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A B S T R A C T

Two pyrazine-based conjugated microporous polymers (CMPs), Py–PZ CMP and TPE–PZ CMP, were synthesized 
via Sonogashira–Hagihara coupling between 2-amino-3,5-dibromopyrazine (ADBPZ) and ethynyl-functionalized 
pyrene (PyT) or tetraphenylethylene (TPET) monomers. Both CMPs exhibit moderate porosity, high thermal 
stability, and distinct morphologies. Owing to the presence of amino-functionalized pyrazine nodes, the CMP 
frameworks enable the in situ reduction of Ag+ ions, resulting in uniformly dispersed silver nanoparticles without 
the need for external reducing agents. The resulting Ag@PZ-CMP composites were comprehensively character
ized, confirming homogeneous silver distribution and preservation of the polymer framework. These Ag- 
decorated CMPs demonstrate efficient heterogeneous catalytic activity toward the reduction of nitro com
pounds, including p-nitrophenol (p-NP), following pseudo-first-order kinetics. The catalytic performance is 
strongly influenced by the polymer backbone and silver loading. Moreover, the catalysts exhibit good recycla
bility with minimal loss of activity over repeated cycles. Overall, this work presents an environmentally benign 
strategy for the rational design of robust and reusable Ag-based CMP catalysts.

1. Introduction

p-Nitrophenol (p-NP) is a toxic and persistent environmental 
pollutant frequently detected in industrial wastewater generated from 
dye manufacturing, pesticide production, and pharmaceutical processes 
[1–5]. Due to its high toxicity and poor biodegradability, p-NP poses 
severe risks to both human health and aquatic ecosystems [6]. Notably, 
Adsorptive removal of p-NP is primarily aimed at wastewater purifica
tion through physical separation, whereas the heterogeneous catalytic 
reduction pathway focuses on chemical transformation, which is even 
considered easier than photocatalytic degradation [7–9]. Transforming 
p-NP into its corresponding amino derivative, p-aminophenol (p-AP), not 
only significantly lowers its toxicity but also yields a high-value chem
ical widely applied in pharmaceuticals, benzoxazine resins, and syn
thetic dyes [10–15]. Heterogeneous catalysis offers an efficient and 

sustainable route for this conversion, enabling the rapid reduction of p- 
NP under mild reaction conditions, along with convenient catalyst 
separation, recovery, and reuse [16–18]. Consequently, the develop
ment of catalysts that are mechanically robust, chemically stable, and 
highly recyclable is essential for environmentally benign remediation 
technologies, particularly for the catalytic reduction of hazardous 
organic pollutants [16–21].

Covalent organic frameworks (COFs), polymers of intrinsic micro
porosity (PIMs), and conjugated micro- and meso-porous polymers 
(CMPs) are major members of porous organic polymers (POPs), a class of 
lightweight materials synthesized through precise organic coupling re
actions [22–26]. Their architectures are pre-programmed through the 
rational design of monomers, enabling permanent, tunable pore net
works with customizable surface chemistry [27]. POPs are extensively 
investigated in renewable energy systems, particularly as electronic 
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platforms and robust supports for heterogeneous catalysts [28–30]. 
Compared with rigid inorganic pores (e.g., zeolites) and non-tunable 
porous carbons, POPs offer superior molecular-level design flexibility, 
allowing functional groups and metal-binding sites to be directly 
embedded into the polymer backbone [23]. This intrinsic tunability 
makes POPs promising, recyclable material platforms for sustainable 
energy conversion and environmental remediation. CMPs, a porous 
subclass of porous organic polymers (POPs), have garnered significant 
attention as an attractive support for heterogeneous catalysts due to 
their high surface area, adjustable pore architecture, chemical and 
thermal robustness, and highly π-conjugated frameworks [31–41]. CMPs 
could be readily functionalized with electron-rich ligating units, 
particularly amino groups, which effectively coordinate and immobilize 
metal nanoparticles, suppress nanoparticle coalescence, prevent aggre
gation, and promote interfacial electron transfer, ultimately leading to 
enhanced catalytic efficiency [42–44]. The integration of CMP porosity 
with metal nanoparticle decoration enables the construction of hetero
geneous catalysts that exhibit both high activity and recyclability across 
a broad spectrum of reduction reactions [45,46]. Although silver- 
decorated CMPs (Ag@CMPs) have demonstrated strong potential in 
catalytic pollutant remediation and reduction chemistry, many reported 
systems still encounter persistent challenges, including insufficient and 
non-simple metal loading, non-uniform nanoparticle distribution, and 
particle aggregation, all of which restrict catalytic performance and 
long-term recyclability [47–50]. Among nitrogen-rich building units, 

pyrazine (PZ) stands out as a structurally advantageous yet underutil
ized node for CMP design. Pyrazine-based CMPs offer a rigid, planar 
backbone and electron-donating nitrogen coordination centers capable 
of strongly anchoring and stabilizing metal nanoparticles with high 
spatial control [51–55]. Despite these intrinsic benefits, pyrazine (PZ)- 
derived CMPs remain rarely investigated as support for Ag nanoparticles 
in catalytic reduction reactions. The development of Ag-loaded PZ-based 
CMP catalysts could provide a strategic pathway to resolve existing 
limitations in Ag@CMP materials, enabling higher metal dispersion, 
more accessible active interfaces, improved reduction kinetics, and su
perior catalyst recyclability. Such systems would advance the design of 
durable, high-loading, and anti-aggregation polymeric catalyst plat
forms for sustainable reduction chemistry and environmental 
detoxification.

Herein, we report the rational design, synthesis, and comprehensive 
characterization of two new pyrazine-based CMP-Py-PZ CMP and TPE- 
PZ CMP-constructed through a Pd(0)-catalyzed Sonogashira–Hagihara 
cross-coupling reaction [Fig. 1]. The pendant nitrogen atoms and amino 
groups within the PZ-CMP frameworks enable the in-situ reduction of 
Ag+, producing uniformly and highly dispersed silver nanoparticles 
without the need for external reducing agents or additives [56,57]. The 
as-formed Ag@PZ-CMP nanocomposites were investigated as recyclable 
heterogeneous catalysts and demonstrated excellent catalytic efficiency 
toward the reduction of multiple nitro-containing substrates, including 
p-nitrophenol (p-NP) and p-fluoronitrobenzene (p-FNB) derivatives. The 

Fig. 1. Synthesis protocol of (a) Py-PZ CMP and (b) TPE-PZ CMP and the corresponding (c) Ag@Py-PZ CMP and (d) Ag@TPE-PZ CMP. (e) FTIR, (f) solid state 13C 
NMR, and (g) TGA profiles of Py-PZ and TPE-PZ CMPs.
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synergistic integration of microporous channels, stable polymer scaf
fold, and homogeneously distributed Ag nanoparticles affords catalyst 
systems with tunable reactivity, strong structural durability, and high 
recyclability, offering practical potential for a wide range of environ
mentally significant mild reduction transformations.

2. Experimental section

2.1. Materials

Triphenylphosphine (PPh3, 99%), acetone, copper(I) iodide (CuI, 
98%), methanol (MeOH), dimethylformamide (DMF), triethylamine 
(Et3N, 99.5%), silver nitrate (AgNO3, crystals), tetrahydrofuran (THF), 
p-nitrophenol (p-NP) and p-fluoronitrobenzene (p-FNB), 2-amino-3,5- 
dibromopyrazine (ADBPZ), and tetrakis(triphenylphosphine)palladium 
(0) [Pd(PPh3)4] were purchased from Thermo Scientific and Alfa Aesar 
and used as received. The pyrene-based monomer 1,3,6,8-tetraethynyl
pyrene (PyT) and the tetraphenylethene derivative 1,1,2,2-tetrakis(4- 
ethynylphenyl)ethene (TPET) were synthesized and fully characterized 
in our previous studies [58,59].

2.2. Synthesis of Py-PZ CMP and TPE-PZ CMP

PyT (500 mg, 1.675 mmol), ADBPZ (840 mg, 3.32 mmol), PPh3 (40 
mg, 0.153 mmol), CuI (30 mg, 0.158 mmol), and Pd(PPh3)4 (190 mg, 
0.164 mmol) were added to a mixture of DMF (7.5 mL) and Et3N (7.5 
mL). The reaction mixture was degassed using three freeze–pump–thaw 
cycles under a nitrogen atmosphere and sealed in a Schlenk tube. The 
polymerization was conducted at 115 ◦C for 72 h under magnetic stir
ring. After completion, the mixture was cooled to room temperature, 
filtered, and thoroughly washed with THF, acetone, water, and meth
anol. The resulting solid was dried under vacuum to afford Py-PZ CMP as 
a dark brown solid [FTIR: 3463, 3196, 2195, 1602, 1506, 1133, 3463 
cm− 1]. The synthesis of TPE-PZ CMP followed the same procedure 
described for Py-PZ CMP. TPET (500 mg, 1.167 mmol), ADBPZ (590 mg, 
2.33 mmol), PPh3 (30 mg, 0.11 mmol), CuI (20 mg, 0.10 mmol), and Pd 
(PPh3)4 (130 mg, 0.112 mmol) to obtain TPE-PZ CMP as an orange 
powder [FTIR: 3457, 3193, 2201, 1614, 1509, 1119 cm− 1].

2.3. Synthesis of Ag@Py-PZ CMP and Ag@TPE-PZ CMP nanocatalysts

Ag-decorated CMPs were prepared by dispersing 10 mg of the cor
responding PZ-based CMP in 10 mL of an aqueous AgNO3 solution (1 
and 3 mmol L− 1). The mixtures were magnetically stirred for 24 h to 
allow in-situ reduction and deposition of silver species onto the polymer 
frameworks. The resulting composites were isolated by centrifugation, 
washed three times with distilled water and methanol, and dried at 50 
◦C. This procedure afforded xAg@Py-PZ CMP as a brown solid and 
xAg@TPE-PZ CMP as a dark orange solid.

2.4. Procedure for the reduction of p-NP to p-AP

The catalytic reduction of p-NP was carried out by first mixing 
freshly prepared NaBH4 solution (0.5 mL, 0.08 M) with an aqueous p- 
nitrophenol solution (2.0 mL, 0.16 mM) in a quartz cuvette, resulting in 
the characteristic deep yellow colour associated with the formation of p- 
nitrophenolate ions. Subsequently, 0.5 mL of Ag@Py-PZ CMP or 
Ag@TPE-PZ CMP solution (1 mg mL− 1) was added to initiate the reac
tion. Upon catalyst introduction, the yellow coloration progressively 
faded as the reduction proceeded. The reaction progress was monitored 
in real time using UV–vis spectroscopy by following the decrease of the 
absorption band at 400 nm and the concurrent appearance of the 
product band near 300 nm.

2.5. Recyclability of Ag@Py-PZ CMP and Ag@TPE-PZ CMP

After each catalytic reduction of p-NP to p-AP, the Ag@Py-PZ CMP 
and Ag@TPE-PZ CMP catalysts were recovered by centrifugation, fol
lowed by thorough washing with water and ethanol. The catalysts were 
then dried and reused for up to five consecutive cycles to evaluate their 
recyclability and operational stability. After each run, the recovered 
materials were carefully handled to minimize mass loss before being 
reintroduced into the reaction. Following the fifth cycle, both Ag@Py-PZ 
CMP and Ag@TPE-PZ CMP were characterized by FTIR to assess any 
compositional changes during repeated use.

3. Results and discussion

3.1. Synthesis and characterization of Py-PZ CMP and TPE-PZ CMP

In this work, two CMPs, Py-PZ CMP and TPE-PZ CMP, were suc
cessfully synthesized through a straightforward approach based on Pd 
(0)-catalyzed Sonogashira–Hagihara cross-coupling polymerization be
tween 2-amino-3,5-dibromopyrazine (ADBPZ) and Py- or TPE-based 
monomers [Fig. 1(a) and (b)]. The resulting two CMPs were isolated 
in high yields and comprehensively characterized to verify their chem
ical structures, porosity, and optical properties. Benefiting from the 
electron-rich –NH2 groups within the pyrazine (PZ) nodes and the 
extended π-conjugated polymer backbone, both CMPs demonstrated an 
intrinsic ability to reduce Ag+ ions in situ, leading to the formation of 
uniformly dispersed silver nanoparticles on their surfaces without the 
use of any external reducing agents. The obtained Ag@Py-PZ CMP and 
Ag@TPE-PZ CMP composites [Fig. 1(c) and (d)] were subsequently 
investigated as heterogeneous catalysts for the model reduction of 
nitroaryl molecules into less hazardous amino derivatives. The following 
sections provide a detailed discussion of CMP structural characteriza
tion, the formation and stabilization of anchored Ag nanoparticles, and 
the catalytic performance of the Ag-decorated polymers, with a focus on 
the key structure–property relationships that govern catalytic activity.

The FTIR spectra of the PZ-based CMPs display the characteristic 
vibrational features expected for extended π-conjugated frameworks 
[Fig. 1(e)]. The aromatic C–H stretching mode is observed at 3196 cm− 1 

and 3193 cm− 1, respectively for Py-PZ CMP and TPE-PZ CMP, while the 
sharp band at 2195 cm− 1 and 2201 cm− 1, respectively for Py-PZ CMP 
and TPE-PZ CMP are attributed to the alkyne (–C≡C–) stretching vi
bration, confirming the successful incorporation of ethynyl linkers 
through Sonogashira coupling [58–60]. The signals at 1602 and 1506 
cm− 1 and 1614 and 1509 cm− 1, respectively, for Py-PZ CMP and TPE-PZ 
CMP, correspond to the C––N and C––C stretching vibrations, respec
tively, in agreement with the presence of the pyrazine core and the 
conjugated aromatic polymer backbone. In addition, the bands at 1133 
cm− 1 and 1119 cm− 1, respectively for Py-PZ CMP and TPE-PZ CMP, are 
assigned to C–N stretching, further supporting the formation of a 
pyrazine-integrated polymer network. A broad absorption centered at 
3463 cm− 1 is associated with physically adsorbed water molecules 
trapped within the microporous structure, a feature commonly reported 
for conjugated microporous and other microporous organic polymers. 
Taken together, these FTIR signatures provide strong evidence for the 
successful construction of the designed PZ-based CMP frameworks. The 
solid-state 13C NMR spectra provide additional evidence for the suc
cessful construction of the PZ-based CMP frameworks [Figs. 1(f) and 
S1]. The broad resonances in the 115–144 ppm region are characteristic 
of aromatic carbon environments within the extended π-conjugated 
backbone. Two distinguishable peaks at 166 ppm and 148 ppm are 
assigned to the C––N and C–N carbons of the pyrazine units, respec
tively, verifying their incorporation into the polymer network. 
Furthermore, the signals detected in the 85–73 ppm range correspond to 
the sp-hybridized internal carbons of the C≡C linkages, indicating that 
the alkyne linkers were effectively preserved during Sonogashira- 
Hagihara coupling between ADBPZ and the ethynyl Py- or TPE-based 
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monomers. Collectively, these spectral features confirm the formation of 
the targeted, cross-linked, PZ-tethered CMPs. The thermal properties of 
the PZ-based CMPs were investigated by thermogravimetric analysis 
(TGA) under a nitrogen atmosphere up to 800 ◦C. Both Py-PZ CMP and 
TPE-PZ CMP demonstrated excellent thermal stability, exhibiting 10% 
weight-loss temperatures (Td10) of 430 ◦C and 366.5 ◦C, respectively, 
which confirms the robustness of their cross-linked polymer networks 
[Fig. 1(g)]. At 800 ◦C, the char yields remained high-65.8% for Py-PZ 
CMP and 53.8% for TPE-PZ CMP, indicating strong thermal resistance 
and a high carbon content in both frameworks. The superior Td10 and 
char yield of Py-PZ CMP are attributed to its rigid, highly planar pyrene- 
based backbone, which provides enhanced structural stability compared 
with the more flexible TPE-based network. These findings verify that 
both CMPs possess high thermal robustness, making them promising 
candidates for applications that require resilience under elevated 
temperatures.

X-ray photoelectron spectroscopy (XPS) was performed on the pris
tine PZ-based CMPs to analyze the elemental composition and the 
bonding environments of carbon and nitrogen atoms. The C 1s spectrum 
of Py-PZ CMP displays three dominant peaks at 283.76, 284.93, and 
285.85 eV, representing distinct carbon chemical states within the 
polymer network [Fig. 2(a)]. The peak at 283.76 eV (FWHM = 1.39 eV, 
area = 13872.6) is assigned to aromatic C–C/C––C species in the pyrene 
and pyrazine rings. The 284.93 eV peak (FWHM = 1.11 eV, area =
3760.9) corresponds to sp2 carbons bonded to nitrogen (C–N), while the 

285.85 eV peak (FWHM = 1.08 eV, area = 1976) is attributed to carbons 
neighboring electron-withdrawing functionalities. Likewise, TPE-PZ 
CMP exhibits C 1s peaks at the same binding energy, with integrated 
areas of 7081, 3930, and 2625, respectively [Fig. 2(a)], indicating a 
similar distribution of carbon environments in the TPE-linked frame
work. The well-resolved convolution of these signals confirms the suc
cessful integration of pyrazine nodes and ethynyl-based linkers in both 
CMP architectures, in agreement with the designed polymer structures. 
To further probe nitrogen chemistry, high-resolution N 1s XPS analysis 
was carried out for both Py-PZ CMP and TPE-PZ CMP [Fig. 2(b)]. The N 
1s spectra of the two polymers can be reliably deconvoluted into two 
principal components centered at ~ 398.85 eV and ~ 398.13 eV, which 
are assigned to C-N and C––N species within the pyrazine heterocycles, 
respectively. The presence of these signals verifies the successful 
incorporation of pyrazine building blocks into the CMP frameworks. The 
similar binding energies and narrow FWHM values observed for both 
materials suggest high chemical stability and a uniform distribution of 
nitrogen sites throughout the polymer networks. Table S1 summarizes 
fitting parameters of HRXPS signals for C 1s, N 1s, and Ag 3d resulting 
from Py-PZ CMP and TPE-PZ CMP. The porosity of the synthesized PZ- 
based CMPs was examined through nitrogen adsorption–desorption 
measurements at 77 K. The isotherms of Py-PZ CMP and TPE-PZ CMP 
[Fig. 2(c) and (d)] show a steady rise in gas uptake at low relative 
pressures, followed by a sharp increase as the pressure approaches P/P0 
≈ 1.

Fig. 2. High-resolution X-ray photoelectron spectroscopy (HRXPS) spectra of (a) C 1s and (b) N 1s for Py-PZ and TPE-PZ CMPs. Nitrogen adsorption–desorption 
isotherms of (c) Py-PZ CMP and (d) TPE-PZ CMP. Insets in Fig. 2(c) and 2(d) show the corresponding pore size distribution curves of the Py-PZ and TPE-PZ CMPs.
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This adsorption behavior confirms the formation of a combined 
micro- to mesoporous framework. The Brunauer-Emmett-Teller (BET) 
surface areas were calculated to be 13 m2 g− 1 for Py-PZ CMP and 5 m2 

g− 1 for TPE-PZ CMP. The pore size distributions derived using density 
functional theory (DFT) analysis based on the adsorption data [Fig. 2(c) 
and (d)], further reveal a hierarchical pore system in both polymers. Py- 
PZ CMP exhibits characteristic pore widths centered at 2.37, 5.85, and 
9.10 nm, while TPE-PZ CMP displays pores at 1.36, 6.33, and 11.67 nm 
[inset Fig. 2(c) and (d)]. These features are more relevant to mass 
transport and exposure of Ag nanoparticles during catalysis. In the 
present PZ-based CMPs, the rigid pyrazine nodes combined with bulky 
Py or TPE linkers lead to irregular packing and non-uniform network 
growth, which can generate interstitial voids and textural mesopores in 
addition to intrinsic micropores. Furthermore, the aggregation of poly
mer particles during polymerization and drying can create interparticle 
mesoporosity, which is commonly observed in CMP systems. Therefore, 
the coexistence of micro- and mesopores in the pore size distribution 
reflects the realistic structural organization of the CMPs rather than a 
discrepancy, and this hierarchical porosity is advantageous for mass 
transport in catalytic applications. The relatively higher BET surface 
area and smaller dominant micropore size of Py-PZ CMP can be attrib
uted to its rigid and planar pyrene-based backbone, which promotes a 
more defined porous network compared with the more flexible TPE- 
linked framework. The FTIR spectra of Ag@Py-PZ CMP and Ag@TPE- 
PZ CMP retain the key vibrational bands of the pristine Py-PZ CMP 
and TPE-PZ CMP [Fig. S2], confirming that the overall chemical 
framework remains intact after silver loading. However, slight but 
consistent shifts in several diagnostic peaks indicate interactions be
tween the polymer network and the in-situ-generated Ag nanoparticles 
[61,62]. For instance, the broad N–H stretching band shifts from 3457 to 
3450 cm− 1, while the C––N/C––C stretching band moves from 1593 to 
1600 cm− 1 after silver deposition. These subtle shifts suggest that the 
electron-rich –NH2 groups and nitrogen sites within the pyrazine (PZ) 
rings interact with Ag+ ions during the reduction process, serving both 
as intrinsic reducing centers and coordination sites that stabilize the 
resulting Ag0 nanoparticles. The observed blue shift toward higher 
wavenumbers further reflects a slight perturbation of the local electronic 
environment around the amino and C––N units upon metal coordina
tion, supporting the proposed mechanism in which the –NH2-function
alized pyrazine nodes enable external-reagent-free reduction of Ag+ to 
metallic Ag0. More detailed analysis of the C 1s XPS spectra of Ag-loaded 

CMPs reveals three dominant components at 283.76, 284.93, and 
285.85 eV, assigned to aromatic C–C/C––C, C–N bonds, and carbons 
adjacent to electron-withdrawing groups, respectively [Fig. 3(a)]. The 
binding energies remain nearly identical to those of the pristine CMPs, 
confirming that the conjugated polymer backbone is retained after Ag 
deposition. Despite this, clear differences in peak intensities and inte
grated areas emerge most prominently in the C–N contribution. Ag@Py- 
PZ CMP exhibits an increased C–N peak area, implying a stronger 
interaction between nitrogen-rich sites and anchored Ag nanoparticles, 
whereas Ag@TPE-PZ CMP shows a comparatively larger aromatic C–C/ 
C––C contribution, reflecting the distinct structural and electronic en
vironments of the two frameworks. The N 1s spectra offer more direct 
evidence of Ag–nitrogen interactions [Fig. 3(b)]. Two components 
centered at 398.85 eV and 398.13 eV are observed in both Ag-coated 
CMPs, corresponding to C-N and C––N, respectively. Following Ag 
loading, the overall N 1s peak areas decrease relative to the pristine 
materials, indicating partial coordination between Ag nanoparticles and 
nitrogen sites, particularly at amine groups, which have been proposed 
to facilitate the in-situ reduction of Ag+ to Ag0 [63]. The subtle changes 
in nitrogen binding environments are further supported by FTIR results, 
where slight blue shifts in N–H and C––N stretching modes were 
detected after Ag incorporation, suggesting modification of the local 
bonding environment without disrupting the original framework. The 
formation of metallic Ag nanoparticles is confirmed by the well-resolved 
Ag 3d5/2 and Ag 3d3/2 peaks at 368.17 eV and 374.19 eV [Fig. 3(c)].

The narrow full-width at half maximum (FWHM) values verify the 
presence of well-defined Ag0 species. Notably, Ag@Py-PZ CMP displays 
a larger Ag 3d peak area than Ag@TPE-PZ CMP, indicating that the Py- 
PZ CMP incorporates or stabilizes a higher quantity of Ag nanoparticles. 
This result is consistent with the rigid, planar pyrene backbone, which 
likely exposes more accessible nitrogen coordination sites for reducing 
and anchoring Ag ions. In contrast, the more sterically hindered and 
flexible TPE-based network interacts with a slightly lower Ag content, 
leading to a reduced Ag 3d signal intensity. ICP analysis was performed 
to quantify the amount of Ag incorporated into the PZ-CMPs prepared 
using two AgNO3 concentrations (1 and 3 mmol L− 1). The results indi
cate that the Py-PZ CMP incorporates slightly more silver than the TPE- 
PZ CMP under identical preparation conditions. For Py-PZ CMP, the 
samples obtained from AgNO3 solutions (1 and 3 mmol L− 1) exhibit Ag 
loadings of 0.57 wt% and 0.91 wt%, respectively, demonstrating that 
higher Ag precursor concentrations lead to a proportional increase in 

Fig. 3. (a–c) HRXPS spectra of (a) C, (b) N, and (c) Ag for Ag@Py-PZ and Ag@TPE-PZ CMPs.
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silver incorporation. Similarly, the TPE-PZ CMP samples contain 0.29 wt 
% (1 mmol L− 1) and 0.71 wt% (3 mmol L− 1) Ag, confirming successful 
silver uptake, albeit at consistently lower levels than in the Py-PZ CMP 
sample. Notably, every ICP measurement was conducted in triplicate, 
and the relative standard deviations (RSDs) were below 2%, confirming 
the good reproducibility and reliability of the quantified Ag loadings.

To further assess the effect of Ag nanoparticle incorporation, the 
thermal stability of Ag@Py-PZ CMP and Ag@TPE-PZ CMP was also 
examined. The Ag-loaded composites maintained high thermal resis
tance, with Td10 values of 373.3 ◦C for Ag@Py-PZ CMP and 387.99 ◦C for 
Ag@TPE-PZ CMP (Fig. S3). Notably, the introduction of Ag nano
particles did not weaken the structural integrity of the CMP networks. 
On the contrary, Ag slightly improved thermal resistance, likely by 
restricting polymer chain mobility and facilitating more efficient heat 
dissipation. The composites also retained considerable carbonized resi
dues at 800 ◦C, yielding 50.77% for Ag@Py-PZ CMP and 56.87% for 
Ag@TPE-PZ CMP. The morphologies of the synthesized PZ-CMPs were 
analyzed by scanning electron microscopy (SEM). Py-PZ CMP exhibits a 
thin, sheet-like architecture, which aligns with its rigid and planar 
pyrene-based backbone that favors π–π stacking, interlayer assembly, 
and extended surface exposure [Fig. 4(a)]. In contrast, TPE-PZ CMP 
displays a uniform spherical morphology [Fig. 4(b)], arising from the 
flexible and non-planar configuration of the TPE-derived monomer. The 
pronounced difference in particle shape suggests that the molecular 
geometry and rigidity of the polymer backbone significantly influence 
network packing and the final CMP morphology, which may impact 
guest-molecule diffusion pathways and catalytic accessibility. The Py-PZ 
CMP exhibits relatively smaller and more uniformly distributed pores 
and a sheet-like morphology compared to the spherical TPE-PZ CMP. 
These features are more relevant to mass transport and exposure of Ag 
nanoparticles during catalysis than the absolute BET value. To evaluate 
the impact of silver incorporation, the morphologies of Ag@Py-PZ CMP 
and Ag@TPE-PZ CMP were further examined after in-situ Ag nano
particle deposition. Both composites preserve the characteristic shapes 
of their pristine polymer networks. Ag@Py-PZ CMP maintains its ul
trathin sheet-like layers [Fig. 4(c)], while Ag@TPE-PZ CMP retains its 

monodisperse spherical particles [Fig. 4(d)]. In addition, the SEM im
ages reveal bright, nanosized contrast features homogeneously distrib
uted across the polymer surfaces.

These high-contrast spots are attributed to Ag nanoparticles, whose 
greater electron density produces a stronger signal contrast under SEM 
imaging. The consistent appearance of Ag-rich domains across both 
sheets and spheres verifies the successful formation and uniform 
dispersion of silver nanoparticles throughout each CMP network. The 
retention of the original CMP morphologies, together with the presence 
of well-distributed Ag nanoparticles, demonstrates that the in-situ 
reduction process effectively anchors and stabilizes Ag within the 
porous polymer frameworks without compromising structural integrity. 
Elemental mapping analysis was conducted on Ag@Py-PZ CMP [Fig. 4 
(e)] and Ag@TPE-PZ CMP [Fig. 4(f)] to visualize the spatial distribution 
of the primary elements (C, N, and Ag) within the composites. The 
carbon and nitrogen signals, derived from the polymer backbone and PZ 
units, exhibit a homogeneous distribution across the entire surfaces of 
both CMPs, confirming the structural uniformity of the organic frame
works. Notably, the silver maps also reveal an even dispersion of Ag 
throughout the layered, sheet-like Py-PZ network and the spherical TPE- 
PZ particles. This consistent distribution demonstrates that the in-situ 
reduction process successfully generates well-dispersed silver nano
particles, avoiding the formation of large, aggregated clusters. 
Furthermore, the strong spatial overlap among the C, N, and Ag regions 
suggests that the nitrogen- and amine-rich coordination sites within the 
CMP frameworks play a crucial role in anchoring the Ag nanoparticles, 
promoting stable immobilization within the polymer matrices. TEM 
images provide further evidence supporting the SEM observations. The 
Py-PZ CMP displays ultrathin, sheet-like layers [Fig. 4(g)], which align 
with its planar, pyrene-based backbone structure. In contrast, the TPE- 
PZ CMP exhibits well-defined spherical nanoparticles [Fig. 4(h)], 
reflecting the non-planar geometry of the TPE backbone. Importantly, 
TEM analysis also confirms that both CMPs possess interconnected 
porous internal networks, a structural feature that is critical for efficient 
guest-molecule diffusion and beneficial for catalytic applications. TEM 
characterization was also performed on the Ag-loaded PZ-CMPs to 

Fig. 4. (a–d) SEM images of (a) Py-PZ CMP, (b) TPE-PZ CMP, (c) Ag@Py-PZ CMP, and (d) Ag@TPE-PZ CMP. (e, f) SEM-EDS elemental mapping images showing the 
homogeneous distribution of C, N, and Ag in (e) Ag@Py-PZ CMP and (f) Ag@TPE-PZ CMP. (g-j) TEM images of (g) Py-PZ CMP, (h) TPE-PZ CMP, (i) Ag@Py-PZ CMP, 
and (j) Ag@TPE-PZ CMP. The inset TEM images in (i) and (j) reveal the crystalline features of Ag nanoparticles embedded within the CMP frameworks.
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investigate the internal morphology and verify the presence and spatial 
distribution of silver nanoparticles. Consistent with SEM results, 
Ag@Py-PZ CMP retains its layered, sheet-like domains [Fig. 4(i)], while 
Ag@TPE-PZ CMP preserves its spherical particle morphology [Fig. 4(j)], 
indicating that the polymer architectures remain structurally intact after 
silver incorporation. Both samples reveal abundant dark, high-contrast 
dots uniformly distributed across the CMP surfaces. These features 
correspond to metallic Ag nanoparticles, as silver exhibits significantly 
higher electron density than the organic polymer matrix, resulting in 
darker contrast under TEM. The homogeneous dispersion of these 
nanoparticles demonstrates the success of the in-situ reduction process 
in generating well-distributed nanosized Ag particles within the CMP 
frameworks. Collectively, the TEM results confirm the preservation of 
the native PZ-CMPs morphologies and the effective deposition of finely 
dispersed Ag nanoparticles throughout the PZ-CMPs networks. The lat
tice fringes observed in the high-resolution TEM images [Fig. 4(i) and 
(j)] exhibit an interplanar spacing of approximately ~ 0.23–0.24 nm, 
which can be indexed to the (111) plane of face-centered cubic (FCC) 
metallic silver. Furthermore, we have conducted a statistical analysis 
using multiple TEM images and added a particle size distribution his
togram based on measurements of more than 100 nanoparticles 
(Fig. S4). The results show a narrow size distribution with an average 
diameter of ~ 3–9 nm, indicating uniform dispersion and effective 
confinement of Ag nanoparticles within CMPs matrix. Powder XRD 
measurements were performed for both Ag@Py-PZ CMP and Ag@TPE- 
PZ CMP (Fig. S5). Distinct diffraction peaks were observed at 2θ ≈
38.09◦, 44.10◦, and 64.34◦, which can be indexed to the (111), (200), 
and (220) planes of face-centered cubic (fcc) metallic silver. These 

reflections confirm the successful reduction of Ag+ to crystalline Ag0 

nanoparticles within the CMP frameworks. The relatively weak peak 
intensities are consistent with the low Ag loading and the small nano
particle size, as well as the predominantly amorphous nature of the 
polymer matrix.

3.2. Catalytic performance of Ag@Py-PZ CMP and Ag@TPE-PZ CMP

The catalytic performance of Ag-decorated PZ-CMPs was evaluated 
through the reduction of p-nitrophenol (p-NP) to p-aminophenol (p-AP) 
using sodium borohydride (NaBH4) as the reducing agent. After the 
addition of Ag@PZ-CMP catalysts, the characteristic UV–Vis absorption 
peak of p-NP at 400 nm gradually diminished, while a new peak at 
approximately 300 nm emerged, corresponding to the formation of the 
amino product. This spectral evolution confirms successful catalytic 
conversion, as shown in Fig. 5(a–d). A comparison across catalysts re
veals that the reduction rate is strongly dependent on both the Ag 
loading and the polymer backbone. In the Py-PZ CMP series, 3Ag@Py- 
PZ CMP [Fig. 5(a)] demonstrated markedly faster conversion than 
1Ag@Py-PZ CMP [Fig. 5(b)], indicating that increased silver content 
enhances catalytic activity by supplying a greater number of active sites 
to facilitate electron transfer. A consistent trend was also observed in the 
TPE-PZ CMP series, where 3Ag@TPE-PZ CMP [Fig. 5(c)] achieved a 
more rapid reduction of p-NP compared with 1Ag@TPE-PZ CMP [Fig. 5 
(d)]. Furthermore, the Py-PZ CMP-based catalysts consistently outper
form their TPE-PZ CMP-based counterparts at comparable Ag loadings. 
For instance, 1Ag@Py-PZ CMP achieves complete reduction in a shorter 
time than 1Ag@TPE-PZ CMP, while 3Ag@Py-PZ CMP also exhibits 

Fig. 5. UV–vis absorption spectra of p-NP solution recorded at different time intervals after the addition of (a) 1Ag@Py-PZ, (b) 3Ag@Py-PZ, (c) 1Ag@TPE-PZ, and 
(d) 3Ag@TPE-PZ CMPs. (e) Time-dependent changes in the relative absorbance (A/A0) during the reduction of 4-NP. (f) Pseudo-first-order kinetic plots for the 
reduction of p-NP catalyzed by 1Ag@Py-PZ, 3Ag@Py-PZ, 1Ag@TPE-PZ, and 3Ag@TPE-PZ CMPs.
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faster catalytic conversion than 3Ag@TPE-PZ CMP. This superior ac
tivity is primarily attributed to the more planar and structurally rigid 
framework of the Py-PZ CMP, which promotes improved dispersion and 
surface accessibility of Ag nanoparticles. In addition, the extended 
conjugation and reduced steric hindrance of the pyrene-based backbone 
enable more efficient electron transport along the polymer network, 
accelerating interfacial electron transfer to the Ag active sites. These 
results confirm that both silver content and polymer architecture criti
cally govern the catalytic activity of Ag@PZ CMPs, with higher Ag 
loading and the pyrene-based framework providing the most efficient 
reduction of p-NP. To further assess catalytic efficiency, the reduction of 
p-NP was tracked by plotting the normalized absorbance ratio (A/A0) at 
400 nm as a function of time for all four Ag@PZ CMP catalysts [Fig. 5 
(e)]. In each case, A/A0 decreases steadily over time, reflecting the 
progressive conversion of p-NP to p-AP. A clear kinetic trend is observed: 
catalysts with higher Ag loading induce a more rapid decline in A/A0, 
and within each loading level, the Py-PZ-based CMPs exhibit faster re
action rates than the TPE-PZ-based analogues. Notably, 3Ag@Py-PZ 
CMP displays the steepest decay curve, followed by 1Ag@Py-PZ CMP, 
3Ag@TPE-PZ CMP, and finally 1Ag@TPE-PZ CMP. This ranking dem
onstrates the synergistic influence of both silver quantity and the CMP 
framework on catalytic performance. The competitive decline of A/A0 
highlights that catalytic reduction is governed by the dispersion, 
accessibility, and interfacial exposure of Ag nanoparticles, as well as the 
intrinsic electron-conducting properties of the polymer network.

Compared with the bulkier and less rigid TPE-PZ CMP, the planar Py- 
PZ CMP offers more exposed active interfaces and shorter electron- 
migration pathways, resulting in faster heterogeneous electron trans
fer and improved catalytic turnover. The kinetic trends derived from A/ 
A0 monitoring closely match the observations from time-dependent 
UV–Vis spectroscopy, collectively validating the beneficial role of 
enhanced Ag loading and pyrene-induced structural planarity in pro
moting heterogeneous catalytic activity. Finally, the catalytic reduction 
rates of the four Ag@PZ-CMP nanocomposites were quantitatively 
analyzed using a pseudo-first-order kinetic model. The apparent rate 
constants (kapp) were extracted from the linear plots of ln(A/A0) versus 
time [Fig. 5(f)], which further reveal the strong dependence of catalytic 
efficiency on both Ag content and PZ-CMP backbone structure. For the 
Ag-anchored Py-PZ CMP catalysts, 3Ag@Py-PZ CMP exhibits the highest 
catalytic activity, delivering the largest apparent rate constant (kapp =

29 × 10− 3 s− 1) and the fastest normalized reduction rate (knor = 58 mg 
s− 1), followed by 1Ag@Py-PZ CMP (kapp = 15 × 10− 3 s− 1, knor = 39.4 mg 
s− 1). This trend confirms that increasing Ag loading increases the 
number of accessible active sites, which in turn accelerates the reduction 
reaction. In contrast, the TPE-PZ CMP series shows overall lower cata
lytic performance. Within this framework, 3Ag@TPE-PZ CMP (kapp =

18 × 10− 3 s− 1, knor = 36 mg s− 1) outperforms 1Ag@TPE-PZ CMP (kapp =

2 × 10− 3 s− 1, knor = 4 mg s− 1). The reduced activity of the TPE-based 
catalysts is attributed to their bulkier and less planar polymer struc
ture, which restricts Ag nanoparticle dispersion and limits active-site 
accessibility. Despite this, the observed rates remain highly competi
tive compared with reported Ag-anchored nanocomposites [Table S2] 
[22,64–72]. A direct comparison between the two PZ-CMP frameworks 
at identical Ag loading further demonstrates that Py-PZ CMP consis
tently exhibits faster reaction kinetics than TPE-PZ CMP, highlighting 
the importance of polymer architecture. The rigid, planar pyrene-based 
backbone enhances electron transfer and enables more effective expo
sure of catalytic sites, leading to superior catalytic efficiency. Together, 
these results quantitatively validate earlier UV–Vis observations and 
confirm that both Ag content and polymer framework structure are 
critical factors governing catalytic performance in Ag@PZ- CMP nano
composites. The reduction of nitroaromatic compounds over the Ag/ 
CMP catalysts in the presence of NaBH4 is proposed to follow the well- 
established stepwise hydrogenation pathway typical for noble-metal 
nanoparticle systems. In this mechanism, Ag nanoparticles act as 
electron-transfer mediators, adsorbing both BH4⁻ and the nitro substrate 

and facilitating surface hydride transfer. The nitro group is sequentially 
reduced through nitroso (–NO) and hydroxylamine (–NHOH) in
termediates before finally forming the corresponding amine (–NH2). 
Although these intermediates are generally short-lived and difficult to 
directly detect under the rapid reaction conditions employed here, this 
pathway is widely reported in metal nanoparticle-catalyzed reductions 
and is consistent with the efficient catalytic performance observed in our 
system (Scheme 1).

The catalytic efficiency of the Ag@Py-PZ CMP nanocomposites was 
further evaluated using turnover number (TON) and turnover frequency 
(TOF) as performance metrics [Fig. 6]. TON is defined as the number of 
p-nitrophenol molecules converted per mole of Ag catalyst, whereas TOF 
refers to the number of substrate molecules converted per mole of 
catalyst per unit time, offering key insight into the intrinsic activity of 
the catalysts. For 1Ag@Py-PZ CMP, the TON values [Fig. 6(a)] increase 
consistently over time, reaching approximately 50.9 after 4 min, 
demonstrating the efficient utilization of accessible silver active sites. In 
contrast, 3Ag@Py-PZ CMP exhibits lower TON values (≈31.3 at 4 min) 
despite its higher silver content. This trend arises because TON is 
normalized to the number of silver moles, meaning that increasing the 
Ag loading results in a lower TON per active site, even when the overall 
conversion rate is higher. The TOF values exhibit a similar trend.

For 1Ag@Py-PZ CMP, the TOF begins at a high value (≈21.9 min⁻1) 
and gradually declines to ≈12.7 h− 1 at 4 min, which is consistent with 
progressive substrate depletion and the corresponding reduction in re
action rate. Likewise, 3Ag@Py-PZ CMP shows lower TOF values overall 
(≈11.2 h− 1 initially, decreasing to ≈7.8 h− 1), again due to normalization 
per mole of Ag. The lower TON/TOF for 3Ag@Py-PZ CMP compared to 
1Ag@Py-PZ CMP, despite its higher absolute conversion rate, un
derscores that these metrics normalize activity to the total moles of Ag. 
This suggests that not all incorporated Ag atoms are equally surface- 
accessible or catalytically active under the given conditions. The cata
lytic performance of 1Ag@TPE-PZ CMP and 3Ag@TPE-PZ CMP was 
further assessed through TON and TOF analyses for the reduction of 
nitro compounds [Fig. 6(b)]. For both catalysts, the TON values increase 
steadily with reaction time, confirming sustained catalytic turnover and 

Scheme 1. The proposed conversion mechanism of p-NP into p-AP.
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the effective use of Ag active sites. At each reaction stage, 3Ag@TPE-PZ 
CMP displays higher TON values than 1Ag@TPE-PZ CMP, which can be 
attributed to its greater Ag loading and the larger number of accessible 
catalytic sites. In contrast, the TOF values decrease gradually over time 
for both catalysts, an expected behavior in heterogeneous catalytic 
systems, primarily driven by substrate consumption and the partial 
occupation of active sites by reaction intermediates or products. 
Notably, 3Ag@TPE-PZ CMP retains higher TOF values throughout the 
reaction, indicating accelerated reaction kinetics and superior intrinsic 
catalytic activity compared to 1Ag@TPE-PZ CMP. The TON and TOF 
results were benchmarked against previously reported catalytic moieties 
for p-nitrophenol reduction (Table S3). To evaluate the intrinsic cata
lytic contribution of the polymer frameworks, pristine Py-PZ CMP and 

TPE-PZ CMP were tested under identical reaction conditions for the 
reduction of p-NP in the presence of NaBH4 [Fig. S6]. The UV–Vis 
spectra show only a slight decrease in absorbance at 400 nm, changing 
from 4.03 to 3.01 a.u. for Py-PZ CMP and from 4.03 to 3.44 a.u. for TPE- 
PZ CMP. This minimal change indicates that the undecorated CMPs 
exhibit weak adsorption toward p-NP and contribute negligibly to its 
catalytic reduction. These control experiments confirm that the catalytic 
activity observed in the Ag-decorated PZ-CMPs originates predomi
nantly from the silver nanoparticles, rather than from the polymer ma
trix itself, further confirming that any trace Pd does not contribute to the 
observed catalytic performance. The minor decline in absorbance is 
likely attributable to p-NP adsorption onto the CMP surfaces, which 
aligns with the hierarchical porosity and accessible surface sites inherent 

Fig. 6. TON and TOF of the catalytic system using (a) 1Ag@Py-PZ and 3Ag@Py-PZ CMPs, and (b) 1Ag@TPE-PZ and 3Ag@TPE-PZ CMPs.

Fig. 7. UV–vis spectra of p-FNB solution recorded during reduction in the presence of 1Ag@Py-PZ (a) and 1Ag@TPE-PZ (b) CMPs. (c) Time-dependent changes in 
relative absorbance and (d) pseudo-first-order kinetic plotsfor p-FNB reduction catalyzed by 1Ag@Py-PZ and 1Ag@TPE-PZ CMPs.
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to these CMP frameworks. The catalytic performance of 1Ag@Py-PZ 
CMP and 1Ag@TPE-PZ CMP was further assessed using p-FNB as the 
substrate in a NaBH4 reduction system [Fig. 7(a) and (b)]. In this case, 
the initial UV–Vis spectra display a strong absorption band at 270 nm, 
characteristic of the nitro compound, which diminishes rapidly after 
catalyst addition. The decrease is substantially more pronounced for 
1Ag@Py-PZ CMP, indicating a faster conversion rate relative to 
1Ag@TPE-PZ CMP and suggesting superior catalytic efficiency and re
action kinetics.

Time-dependent monitoring of the normalized absorbance (A/A0) 
further supports this trend, showing a significantly faster decline for the 
1Ag@TPE-PZ CMP catalyst [Fig. 7(c)]. Pseudo-first-order kinetic anal
ysis yields apparent rate constants (kapp) of 0.448 min− 1 for 1Ag@Py-PZ 
CMP and 0.369 min− 1 for 1Ag@TPE-PZ CMP, quantitatively confirming 
the superior catalytic efficiency of the Py-PZ framework [Fig. 7(d)]. 
These results suggest that the planar and rigid pyrene-containing poly
mer backbone facilitates more uniform Ag nanoparticle dispersion and 
provides a higher degree of active-site accessibility, which collectively 
promote improved electron transfer and stronger substrate-catalyst in
teractions. In contrast, the sterically bulkier TPE-PZ CMP leads to 
slightly reduced catalytic activity, likely due to less efficient nano
particle distribution and comparatively limited substrate accessibility. 
To further evaluate the substrate scope and functional group tolerance of 
the catalysts, additional nitroaromatic compounds bearing different 
substituents were investigated. Besides p-NP and p-FNB, p-nitroaniline 
(p-NA) (Fig. S7) and 1-chloro-4-nitrobenzene (Fig. S8) were also tested 
under identical reaction conditions. Both substrates were efficiently 
reduced to their corresponding amine products with high conversion, 
demonstrating that the Ag@PZ CMP catalysts exhibit broad applicability 
toward structurally diverse nitroarenes. These results confirm the gen
eral catalytic versatility and robustness of the developed nano
composites. The stability and reusability of 1Ag@Py-PZ CMP and 
1Ag@TPE-PZ CMP were assessed over five consecutive catalytic cycles 
using p-NP reduction as the model reaction. Both catalysts maintained 
high conversion throughout the cycling tests. The pyrene-based catalyst 
(1Ag@Py-PZ CMP) exhibited conversion efficiencies of 100%, 97%, 
93%, 91%, and 90%, while 1Ag@TPE-PZ CMP achieved 100%, 99%, 
96%, 93%, and 91% [Fig. S9(a)]. The gradual yet limited decline in 
activity indicates that both catalysts possess excellent operational sta
bility and recyclability. FTIR spectra of Ag@Py-PZ and Ag@TPE-PZ 
CMPs collected after the fifth cycle show no notable changes relative 
to the pristine materials, confirming that the chemical structures of the 
CMP frameworks remain intact after repeated catalytic use [Fig. S9(b) 
and (c)]. Moreover, TEM analysis on the recycled catalysts reveals that 
the Ag nanoparticles remain uniformly dispersed and that the overall 
morphology of the CMP framework shows almost no obvious change, 
with no significant nanoparticle aggregation or structural collapse 
observed (Fig. S10). Although gradual adsorption of reaction in
termediates or by-products could potentially block some active sites 
during very long-term operation, such effects were not evident within 
the investigated cycles. Collectively, these results demonstrate that both 
Ag-decorated PZ-CMPs are highly robust heterogeneous catalysts, of
fering strong durability and structural resilience, which underscore their 
potential for practical and long-term catalytic applications.

4. Conclusions

Two Py-PZ CMP and TPE-PZ CMP were synthesized via Sonogashira- 
Hagihara coupling and systematically characterized in terms of porosity, 
thermal stability, and morphology. Both Py-PZ CMP and TPE-PZ CMP 
incorporate amino functional groups capable of inducing in-situ reduc
tion of Ag+, enabling the formation of Ag-decorated hybrids (Ag@Py-PZ 
CMP and Ag@TPE-PZ CMP) with uniformly dispersed Ag nanoparticles. 
The catalytic performance of the Ag@PZ-CMPs was evaluated for the 
NaBH4-mediated reduction of p-NP and p-FNB, confirming their function 
as efficient heterogeneous catalysts. The Py-PZ-based CMP catalyst 

exhibited consistently higher catalytic activity than the TPE-PZ CMP, 
likely due to its planar, rigid backbone, which promotes improved Ag 
nanoparticle dispersion, greater active-site accessibility, and more 
effective electron transfer. Increasing Ag content further enhanced re
action kinetics, demonstrating a clear loading-dependent catalytic 
trend. Pseudo-first-order kinetic fitting, together with TON and TOF 
analyses, quantitatively confirmed high catalytic efficiency, while TON/ 
TOF trends correlated positively with Ag incorporation. Control exper
iments with pristine CMPs showed negligible catalytic contribution 
beyond weak substrate adsorption, verifying that Ag nanoparticles are 
the primary active catalytic component. Notably, both catalysts retained 
high activity over five reuse cycles, with no significant structural 
degradation observed. Overall, this study presents a straightforward and 
effective strategy for constructing durable, high-performance, and 
recyclable Ag-decorated PZ-based CMP catalysts for nitro-compound 
reduction reactions, offering strong potential for practical catalytic 
applications.
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