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A B S T R A C T

Conjugated microporous polymers (CMPs) have emerged as highly versatile materials, garnering significant 
attention in recent years due to their unique structural and functional properties. This study presents the 
development and synthesis of a CMP based on Py-TBNBZ, achieved via a well-established [4 + 4] Schiff base 
reaction. The reaction involves two primary building blocks: 4,4′,4″,4‴-(pyrene-1,3,6,8-tetrayl)tetrabenzaldehyde 
(PyBZ-4CHO) and 4,4′,4″,4‴-(dibenzo[g,p]chrysene-2,7,10,15-tetrayl)tetraaniline (TBNBZ-4NH2). The structural 
and morphological characteristics of the synthesized Py-TBNBZ CMP material were systematically analyzed 
using advanced experimental techniques, confirming the successful formation of a robust framework. The Py- 
TBNBZ CMP prepared in this study showed a BET surface area (SBET) of 497 m2 g− 1. Thermal analysis indi
cated a decomposition temperature (Td10) of 476 ◦C and a notable char yield of 74 wt%, as confirmed through 
BET and TGA measurements. One of the most notable features of the Py-TBNBZ CMP is its strong fluorescence, 
which enabled its application in chemical sensing. The material exhibited exceptional sensitivity and selectivity, 
allowing for the detection of K+ and Fe2+ ions and precise pH monitoring over a broad pH range (pH 2–10). The 
underlying sensing mechanisms were investigated and elucidated. Additionally, the Py-TBNBZ CMP demon
strated remarkable adsorption capabilities for hazardous gas vapors, including ammonia (NH3) and hydrogen 
chloride (HCl), underscoring its potential for environmental remediation. The flexibility of the Py-TBNBZ CMP 
distinguishes it from other CMPs and porous materials, enabling superior performance, enhanced applicability, 
and improved operational efficiency. This work highlights the advanced capabilities of Py-TBNBZ CMP and 
contributes to the ongoing development of innovative materials for adsorption, environmental protection, and 
next-generation sensing technologies.
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1. Introduction

Porous organic materials (POMs) have garnered significant attention 
due to their remarkable advancements in preparation methods, func
tionalization strategies, and the incorporation of diverse functional 
groups. These materials, often referred to as multifunctional porous 
materials (MPMs) [1], exhibit a wide range of applications owing to 
their ability to integrate additional functional components, such as 
fluorescent moieties, nanoparticles, organic dyes, and fluorophores 
[2–4]. The development of MPMs addresses the limitations associated 
with conventional nanomaterials, including organic fluorophores, 
nanoclusters, and fluorescent nanoparticles, particularly in 
application-specific contexts [5–7]. Furthermore, POMs demonstrate 
significant potential in diverse fields such as energy conversion and 
storage, optoelectronics, catalysis, carbon dioxide capture, and gas 
separation [8–11]. Their exceptional versatility is attributed to their 
unique structural and functional properties, enabling flexible and tar
geted use in these domains [12,13]. This adaptability underscores their 
value as advanced materials for a broad spectrum of technological and 
environmental applications. POMs’ diverse porosity and functional 
groups enhance their adaptability, making them valuable for various 
applications. Their exceptional chemical stability, low density, and 
unique properties further solidify their importance across multiple fields 
[14–21].

Various types of porous materials have been developed, each with 
distinct properties and applications. These include metal-organic 
frameworks (MOFs) [22], porous organic polymers (POPs) [23], zeo
lites [24], activated carbons [25], aerogels [26], carbon nanotubes [27], 
porous glasses [28], metal foams [29], and biologically derived porous 
materials. CMPs have emerged as promising materials due to advance
ments in the development of fluorescence-based CMPs and their rela
tively straightforward synthesis [30–32]. By integrating CMPs with 
functional moieties, these materials can be tailored for a wide range of 
applications, including chemical sensing, catalysis, and energy storage 
in supercapacitors [33–35]. Historically, CMPs have demonstrated 
effectiveness in detecting various analytes, such as explosives, metal 
ions, nitro compounds, and organic chemicals, and in biosensing ap
plications [7,36]. However, despite significant progress in the synthesis 
and application of CMPs, challenges remain in identifying analytes to 
which these materials exhibit both high sensitivity and selectivity. 
Enhancing the versatility of CMPs for diverse applications is not only 
essential but also requires further optimization to maximize their po
tential across different fields [37–39].

Potassium ions (K+), as essential intercellular cations, play a critical 
role in various biological processes, including the regulation of blood 
pressure and pH levels [40]. Deviations from the normal potassium 
concentration range of approximately 150 mM can result in serious 
health conditions, such as diabetes and cardiovascular diseases. Conse
quently, the early and accurate detection of elevated K+ levels is vital for 
reducing the risk of such health complications [30,41,42]. In contrast, 
the estimation of environmental pH often presents challenges due to the 
limited linear detection ranges of many organic sensing devices. None
theless, pH monitoring is critically important across numerous fields, 
including food safety, water treatment, environmental research, agri
culture, and food security [43]. As such, developing efficient tools for 
precise pH measurement is imperative for advancing these disciplines. 
Although conventional techniques are often limited to specific pH 
ranges, numerous studies have successfully employed CMPs for pH 
monitoring. Furthermore, the detection of Fe2+ ions requires significant 
expertise due to the complexity of identifying these ions with high 
sensitivity and selectivity [13,44]. To address the need for a multi
functional tool capable of simultaneously detecting pH levels, Fe2+ ions, 
and K+ ions, POMs emerge as an ideal choice. POMs offer exceptional 
functionality, versatility, and adaptability, making them highly suitable 
for a wide range of applications, including advanced sensing 
technologies.

During the course of this research, a solid-state Py-TBNBZ-based 
CMP system was initially developed. Subsequently, it was transformed 
into a fluorescent material by employing various solvent conditions. 
This transformation from a solid to a luminescent liquid can be primarily 
attributed to the expanded π-conjugation core and the functional groups 
appended to the structure [45]. The resulting material exhibited distinct 
fluorescence, with an emission peak centered at approximately 575 nm. 
This fluorescent Py-TBNBZ CMP was employed as a probe for the 
detection of K+ and Fe2+ ions and functioned effectively as a pH sensor 
over a broad range of pH values (2–10). Notably, leveraging its 
pH-sensing capabilities, the material demonstrated the ability to 
continuously detect harmful gases across multiple cycles. When the 
prepared Py-TBNBZ CMP was applied to a strip of paper, the paper 
consistently absorbed vapors released by the target molecules. This 
innovative CMP not only advances research on porous organic materials 
(POMs) but also paves the way for the development of porous materials 
suitable for a diverse array of applications.

2. Experimental section

2.1. Materials

4-Aminophenylboronic acid [BZB(OH)2NH2], 1,4-dioxane (DO), 
nitromethane (CH3NO2), pyrene (Py), ferric chloride (FeCl3), potassium 
carbonate (K2CO3), 4-fomylphenylboronic acid [BZB(OH)2CHO)], 
nitrobenzene (PhNO2), anhydrous magnesium sulfate (MgSO4), tetrakis 
(triphenylphosphine)palladium [Pd(PPh3)4], and bromine solution 
(Br2), were ordered from Alfa Aesar and Sigma-Aldrich; respectively. 
The TPEH-Br4 monomer was prepared using the method outlined by our 
previous studies [Scheme S1] with its spectroscopic data provided in 
Figs. S1, S2, and S3 [46–48]. The procedure for synthesizing PyBZ-4CHO 
is provided in the Supporting Information.

2.2. Synthesis of TBNBZ-4NH2

TPEH-Br4 (1.66 g, 2.56 mmol) was dissolved in DCM (150 mL) under 
nitrogen, and FeCl3 (7.54 g, 45.2 mmol) in CH3NO2 (10 mL) was added 
via septum. The mixture was refluxed for 4 h, cooled, and quenched with 
250 mL of methanol to afford TBN-Br4 as a white powder. FTIR (KBr, 
cm− 1, Fig. S4): 3077 (C-H due to phenyl units), 1695. 1H NMR (Fig. S5): 
7.84, 8.44, 8.77. For the next step, TBN-Br4 (2 mmol), BZB(OH)2NH2 
(12 mmol), K2CO3 (12 mmol), and Pd(PPh3)4 (0.2 mmol) were dissolved 
in 100 mL of DO and 50 mL of H2O in a 50 mL two-neck flask. The so
lution was refluxed for 72 h at 115 ◦C with stirring. After cooling, 20 mL 
of water was added, and the precipitate was filtered and washed with 
methanol and water. The yellow solid, TBNBZ-4NH2. FTIR (Fig. S6): 
3451 and 3374 cm− 1 for NH2, the stretching vibrations of aromatic C-H 
and C=C bonds at 3029 and 1617 cm− 1. 1H NMR (Fig. S7): 9.1, 7.67, 
7.48, 6.73, and 5.3 (NH2) ppm. 13C NMR (Fig. S8): 148.6 to 114.5 ppm.

2.3. Synthesis of Py-TBNBZ CMP

To prepare Py-TBNBZ CMP, PyBZ-4CHO (3 mmol) and TBNBZ-4NH2 
(3 mmol) were placed in a 25 mL Schlenk tube, and 8 mL each of n- 
butanol and 1,2-dichlorobenzene (DCB) were combined with 1.5 mL of 
6 M acetic acid. The mixture was frozen with liquid nitrogen and 
degassed using three freeze-pump-thaw cycles under a vacuum. It was 
then heated at 120 ◦C for 180 h. The resulting precipitate was filtered 
and thoroughly washed through Soxhlet extraction with methanol, THF, 
DMF, and acetone; respectively. The final product, a yellow powder, was 
identified as Py-TBNBZ CMP. The FTIR spectrum (cm− 1): 3027, 1698, 
and 1599 (C=C). Solid-state 13C NMR analysis: 164.8 ppm (C=N) and 
127.9–154.3 (aromatic carbon atoms) ppm.
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3. Results and discussion

3.1. Preparation and characterization of TBNBZ-4NH2, PyBZ-4CHO and 
Py-TBNBZ CMP

The Py monomer, known as a fluorescent probe, features a distinc
tive π-conjugated framework consisting of four closely linked benzene 
rings arranged in a rhombic configuration, forming a planar unit rich in 
electrons [49–51]. Dibenzo[g,p]chrysene (TBN) is a planar polycyclic 
aromatic hydrocarbon exhibiting D2 symmetry. It can be described as a 
less curved, restricted variant of tetraphenylethylene (TPEH). This 
unique structure makes it suitable for various applications, including 
chemical sensors, organic light-emitting diodes, and nanoporous mate
rial design [52,53]. This study successfully synthesized two distinct 
monomers, TBNBZ-4NH2 and PyBZ-4CHO, as illustrated in Fig. 1(a) and 
(b). The synthesis of TBNBZ-4NH2 began with the reaction of TPEH-Br4 
with FeCl3 in a CH3NO2/DCM solution, yielding TBN-Br4. Subsequently, 
TBN-Br4 was reacted with BZB(OH)2NH2 in the presence of the base 
K2CO3

and DO, producing TBNBZ-4NH2 as a yellow solid through Pd- 
catalyzed Suzuki-Miyaura polymerization. Similarly, PyBZ-4CHO was 
synthesized by reacting the Py unit with Br2 in a PhNO2 solution to form 
Py-Br4, followed by a reaction with BZB(OH)2CHO in the presence of 
K2CO3 and DO, resulting in PyBZ-4CHO as a yellow solid. The FT-IR 
spectra analysis of TBNBZ-4NH2 and PyBZ-4CHO [Fig. S6] reveals 
characteristic absorption peaks for the NH2 group in the TBNBZ-4NH2 
unit at 3451 and 3374 cm− 1. Additionally, the stretching vibrations of 
aromatic C-H and C=C bonds in the TBNBZ-4NH2 structure correspond 
to signals at 3029 and 1617 cm− 1, respectively. The vibrational modes 
associated with the stretching of aromatic C-H and C=C bonds in the 
PyBZ-4CHO unit are identified at 3059 and 1602 cm− 1, respectively. 
Additionally, the characteristic absorption peaks of the CHO group in 
the PyBZ-4CHO monomer are observed at 2814, 2718, and 1699 cm− 1 

[Fig. S6]. Analysis of the 1H NMR spectra of TBNBZ-4NH2 and PyBZ- 
4CHO [Figs. S7 and S9] revealed distinct signals. For TBNBZ-4NH2, 
peaks at 9.10, 7.67, 7.48, 6.73, and 5.30 ppm were attributed to aro
matic protons and the NH2 group. Similarly, for PyBZ-4CHO, signals 
centered at 10.2, 8.2, 8.1, 8.0, and 7.9 ppm corresponded to the CHO 

group and phenyl rings. The carbon resonance signals for TBNBZ-4NH2 
were observed in the range of 148.6 to 114.5 ppm [Fig. S8].

The novel luminescent CMP designated as Py-TBNBZ CMP was syn
thesized through a Schiff-base coupling reaction [4 + 4] between PyBZ- 
4CHO and TBNBZ-4NH2, as illustrated in Fig. 2. The Py-TBNBZ CMP was 
synthesized by reacting PyBZ-4CHO with TBNBZ-4NH2 in a 1:1 mixture 
of n-butanol and DCB at 120 ◦C for 180 h. The resulting yellow powder 
of Py-TBNBZ CMP was found to be insoluble in all tested solvents, 
confirming the successful crosslinking achieved through Schiff-base 
coupling. The chemical composition of Py-TBNBZ CMP was further 
characterized using Fourier-transform infrared (FTIR) spectroscopy and 
solid-state 13C nuclear magnetic resonance (NMR) spectroscopy (solid- 
state 13C NMR). The FTIR spectrum [Fig. 3(a)] exhibited characteristic 
stretching vibrations at 3027, 1698, and 1599 cm− 1, pertaining to aro
matic C–H stretching, terminal CHO and C=C bonds, respectively. Solid- 
state 13C NMR analysis [Fig. 3(b)] revealed carbon nuclei signal in 164.8

ppm and the range of 127.9–154.3 ppm, indicative of the presence of 
C=N bonds and aromatic carbon atoms in the Py-TBNBZ CMP, respec
tively. These findings provide strong evidence for the successful syn
thesis and structural integrity of Py-TBNBZ CMP. We have evaluated the 
chemical stability of the resultant Py-TBNBZ CMP material through FTIR 
measurements in various solvents, including DCM, THF, MeOH, and 
EtOH. The FTIR results confirm that all characteristic absorption bands, 
such as aromatic C-H and C=C stretching, remain present in the Py- 
TBNBZ CMP framework [Fig. S10]. Thermogravimetric analysis (TGA) 
demonstrates the exceptional thermal stability of the Py-TBNBZ CMP 
material compared to other reported POPs, with a high carbon residue of 
74 wt% and a decomposition temperature (Td10) of 476 ◦C, as illustrated 
in Fig. 3(c). X-ray photoelectron spectroscopy (XPS) was utilized to 
confirm the elemental composition of Py-TBNBZ CMP, specifically the 
existence of carbon (C) and nitrogen (N) [Fig. 3(d)]. The XPS survey 
spectrum revealed characteristic signals at 284 eV and 398 eV, corre
sponding to carbon and nitrogen, respectively.

Carbon peaks were deconvoluted and identified at 284.3 and 285.3 
eV, representing C–C, C=C, and C–N, C=N bonds, respectively [Fig. 3
(e)]. Similarly, nitrogen peaks at 398.9 eV and 401.6 eV were attributed 
to N–C and N=C bonds ([Fig. 3(f)]. The weight percentages of carbon 
and nitrogen, as calculated from XPS data, were 93.2 % and 6.8 %, 

Fig. 1. The preparation of (a) TBNBZ-4NH2 and (b) PyBZ-4CHO from their corresponding TBN-Br4 and Py-Br4.
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respectively, further validating the composition of Py-TBNBZ CMP. 
Fig. 4(a) presents the nitrogen adsorption-desorption isotherms for Py- 
TBNBZ CMP. The material exhibits a specific surface area of 497 m2 

g− 1, with type I isotherm behavior characteristic of microporous mate
rials. The pore size distribution, primarily centered around 1.7 nm, 
confirms the presence of a microporous structure in Py-TBNBZ CMP, as 
shown in Fig. 4(b). Moreover, the pore volume of Py-TBNBZ CMP is 
notably high at 0.5 cm3 g− 1, indicating a greater abundance of micro
pores within the material. Scanning electron microscopy (SEM) images 
of Py-TBNBZ CMP revealed a non-uniformly agglomerated porous ar
chitecture accompanied by a morphology characterized by smaller 
aggregated nanoparticles [Fig. 4(c) and (d)]. Energy-dispersive spec
troscopy (EDS) mapping verified the uniform distribution of carbon 
(depicted in red) and nitrogen (illustrated in yellow) elements 
throughout the Py-TBNBZ CMP framework [Fig. 4(e) and (f)]. However, 
transmission electron microscopy (TEM) analysis showed no evidence of 
a distinct ordered structure in Py-TBNBZ CMP, as shown in Fig. 4(g) and 
(h) and Figure S11.

3.2. Fluorescence properties and metal sensing of Py-TBNBZ CMP

The photoluminescence (PL) spectra of Py-TBNBZ CMP were 
analyzed following the preparation of a CMP solution. The preparation 

process involved sonicating 2 mg of Py-TBNBZ CMP in 2 mL of DMF for 
1 h, followed by the collection of the upper solution. This solution 
exhibited a broad fluorescence emission peak spanning 525–582 nm, 
with a maximum emission observed at 544.6 nm. As illustrated in Fig. 5
(a), varying excitation wavelengths were employed to examine the 
corresponding emission peaks. Notably, all subsequent PL measure
ments consistently exhibited an emission wavelength of 330 nm. The 
high excitation-independent emission of Py-TBNBZ CMP was attributed 
to the presence of multiple bonding interactions, including coordination 
bonds, covalent bonds, and hydrogen bonds. These interactions mini
mized the intramolecular motion of the functional moieties within the 
porous framework, thereby enhancing fluorescence emission efficiency 
[54]. Further investigation was conducted to assess the influence of 
various solvents—acetone, THF, DCM, ethanol, DMF, and methanol on 
the PL behavior of Py-TBNBZ CMP. Among these, DMF demonstrated the 
highest fluorescence intensity [Fig. S12]. This enhanced performance 
was ascribed to reduced aggregation within the Py-TBNBZ CMP solution 
and improved exciton mobility, facilitating efficient energy transfer 
from the CMP network to the Py unit [55]. A stock solution of Py-TBNBZ 
CMP was prepared by dissolving 5 mg of the material in DMF for sub
sequent sensing applications, including Fe2+ and K+ ion detection as 
well as pH monitoring. To evaluate selectivity, a series of 
anti-interference analytes (10 μM) were prepared. For metal ion sensing, 

Fig. 2. Scheme representing the synthesis of Py-TBNBZ CMP.

M.G. Mohamed et al.                                                                                                                                                                                                                          Microporous and Mesoporous Materials 391 (2025) 113620 

4 



these analytes included Zn2+, Cr3+, Co2+, Cu2+, Mn2+, Pb2+, and Fe3+, 
as shown in Fig. S13(a). For potassium sensing, the analytes included 
Ca2+, Ba2+, Mg2+, and Na+, as depicted in Fig. S13(b). The sensing 
protocol involved maintaining a constant concentration of the 
Py-TBNBZ CMP probe while varying the concentrations of the target 
analytes. Specifically, analyte concentrations ranged from 0.5 to 25 μM 
for Fe2+ sensing and from 1 to 30 μM for K+ sensing.

3.3. Sensing of Fe(II) ion using Py-TBNBZ CMP

A previously reported sensing methodology was employed for the 
detection of Fe(II) ions [56]. The prepared Py-TBNBZ CMP solution, 
with a total volume of 1.8 mL, was mixed with 0.2 mL of Fe(II) solutions 
at varying concentrations ranging from 0 to 25 μM. A concentration of 0 
μM served as the blank, indicating the absence of Fe(II) ions. As the Fe 
(II) concentration in the solution increased, the fluorescence intensity of 
Py-TBNBZ CMP, excited at 330 nm in DMF, exhibited a progressive 
reduction. Complete quenching of fluorescence at 516 nm was observed 
at a Fe(II) concentration of 25 μM, as depicted in Fig. 5(b). The 
quenching behavior was quantified using a linear calibration curve, 
demonstrating a strong linear relationship between Fe(II) concentra
tions (8–18 μM) and the fluorescence quenching ratio, expressed as 
I-I0/I0 (Fig. 5(b), inset). Here, I represent the fluorescence intensity of 
Py-TBNBZ CMP at 516 nm in the absence of Fe(II), while I0 denotes the 
fluorescence intensity at varying Fe(II) concentrations. The limit of 
detection (LOD) for Fe2+ ions, determined at a signal-to-noise ratio of 3, 
was calculated to be 0.5 μM based on the calibration curve. The selective 
sensing capability of Fe2+ by the Py-TBNBZ CMP is primarily attributed 
to the high binding affinity of Fe2+ to the chelation sites formed by 
atoms such as oxygen (O) and nitrogen (N), as well as the unique pore 
structure of the Py-TBNBZ CMP framework. The underlying sensing 

mechanism was validated by analyzing the emission profiles of 
Py-TBNBZ CMP in the presence of Fe2+ and upon subsequent addition of 
ethylenediaminetetraacetic acid (EDTA). As shown in Fig. S14(a), the 
fluorescence quenching caused by Fe2+ was reversed following the 
introduction of EDTA, which chelates Fe2+, thereby releasing it from the 
CMP structure. Furthermore, the process was demonstrated to be 
reversible, as illustrated by the repeatability of quenching and recovery 
in alternating cycles [Fig. S14(b)].

3.4. Sensing of potassium ion using Py-TBNBZ CMP

Optical sensors designed for the detection of K+ and other metal ions 
in solution often utilize size-selective, heteroatom-containing macro
cycles, including crown ethers, azacrowns, cryptands, and calixarenes, 
as binding entities. These binding units are typically covalently linked to 
chromophores or fluorophores, which undergo measurable changes in 
absorbance or fluorescence upon interaction with metal ions [57]. In 
this study, K+ sensing was conducted following a similar approach to 
that used for Fe(II) ion detection. Specifically, 1.8 mL of the Py-TBNBZ 
CMP solution was mixed with K+ solutions of varying concentrations 
(0–25 μM). A concentration of 0 μM served as the blank, indicating the 
absence of K+ in the Py-TBNBZ CMP solution. Upon the addition of K+

ions, the fluorescence intensity of Py-TBNBZ CMP in DMF was pro
gressively reduced, ultimately exhibiting complete quenching at a K+

concentration of 25 μM. This quenching behavior is depicted in Fig. 5(c), 
where fluorescence emission is entirely suppressed at the highest K+

concentration tested. A linear calibration curve for fluorescence 
quenching was generated by plotting (I− I0)/I0 values of Py-TBNBZ CMP 
against K+ concentrations ranging from 2.0 to 15 μM. The linear cali
bration curve [Fig. 5(c), insert] facilitated the measurement of K+ within 
the specified range, and as a result, Py-TBNBZ CMP exhibited a limit of 

Fig. 3. FT-IR, solid-state 13C NMR, and TGA Analysis of the synthesized Py-TBNBZ CMP. XPS survey analysis of the Py-TBNBZ CMP and XPS fitting data for (e) C1s 
and (f) N1s.
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detection (LOD, signal-to-noise ratio of 3) for K+ ion was 0.08 μM. The 
observed quenching is induced by cation binding (Fe2+ or K+), which 
triggers a photoinduced charge transfer (PCT) from the pyrene donor 
unit to the electron-deficient nitrogen acceptor in the Py-TBNBZ 
CMP/cation complex [Fig. S15] [58]. Additionally, the insertion of 
cations between the polymer chains disrupts aggregation, enabling 
non-radiative intramolecular rotations.

3.5. Effect of pH on Py-TBNBZ CMP probe

In addition to its application in Fe2+ and K+ ion detection, the 
developed Py-TBNBZ CMP exhibits excellent suitability for pH sensing. 
The fluorescence emission spectrum of Py-TBNBZ CMP was recorded at 
various pH values using the maximum excitation and emission wave
lengths of 330 nm and 516 nm, respectively, as shown in Fig. 6(d). At 
these fixed wavelengths, the fluorescence intensity and emission char
acteristics of Py-TBNBZ CMP were systematically measured across a pH 
range of 2.0–10.0. As illustrated in Fig. 6(d), the fluorescence intensity 
of the Py-TBNBZ CMP emission peak at 511 nm gradually decreased 
with decreasing pH. Notably, the fluorescence intensity recovered 
steadily as the pH increased from 7.0 to 10.0. At a pH of 10.0, the 
fluorescence intensity was completely recovered, indicating the sensi
tivity of Py-TBNBZ CMP to alkaline conditions.

Furthermore, a slight red-shift of the fluorescence peak was observed 
at the higher pH solution (from 516 to 530 nm). Likely, quenching 
caused by protonation (low pH) is attributed to PCT from pyrene (donor) 
to iminium nitrogen (acceptor) [58].

3.6. Paper-based sensor for detection of HCl and ammonia vapor using 
Py-TBNBZ CMP probe

The detection of hydrogen chloride (HCl) and ammonia (NH3) va
pors is essential for industrial, environmental, and safety purposes. HCl, 
a toxic and corrosive gas commonly used in chemical manufacturing and 
metal processing, can cause respiratory harm, equipment corrosion, and 
environmental damage. Similarly, ammonia, widely employed in agri
culture and refrigeration, poses risks to ecosystems and can lead to 
respiratory issues and other health concerns. The serious risks associated 
with HCl and NH3 vapors highlight the urgent need for precise, sensitive, 
and easy-to-use detection methods to ensure effective monitoring across 
various environments. The Py-TBNBZ CMP material, when applied to 
filter paper, demonstrated its utility as a convenient method for 
detecting HCl and NH3 vapors. The detection process was performed 
over five consecutive cycles and relied solely on visual observation, as 
shown in Fig. 5(e). This approach highlights the potential of Py-TBNBZ 
CMP as a simple and effective platform for real-time vapor monitoring. 

Fig. 4. (a) N2 adsorption/desorption isotherm, (b) pore size distribution, (c, d) SEM images, (e, f) elemental mapping and (g, h) TEM images recorded for the Py- 
TBNBZ CMP.
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However, the HCl vapor absorbed by the Py-TBNBZ CMP shows clear 
changes. Alternatively, the solution of ammonia shows a clear difference 
from HCl vapor. These findings show that Py-TBNBZ CMP on filter paper 
offers a versatile and flexible method for identifying various vapor 
phases, including HCl and NH3, using a colorimetric approach. Fig. 6
shows that the Py-TBNBZ CMP demonstrates reversible protonation- 
deprotonation behavior when exposed to NH3 and HCl vapor. When 
the material is exposed to HCl vapor, the acidic environment induces 
protonation of these nitrogen groups, resulting in a positively charged 
framework. Conversely, upon exposure to NH3 vapor, the nitrogen- 
containing groups in the Py-TBNBZ CMP framework undergo deproto
nation, leading to a neutralized state and the Py-TBNBZ CMP retained its 
original color even after exposure to concentrated NH3 vapor, a change 
that was clearly visible to the naked eye [59,60]. Fig. S16 illustrates the 

electronic distributions of the HOMO and LUMO for both deprotonated 
and protonated Py-TBNBZ CMP. In both forms, the HOMO is primarily 
localized on the TBNBZ moiety. The LUMO of the deprotonated 
Py-TBNBZ CMP is delocalized over the PyBZ moiety, whereas in the 
protonated Py-TBNBZ CMP, the LUMO is concentrated around the pro
tonated nitrogen and its surrounding conjugated system. This aligns 
with chemical intuition, as the LUMO represents the region with the 
highest electron-accepting tendency. The protonated nitrogen, carrying 
a positive charge, exhibits the strongest electron-accepting ability. The 
HOMO-LUMO energy gaps for the deprotonated and protonated 
Py-TBNBZ CMP are 3.24 eV and 2.47 eV, respectively, with the smaller 
gap in the protonated form indicating greater reactivity.

Fig. 5. The fluorescence emission spectrum of the Py-TBNBZ CMP showing excitation independent (a), Sensing of Fe2+ ion and their linear calibration curve (insert) 
(b), Sensing of K+ ion and their linear calibration curve (insert) (c), sensing of pH from the range of pH 2.0–10.0 (d) (The excitation wavelength was set to be 330 
nm), and visible absorbance of the HCl and ammonia vapor adsorption (e).
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4. Conclusions

This study successfully demonstrated the versatility and efficacy of 
the synthesized Py-TBNBZ CMP across a range of fluorescence-related 
applications. The Py-TBNBZ CMP probe exhibited exceptional perfor
mance in four key areas: (i) detection of Fe2+ ions with a minimum 
detection limit of 0.5 μM within a specified range, (ii) detection of K+

ions with a comparable minimum detection limit of 0.08 μM, (iii) pH 
measurement over a broad range from pH 2 to 10, and (iv) monitoring of 
hazardous gases, including HCl and ammonia, across multiple detection 
cycles. These findings underscore the adaptability and robustness of Py- 
TBNBZ CMP as a multifunctional sensing platform. Furthermore, the 
results encourage continued exploration and development of analogous 
porous materials to expand their potential applications in sensing, 
environmental monitoring, and related fields.
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