewis acid and Lewis
basic points, respectively [24]. In addition, it is assumed that RhB degradation occurs via
two parallel mechanisms, radical and nonradical mechanisms [25]. The longer M ... O
bond can be considered a weak coordination bond [26]. The weak carboxylate M ... O
coordination with the corresponding metal center can act as an active Lewis acid site. For
GTU-3, the carboxylate bond lengths were measured as 2.136 A (Zn1 ... ..025iv), which
supports the weak carboxylate bonding. Consequently, the metal core and weak carboxylate
coordinations can act as active Lewis acid centers with the potential to initiate a catalytic
reaction by attacking the PMS oxidant molecule from the O end. This process can lead to the
production of SO4°*~ radicals according to the following reactions (Equations (2) and (3)),
which consequently starts the radical process [27].

Zn** + HSO5~ — Zn* +SO5°~ + HY 2)
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Zn* + HSO5~ — Zn*" + SO4*~ + OH (3)

The produced SO4°~ radicals attack the RhB molecules and initiate the degradation
process.

According to the obtained results, GTU-3 showed good catalytic activity. This may
be due to the 4,4-bpy ligands bound to the Zn core in the structure of the prepared GTU-3
coordination polymers. In the non-radical process, the product of the radical reaction, the
H* ion, increases the acidity of the already acidic reaction medium. These protons can
increase the removal efficiency of GTU-3. They can quaternize the open-ended N atom of
the 4,4-bpy groups attached to GTU-3 and make a complex with PMS and then react with
the adsorbed RhB molecules, as shown in Figure 7. As a result, degradation can occur. This
interaction also significantly increases the catalytic performance of GTU-3 [28]. Figure 6
shows that this increase in catalytic efficiency is due to the presence of acidic protons. As
can be seen in Figure 8, the same reactions were performed in the basic medium, and
according to the results, the catalytic efficiency decreased due to the decreased acidic
protons in the basic medium. It is worth mentioning that the band gap value of GTU-3 was
obtained 3.79 eV from the reflection data (Figure S3, in the Supplementary Materials).

0 % "¢ *OH
25 NI ewis acid site P
P//""" SO,

O ) O HSOs_

3 Radical Process

‘0-S-0-0-H so,%, CO,

H,0

Nonradical Process

Figure 7. The radical and nonradical PMS activation process in the presence of GTU-3.
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Figure 8. Catalytic degradation efficiency of GTU-3 at pH = 10.4, [RhB]y = 10 mg/L (50 mL),
[PMS] = 0.5 mM, and GTU-3 = 0.4 g/L.

As mentioned above, the degradation of 76% was obtained after 1 h. The degradation
time was extended to 5 h to pursue the degradation trend for longer times. It was shown that
after 5 h, the DE% reached 95.3% (Figure 9a). Under the same conditions, the degradation
of cationic MB and anionic AR17 was also investigated. According to the results, MB and
AR17 were degraded by 86.2% and 52.8% after 5 h. Figure 9a,b show the comparison of
DE% for different dyes. The successful removal of both anionic and cationic dyes by GTU-3
proves its high potential as an efficient catalyst for different dyes’” degradation. However, it
seems that GTU-3 has better activity for the degradation of cationic dyes.

b 100 95.33
86.23
75k
R
w
[a)
50
—=—RhB
—s— MB
—A— AR17 25k
Il 2 Il 2 Il 2 Il 2 Il 2 I 2 'l o & X
0 50 100 150 200 250 300 RhB MB AR-17
Time (min) Dye

Figure 9. (a) Catalytic degradation efficiency of GTU-3 at the dye initial concentration of 10 mg/L
(50 mL), [PMS] = 0.5 mM, and GTU-3 = 0.4 g/L, and (b) the bar graph of the dyes degradation.

3. Materials and Methods
3.1. Materials

Methyl 4-hydroxyphenyl acetate (Sigma-Aldrich, St. Louis, MO, USA), anhydrous
potassium carbonate > 99.0% Sigma-Aldrich, St. Louis, MO, USA), anhydrous acetone
(Aldrich, St. Louis, MO, USA > 99.0%), phosphonitrilic chloride (Alfa Easer, Ward Hill,
Massachusetts, USA 98%), DCM (Merck, Darmstadt, Germany), NaSO, (Merck, Darmstadt,
Germany), THF (Sigma-Aldrich, St. Louis, MO, USA), hexane (Merck, Darmstadt, Ger-
many), sodium hydroxide (Merck, Darmstadt, Germany), methanol (Merck, Darmstadt,
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Germany), hydrochloric acid (Sigma-Aldrich, St. Louis, MO, USA), Zn(Cl); (Fluka AG,
Buchs, Switzerland), DMF (Merck, Darmstadt, Germany), Rhodamine B (Sigma St. Louis,
MO, USA), potassium monopersulfate (Merck, Darmstadt, Germany), methylene blue
(Sigma-Aldrich, St. Louis, MO, USA), acidic red-17 (Sigma-Aldrich, St. Louis, MO, USA).

3.2. Synthesis
3.2.1. Synthesis of Hexakis(methyl-2-(4-phenoxyphenyl)acetatebenzene)
Cyclotriphosphazene (HgL1)

Anhydrous potassium carbonate (2.77 g, 20.09 mmol) was poured into an anhy-
drous acetone (50 mL) solution, which contained methyl 4-hydroxyphenylacetate (3.3 g,
20.09 mmol) and phosphonitrilic chloride trimer N3P3Clg (1.00 g, 2.87 mmol) and was
heated in reflux conditions for 36 h while being stirred constantly under an argon atmo-
sphere. The reaction solvent was removed with a rotary evaporator after being cooled
to room temperature. To extract the obtained solid compound, 50 mL of water and
DCM was used. Then, anhydrous NaySO4 was added to dry the organic phase. For
purifying the obtained unpurified product, it was passed through a silica gel chromatog-
raphy column, with Hexane:THF (3:2) as the mobile phase. After drying the product
(N3P3(OCcH4CH3COOCHS3)4), a white powder (2.8 g, 80% yield based on N3P3Cls) was
obtained. MALDI-TOF (m/z) Calc. 1125.26 m/z, Found: 1126.078 [M + H]" (Figure S4, in the
Supplementary Materials). IH-NMR (400 MHz, DMSO-dg, ppm), 7.10 (d, 12H, Ar-H), 6.88 (d,
12H, Ar-H, 3.69 (s, 2H, -CHy), 3.60 (s, 3H, -CHj3 (Figure S5, in the Supplementary Materials).

A 0.77 g amount of sodium hydroxide (19 mmol) was dissolved in 50 mL of methanol,
and then 1.35 g N3P3(OC¢H4CH3COOCH3)4 (1.19 mmol) was added to the reaction mixture.
The obtained mixture was heated up to 80 °C and was stirred overnight at this temperature.
During this process, the volatile compounds were eliminated, and the rest were dissolved in
water. Then, it was filtered, and its pH was set in the range of 2-3 using dilute hydrochloric
acid. After stirring, the product precipitated, which was separated by filtering. Then, it
was washed with water and then was dried (0.90 g, 72% yield). This step resulted in the
pure isolation of HgL;. MALDI-TOF (m/z) Calc. 1041.78 m/z, Found: 1042.55 [M + HJ*
(Figure S6, in the Supplementary Materials). 'H-NMR (400 MHz, DMSO-d6, ppm), 7.14
(d, 12H, Ar-H), 6.82 (d, 12H, Ar-H, 3.55 (s, 12H, -CHy) (Figure S7, in the Supplementary
Materials). IR v (cm™1): 2953 (-C-H), 1734 (-C=0), 1505 (-C-O-), 1154 (-P=N-), 956(-P-O-) for
N3P3(0OCsH4CH3COOCHS3)6, and 3039 (-OH), 1702 (C=0), 1606-1407 (C=C), 1157 (-P=N-),
951(-P-O-) for HgL; (Figure S8, in the Supplementary Materials).

3.2.2. Synthesis of GTU-3

ZnCl; (2.6 mg, 19.2 mmol, and 4 mol) and H¢L; (5 mg, 4,8 mmol, and 1 mol) were
mixed and dissolved in 3 mL of DMF-H,0 (2:1, v/v). After sealing the obtained solution
in a 4 mL glass bottle, it was heated up to 80 °C and kept at this temperature for 1 day
to obtain colorless crystals. After synthesis, obtained crystals were washed with mother
solvents several times and dried in an oven for 1 day. The structural characterizations of
the synthesized GTU-3 were exhibited in the present manuscript.

3.3. X-ray Data Collection and Structure Refinement

Intensity data collection was carried out on a Bruker APEX II QUAZAR three-circle
diffractometer. Indexing was performed using APEX2 [29]. Data integration and reduction
were carried out with SAINT [30]. Absorption correction was performed using the multi-
scan method implemented in SADABS [31]. The structure was solved using SHELXT [32]
and then refined by full-matrix least-squares refinements on F2 using the SHELXL [33] in
Olex2 Software Package (v.1.5, OlexSys, Regensburg, Germany) [34]. SQUEEZE [35] was
also applied to remove electron density caused by highly disordered solvent molecules.
The total potential solvent area for GTU-3 occupied 7.3% (856.00 A3/11,679.9 A%). Analysis
of solvent-accessible voids in the structure was performed using the CALC SOLV within the
PLATON software package with a probe radius of 1.20 A and grid spacing of 0.2 A. Van der
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Waals (or ion) radii used in the analysis are C (1.70 A),H (1.20 A), Zn (2.25 A), N (1.55 A),
O (1.52 A), and P (1.80 A), respectively. The positions of all H-atoms bonded to carbon,
nitrogen, and oxygen atoms were geometrically optimized with the following HFIX instruc-
tions in SHELXL: HFIX 23 for the -CH,— moieties and HFIX 43 for the CH of the aromatic
rings. Finally, their displacement parameters were set to isotropic thermal displacements
parameters (Ujso(H) = 1.2 x Ueq for CH and CH; groups or (Ujso(H) = 1.5 x Ueq (-OH).
One pyridyl ring in GTU-3 is disordered over two positions with occupancies of 0.74:0.26.
Crystallographic data and refinement details of the data collection are given in Table 1.
Crystal structure validations and geometrical calculations were performed using PLATON
software [36]. Mercury software [37] was used for the visualization of the CIF file. Bond
lengths and angles are given in Table S1. Additional crystallographic data with CCDC
reference number 2075651 (GTU-3) were deposited within the Cambridge Crystallographic
Data Center via www.ccdc.cam.ac.uk/deposit (accessed on 1 February 2023).

Table 1. Crystal data and structure refinement details for GTU-3.

CCDC 2075651
Formula of refinement model C116HggN19O36PsZng
Formula weight (g/mol) 2776
Temperature (K) 296
Radiation, Wavelength (A) MoK (A = 0.71073)
Crystal system Monoclinic
Space group P2 /n
a/A 19.9651(12)
b/A 32.5061(17)
c/A 20.2465(11)
«/° 90
B/° 117.265(3)
v/° 90
Crystal size/mm?> 0.27 x 0.22 x 0.051
Volume/ A3 11,679.9(12)
z 4
Pcaled (g/cmis) 1.579
i (mm~1) 1.383
F(000) 5648
2@ range for data collection/° 2.506 to 50.054
Index ranges (h/k/1) —23<h<21,-38<k<38, -23<1<24
Reflections collected 136,299
Independent reflections 20,528 [Ript = 0.2798, Rsjgma = 0.2313]
Data/restraints/parameters 20,528/114/1622
Goodness-of-fit on F2 (S) 0.964

Final R indices [I > 20(I)]
R indices (all data)
Largest diff. peak/hole/e A~3

Ry = 0.0653, wR, = 0.0985
R = 0.2230, wR, = 0.1379
0.38/—0.40

3.4. Catalytic Dye Degradation

The catalytic activity of the obtained GTU-3 was investigated in a set of dye-degradation
tests. RhB dye was selected as the model pollutant. For the degradation tests, 50 mL of
10 mg/L RhB solutions were poured into beakers, and then GTU-3 was added to the
solutions. A known amount of PMS was also added when needed. The content of the
beakers was stirred magnetically during the tests. The changes in concentration of the RhB
solutions during the catalytic degradation were monitored at A = 554 nm using a UV-Vis
spectrophotometer, Shimadzu, UV-2600. Sampling was performed with time intervals of
10 min starting from t = 0, and the degradation efficiency (DE%) was calculated. The degra-
dation tests were conducted at room temperature and normal ambient pressure. To prove
the efficiency of GTU-3 as a catalyst for the removal of other groups of dyes, the degrada-


www.ccdc.cam.ac.uk/deposit

Catalysts 2023, 13, 756

12 of 14

tion of MB and AR17 dyes was investigated under the same conditions. The changes in
concentration of these two dyes were followed at A = 662 and 532 nm, respectively.

3.5. Characterizations

'H and 3'P NMR spectra for the ligand were recorded on a Varian INOVA 500 MHz
spectrometer (Varian, Palo Alto, CA, USA). IR spectra were recorded between 4000 and
650 cm ! using a Perkin Elmer Spectrum 100 FT-IR spectrometer (Waltham, MA, USA)
with an attenuated total reflection (ATR). Positive ion and linear mode MALDI-MS of
HPCP was obtained in dihydroxybenzoic acid as the MALDI matrix using nitrogen laser
accumulating 50 laser shots using a Bruker Microflex LT MALDI-TOF mass spectrometer
(karlsruhe, Germany). Thermal gravimetric analyses (TGA) were carried out on a Mettler
Toledo Stare Thermal Analysis System (Greifensee, Switzerland) at a heating rate of 10 °C
min~! over a temperature range of 25-900 °C under a nitrogen flow (50 mL min~!). The
surface morphology and energy dispersive X-ray analysis (EDX) were recorded with an FEI
(PHILIPS) XL30 SFEG scanning electron microscope (SEM) (Amsterdam, the Netherlands).
Powder X-ray diffraction (PXRD) measurements were carried out on a Bruker Advanced
D8 X-ray diffractometer (karlsruhe, Germany) with Cu K« (A = 1.5405 A) radiation source
operating at 30 kV and 30 mA. The patterns were recorded over the 2@ range of 1-50° with
step size = 0.02°.

4. Conclusions

Based on the findings of our study, we demonstrate that cyclotriphosphazene-functionalized
scaffolds can be used to synthesize a novel molecular building block. A mild solvothermal
reaction of the linker (L) with Zn(II) ions resulted in the formation of three-dimensional
pillared layers of coordination polymers. When the same reaction conditions were used,
merely adding 4,4-bpy as an ancillary ligand resulted in the formation of a 3D coordination
polymer involving a zinc-carboxylate-based 1D inorganic building block. The catalytic
activity of the coordination polymer obtained in this study was investigated using the
RhB dye degradation process. To increase the activity of coordination polymers, PMS was
added to the process. PMS is an excellent oxidant that can increase their activity. Although
PMS is a strong oxidant in terms of thermodynamics, its direct reaction with the majority
of pollutants is too slow, necessitating activation. With the production of protons, PMS can
automatically adjust the pH of the solution. When activated, it produces sulfate radicals,
which play an important role in pollutant degradation. Furthermore, the hydroxyl radical
is a valuable byproduct of PMS activation. According to the results obtained in this study,
GTU-3 exhibits significant catalytic activity. In terms of how dye is removed from GTU-3, it
is thought that a mix of radical and non-radical mechanisms is involved. As a potential
catalyst, GTU-3 has shown some promise in a variety of catalytic processes, based on the
recorded research.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/catal13040756/s1, Figure S1: Catalytic degradation of RhB using
GTU-3 along with PMS, [RhB]y = 10 ppm (50 mL), [PMS] = 0.5 mM at different catalyst concen-
trations; Figure S2: Absorption spectra of RhB degradation for GTU-3, [RhB]y = 10 ppm (50 mL),
[PMS] = 0.5 mM, catalyst = 0.4 g/L; Figure S3: Band gap energy of GTU-3 calculated from the re-
flection data; Figure S4: MALDI MS Spectrum of N3P3(OCsH4CH3COOCH3)¢; Figure S5: IH-NMR
spectra of compounds N3P3(OCsH4CH3COOCHj3)4 in DMSO-dg; Figure S6: MALDI MS Spectrum
of HgLy; Figure S7: TH-NMR spectra of compounds HgL; in DMSO-dg; Figure S8: FTIR spectrum
of the synthesized N3P3(OC¢H4CH3COOCH3)s and HgLg; Table S1: Selected bond lengths (A) and
bond angles (°) for GTU-3.
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