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A novel bio-based porous organic polymer (Gu-V-BZ POP) is successfully synthesized through Schiff base
condensation using a vanillin-derived benzoxazine dialdehyde and triaminoguanidinium chloride. This approach
harnesses renewable vanillin as a sustainable aromatic precursor, while the incorporated benzoxazine units
enhance thermal stability and provide additional coordination sites for metal ion binding. The resulting nitrogen-
rich, amine-functionalized polymer serves as an effective platform for the reduction of Pd(II) ions to well-
dispersed palladium nanoparticles (Pd NPs) without the need for hazardous reducing agents. Structural and
chemical characterization confirms the formation of the porous polymer network covering a surface area of
32.79 m? g’1 and the successful immobilization of ultrafine Pd NPs (~2.5 nm) on its surface. The catalytic
performance of the resulting Pd@Gu-V-BZ POP nanocomposite is evaluated using the model conversion of p-
nitrophenol (p-NP) to p-aminophenol (p-AP) under excess NaBHy. The catalyst demonstrates exceptional activity,
with apparent rate constants reaching 0.390 min~! and normalized activity of 46.90 mg~* s~! for the composite
with the highest Pd loading (0.458 wt%). Detailed kinetic analysis reveals a clear structure-activity relationship.
Furthermore, comparative studies using p-fluoronitrobenzene suggest that the amine groups on the polymer
support actively participate in substrate activation through specific interactions. This work integrates renewable
feedstock chemistry, green nanoparticle synthesis, and functional benzoxazine design to create an efficient and
durable catalytic material, offering a sustainable strategy for the development of high-performance heteroge-
neous catalysts for environmental and industrial engineering.

1. Introduction

Nitroarenes are widely disposed of from the production of dyes,
pharmaceuticals, and pesticides, thus pose significant environmental
and health hazards due to their high toxicity and persistence [1-9]. The
reduction of nitroarenes to their corresponding aromatic amines is
crucial, as amines are far less hazardous and serve as valuable in-
termediates in various chemical industries [10-14]. Aromatic amines (e.
g. p-aminophenol) could be used in optoelectronic and nanocomposite
[15,16]. Traditional disposal methods for nitroarenes, such as biological
and chemical remediation, often result in the generation of secondary
pollutants and require stringent control measures to prevent further

environmental damage [17-19]. In this context, heterogeneous catalytic
reduction offers a safer and more efficient approach, converting nitro-
arenes into amines under milder conditions with minimal environ-
mental impact [20,21].

Palladium (Pd) nanoparticles have shown remarkable efficacy in the
catalytic reduction of nitroarenes due to their superior hydrogenation
capabilities [22-26]. However, a key challenge in utilizing Pd nano-
particles is their tendency to agglomerate, which can significantly
reduce their catalytic performance [24,27]. To address this, a suitable
support material is necessary to disperse and stabilize the nanoparticles,
ensuring optimal catalytic activity [28-30]. The eco-friendly prepara-
tion of Pd nanoparticles with ethanol serving as the reducing agent
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presents a viable solution [31]. Ethanol is a non-toxic and environ-
mentally benign solvent, making it an ideal choice for the sustainable
production of Pd nanoparticles [18].

Porous organic polymers (POPs) are considered promising supports
for heterogeneous catalysis given their high surface area, tuneable
porosity, as well as chemical stability [25,32-38]. By integrating specific
functional groups directly into their backbone, POPs can be designed to
interact strongly with metal nanoparticles, preventing aggregation and
enhancing catalytic activity. However, their potential as functional
supports are often limited by reliance on petrochemical building blocks.
Therefore, we introduce a new strategy by developing a
benzoxazine-functionalized POP synthesized from sustainable pre-
cursors. For the first time, a benzoxazine-based POP is explored as a
high-performance catalytic platform. Notably, benzoxazines are versa-
tile, high-performance materials that form strong, heat-resistant, and
chemically stable polymers. Their exceptional properties make them
valuable across various engineering fields for creating durable, light-
weight, and reliable components [39]. This novel polymer is constructed
via simple Schiff-base condensation between triaminoguanidinium
chloride (Gu-3NHj) and a vanillin-derived benzoxazine dialdehyde
(V-Bz-2CHO). The Gu-3NH; moiety provides a high density of
nitrogen-rich and hydrogen-bonding sites, which are expected to
improve metal coordination, stabilize nanoparticles, and assist in sub-
strate activation. Meanwhile, the vanillin benzoxazine unit incorporates
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renewable feedstock chemistry, adds thermal stability via the benzox-
azine ring, and supplies the aldehyde functionalities required for
network formation. This synergistic design creates a support that not
only firmly anchors Pd NPs but also actively participates in the catalytic
cycle, offering a sustainable and efficient route for nitroarene reduction
[40-43].

Vanillin-based benzoxazines are innovative materials derived from
the natural compound vanillin, which is commonly extracted from va-
nilla beans [44,45]. These bio-based benzoxazines are synthesized
through the reaction of vanillin with various amines and formaldehyde,
resulting in monomers that exhibit excellent thermal stability and me-
chanical properties. Research has shown that vanillin-derived benzox-
azines can undergo -catalyst-free polymerization, making them
environmentally friendly alternatives to traditional synthetic resins
[46-48]. Their unique chemical structure imparts desirable character-
istics such as high crosslinking density and enhanced resistance to
chemicals and heat. Applications of these materials span various fields,
including coatings, adhesives, and composite manufacturing, where
their performance at elevated temperatures is particularly advanta-
geous. Therefore, vanillin-based benzoxazine, derived from a renewable
resource, as well contributes rigidity and sustainability to the polymer
structure [49-51]. When guanidinium and vanillin are integrated into a
benzoxazine framework, they are supposed to form a POP with robust
structural integrity, as well as exceptional physical and chemical
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properties. We hypothesize that the unique properties of this POP make
it an ideal surface for anchoring Pd nanoparticles. Moreover, the amine
and oxazine groups present in our POP shall facilitate the in-situ
reduction of Pd cations into Pd nanoparticles, leveraging the green
reducing capabilities of the polymer matrix. This approach not only
prevents the agglomeration of Pd nanoparticles but also enhances their
dispersion and stability within the polymer framework. Hence, the
resulting novel Pd-decorated benzoxazine POP is expected to exhibit
high catalytic activity for the reduction of nitroarenes to safer aromatic
amines. This green and efficient catalytic system addresses the envi-
ronmental and health challenges posed by nitroarenes, providing a
sustainable solution for their transformation into less hazardous com-
pounds, as we emphasized above.

Simply, we synthesized an innovate Gu-V-BZ POP utilizing the
classical Schiff base protocol between Gu-3NH; and V-BZ-2CHO
(Scheme 1). The Gu-V-BZ POP showed a suitable surface area of 32.79
m? g1 in addition to easy decoration by Pd nanoparticles. Inductively
coupled plasma (ICP) spectroscopy was employed to determine the
weight percentages of Pd nanoparticles (NPs) on the Gu-V-BZ POP after
immersion in solutions with varying concentrations of palladium nitrate
(Pd(NO3)2). The amino groups in the Gu-V-BZ POP nanocatalyst
significantly promoted the p-nitrophenol (p-NP) reduction process via its
phenolic hydroxyl interactions. Throughout detailed characterization
and catalytic studies, we prove the synthesis of the novel biobased
benzoxazine POP and their coating with Pd nanoparticles. Thereby, we
demonstrate the effectiveness of this novel Pd-coated benzoxazine POP
in reducing nitroarenes under environmentally friendly conditions.

2. Experimental part
2.1. Materials

Guanidine  hydrochloride, 4-hydroxy-3-methoxybenzaldehyde
(vanillin>97%), and anhydrous sodium sulfate (NaxSO4 > 99%) were
purchased from Fluka. Palladium(II) nitrate solution (Pd(NO3), ~10 wt
% in 10 wt% HNOg3), p-NP > 99%, and sodium borohydride (NaBH4 >
98%) were sourced from Sigma-Aldrich. Hydrazine hydrate was ob-
tained from TCI America. All other reagents-including 1,6-diaminohex-
ane, paraformaldehyde, 1,4-dioxane, chloroform, mesitylene,
tetrahydrofuran (THF), methanol, acetone, acetic acid, and ethanol-
utilized just as supplied, requiring no additional purification. The tri-
als were conducted using deionized (DI) water.

2.2. Synthesis of triaminoguanidinium chloride (Gu-3NHjz)

The Gu-3NH; was designed utilizing the reported methodology
described by previous study [52]. Firstly, guanidine hydrochloride (1.9
g, 19.9 mmol) and hydrazine hydrate (3.4 g, 68 mmol) were mixed in 10
mL of 1,4-dioxane for 4 h in a nitrogen atmosphere, under refluxing
conditions as well. The white precipitate was filtered out after the flask
had cooled to ambient temperature, and enough 1,4-dioxane was then
used to wash it with sufficient 1,4-dioxane to get rid of excessive hy-
drazine hydrate. Subsequently, the resulting white solid was
vacuum-dried at 75 °C, giving 98%. Gu-3NHjy characterization was
corroborated by matching its FT-IR spectra with previously reported
data. FTIR: 3331, 1675, 1599, and 1125 em™! (Fig. S1).

2.3. Design of aldehydic vanillin benzoxazine (V-BZ-2CHO)

The V-BZ was designed using the previous study [50]. The 4-hydrox-
y-3-methoxy benzaldehyde (vanillin) (6 g, 0.197 mol), 1,6-diaminohex-
ane (2.29 g, 0.0986 mol), and paraformaldehyde (2.37 g, 0.394 mol)
were introduced into a 100 mL flask, then intermixed in 70 mL of
chloroform. These components were magnetically stirred under reflux-
ing conditions overnight. The solution was separated using 0.3 M NaOH
(200 mL) upon cooling the mixture. Then, the chloroform section was
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rinsed more three turns via 250 mL of water in order to neutralize the
solution. Subsequently, the liquid was further dried over anhydrous
NaySO4 then taken out. The chloroform was separated utilizing the ro-
tary instrument. After vacuum drying at 40 °C overnight, the white
product was obtained in about 65% yield. FTIR: 3451, 2925, 3082,
1684, 1585, and 947 em™! (Fig. S2).

2.4. Design of the Gu-V-BZ POP

The Gu-V-BZ POP was designed utilizing the earlier protocol of Schiff
base reaction [53], a mixture of Gu-3NH; (150 mg, 0.96 mmol),
V-BZ-2CHO (0.671 mg, 1.43 mmol), acetic acid (6 M, 1.2 mL) in 1,
4-dioxane/mesitylene (5 mL/5 mL) in a Schlenk Flask (25 mL) was
evacuated via triple turns of freeze/pump/thaw. The flask was well
closed, then heated to 120 °C for three nights. Upon reaching room
temperature, the brown precipitate was rinsed numerous turns respec-
tively with THF, MeOH, and acetone. Finally, the brown solid was dried
under vacuum at 70 °C overnight (87%). FTIR: 3459, 3029, 2980, 1651,
1580, and 951 em ™! (Fig. 1(a)).

2.5. Design of the Pd@Gu-V-BZ POP

A double concentration of Pd(NOs)s solutions -freshly prepared-
solvated in ethanol/water (1:1) was made at 0.3 as well as 0.5 mmol
L~! concentrations. Rapidly, our Gu-V-BZ POP (100 mg) was immersed
in each of the Pd(NO3), solutions (30 mL). For a full day, the mixes were
magnetically agitated. Both composites were collected by centrifuga-
tion, rinsed with water, and subsequently dried at 70 °C to afford the
samples xPd@Gu-V-BZ POP (x = 3, 5). Pd concentrations in the
3Pd@Gu-V-BZ POP and 5Pd@Gu-V-BZ POP were 0.336 and 0.458 wt %,
respectively, according to ICP spectroscopy. FTIR (powder): 3445, 2970,
3003, 1634, 1565, and 941 em L.

2.6. Pd@Gu-V-BZ POP nanocatalyst-promoted conversion of p-NP to p-
AP

A 3 mL quartz cuvette was filled with p-NP (2.0 mL, 0.16 mM) along
with NaBH4 (0.5 mL, 0.08 M), followed by 0.5 mL of xPd@Gu-V-BZ POP
nanocatalyst (1 mg/mL). The identical p-NP concentration was utilized
for both samples of PdA@Gu-V-BZ POP. The responses of the reduction
processes were monitored via a UV-Vis spectrophotometer.

2.7. Reusability of 5Pd@Gu-V-BZ POP nanocatalyst

To figure out the recovery, the nanocatalyst was multiplied seven-
fold. The 5Pd@Gu-V-BZ POP nanocatalyst was utilized for five rounds;
after each one, it was recovered by centrifugation and cleaned via water
then EtOH to prevent damaging the nanocatalyst and then dried for the
next cycle.

3. Results and discussion
3.1. Structural verification of monomers

The successful synthesis and structural integrity of the Gu-V-BZ POP
were confirmed through a suite of spectroscopic, microscopic, and
analytical techniques. Subsequently, its efficacy as a support for Pd
nanoparticles and the catalytic performance of the resulting hybrid
material (Pd@Gu-V-BZ) were evaluated. The molecular structures of the
key precursors, triaminoguanidinium chloride (Gu-3NH3) and vanillin
benzoxazine dialdehyde (V-BZ-2CHO), were first verified by FTIR
spectroscopy (Fig. S1 and S2). The spectrum of Gu-3NH; exhibits broad
bands in the 3331-3185 cm ™! region, characteristic of hydrogen-bonded
N-H stretching vibrations. The signature vibrational bands for the
guanidinium moiety are further confirmed by peaks corresponding to
N-H bending (1675 cmfl), C=N stretching (1599 cm’l), and C-N
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Fig. 1. (a) FTIR, (b) 1*C NMR, HR XPS of (c) Cls, (d) N1s, and (e) O1s of Gu-V-BZ POP.

stretching (1125 cm’l) (Fig. S1) [54]. The V-BZ-2CHO monomer was
synthesized according to a previously established methodology [50]. Its
molecular structure was fully corroborated by complementary spectro-
scopic techniques. The FTIR spectrum (Fig. S2) displays characteristic
vibrations at 3082 cm ™! (aryl C-H), 2925 em ! (aliphatic C-H), 1689
cm ! (aldehyde C=0), 1585 cm! (aromatic C=C), and 947 cm!
(benzoxazine ring), consistent with the target structure. Definitive
confirmation was provided by '*C NMR spectroscopy (Fig. S3). The
spectrum exhibits all anticipated signals corresponding to the distinct
carbon environments within the monomer. These include resonances for
the aliphatic linker (26.04 ppm), the methylene carbons of the oxazine
ring (51.00 ppm), the methoxy group (55.34 ppm), the bridging oxazine
carbon (83.55 ppm), aromatic carbons (94.41-149.74 ppm), and the
diagnostic aldehyde carbonyl carbon at 191.98 ppm. The thermal curing
setting of the benzoxazine-containing components was investigated by
differential scanning calorimetry (DSC). The DSC thermogram of the
V-BZ-2CHO monomer (Fig. S4(a)) exhibits a single, sharp exothermic
peak centered at 186.8 °C with the enthalpy of 344.7 J/g, matching to
the benzoxazine moiety's distinctive ring-opening polymerization to
create a polybenzoxazine network.

3.2. Characterization of the Gu-V-BZ POP

The Gu-V-BZ POP was synthesized via a Schiff base condensation
between the aldehyde monomers of Vini-Bz-2CHO and the amine sub-
units of Gu-3NHs. The successful formation of the imine-linked network
was confirmed by FTIR spectroscopy (Fig. 1(a)). Comparative analysis of
the FTIR spectra reveals definitive evidence of polymerization. The
characteristic aldehyde C=O stretching band of V-BZ-2CHO at 1689
cm ! and the broad N-H stretching bands of Gu-3NH in the 3331-3185
cm™! region are absent in the spectrum of the Gu-V-BZ POP. Concur-
rently, a new, intense band emerges at 1651 cm ™, which is unequivo-
cally referred to the C=N stretching vibration of the newly formed imine
(Schiff base) linkage. Additional signals corresponding to the aromatic
C=C stretch and the benzoxazine ring are observed at 951 cm!,
respectively. A slight shift in these bands compared to the pristine
monomers is attributed to extended conjugation within the polymer
network, providing further support for successful covalent integration

and POP formation.

The chemical structure of the Gu-V-BZ POP was further elucidated by
13C cross-polarization magic-angle spinning (CP/MAS) solid state NMR
spectroscopy (Fig. 1(b)). The spectrum provides direct evidence for the
integration of both monomers into a polymeric network. The successful
formation of the Schiff base linkage is conclusively confirmed by the
appearance of a distinct resonance at 158 ppm, which is characteristic of
an imine carbon (C=N). Simultaneously, the presence of the methoxy
group from the vanillin-derived benzoxazine unit is verified by a signal
at 55 ppm. The spectral region between 26.79 ppm and 176.54 ppm
comprises multiple signals corresponding to the remaining aliphatic and
aromatic carbon environments of the polymer framework, including the
benzoxazine rings and the aromatic rings. The collective NMR data,
featuring the diagnostic imine carbon signal alongside the expected
framework resonances, provide definitive spectroscopic confirmation of
the successful condensation reaction and the formation of the targeted
Gu-V-BZ POP. X-ray photoelectron spectroscopy (XPS) was utilized to
probe the surface elemental composition as well as chemical bonding
states within the Gu-V-BZ POP. The survey spectrum verifies the exis-
tence of carbon, nitrogen, and oxygen as the primary constituents, with
atomic percentages detailed in Fig. S3 and Table S1. High-resolution
scans offer a comprehensive analysis of the chemical environment of
each element. The deconvoluted Cls spectrum (Fig. 1(c)) reveals four
distinct components at binding energies of 284.29, 284.74, 285.74, and
287.72 eV, assigned to sp?hybridized carbon (C-C/C=C), carbon
bonded to nitrogen (C-N), carbon singly bonded to oxygen (C-O), and a
n-n* satellite shake-up feature, respectively [55-59]. This profile is
consistent with the expected aromatic and heteroatom-rich framework
of the polymer. The N1s spectrum (Fig. 1(d)) corroborates the presence
of multiple nitrogen species. Deconvolution yields three peaks at
398.99, 399.64, and 400.56 eV, attributable to imine/aromatic nitrogen
(C=N), tertiary amine nitrogen (3”-N), and protonated/aminated ni-
trogen (N-H), respectively. The coexistence of these species confirms the
successful incorporation of both the guanidinium-derived and Schiff
base nitrogen types into the network. Finally, the Ols spectrum (Fig. 1
(e)) displays a single, symmetric peak centered at 532.12 eV, charac-
teristic of oxygen atoms in C-O bonds, aligning with the methoxy and
benzoxazine oxygen units present in the structure. Collectively, the XPS
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scan substantiates the surface chemical composition of the Gu-V-BZ POP
and provides direct evidence for the formation of the imine linkage and
the integration of the designed functional groups.

The porosity of the Gu-V-BZ POP was evaluated by Ny physisorption
at 77 K. The resulting isotherm (Fig. 2(a)) conforms to a Type II profile
according to IUPAC classification, indicative of a predominantly mac-
roporous or non-porous material with some contribution from micro-
pores/mesopores at low relative pressures. Quantitative analysis yields a
Brunauer-Emmett-Teller (BET) specific surface area of 32.79 m? g’1 and
a total pore volume of 0.045 cm? g’1 (at P/Pg ~ 0.99). Pore size dis-
tribution (PSD) analysis, derived from non-local density functional
theory (NLDFT), reveals a multimodal structure with distinct maxima
centered at 0.89, 1.54, and 3.02 nm (Fig. 2(a), onset). This PSD confirms
the coexistence of micropores (<2 nm) and small mesopores within the
polymer framework, aligning with the initial uptake observed in the
isotherm. Although the BET surface area of the Gu-V-Bz POP is relatively
modest, its high catalytic performance can be attributed to the abun-
dance of nitrogen-rich functional groups that provide -effective
anchoring sites for Pd nanoparticles, enhance substrate interaction, and
facilitate electron transfer during the reduction process. Moreover, the
presence of ultramicroporosity and the accessibility of active sites under
liquid-phase reaction conditions further support its classification as a
functional POP.

The thermal robustness of the Gu-V-BZ POP was assessed by ther-
mogravimetric analysis (TGA) under a nitrogen atmosphere (Fig. 2(b)).
The polymer exhibits robust thermal endurance, with an initial
decomposition temperature (corresponding to 10% weight loss, Tq10) of
234 °C. Furthermore, the material demonstrates a considerable char
yield of 36.5 wt% upon pyrolysis at 800 °C. This significant thermal
robustness and high residual mass are direct consequences of the ma-
terial's crosslinked aromatic architecture. The extensive covalent
network formed by Schiff base linkages and the inherent rigidity of the
benzoxazine and guanidinium-derived units collectively inhibit chain
mobility and volatilization, leading to enhanced decomposition resis-
tance and efficient carbonization. The thermogram of the synthesized
Gu-V-BZ POP (Fig. S4(b)) shows a single, broad exothermic peak at a
significantly higher temperature of 273 °C. This pronounced shift to a
higher curing temperature indicates that the benzoxazine rings within
the rigid, crosslinked POP network are spatially constrained, requiring
greater thermal energy to undergo the ring-opening process [60,61].
The morphology and microstructure of the Gu-V-BZ POP were explored
via field-emission scanning electron microscopy (FE-SEM) and trans-
mission electron microscopy (TEM). FE-SEM analysis (Fig. 2(c)) reveals
that the polymer adopts a spherical particle morphology with minimal
interparticle aggregation. Higher-resolution TEM imaging (Fig. 2(d))
corroborates this observation, showing discrete, well-dispersed particles

T
300 450 600 750
Temperature (°C)
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with a loosely connected, open network structure. The absence of dense
agglomeration and the preservation of interparticle space are consistent
with the formation of a porous organic framework, facilitating mass
transport and accessibility to active sites.

Elemental distribution and composition were analyzed to further
characterize the Gu-V-BZ POP. Energy-dispersive X-ray spectroscopy
(EDS) elemental mapping (Fig. 2(e)) verifies uniformity spatial alloca-
tion of C, N, and O throughout the polymer architecture, verifying the
uniform integration of the constituent monomers. Quantitative EDS
analysis (Fig. S4) provides the bulk weight percentages of these key el-
ements as 79.10% (C), 17.53% (N), and 3.37% (O). This measured
composition aligns with the theoretical stoichiometry expected for the
proposed imine-linked network, offering additional validation for the
successful and homogeneous formation of the target polymer.

3.3. Synthesis and characterization of Pd-loaded nanocatalysts
(xPd@Gu-V-BZ POP)

Pd-decorated nanocomposites (denoted as xPd@Gu-V-BZ POP,
where x represents the nominal Pd wt%) were synthesized via a facile,
green impregnation-reduction method. In this process, the Gu-V-BZ POP
support was immersed in an ethanol solution of Pd(NOs3)2. The nitrogen-
rich framework, featuring amino groups from the guanidinium unit and
heteroatoms within the oxazine rings, acts as an effective coordination
site for Pd** ions. Subsequent in-situ reduction of the coordinated Pd(II)
species to metallic Pd® NPs is facilitated by ethanol under mild heating,
eliminating the need for external, hazardous reducing agents. Initial
spectroscopic assessment of the resulting nanocomposite is provided by
FTIR. The spectrum of 5Pd@Gu-V-BZ POP (Fig. 3(a)) retains all char-
acteristic bands of the polymer support. However, a slight shift of these
bands-for example, the imine C=N stretch from 1651 cm™' to 1637
em ™! and the benzoxazine ring signal from 950 cm ! to 940 cm ! is
observed. These subtle shifts indicate a weak electronic interaction be-
tween the coordinated Pd species (both ions and nanoparticles) and the
electron-donating nitrogen/oxygen sites of the polymer backbone,
confirming successful functionalization without altering the core poly-
mer structure [62,63].

The deposition of Pd nanoparticles significantly influenced the
textural properties of the support. Na physisorption analysis of the
3Pd@Gu-V-BZ POP composite reveals a substantial decrease in specific
surface area to 10.85 m? g~!, compared to 32.79 m? g™ for the pristine
POP (Fig. 2(a)). Concomitantly, PSD shows a narrowing, with primary
maxima shifting to approximately 1.01 and 1.51 nm. This attenuation in
surface area and pore volume is a direct and expected consequence of Pd
incorporation. The nanoparticles occupy space either by residing within
the porous framework or by adhering to the external surface, thereby

Fig. 2. (a) N, adsorption/desorption assays (onset: pore size distributions) and (b) TGA of Gu-V-BZ POP and Pd@Gu-V-BZ POP, (c) SEM, (d) TEM, and (e) C, N, O

elemental mapping of Gu-V-BZ POP.
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Fig. 3. (a) FTIR, (b) XRD, (c) deep XRD scan of 5Pd@Gu-V-BZ POP.

blocking N3 adsorption sites and reducing the accessible pore volume
[64]. For composites with higher Pd loadings (e.g., 5Pd@Gu-V-BZ POP),
the surface area diminished below the reliable detection limit of the BET
method, precluding accurate quantification. This extreme reduction
further corroborates the effective and extensive decoration of the
polymer support with Pd NPs. The thermal robustness of the Pd-loaded
nanocomposites was considered by TGA (Fig. 2(b)). Both the
3Pd@Gu-V-BZ POP and 5Pd@Gu-V-BZ POP composites exhibit high
thermal resilience, with initial decomposition temperatures (T4;9 of
310 °C and 311 °C, respectively. Furthermore, the materials demon-
strate excellent carbonization yields. The residual char yields at 800 °C
under a nitrogen atmosphere are 46.8 wt% for the 3Pd composite and
47.9 wt% for the 5Pd composite. The nearly identical T41¢ and char yield
values for both composites, regardless of Pd loading, indicate that the
primary thermal degradation behavior is governed by the robust,
crosslinked polybenzoxazine-imine network of the Gu-V-BZ POP sup-
port. The high char yields confirm the intrinsic thermal stability and
graphitization potential imparted by the aromatic benzoxazine and
guanidinium-based framework. The minimal variation with Pd loading
suggests that the incorporated Pd nanoparticles do not significantly alter
the bulk thermal decomposition pathway of the polymer matrix, further
confirming the stability of the composite structure. Upon incorporation
of Pd nanoparticles, the DSC profiles of the 3Pd@Gu-V-BZ POP and
5Pd@Gu-V-BZ POP nanocomposites (Fig. S4(c)-(d)) reveal a notable
change. Both composites display two distinct exothermic peaks at
approximately 285.5 °C and 317.2 °C. The appearance of this doublet
suggests a modification of the curing mechanism. The first peak
(~285.5 °C) is likely associated with the residual benzoxazine
ring-opening within the polymer framework, now slightly shifted due to
interactions with the Pd nanoparticles. The second, higher-temperature
peak (~317.2 °C) can be attributed to catalytic decomposition or rear-
rangement processes mediated by the metallic Pd nanoparticles, which
can promote cleavage of chemical bonds at elevated temperatures.
Therefore, the DSC analysis verifies the successful integration of ther-
mally reactive benzoxazine monomers into the polymer matrix. The
significant increase in the curing temperature from the monomer to the
POP underscores the restricted mobility within the crosslinked struc-
ture. Furthermore, the altered thermal profiles of the Pd-loaded com-
posites provide evidence of a distinct chemical interaction between the
Pd nanoparticles and the benzoxazine-functionalized polymer matrix.
The crystalline phase along with particle size of the supported Pd
nanoparticles were investigated by X-ray diffraction (XRD) (Fig. 3(b)).
The wide-angle XRD pattern of the 5Pd@Gu-V-BZ POP nanocomposite is
shown in Fig. 3(b). A detailed scan (Fig. 3(c)) reveals two broad,
low-intensity diffraction peaks at 20 values of 40.1° and 46.8°. These
signals correspond to the [111] and [200] lattice planes, respectively, of
face-centered cubic (FCC) crystalline Pd, confirming the successful

reduction of Pd%>" to metallic Pd(0). The broad nature of these peaks
indicates the nanoscale dimensions of the Pd crystallites. The mean
crystallite dimension was estimated based the full width at half

maximum (FWHM) of the predominant (111) peak using the

ks
p. cos 6°

mately 2.5 nm, which is consistent with the formation of ultrafine,
well-dispersed nanoparticles on the polymer support.

XPS analysis was utilized to probe the surface oxidation states and
electronic interactions within the Pd-loaded nanocomposites. High-
resolution spectra for the core elements are presented in Fig. 4. The
Cls, N1s, and O1s spectra of the xPd@Gu-V-BZ POP composites (Fig. 4
(a)—(c)) are virtually identical to those of the pristine Gu-V-BZ POP
support (Fig. 1(c)-(e)). The binding energies for the carbon (C-C, C-N,
C-0), nitrogen (N-H, tertiary amine, C=N), and oxygen (C-O) compo-
nents remain unchanged (see Table S1 for fitted values). This consis-
tency confirms that the core chemical structure of the polymer support is
preserved after Pd decoration and indicates a weak, non-destructive
interaction between the support and the Pd nanoparticles. The critical
evidence for Pd immobilization is found in the Pd 3d spectra (Fig. 4(d)).
For both the 3Pd@Gu-V-BZ POP and 5Pd@Gu-V-BZ POP nano-
composites, the Pd 3d region resolves into a characteristic doublet. The
primary peaks at binding energies of 334.05 eV (3ds/2) and 340.50 eV
(3d3/2), with a spin-orbit splitting of 6.45 eV, are unequivocally
assigned to metallic (Pd®). The absence of significant peaks at higher
binding energies (typically >335.5 eV for 3ds/2) rules out the presence
of substantial amounts of Pd?* species, confirming the reduction of the
precursor to Pd® nanoparticles. Furthermore, the identical Pd 3d binding
energies across different loadings suggest a consistent chemical envi-
ronment and electronic state for the Pd nanoparticles anchored to the
support. While no pronounced Pd?* peaks are observed, the presence of
trace oxidized Pd species cannot be completely excluded due to possible
surface oxidation.

The actual Pd loadings in the nanocomposites were quantified using
ICP. The measured Pd contents for the composites derived from lower
and higher precursor concentrations were 0.336 wt% and 0.458 wt%,
respectively. This linear correlation between initial Pd>" concentration
in the impregnation solution and the final Pd content on the support
demonstrates the controllability of the synthesis and the accessibility of
the polymer's coordination sites for metal ion uptake.

The morphology of the nanocomposites and the dispersion of Pd
nanoparticles were examined by electron microscopy. FE-SEM images
(Fig. 5(a)—(b)) confirm that the spherical particle morphology of the Gu-
V-BZ POP support is retained after Pd loading. High-resolution TEM
analysis (Fig. 5(c)-(d)) reveals that the Pd nanoparticles are uniformly
dispersed across the polymer surface without significant agglomeration,
even at higher loadings. This excellent dispersion is facilitated by the
combined effect of the support's accessible surface area and porous

Debye-Scherrer equation of 7 = The calculated size is approxi-
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Fig. 4. HRXPS of (a) Cls, (b) N1s, (c) Ols, and (d) Pd34 incorporated 3Pd@Gu-V-BZ POP.

Fig. 5. (a, b) SEM, (c, d) TEM (in-situ HRTEM and SAED) of 3 and 5 Pd@Gu-V-BZ POPs.

structure, which provide ample anchoring sites. Lattice-resolved HR-
TEM imaging (insets, Fig. 5(c)-(d)) provides crystallographic confir-
mation of the nanoparticles. The interplanar spacing of 0.16 nm lines up
with the (220) lattice plane of FCC Pd. This finding is in full agreement
with the XRD results (Fig. 3(c)), conclusively identifying the nano-
particles as crystalline metallic Pd.

EDS elemental mapping (Fig. 6(a) and (b) for 3Pd and 5Pd com-
posites, respectively) demonstrates the even spread of carbon, nitrogen,
and oxygen everywhere in the architecture, verifying the structural
integrity of the polymer support. Crucially, the Pd signal is uniformly co-
located with this framework, visually confirming the successful and even
deposition of Pd nanoparticles across the support surface. The elemental
composition of the Pd-loaded composites was corroborated by EDS. The

measured weight percentages for 3Pd@Gu-V-BZ POP were C: 59.43%,
N: 29.29%, O: 14.19%, and Pd: 0.10%; for 5Pd@Gu-V-BZ POP, the
values were C: 59.64%, N: 33.86%, O: 6.30%, and Pd: 0.20% (Fig. S5).
The key finding is the positive correlation in Pd content: the 5Pd com-
posite shows approximately twice the Pd weight percentage (0.20 wt%)
as the 3Pd composite (0.10 wt%). This trend aligns with and indepen-
dently validates the quantitative results obtained from bulk ICP analysis,
confirming the controllability of Pd loading through precursor
concentration.

3.4. Dynamic catalytic effect toward the conversion of p-NP

The catalytic performance of the xPd@Gu-V-BZ POP
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Fig. 6. Elemental mapping of C, N, O, and Pd incorporated (a) 3 and (b) 5 Pd@Gu-V-BZ POPs.

nanocomposites was evaluated using the model reduction of p-NP to -p-
AP in the presence extra NaBH4. This reaction is a well-established
benchmark for assessing the activity of noble metal nanocatalysts in
aqueous media. The reaction was monitored by UV-Vis spectroscopy.
Upon addition of NaBHy4 to an aqueous p-NP solution, the absorption
maximum immediately shifts from 316 nm to 400 nm, corresponding to
the growth of p-nitrophenolate ions [10]. A control experiment using
only the pristine Gu-V-BZ POP support (Fig. 7(a)) shows no significant
decrease in the characteristic peak at 400 nm over time, confirming the
inertness of the support and establishing that the catalytic activity
originates solely from the Pd nanoparticles. In stark contrast, upon
introduction of the xPd@Gu-V-BZ POP nanocatalysts, the intensity of
the peak at 400 nm rapidly diminishes. Concurrently, a new signal
emerges at 310 nm (Fig. 7(b)-(c)), signifying the formation of the
product, p-AP. This clear spectroscopic transformation confirms the
successful and efficient catalytic function of the Pd-loaded composites. A
direct comparison of catalytic activity was made by tracking the
reduction kinetics catalyzed by the 3Pd@Gu-V-BZ POP and
5Pd@Gu-V-BZ POP nanocomposites. As shown in the time-dependent
UV-Vis spectra (Fig. 7(b) and (c), respectively), the catalyst with the
higher Pd loading exhibited significantly faster kinetics. The reaction
catalyzed by 3Pd@Gu-V-BZ POP required approximately 14 min for the
complete disappearance of the p-nitrophenolate peak at 400 nm, indi-
cating full conversion. In contrast, the 5Pd@Gu-V-BZ POP catalyst
achieved complete conversion in only about 5 min. This threefold
reduction in reaction time demonstrates a clear positive correlation
between Pd loading and catalytic activity, as the increased density of
active Pd sites accelerates the reduction process. Further, the progress of
the reaction was also evident from a distinct visual change; the deep
yellow color of the p-nitrophenolate solution faded to colorless upon
complete conversion to p-AP. This qualitative observation aligns
perfectly with the quantitative spectroscopic data. The reaction kinetics
were quantified by plotting the normalized concentration (C/Cp) of p-NP
against time, where Cj is the initial absorbance at 400 nm. As observed
in Fig. 7(d), the C/Cy ratio decays exponentially, confirming the gradual
consumption of the reactant. The decay profile is markedly steeper for
the 5Pd@Gu-V-BZ POP catalyst compared to the 3Pd@Gu-V-BZ POP,
quantitatively illustrating the enhanced reaction rate achieved with
higher Pd loading.

Given the large excess of NaBH, relative to p-NP, the reduction ki-
netics can be treated as pseudo-first-order with respect to p-NP con-
centration. The apparent rate constant (k,pp) was therefore based on the
linear slope of a plot of In(Cy/C) versus time (Fig. 7(e)—(f)). The calcu-
lated (kpp) values were 0.222 min~! and 0.390 min ! for the 3Pd@Gu-
V-BZ POP and 5Pd@Gu-V-BZ POP catalysts, respectively. To enable a
fair comparison of intrinsic activity independent of catalyst mass, the
rate constants were divided by the mass of the catalyst to account for its
amount used in the reaction. The resulting mass-normalized rate con-
stants (kpor) were 26.75 mg’1 s~! and 46.90 mg’1 s~ for the 3Pd and
5Pd catalysts, respectively. The 1.8-fold increase in both k,j, and kyo; for

the 5Pd nano-catalyst directly correlates with its higher Pd loading,
quantitatively confirming that the reaction rate is enhanced by
increasing the density of active Pd sites on the polymer support. Real-
istically, the molecular size of p-NP (<1 nm) is compatible with the pore
size distribution of the 3Pd@Gu-V-BZ POP, particularly the micropores
centered at ~1.01 and 1.51 nm, which can serve as effective diffusion
channels for substrate molecules to access the Pd active sites. In addi-
tion, the external surface and interparticle voids also contribute to mass
transfer, especially after partial pore blocking upon Pd incorporation.
Therefore, the observed catalytic performance arises from the combined
effects of accessible pore channels, well-dispersed Pd nanoparticles, and
strong interactions between Pd and the nitrogen-rich framework that
enhance substrate adsorption and electron transfer. On the other hand,
the performance of the xPd@Gu-V-BZ POP nanocatalysts was bench-
marked against a range of noble and non-noble metal catalysts reported
for p-NP reduction, as compiled in Table S2. This comparison includes
systems based on Pt, Cu, Ru, Ag, and Co nanoparticles supported on
various matrices such as polymers, biopolymers, and composites.

A critical analysis reveals the competitive efficiency of our catalyst.
When using a modest and identical dose of 0.5 mg, the 3Pd@Gu-V-BZ
POP and 5Pd@Gu-V-BZ POP catalysts exhibit pseudo-first-order rate
constants of 13.32 x 1073 s~! and 23.4 x 1073 s~1, respectively. These
values surpass or are competitive with those of numerous reported
catalysts that often require significantly higher catalyst loadings to
achieve comparable or lower rates. For instance, the k,p, for 5Pd@Gu-V-
BZ POP (0.0234 s~ 1) is notably higher than that of Pt-decorated guar
gum (0.007 s~! at 5 mg) and Ru-decorated polypyrrole nanotubes
(0.009 s™! at 4 mg). This comparison underscores the high intrinsic
activity and efficient metal utilization of the Pd nanoparticles dispersed
on the Gu-V-BZ POP support. The ability to achieve a strong catalytic
rate with a low catalyst mass highlights the material's practical advan-
tage and potential for sustainable catalytic applications.

To evaluate the stability and heterogeneous nature of the catalyst,
ICP analysis of the reaction filtrate was performed after completion of
the reduction reaction. Only a trace amount of Pd (0.056 ppb) was
detected in the solution, compared to the initial Pd concentration,
indicating negligible metal leaching under the applied conditions. This
result, together with the consistent catalytic performance over multiple
cycles, supports the heterogeneous operation of the Pd@Gu-V-BZ POP
catalyst. We note that additional tests, such as hot filtration experiments,
are generally recommended to fully confirm heterogeneity and will be
considered in future studies, in line with established protocols [65].

Catalytic efficiency was evaluated by calculating the turnover
number (TON) as well as turnover frequency (TOF). The TON, defined as
the number of moles of p-NP converted per mole of Pd, increased over
time, reaching final values of ~49 and ~36 for the 3Pd and 5Pd cata-
lysts, respectively (Fig. 8(a)). These values confirm that each Pd site
mediates multiple catalytic cycles, demonstrating true catalytic
behavior. The lower final TON for the 5Pd catalyst is a direct conse-
quence of its higher Pd loading; the same total product is divided among
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a greater number of active sites. The intrinsic activity per site was
assessed via the TOF. The initial TOF (0-1 min interval) for both catalysts
was nearly identical, at ~11.6 min~! (Fig. 8(b)). This indicates that the
fundamental activity of individual Pd sites is independent of total
loading, confirming consistent nanoparticle quality and accessibility
across both composites. As the reaction progressed, TOF decreased for
both catalysts due to the declining concentration of p-NP. The TOF for
the 5Pd@Gu-V-BZ POP decayed more rapidly, consistent with its faster
overall substrate consumption, which leads to a steeper drop in reactant
concentration. These kinetic metrics collectively demonstrate that the
enhanced activity of the 5Pd@Gu-V-BZ POP nanocatalyst stems from a
higher density of active sites, not from a change in their inherent cata-
lytic quality. This structure-activity relationship-where increased

loading raises the overall rate kap, while maintaining identical site-
specific activity (TOF)-validates the successful synthesis of a tunable,
well-dispersed catalytic system. To probe the role of the amine-
functionalized support, the catalytic reduction was extended to sub-
strates lacking the phenolic OH group. Under identical conditions, the
reduction of p-fluoronitrobenzene (p-FNB) over the 5Pd@Gu-V-BZ POP
catalyst proceeded with a normalized rate constant (ko) of 10.97 mg’1
s 1 (Fig. S6(a)-(b)). This value is approximately four times lower than
that observed for p-NP reduction (ko = 46.90 mg’1 sH

The significantly attenuated rate for p-FNB supports the proposed
mechanistic role of the support's amine groups. We posit that the
phenolic OH group of p-NP can engage in hydrogen-bonding or acid-
base interactions with the amine functionalities on the Gu-V-BZ POP.
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This favorable interaction likely facilitates the pre-concentration and
optimal orientation of the p-NP substrate near the active Pd sites,
thereby enhancing the reduction kinetics. The weaker interaction po-
tential between the support's amines and the fluorine atom of p-FNB
explains the observed drop in catalytic efficiency.

This hypothesis is further reinforced by the efficient conversion of p-
nitroaniline (p-NA) to p-aminoaniline (p-AA), which achieved a signifi-
cant kpor of 10.02 mg’1 st (Fig. S6(c)-(d)). The presence of the
electron-donating NH; group in p-NA, which can also interact favorably
with the polymer support, contributes to its appreciable reduction rate,
which lies between that of p-FNB and p-NP. Clearly, this substrate-
dependent activity trend provides strong evidence that the amine-rich
Gu-V-BZ POP support plays an active, cooperative role beyond merely
stabilizing Pd nanoparticles. It actively participates in substrate activa-
tion via specific molecular interactions, leading to enhanced catalytic
performance for nitroarenes with complementary functional groups.

3.5. Catalytic mechanism

The catalytic conversion of p-NP by NaBH,4 over the Pd@Gu-V-BZ
POP nanocomposite is proposed to follow a surface-mediated Lang-
muir-Hinshelwood (L-H) mechanism, as illustrated in Scheme 2. In this
model, both reactants are adsorbed onto the active Pd nanoparticle
surfaces prior to reaction.

The mechanistic pathway involves several key steps. First, BH4 ions
are chemisorbed and activated on the Pd surface. This interaction fa-
cilitates the generation of highly active hydride species (Pd-H) and the
release of hydrogen. Concurrently, the p-NP molecule is adsorbed onto
the catalyst surface. Crucially, for the 5Pd@Gu-V-BZ POP catalyst, the
amine-functionalized polymer support likely promotes the adsorption
and optimal orientation of p-NP via reactions involving its -OH group on
the phenol ring, as evidenced above [66]. Once co-adsorbed in close
proximity, the activated hydride species on the Pd surface transfer to the
nitro group of p-NP. This electron/hydride transfer proceeds through a
series of steps, ultimately reducing the nitro group to an amine, yielding
D-AP, which then desorbs from the catalyst surface. The role of the Pd
nanoparticles is thus twofold: (1) to activate the hydride donor (BHy)
and (2) to provide a conductive surface for the adsorption and subse-
quent electron transfer to the nitroarene substrate [67]. The amine-rich
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Gu-V-BZ POP support enhances this process by synergistically
improving substrate affinity and concentration at the active metal sites.
This cooperative effect between the metallic nanoparticles and the
functional organic support underpins the high catalytic efficiency
observed.

3.6. Reusability of Pd@Gu-V-BZ POP

The practical viability and potential for commercial application of a
heterogeneous catalyst depend critically on its stability and reusability.
The 5Pd@Gu-V-BZ POP nano-catalyst was therefore subjected to five
consecutive cycles of p-NP reduction (Fig. 9(a)). The catalyst demon-
strated excellent recyclability, retaining 85.7% of its initial reduction
capacity and an apparent rate constant of 0.197 min " after the fifth run,
compared to 0.390 min~" for the fresh catalyst. As we mentioned above,
only a trace amount of Pd (0.056 ppb) was detected in the solution based
ICP, compared to the initial Pd concentration, indicating negligible
metal leaching under the applied conditions. The minor attenuation in
activity is attributed to a negligible physical loss of catalyst mass during
the recovery and washing steps between cycles, which is common in
such batch processes.

The chemical integrity of the catalyst was confirmed by FTIR spec-
troscopy. The spectrum of the reused 5Pd@Gu-V-BZ POP (Fig. 9(b)) is
virtually identical to that of the fresh catalyst, with no observable
changes in the characteristic imine (C=N), benzoxazine, or amine
functional group signals. This confirms the robust chemical stability of
both the Gu-V-BZ POP support and the anchored Pd nanoparticles under
the reaction conditions. These findings establish the 5Pd@Gu-V-BZ POP
nanocomposite as a highly efficient, stable, and reusable catalyst. More
fundamentally, they validate Gu-V-BZ POP as a superior functional
support, capable of firmly anchoring noble metal nanoparticles while
maintaining its structural integrity, thus enabling the design of durable
catalytic systems for environmental remediation. Further XPS analysis
reveals that the binding energies of Pd and the main elements remain
essentially unchanged compared to the fresh nanocatalyst (Fig. S8a),
confirming the preservation of the chemical states and the stability of
the Pd species. However, noticeable variations in surface composition
were observed, including a decrease in the C1s intensity accompanied by
an increase in the N1s and O1ls signals. These changes are attributed to
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Scheme 2. Proposed catalytic reduction mechanism of p-nitrophenol to p-aminophenol by using Pd@Gu-V-BZ POP.

the adsorption of reaction products and byproducts on the catalyst
surface. In particular, the enhanced N and O signals are consistent with
the presence of p-aminophenol (-NHy and —-OH functionalities), along
with possible borate species generated from NaBH4 hydrolysis. Addi-
tionally, the appearance of a feature at ~497 eV, assigned to Na KLL
Auger emission, confirms the presence of residual sodium species. TEM
analysis of the recycled catalyst further demonstrates that Pd nano-
particles remain uniformly dispersed on the polymer matrix (Fig. S8b),
with no observable agglomeration after repeated catalytic cycles. These
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results collectively indicate that the catalyst retains its structural
integrity, and the slight decrease in catalytic activity is primarily asso-
ciated with partial surface fouling and minor physical loss during
handling rather than structural degradation.

4. Conclusions

In summary, we have successfully designed and synthesized a novel
amine-rich porous organic polymer, Gu-V-BZ POP, via a Schiff base
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condensation between Gu-3NH; and a V-BZ-2CHO. This functional
support served as an effective platform for the in-situ synthesis and
immobilization of ultrafine Pd nanoparticles (~2.5 nm) through a sim-
ple, green ethanol-mediated reduction. The resulting Pd@Gu-V-BZ POP
nanocomposites demonstrated outstanding catalytic performance in the
model conversion of p-NP to p-AP. Mechanistic studies revealed a syn-
ergistic role for amine-functionalized POP support. Beyond stabilizing
Pd NPs, it actively participates in catalysis by promoting substrate
adsorption via specific interactions with the reactive oxygen-hydrogen
(-OH) group on p-NP's phenol ring, as evidenced by comparative ki-
netics with p-FNB. The catalytic process follows a surface-mediated
Langmuir-Hinshelwood mechanism. Furthermore, the optimal catalyst
(5Pd@Gu-V-BZ POP) exhibited excellent stability and reusability,
maintaining 85.7% of its initial activity over five consecutive cycles
without structural degradation. This work highlights the Gu-V-BZ POP
as a versatile, functional support for crafting efficient metal nano-
composite catalysts. The strategy of integrating multiple active sites-
metallic nanoparticles for activation/electron transfer and organic
functional groups for substrate enrichment-provides a promising blue-
print for designing advanced catalytic materials for sustainable chemical
transformations and environmental remediation.
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