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Porous organic polymers (POPs) have garnered significant attention across various industries due to their
promising physicochemical properties. In this study, we employ the classical Friedel-Crafts alkylation
strategy to synthesize two types of porous organic polymers, namely Py—CH POP and TPA-CH POP, uti-
lizing chloranil (CH), pyrene (Py), and triphenylamine (TPA) as building blocks. The Py—CH POP exhibits
coaxial-like morphologies, uniform micropores, and a moderate surface area of up to 822 m? g%, along
with excellent thermal stability, recording a char output of 69.6 wt%. Notably, these CH POPs contain
dynamic hydroxyl groups that can effectively attract Ag* ions from silver nitrate solutions and facilitate
their reduction into silver nanoparticles, resulting in the formation of Ag@Py—-CH and Ag@TPA-CH POP
nanocomposites. These hanocomposites serve as efficient nano-catalysts for the reduction of hazardous
p-nitrophenol (p-NP) to the safer p-aminophenol (p-AP) at ambient temperature. Importantly, the
Ag@Py—-CH and Ag@TPA-CH POP nanocomposites demonstrate comparable normalized reduction rates
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of p-NP, reaching up to 653 mg s'. The quaternary amine sites in the Ag@TPA-CH POP nano-
composites play a crucial role in this catalytic reaction, enhancing interactions with the phenolic hydroxyl
groups of p-NP and thereby accelerating the reduction process compared to Ag@Py—CH POP. This strat-
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Introduction

Nitroaromatic compounds are of significant interest due to
their widespread use in various industries, including the pro-
duction of dyes, pesticides, and pharmaceuticals. However,
their extensive application has led to severe environmental
contamination, as these compounds are highly toxic, recalci-
trant to biodegradation, and pose serious risks to human
health and ecosystems. The electron-withdrawing nature of the
nitro group contributes to their chemical stability and resis-
tance to degradation, making them persistent pollutants in
soil and groundwater thus chief calls are derived for their
elimination.'” Realistically, herbicides and dyes industries
generate vast amounts of hazardous nitroaromatic molecule,
called p-nitrophenol (p-NP), as its cumulation, propagation
out of food chain and within nervous system respectively can
give rise to failure of liver and kidney in addition to other
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egy presents a dynamic approach for the reduction of p-NP, leading to the clean production of p-AP.

lethal diseases.*> Therefore, Environmental Protection Agency
(EPA) has classified p-NP as a dangerous toxin then maximizes
content of it to 10 parts per billion (ppb) within drinkable
aqua. Indeed, there are numerous methods recommended to
serve the elimination of p-NP such as microwave-assisted oxi-
dation,® bacterial remediation, gamma irradiation,” electro,®
or photocatalytic oxidations, photocatalytic ozonation,” and
reductions; however, these disposing methods have consider-
able defects. For example, elevated operational costs as well as
unsafety of electrical pulses and gamma rays of microwave-
electrochemical utilizes oxidations techniques preclude the
practical uses of these methods.'® The photocatalytic degra-
dation bounds by faint concentrations."* Bacterial remediation
can be employed for limiting the p-NP content (<200 mg L™%),
besides each form of nitroaryls acquires a certain kind of bac-
terium."” On the other hand, the heterogenous ozonation able
to degrade p-NP but suffers unsustainability and an instability
after consecutive cycles."

Importantly, heterogeneous reductions of nitrophenols con-
sider the proper strategy due to cheaper energy requirements,
effectiveness, ease of operation, and security, nevertheless,
higher reduction rates are still industrial provocations.”™* On
the other hand, reducing the nitro units is a vital process
toward removal these hazardous part; moreover, para-amino-
phenol (p-AP) molecule affording through this reaction, con-

This journal is © The Royal Society of Chemistry 2025
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siders safe and applicable for many industries as drugs, antic-
orrosion materials, dyes,'” as well as an optoelectronic mole-
cule for such synthesis of phenolic resin,'®*® polybenzoxa-
zine," and poly(cyanate ester).”® Interestingly, the rate of p-NP
reduction accelerates using few quantities of energy to fulfil
the H, pressure. On the other hand, such reducing the kinetic
barrier of reducing agents toward electron acceptors fasts the
corresponding reduction rate of p-NP.

Recently, noble metals nanoparticles (Pt, Ag, Pd, Ru, and
Au) albeit generally expensive are employ as beneficial catalysts
for such these reductions processes.>’* Considering this
important point, Ag is cost effective, thermally stable, and
comparatively abundant relative to other noble metals.

Otherwise, Ag nanoparticles could suffer from agglomera-
tion thus, chemists challenges to anchor these nanoparticles
onto diverse carriers such as silica substrates,> carbonaceous
materials,*® or inorganic materials to limit their severe self-
assembly and suite the proper application.”**” Notably, Ag
nanoparticles have diverse applications across multiple indus-
tries. They serve as antimicrobial agents in medical devices
and wound dressings, help inhibit microbial growth in food
packaging and play a role in water purification for environ-
mental remediation. Additionally, Ag nanoparticles are utilized
in electronics for conductive inks and sensors, in cosmetics
for their antimicrobial benefits, in textiles for antibacterial pro-
tection, and in biosensors for detecting biological molecules.

Porous organic polymers (POPs) have engaged great
concern owing to their unparalleled features such as high
thermal and chemical stabilities, high surface area, lower
density and diversified synthetic styles.”®** Actually, the syn-
thesis cost of POPs considers a potential defect of their use
due to catalyzing their polymerization processes via expensive
metal complexes.””> For example; cobalt complexes catalyzes
the trimerizations of alkynes,*® Ni-catalyzed Yamamoto homo-
coupling,” and Pd-catalyzes Suzuki reactions*®> or
Sonogashira-Hagihara couplings.’>**°* Otherwise, hyper-
crosslinked polymers (HCPs) could be synthesized through
simple and cost-effective materials via Friedel-Crafts alkylation
catalyzes cost effective ferric chloride (FeCl;) without uses of
functionalized monomers or precious metals.”® Further, FeCl,
can be drained completely after a simple workup.
Furthermore, features derived monomers could likely to be
fully kept as well as structures of obtained polymers can be
characterized easily thus this strategy considers for prospective
synthesis of POPs.>®

While it is true that previous studies have utilized reducing
agents such as hydrazine for synthesizing Ag nanoparticles
onto POPs, our work diverges by exploring alternative simple
and green reduction methods. Notably, the distinct properties
of pyrene (Py) and triphenylamine (TPA) linked chloranil (CH)
in the reduction of nitroaromatic compounds have not been
thoroughly investigated in prior research. Moreover, green
reduction of Ag nanoparticles onto POPs is still challengeable.
This exploration is crucial, as it may lead to novel insights into
the synthesis and functionality of Ag nanoparticles in environ-
mental applications. Our study aims to contribute valuable

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

knowledge to the field and enhance the understanding of how
different monomers can impact the efficiency and effective-
ness of decorated Ag nanoparticles in conjunction with POPs
for environmental remediation.

Herein, we synthesized a couple of POPs nominated Py-CH
and TPA-CH POPs based Py and TPA respectively with CH for
the first time considering Friedel-Crafts alkylation strategy
(Scheme 1). Those Py-CH and TPA-CH POPs possessed high
surface area up to 463, and 822 m® g~', respectively, with
higher thermal stabilities. Truly, CH considers as a strong oxi-
dizing agent thus their Keto groups can be easily converted
into hydroxyl groups, consequently, our Py-CH and TPA-CH
POPs could offer many hydroxyl sites.”” Fulfilling the concept
of green chemistry, the generated hydroxyl groups within CH
POPs able to deal as chelating and reductive sites for Ag" ions
into Ag nanoparticles without using of any external and hazar-
dous reducing agents such as hydrazine affording Ag@Py-CH
POP, and Ag@TPA-CH POP nanocomposites, respectively.

We performed a rational synthesis of Ag decorated POPs
using various aqueous concentrations of silver salt (1 and
3 mM) for each CH POPs affording 1Ag@Py-CH POP, 3Ag@Py-
CH POP, 1Ag@TPA-CH POP and 3Ag@TPA-CH POP. The cata-
lysis reactions using 1Ag@Py-CH POP, 3Ag@Py-CH POP,
1Ag@TPA-CH POP and 3Ag@TPA-CH POP nanocomposites
toward the reduction of p-NP achieving pseudo first order
kinetic model with higher catalysis rates up to 4.03 x 107,
9.7 x 107, 6.34 x 107%, and 6.34 x 107° s™' respectively.
Furthermore, our decorated CH POPs showed comparable nor-
malized kinetic rates regarding previous catalysts.

Experimental
Materials

Reagents including anhydrous ferric chloride (FeCl;) and
dichloroethane (DCE, 99%) were purchased from Sigma
Aldrich. Triphenylamine (TPA, powder), and silver nitrate
(AgNOs, crystals) were supported by Alfa Aesar. Chloranil (CH,
powder), p-NP was obtained from TCI America. All solvents
used for achieving our study were from Analytical quality uti-
lized without any additional purifying.

Preparation of pristine Py—-CH POP

The Friedel-Crafts alkylation protocol was reported pre-
viously.>® Briefly, Py (4 mmol, 0.81 g) and anhydrous FeCl,
(0.012 mmol, 1.97 g) were dissolved in anhydrous 1,2-dichlor-
oethane (50 mL), then chloranil powder (4.1 mmol, 1 g) was
added to the reaction flask. The mixture was magnetically
stirred under reflux system and nitrogen atmosphere for ten
consecutive hours at ambient temperature, subsequently
rising at 100 °C for 4 days. During this process, the elastic pre-
cipitate was separated out. The reaction mixture has poured
into methanol for recrystallization then washed by water,
methanol, acetone, and THF to eliminate any salt residuals.
Collect the powder by filtration, then dried by suction at
100 °C for a full day (yield: 85%).

Polym. Chem., 2025,16, 422-432 | 423
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Scheme 1 Synthesis of (la) Py—CH POP, (Ib) TPA—CH POP, (lla) Ag@Py—CH POP and (llb) Ag@TPA-CH POP nanocomposites.

Preparation of TPA-CH POP

TPA (4.1 mmol, 0.98 g) with dehydrated FeCl; (1.97 g,
0.012 mmol) had dissolved in anhydrous 1,2-dichloroehtane
(50 mL), then chloranil (4.1 mmol, 1 g) was supplemented to
reaction mixture. The mixture was magnetically stirred under
same previously mentioned conditions about ten consecutive
hours at ambient conditions then temperature had raised as
high as 100 °C for 4 days. During this process, the elastic pre-
cipitate was filtered out. The reaction mixture has poured into
methanol for recrystallization then washed by water, methanol,
acetone, and THF to eliminate any salt residuals. Finally, the
greenish-yellow powder had been retrieved and processed by
suction at 100 °C for 24 h (yield: 93%).

Preparation of Ag@Py-CH and Ag@TPA-CH POPs
nanocomposites

The green strategy of anchoring Ag nanoparticles has pre-
viously discussed.’® A couple of AgNO; fluids were made indi-
vidually by concentration 0.1 and 0.3 mM. The Py-CH and
TPA-CH POPs (10 mg) were immersed in the specific AgNO;
fluids (10 mL). The combinations were swirled magnetically
overnight, then powders were separated, washed up to five
times using methanol and water. Powders were filtered, then
dried out under 50 °C producing outcomes of xAg@Py-CH
and xAg@TPA-CH POPs nanocomposites where x was 1 or 3
depending on the corresponding concentration of AgNO;. ICP
detected 0.67, 1.20, 0.29, and 0.58 wt% of Ag respectively for
1Ag@Py-CH POP, 3Ag@Py-CH POP, 1Ag@TPA-CH POP and
3Ag@TPA-CH POP.

Conversion from p-NP into p-AP mediated Ag@Py-CH POP
nanocomposite

The reduction procedures of p-NP has reported previously.*>?

Briefly, p-NP (2.0 mL, 0.16 mM) plus NaBH, (0.5 mL, 0.08 M)

424 | Polym. Chem., 2025, 16, 422-432

had been charged into the well stoppered chamber, afterward
previously xAg@Py-CH or xAg@TPA-CH POPs nano-
composites (0.2 mL, 1 mg mL™') were charged. Notably,
similar concentrations regarding the p-NP were employed
within conditions of reduction experiments. Moreover, a
UV-Vis spectrophotometer was employed to monitor the pro-
gress of the reduction over time intervals.

Recovery of Ag@Py-CH and Ag@TPA-CH POPs
nanocomposites

To define recovery processes of 1Ag@Py-CH and 1Ag@TPA-
CH POPs nanocomposites toward such conversion of the p-NP,
nanocomposites quantities (catalyst) were increased tenfold to
minimize error effect. The Ag@Py-CH and Ag@TPA-CH POP
nanocomposites were conducted for five consecutive runs;
they were separated through centrifugation at 6000 rpm then
washed by water and methanol, dried before the subsequent
run as well.

Results and discussion
Characterizations of CH POPs

Couple novel CH-based POPs nominated Py-CH and TPA-CH
POPs were synthesized in a quantitative yield via Friedel-Crafts
alkylation strategy between (CH) and two aromatic units Py
and TPA, respectively (Scheme I(a) and II(b)). Importantly,
both CH POPs do not show any solubility through standard
solvents including acetone, EtOH, MeOH, or even THF, imply-
ing their high degree of crosslinking. The chemical textures of
as-prepared CH-POPs were clarified applying FTIR as well solid
state *C spinning (MAS) NMR scans. Initially, the FTIR pro-
files of Py-CH and TPA-CH POPs, as shown in Fig. 1(a),
demonstrate the complete disappearance of strong peaks

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) FTIR, (b) sold state NMR (c) TGA profiles of Py—CH, TPA-CH, Ag@Py—CH, and Ag@TPA—-CH POPs, and (d) BET and pore sizes profile of

Py—CH, and TPA—-CH POPs.

around 600 cm™", which correspond to vibrational C-ClI units.

This observation confirms the successful crosslinking between
the building subunits. The FTIR spectrum of Py-CH displays
characteristic signals at 3415 cm™", 3043 cm™', 1598 cm™ ', and
1074 cm™', while TPA-CH POP exhibits bands at approximately
3448 cm™, 3040 cm™', 1606 cm™', and 1038 cm™'. These
peaks are attributed to the vibrational modes of C-OH, C-H
(aromatic), C=C, and C-O, respectively, indicating successful
formation of CH-POPs.

In the "*C SSNMR spectrum of Py-CH POP (Fig. 1(b)), a
peak at 148.211 ppm is attributed to the carbon atom con-
nected to hydroxyl (OH) groups. Additionally, peaks observed
at 143.676 ppm, 109.052 ppm, and 102.241 ppm correspond to
the aromatic C=C and C-H bonds present in the polymer
structure. Conversely, >*C SSNMR spectrum of TPA-CH POP
(Fig. 1(b)) exhibits a signal at 157.867 ppm, which is assigned
to the carbon attached to an OH group, along with a peak at
149.565 ppm corresponding to the C-N bond in the TPA
monomer. Further peaks at 143.109 ppm, 118.205 ppm,
109.904 ppm, and 102.525 ppm are associated with the aro-
matic C=C and C-H bonds in TPA-CH POP.

This journal is © The Royal Society of Chemistry 2025

For better emphasizing the elemental composition of
CH-POPs surfaces and their relative electronic states we con-
ducted XPS analysis (Fig. S1(a) and (b)}). In this regard, the
high resolution XPS signals of C 1s, O 1s, and N 1s were clearly
detected for Py-CH and TPA-CH POPs materials (Fig. 2),
which primarily confirms their chemical texture. Further, the
C 1s spectrum of Py-CH POP sample deconvolutes into three
signals (Fig. 2a), which impute to triple carbonaceous species,
including sp” carbons (C=C, 284.9 eV), sp> carbon attached
phenolic O (C-OH, 286.2 eV), C=O0 units (287.3 eV). Moreover,
deconvolutions of this O signal in Py-CH POP sample exhibit
three oxygen species assigned at 534.4, 533.4, 532.1 eV
(Fig. 2(a)), which respectively reveals to Waterous O, C-OH, as
well -C=O0 units. Otherwise, C 1s profile within TPA-CH POP
sample deconvolutes into four signals (Fig. 2(b)) referring to
four carbonaceous species, including sp> carbons (C=C, 284.8
eV), sp” carbon attached phenolic oxygen (C-OH, 285.9 eV), sp>
carbon (C-N, 286.3 eV), as well as C=0 groups (287.1 eV).

Similar to Py-CH POP, the TPA-CH POP sample shows
triple oxygen species at around 534.4, 533.5, and 532.2 eV
(Fig. 2b), respectively reveals to hydrated O, C-OH, as well as

Polym. Chem., 2025,16, 422-432 | 425
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Fig. 2 XPS spectrum profiles of Py—CH (row a), TPA—CH (row b) POPs, 3Ag@Py—CH (row c), and 3Ag@TPA-CH POPs (row d).

-C=O0O units. Importantly, XPS profile of TPA-CH POP
(Fig. 2(b)) shows an additional N 1s signal which fits to singlet
peak at 400.1 eV of C-N units. Actually, POPs are renowned for
their high thermal stabilities, in this regard, both Py-CH, and
TPA-CH POPs exhibit outstanding degree of thermal stabilities
based TGA under an inert condition. As emphasized in Fig. 1c,
as well Table S1,} the decomposition temperatures (Ty19) of
Py-CH, and TPA-CH POPs are 437 and 540 °C respectively,
achieving high char yields of 69.6 wt% and 59.8 wt%, respect-
ively. These outstanding thermal stabilities of Py-CH, and
TPA-CH POPs confirm the high degree of n-n stacking inter-
actions between their layers. Porosities of as-synthesized CH
POPs were characterized though analyzing N, adsorb/desorb
isotherms under 77 K (Fig. 1(d)). These plots display an acute
increase under minimal relative pressure emphasizing their
microporous nature (Fig. 1(d)), in addition to high specific
surface areas which reached up to 463 and 822 m* g~" for Py-
CH, and TPA-CH POPs, respectively (Fig. 1(d) and Table S17),
and these surface areas fall within a moderate range when
compared to state-of-the-art porous materials.*”° Interestingly,
the sharp desorption stage occurred in between P/P, of 0.5 to
0.45 reveals the cavitation of N, elucidating these pores
possess the geometry of an inkbottle.®>®! Moreover, nonlocal
density functional theory (NLDFT) confirmed the micrporous
nature of Py-CH and TPA-CH POPs elucidating their tunable
pore sizes of 1.07, and 1.34 nm respectively. Pore volumes of

426 | Polym. Chem., 2025,16, 422-432

those Py-CH and TPA-CH POPs were 0.492 and 0.547 cm?® g™*
respectively (Table S1t). Motivated by physical properties,
chemical nature and high surface areas of Py-CH, and TPA-
CH POPs, they assume to be potential surfaces for noble
metals decoration.

The morphologies of Py-CH, and TPA-CH POPs were visual-
ized using these spectroscopies of FE-SEM and HR-TEM. As
shown in Fig. 3(a) and (b), FE-SEM images imply that both Py-
CH and TPA-CH POPs exhibit coaxial structures. Basically,
TEM image (Fig. 3c) shows hollow tubes of Py-CH POP, and
nanorods like structures of TPA-CH POP. This coaxial natures
may reveal to non-planar structure of CH molecule within
these POPs.%>%

Characterizations of Ag@CH POPs

In this section, we conducted a green embellishment (no
dangerous reducing chemicals) to get Ag@CH POPs.
Importantly, the Ag" ions assumed to be captured through
impregnated hydroxyl units of Py-CH, and TPA-CH POPs
(Scheme 111).>® These hydroxyl (OH) units not only capture Ag*
but also facilitate the reduction of Ag" ions to yield Ag nano-
particles and thus this study offers a green methodology.

The FTIR spectra of the Ag@Py-CH and Ag@TPA-CH POP
nanocomposites, also displayed in Fig. 1(a), show only slight
shifts in signals compared to the pristine Py-CH and TPA-CH
POPs. Specifically, the vibrational modes for Ag@Py-CH POP

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a and b) SEM and (c and d) TEM images of Py—CH POP, as well
TPA-CH POP.

are observed at 3429 cm™', 3059 cm™', 1625 cm™!, and
1096 cm™". Similarly, for Ag@TPA-CH POPs, the shifts occur
at 3425 cm™%, 3431 em™?, 1593 cm™?, and 1029 cm™'. These
results further support our findings regarding the physical
interactions between silver nanoparticles and the surfaces of
CH-POPs. Similarly, the ">C SSNMR spectra of the as-decorated
nanocomposites Ag@Py-CH and Ag@TPA-CH POPs, as illus-
trated in Fig. 1(b), exhibit subtle chemical shifts compared to
the pristine Py-CH and TPA-CH POPs. These shifts provide
further confirmation of the previously mentioned assumption
regarding the physical interactions between the Ag nano-
particles and the surfaces of the CH-POPs. Importantly, TGA
of 3Ag@Py-CH, and 3Ag@TPA-CH POPs nanocomposites
showed slightly higher Ty, values than pristine Py-CH, and
TPA-CH POPs, which raised up to 563, and 602 °C, respect-
ively. Furthermore, Ag@Py-CH, and Ag@TPA-CH POPs nano-
composites achieved a high char yields up to 65.0, and
79.5 wt%, respectively as shown in Fig. 1(c). To validate the
thermal properties of our Ag nanocomposites, we have con-
ducted TGA for both the pristine Py-CH POP and Ag@Py-CH
POP in an air atmosphere. The results indicate a char yield of
1.11% for the pristine Py-CH POP and 2.07% for the Ag@Py-
CH POP after heating to 800 °C. Additionally, the T4, were
found to be 352 °C for the pristine Py~CH POP and 525 °C for
the Ag@Py-CH POP (Fig. S21). Similarly, we performed TGA on
the pristine TPA-CH POP and Ag@TPA-CH POP, which yielded
char yields of 0.66% and 1.26%, respectively. The T4, values
were recorded at 510 °C for the pristine TPA-CH POP and
521 °C for the Ag@TPA-CH POP. These inspiring TGA results
imply the high thermal stability of our nanocomposites
(Ag@Py-CH, and Ag@TPA-CH POPs) after Ag decoration.

Fig. 4(a)-(d) show SEM visualizations of 1Ag@Py-CH,
3Ag@Py-CH, 1Ag@TPA-CH, and 3Ag@TPA-CH POPs nano-
composites respectively similar to their pristine surface Py-CH

This journal is © The Royal Society of Chemistry 2025
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and TPA-CH POPs without severe Ag nanoparticles aggrega-
tions. On the other hand, Fig. 4(e) and (f) represent TEM
images of 1Ag@Py-CH, and 3Ag@Py-CH POPs nano-
composites, confirming their hollow tubes like morphology
with dispersed Ag nanoparticles without considerable agglom-
eration which reveals to their surface area as well as suitable
pores within pristine Py~-CH POP. Furthermore, the TEM visu-
alizations of 1Ag@TPA-CH, and 3Ag@TPA-CH POPs nano-
composites (Fig. 4(g) and (h)) showed the good dispersibility
of Ag nanoparticles onto rods of the TPA-CH POP. High resolu-
tion TEM (HR-TEM) employed for deeply visualizations of Ag
nanoparticles deposited onto CH-POPs (Fig. 4(i)-(1)); inter-
planar distances between strips evaluated from corresponding
lattice fringes of Ag@CH POPs nanocomposite to be 0.25 nm
which matched well with lattice axis [111] of cubic Ag.**
Furthermore, we conducted high resolution XPS survey, which
confirm surface ingredients of 3Ag@Py-CH, and 3Ag@TPA-
CH POPs nanocomposites (Fig. 2(c) and (d)). Actually, XPS ana-
lysis of 3Ag@Py-CH, and 3Ag@TPA-CH POPs nanocomposites
exhibit the same functional groups of C 1s, O 1s, and N 1s of
the pristine Py-CH, and TPA-CH POPs at the same binding
energies. On the other hand, XPS analyses of 3Ag@Py-CH, and
3Ag@TPA-CH POPs nanocomposites (Fig. 2(c) and (d)) showed
characteristic peaks of Ag atoms at binding energies of
374.9 eV (3d3/2) as well as 367.1 eV (3d5/2), respectively.
Herein, we can assume that Ag nanoparticles could not effec-
tively influence binding energies in those atomic ingredients
of the pristine Py-CH, and TPA-CH POPs, this assumption
matches well with FTIR results.

Catalytic reduction of p-NP

As early reported, the heterogeneous reduction of toxic nitro-
phenol into safer amine form considers the ideal disposal pro-
tocol due to chemical and bio stabilities of the former.'**
Basically, the catalytic conversion of p-NP into p-AP was
selected as a model to investigate the catalytic efficiency of the
synthesized Ag nanoparticles decorated POPs. Technically,
aqueous NaBH, employs for reducing the p-NP into p-AP cata-
lyzing via noble metals nanoparticles.®®®” Firstly, the color of
the p-NP converted to deep yellow upon the addition of NaBH,
and the UV-Vis absorption peak of the former transformed
from 317 nm into 400 nm as shown in Fig. 5(a)-(d), indicating
the formation of p-NP~ anions.®® Ultimately, color fades from
deep yellow to ultimate colorless within time after the addition
xAg@Py-CH and xAg@TPA-CH POPs nanocomposites
(Fig. 5(a)-(d)). Therefore, the UV absorption signal at 400 nm
decrease within time intervals in addition to generation
another signal at 300 nm elucidating the conversion into p-AP
and such complete disappearance of the former implies the
complete reduction of p-NP.** Of note, no signal change
was observed in the absence of our nano-catalysts within the
same reaction, which validate the catalytic performances of
xAg@Py-CH and xAg@TPA-CH POPs nanocomposites
(Fig. S3(a) and (b)}).

Utilization of 1Ag@Py-CH, 3Ag@Py-CH, 1Ag@TPA-CH and
3Ag@TPA-CH POPs nanocomposites, derived to complete
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Fig. 4 (a—d) SEM images of (a) 1Ag@Py—CH POP, (b) 3Ag@Py—CH POP, (c) 1Ag@TPA-CH POP, (d) 3Ag@TPA—-CH POP (d), (e-h) TEM and (i-l)
HR-TEM images of (e and i) 1Ag@Py—CH POP, (f and j) 3Ag@Py—CH POP, (g and k) 1Ag@TPA-CH PO, and (h and ) 3Ag@TPA-CH POP.
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Fig. 5 UV-Visible profiles of 1Ag@Py—CH POP (a), 3Ag@Py—CH POP (b),
1Ag@TPA-CH POP (c), 3Ag@TPA-CH POP (d) within reduction of p-NP,
pseudo first order kinetic assumptions of p-NP reduction using
CH-POPs nanocomposites (e) and comparing of reduction normalized
rates of CH-POPs with reported catalysts (f).
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reductions of p-NP within 660, 360, 480, and 300 s respectively
(Fig. 5(a) and (b)). Interestingly, xAg@TPA-CH POPs nano-
composites have better catalytic activity than xAg@Py-CH
POPs nanocomposites (Fig. 5(a) and (b)), this superior per-
formance of the former assumes to the capability of tertiary
amines based xAg@TPA-CH POPs nanocomposites to form
hydrogen bonding with phenolic hydroxyl units consequently
motivates the reduction rate. Significantly, the concentration
of the reducing agent (NaBH,) was higher than p-NP therefore,
these reactions supposed to follow pseudo-first-order kinetic
models.”*”®”!  Realistically, the pseudo-first-order Kkinetic

. . . G .
assumption expressed via equation of In o = Kapp X ¢t consid-
0

ering the apparent rate constant (K,pp), preliminary concen-
tration (C,), concentration at time intervals (Cy), and time per
seconds (t). Thereby, the K,,, of 1Ag@Py-CH, 3Ag@Py-CH,
1Ag@TPA-CH and 3Ag@TPA-CH POPs nanocomposites are
4.03 x 107%, 9.7 x 107, 6.34 x 107>, and 6.34 x 107> 7%,
respectively (Fig. 5(e)). On the other hand, the normalized rate
constants of 1Ag@Py-CH, 3Ag@Py-CH, 1Ag@TPA-CH and
3Ag@TPA-CH POPs nanocomposites are 19.7, 48.5, 31.7, and
65.3 mg s, respectively. From this point, we suppose, such
an increase of the dipping AgNO; concentration reveals a
higher deposition percentage of Ag nanoparticles onto Py-CH
or even TPA-CH POPs as proven through ICP data. Therefore,

This journal is © The Royal Society of Chemistry 2025
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reducing efficiencies of the 3Ag@Py-CH POP toward p-NP is
higher than 1Ag@Py-CH POPs nanocomposites. Similarly, the
3Ag@TPA-CH POP nanocomposite is better than 1Ag@TPA-
CH POPs nanocomposites. The normalized rates of our
xAg@Py-CH and xAg@TPA-CH POPs nanocomposites com-
paring with previously reported Ag nanoparticles decorated
polymers used for heterogeneous reduction of p-NP exhibit
promising catalytic efficiency than pyridinyl-phenanzine
CMP,* cellulose microgels,”> Gd-MOFs,”® spherical COF,”
sugar-based micro/mesoporous hypercross-linked polymers”
and others (Fig. 5(f) and Table S2%). Further, we tested the
efficiency of 1Ag@Py-CH, 1Ag@TPA-CH POP toward the
reduction of p-chloro nitrobenzene,”® results imply significant
catalysis performances via these catalysts (Fig. S47).

Importantly, turnover number (TON) and turnover fre-
quency (TOF) for the reduction of p-NP using various Ag@Py-
CH and Ag@TPA-CH nanocomposites reveals important
insights into their catalytic performance. The TON values indi-
cate the total number of moles of p-AP produced per mole of
catalyst. For instance, the TON for 1Ag@Py-CH POP is
recorded at 4.03 min~", while the 3Ag@Py-CH POP exhibits a
higher TON of 9.70 min™" (Fig. S5af). On the other hand, the
1Ag@TPA-CH POP shows a TON of 6.34 min~', while the
3Ag@TPA-CH POP achieves a higher TON of 13.06 min™"
(Fig. S5bf). This suggests that increasing the Ag loading
enhances catalytic efficiency. The TOF values, which measure
the rate of reaction per mole of catalyst per hour, also show
variability, with 1Ag@Py-CH POP showing a TOF of 366.76 h™"
compared to 385.73 h™' for 3Ag@Py-CH POP. Otherwise, the
1Ag@TPA-CH POP exhibiting a TOF of 1119.66 h™*, indicating
high initial catalytic activity. However, TOF decreases over time
for all samples, suggesting that although the catalysts are
initially effective, their activity diminishes as the reaction
progresses.

Notably, the relationship between TON and TOF reveals an
exponential increase in TON over time, indicating that more
product is formed as the reaction continues. This rapid conver-
sion suggests that the catalysts are highly effective in facilitat-
ing the reduction of p-NP to p-aminophenol. Conversely, TOF
values exhibit an exponential decrease with time, indicating
that while initial catalytic activity is high, it declines as reac-
tants are converted into products. This decline could be attrib-
uted to several factors, such as substrate depletion, product
inhibition, or potential deactivation of active sites on the
catalyst.

When comparing these results with previously reported
materials in the literature (Table S37), it is evident that our
Ag@Py-CH and Ag@TPA-CH nanocomposites demonstrate
competitive performance in terms of both TON and TOF. For
instance, studies have shown that other metal-based catalysts
often exhibit lower TOF values under similar conditions due
to issues such as leaching or deactivation. The high TOF
observed in our study reflects not only the effective inter-
action between Ag nanoparticles and the POPs but also high-
lights the stability and reusability of our synthesized
nanocomposites.

This journal is © The Royal Society of Chemistry 2025
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Catalytic mechanism

For these kind of catalytic reactions, noble metals decorated
polymers (nano-catalysts) provide a suitable surface for reac-
tants (p-NP, and NaBH,), since electron transfers facilitate the
reduction processes which supposed to be modulated through
these nanocatalysts. Theoretically and experimentally, the
catalytic reduction of p-NP catalyzed by xAg@Py-CH and
xAg@TPA-CH POPs nanocomposites, and under standard con-
ditions could be followed the plausible mechanics as empha-
sized in Scheme 2. Briefly, the p-NP may be adsorbed onto
xAg@Py-CH and xAg@TPA-CH POPs nanocomposites, then
Ag nanoparticles react with borohydride groups to produce an
Ag-H pair. After that, hydrogens move between p-NP and Ag-H
complex thus reducing nitroaromatic units then capturing
again by Ag-H units forming hydroxyl-amines. Finally, p-AP
molecules could form due to repeated actions of Ag-H
complex as shown in Scheme 2. Importantly, homogeneous
distributions of Ag nanoparticles highly recommend forming
Ag-H complex, moreover porous nature of Py-CH and TPA-CH
POPs accelerate the mass transfer of reactants through catalytic
active sites. Again, amine units of TPA-CH POP facilitate such
formations of hydrogen bonding with phenolic hydroxyls
hence accelerating the kinetic reduction rate of xAg@TPA-CH
POP nanocomposite than xAg@Py-CH POP nanocomposite.

Recovery investigations

From the perspective future and practical employment of
xAg@TPA-CH and xAg@Py-CH POP nanocomposites within
catalysing reductions of p-NP, their stabilities consider an
important parameter. Here, Ag@TPA-CH and Ag@Py-CH
POPs nanocomposites were recovered and reused up to five
consecutive runs for the conversion of p-NP into p-AP (Fig. 6(a)).
There were no significant losses within catalytic performances
of xAg@TPA-CH and xAg@Py-CH POP nanocomposites
within increasing cycle number. We have conducted ICP tests
to measure the Ag content in the supernatant following the
completion of our recycling experiments. The results indicate

»
T
P
R \
P
‘
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.
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< < ¥

NaBH, (s) + 2H,0

NaBO, (aq) OH
NO
Ag(s)
Ag@Py-CH POP 1 | N0 on
AQ@TPA-CH POP
&\ OH Ag(s)

Scheme 2 The proposed reduction mechanism of p-NP catalyzed Ag
nanoparticles decorated CH-POPs nanocomposites.
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Fig. 6 Catalytic performance within five cycles of p-NP reduction up
on using 3Ag@Py—CH POP and 3Ag@TPA-CH POP (a) FTIR fresh and
recovered 3Ag@Py—CH POP (b), FTIR of fresh and recovered 3Ag@TPA—
CH PORP (c).

that no Ag nanoparticles were detected in the supernatant,
suggesting that leaching is not a significant factor contributing
to the observed decrease in catalytic performance. Instead, we
believe that the reduction in catalytic activity is primarily
attributed to minimal sample loss that may occur between
cycling processes. These results elucidate that our nano-cata-
lysts developed by the current study (Ag@TPA-CH and Ag@Py-
CH POP nanocomposites) exhibit outstanding stabilities
within several recycles. Furthermore, FTIR signals of the
Ag@TPA-CH and Ag@Py-CH POP nanocomposites after re-
cycling tests exhibit very little shifts compared with fresh moi-
eties (Fig. 6(b)-(c)). These important results assume the chemi-
cal stabilities of Ag@CH POPs nanocomposites for their futur-
istic usage.

Conclusions

We synthesized CH-based POPs (Py-CH POP, and TPA-CH
POP) via simple Friedel-Crafts alkylation. Further, we charac-
terized these novel POPs using FTIR, solid state NMR, TGA,
BET methodologies, XPS, SEM, and TEM which emphasized
the outstanding physical and chemical properties of these
novel materials. Furthermore, hydroxyl units based Py-CH,
and TPA-CH POPs facilitated capturing of Ag" ions achieving
preparations of Ag@Py-CH, and Ag@TPA-CH POPs nano-
composites (green reduction). The Ag@Py-CH, and Ag@TPA-
CH POPs nanocomposites showed efficient catalytic perform-
ances within disposal of hazardous pollutants. The Ag@Py-
CH, and Ag@TPA-CH POPs nanocomposites provided higher
normalized catalytic reduction rates of p-NP up to 48.5, and
65.3 mg s ' respectively comparable with reported catalysts
used for this regard. Further, Ag@ Py-CH, and Ag@TPA-CH
POPs nanocomposites displayed efficient recyclability without
considerable losses of performance. Furthermore, this paper
not only offers new substrates used as high rated catalysts

430 | Polym. Chem., 2025, 16, 422-432
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toward p-NP reductions but also exhibits a new strategy for
simple and green decoration of porous polymers with Ag nano-
particles for various life applications.
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