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A B S T R A C T

The escalating challenges of water pollution, driven by rapid industrialization and population growth, necessitate 
innovative solutions for removing hazardous contaminants such as synthetic dyes. Rhodamine B (RhB), a 
prevalent pollutant in wastewater, poses significant environmental and human health risks due to its toxicity and 
persistence. Conjugated microporous polymers (CMPs) have emerged as promising adsorbents for dye removal 
owing to their high surface area, tunable porosity, and versatile functionalization. In this study, we synthesized 
and characterized three CMPs [PTB-FO CMP, PTB-ANQ 2CN CMP, and PTB-ANQ 4CN CMP] differing in cyano 
group content and systematically evaluated their RhB adsorption performance under varying conditions and 
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contact times. Among these, PTB-ANQ 4CN CMP exhibited the highest adsorption capacity across a broad pH 
range, demonstrating superior stability and enhanced dye-polymer interactions facilitated by cyano function
alities. Adsorption kinetics followed a pseudo-second-order model, indicative of a chemisorption-dominated 
process, while equilibrium adsorption data were best described by the Langmuir isotherm, suggesting mono
layer adsorption. Density Functional Theory (DFT) calculations revealed that the calculated ΔN values for 
electron transfer from the dye to PTB-ANQ 4CN CMP, PTB-ANQ 2CN CMP, and PTB-FO CMP are 0.31, 0.26, and 
0.05, respectively. These results indicate that PTB-ANQ 4CN CMP and PTB-ANQ 2CN CMP possess markedly 
stronger electronic interactions with the dye molecules compared to PTB-FO CMP. Based on the density func
tional theory (DFT) calculations, the calculated ΔN values for electron transfer from the dye to PTB-ANQ 4CN 
CMP, PTB-ANQ 2CN CMP, and PTB-FO CMP are 0.31, 0.26, and 0.05, respectively. Notably, PTB-ANQ 4CN CMP 
and PTB-ANQ 2CN CMP exhibit significantly stronger interactions with dye than PTB-FO CMP. These findings 
highlight the potential of cyano-functionalized CMPs as effective and sustainable materials for wastewater 
treatment, offering a viable strategy for mitigating synthetic dye pollution.

1. Introduction

Rapid industrialization and population expansion have exacerbated 
global water pollution, making it one of the most critical environmental 
challenges of the modern era [1–7]. Of particular concern is the 
contamination of water bodies by hazardous synthetic chemicals, which 
pose severe risks to both ecological systems and human health [8]. 
Among these contaminants, artificial dyes are a major class of pollut
ants, with nearly 100,000 commercially available variants and an esti
mated annual production of approximately 700,000 tonnes [9,10]. 
Alarmingly, around 2 % of these dyes are directly discharged into 
wastewater streams, contributing to persistent aquatic pollution [11, 
12]. Industrial sectors such as textiles, paper production, and cosmetics 
manufacturing are primary contributors to dye effluents, leading to the 
widespread occurrence of these pollutants in water systems [13,14]. 
Rhodamine B (RhB), a xanthene-based synthetic dye known for its 
intense coloration and strong fluorescence properties, is particularly 
problematic due to its extensive use and environmental persistence 
[15–18]. Beyond its aesthetic impact on water bodies, RhB is a recog
nized toxicant with carcinogenic and mutagenic potential, posing sub
stantial risks to aquatic ecosystems and human health [19–22]. 
Consequently, the efficient removal of RhB from aqueous environments 
is imperative to mitigate its ecological and public health hazards 
[23–27].

Extensive research efforts have been dedicated to developing 
advanced wastewater treatment technologies to safeguard water quality 
and ensure a sustainable clean water supply. Among various treatment 
approaches, adsorption has emerged as one of the most effective 
methods for dye removal due to its operational simplicity, cost effi
ciency, and high removal efficiency [28–32]. This process relies on the 
accumulation of dye molecules onto the surface of an adsorbent, making 
it a versatile and widely adopted technique in wastewater treatment. 
Over the past few decades, significant progress has been made in 
developing inorganic and organic adsorbents for removing synthetic 
dyes and heavy metals from aqueous environments [30–45]. Despite 
these advancements, many inorganic adsorbents suffer from inherent 
limitations, including low adsorption capacity, limited surface area, and 
insufficient long-term stability. Consequently, the development of 
next-generation inorganic adsorbents with enhanced adsorption per
formance, structural stability, and recyclability remains a critical chal
lenge in the field of wastewater treatment.

In recent years, organic polymers have attracted considerable 
attention as versatile adsorbents for wastewater treatment. Various 
classes of polymer-based materials, including conjugated linear poly
mers [39], porous polymers [1], metal-organic frameworks (MOFs) 
[46–48] and covalent organic frameworks (COFs) [49,50] have 
demonstrated significant potential owing to their cost-effectiveness, 
tunable structures, and favorable photophysical properties. Among 
these, conjugated microporous polymers (CMPs) have emerged as 
particularly promising candidates for wastewater remediation [51–54]
and photocatalytic H2 production [55–58]. CMPs offer several intrinsic 

advantages, including an extended π-conjugated network that promotes 
π–π interactions with organic pollutants, a highly porous framework that 
facilitates efficient mass transfer in aqueous environments, and a high 
surface area conducive to enhanced adsorption [59–66]. Furthermore, 
CMPs can be synthesized via diverse methodologies, allowing for precise 
structural design and functionalization to optimize their adsorption 
capacity, selectivity, and reusability [67–74]. CMPs are synthesized 
from rationally designed monomers, enabling precise control over their 
pore size, surface area, and chemical functionality—features that are 
difficult to achieve with conventional adsorbents such as activated 
carbon or natural zeolites. CMPs often exhibit exceptionally high BET 
surface areas, comparable to or even surpassing those of activated car
bon, which contributes to their high adsorption capacities. Furthermore, 
their extended π-conjugated networks facilitate strong π–π interactions 
with aromatic organic pollutants (e.g., dyes), enhancing selective 
adsorption. Notably, CMPs constructed with robust covalent linkages (e. 
g., C–C or C–N bonds) offer outstanding thermal and chemical stability, 
maintaining structural integrity under harsh environmental conditions 
where some polymer resins or modified zeolites may degrade. These 
attributes position CMPs as next-generation materials for the efficient 
and sustainable removal of contaminants from wastewater. The 
adsorption efficiency of polymers for RhB removal from aqueous solu
tions is governed by multiple factors, including surface area, porosity, 
functional group composition, and adsorption process parameters such 
as pH, temperature, and contact time. A comprehensive understanding 
of the molecular interactions between RhB and the polymer surface is 
crucial for optimizing adsorption performance and developing 
next-generation adsorbents with enhanced efficiency. While various 
CMPs have been explored for RhB removal [75,76], the specific role of 
cyano functional groups in influencing adsorption behavior remains 
unexplored. Given the strong electron-withdrawing nature of cyano 
groups and their potential to enhance dye-polymer interactions, inves
tigating their impact on RhB adsorption is essential for advancing the 
design of high-performance adsorbent materials.

In this study, we investigate the influence of cyano group content on 
the adsorption efficiency of CMPs for dye removal. To achieve this, we 
successfully synthesized three CMPs: PTB-FO CMP [lacking CN groups], 
PTB-ANQ 2CN CMP, and PTB-ANQ 4CN CMP incorporating different 
ratios of cyano functional groups via the Sonogashira polymerization 
reaction of 1,3,6,8-tetraethynylpyrene (PTB) as a main building unit 
with three different brominated monomers such as 2,7-dibromo-9-fluo
renone (FO-2Br), 2-(2,6-dibromo-10-oxoanthracen-9(10 H)-ylidene) 
malononitrile (ANQ-2CN 2Br) and 2,2′-(2,6-dibromoanthracene-9,10- 
diylidene)dimalononitrile (ANQ-4CN 2Br); respectively. The adsorption 
performance of these CMPs was systematically evaluated using Rhoda
mine B as a model dye, focusing on elucidating the adsorption mecha
nisms. Dye adsorption experiments revealed that PTB-ANQ 4CN CMP 
exhibits a high dye uptake capacity of 90 mg/g, attributed to its large 
surface area (465 m2/g) and total pore volume (0.4024 cm3/g). Com
plementary DFT calculations showed that the electron transfer values 
(ΔN) from RhB to PTB-ANQ 4CN CMP, PTB-ANQ 2CN CMP, and PTB-FO 
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CMP were 0.31, 0.26, and 0.05, respectively. These findings suggest that 
PTB-ANQ 4CN CMP and PTB-ANQ 2CN CMP engage in significantly 
stronger electronic interactions with dye molecules compared to PTB-FO 
CMP. This research aims to advance the development of efficient and 
sustainable adsorbents for wastewater treatment, contributing to the 
broader field of environmental remediation.

2. Materials and methods

2.1. Materials

All chemicals including 2,6-diaminoanthraquinone (ANQ-2NH2), 
trimethylsilylacetylene (TMS, 98 %), anthraquinone (ANQ), sodium 
sulphite (Na2SO3), malononitrile, titanium(IV) chloride (TiCl4), pyri
dine, pyrene, nitrobenzene, fluorenone (FO), bromine (Br2), hydro
chloric acid (HCl), ethanol (EtOH), Tetrakis(triphenylphosphine) 
palladium(0) [Pd(PPh3)4], triphenylphosphine (PPh3), copper(I) iodide 
(CuI), triethylamine (Et3N), toluene and potassium carbonate (K2CO3) 
were ordered from Cross, and Sigma-Aldrich. The supporting informa
tion file includes a concise description of the synthesis process for 2,6- 
dibromoanthracene-9,10-dione (ANQ-Br2) and 1,3,6,8-tetraethynylpyr
ene (PTB) [77–80].

2.2. Synthesis of FO-2Br

Neat Br2 (3.6 mL, 69.4 mmol) was added dropwise to a solution of FO 
(2.5 g, 13.85 mmol) in H2O (35 mL) at 0 ◦C over 20 minutes. The re
action mixture was then heated to 85 ◦C and stirred for 16 h. After 
cooling to room temperature, 75 mL of H2O and 75 mL of saturated 
Na2SO3 solution were added. The resulting solid was collected by 
filtration, washed with water, and dried to yield a yellow product (4.7 g, 
Scheme S1). FTIR (cm− 1): 3066.4 (aromatic C-H for FO unit); 1725 
(C––O); 1592, 536 (C-Br) [Figure S1]. 1H NMR (δ): 7.73, 7.59, 7.35 ppm 
[Figure S2]. 13C NMR (δ): 191 (C––O), 142.27, 137.35, 135.29, 127.72, 
123.62, 121.89 ppm [Figure S3].

2.3. Synthesis of ANQ-2CN 2Br and ANQ-4CN 2Br

A mixture of ANQ-Br2 (1.5 g, 0.55 mmol) and malononitrile (0.44 g, 
0.9 mmol) was dissolved in chloroform (150 mL) and stirred while 
cooling at 0–5 ◦C. TiCl4 (1.35 mL, 0.9 mmol) was then added dropwise 
using a dropper, followed by the slow addition of pyridine (1.125 mL, 
2.8 mmol) via syringe. The reaction mixture was refluxed for 2 days. 
After completion, 30 mL of 10 % HCl was added to the flask, and the 
mixture was filtered to remove the liquid. The filtrate was then extracted 
with water and chloroform, and the organic layer was collected. The 
resulting solid was obtained by rotary evaporation and further purified 
by column chromatography using n-hexane and ethyl acetate (EA0, 
yielding two distinct powdered products [ANQ-2CN 2Br as an orange 
powder (Yield: 55 %) and ANQ-4CN 2Br as a red solid (Yield: 45 %), 
Scheme S2]. For ANQ-2CN 2Br: FTIR (cm− 1): 3076.72 (aromatic C-H for 
ANQ unit), 2224.46 (CN), 1676.64 (C––O), 1571.71, 530.32 (C-Br) 
[Figure S4]. 13C NMR (δ): 157.5 (C––O), 135, 131.8, 130.1, 129.14, 
125.4, 113.4 (CN), 84.3 [Figure S5]. For ANQ-4CN 2Br: FTIR (cm− 1): 
3061.56 (C-H for ANQ unit), 2239.1 (CN); 1561.33 (C––C) [Figure S6]. 
1H NMR (δ): 8.37, 8.1, 7.89 ppm [Figure S7]. 13C NMR (δ): 135, 131.8, 
130.1, 129, 125.8, 113.5 (CN). 84.4 ppm [Figure S8].

2.4. Synthesis of PTB-FO, PTB-ANQ 2CN, and PTB-ANQ 4CN CMPs

PTB (3 mmol) and FO-2Br (6 mmol) or ANQ-2CN 2Br (6 mmol) or 
ANQ-4CN 2Br (6 mmol), CuI (0.03 g), PPh3 (0.08 g), and Pd(PPh3)4 
(0.07 g) were inserted into a 50 mL Schlenk flask with DMF (25 mL) and 
Et3N (25 mL). The reactions were going under 100 ◦C for 3 days. The 
resulting solids underwent Soxhlet extraction using THF and MeOH. The 
collected residue was subsequently dried at 100 ◦C for 24 h, yielding 

PTB-FO, PTB-ANQ 2CN, and PTB-ANQ 4CN CMPs as reddish-brown 
powder. The elemental analysis data for PTB-FO CMP, PTB-ANQ 2CN 
CMP, and PTB-ANQ 4CN CMP are summarized in Table S1.

3. Results and discussion

3.1. Characterization of the adsorbents [PTB-FO CMP, PTB-ANQ 2CN 
CMP, and PTB-ANQ 4CN CMP]

To examine the effect of cyano groups on dye adsorption, we syn
thesized three CMPs by polymerizing PTB with two bromine-containing 
monomers that have different numbers of cyano groups, along with a 
monomer lacking cyano groups.: FO-2Br, ANQ-2CN 2Br, and ANQ-4CN 
2Br. The synthesis was conducted via the Sonogashira coupling reaction, 
yielding CMPs designated PTB-FO, PTB-ANQ 2CN, and PTB-ANQ 4CN 
CMPs, respectively. The complete synthetic procedures and reaction 
schemes are provided in Scheme 1. The chemical structures of the syn
thesized PTB-FO, PTB-ANQ 2CN, and PTB-ANQ 4CN CMPs were char
acterized using Fourier transform infrared (FT-IR) spectroscopy, solid- 
state 13C nuclear magnetic resonance (NMR) spectroscopy, and X-ray 
photoelectron spectroscopy (XPS). The FT-IR spectra of the PTB-FO, 
PTB-ANQ 2CN, and PTB-ANQ 4CN CMPs, shown in Fig. 1(a), exhibi
ted key absorption bands at approximately 3048 cm− 1 and 1593 cm− 1 

which were assigned to aromatic C-H and C––C stretching vibrations 
from benzene rings. In addition, both PTB-FO and PTB-ANQ 2CN CMPs 
had absorption bands at approximately 1716 and 1677 cm− 1, corre
sponding to the C––O groups in the FO and ANQ monomers. While the 
absorption bands at approximately 2192 cm− 1, correspond to the C–––C 
groups within the PTB structure and -C–––N- functional groups present in 
PTB-ANQ 2CN, and PTB-ANQ 4CN CMPs: respectively. An additional 
peak observed near 2191 cm⁻¹ was attributed to the C–––C groups within 
the PTB in the PTB-FO CMP. Raman spectroscopy confirmed the pres
ence of CN groups, with characteristic peaks observed at approximately 
2192 cm− 1 for both PTB-ANQ 2CN and PTB-ANQ 4CN CMPs [Figure S9]. 
The solid-state 13C NMR spectra, presented in Fig. 1(b), further 
confirmed the structural integrity of the three CMPs. Signals in the range 
of 70–90 ppm were attributed to symmetric C–––C units, whereas peaks 
in the 120–140 ppm range corresponded to carbon atoms in benzene 
rings. Additionally, a peak at approximately 118 ppm, positioned 
adjacent to the aromatic signals, confirmed the presence of C–––N moi
eties, which were

distinctly observed in the PTB-ANQ 2CN, and PTB-ANQ 4CN CMPs 
spectra. Carbon signals above 160 ppm were also observed for PTB-FO 
and PTB-ANQ 2CN CMPs, corresponding to C––O groups in their 
framework structures. Fig. 1(c) presents the XPS analysis results, 
revealing that the carbon (C) signals for PTB-FO, PTB-ANQ 2CN, and 
PTB-ANQ 4CN CMPs are consistently detected at 286 eV. Additionally, 
oxygen (O) signals are observed at 533 eV in PTB-FO and PTB-ANQ 2CN 
CMPs, while nitrogen (N) signals are detected at 401 eV in PTB-ANQ 
2CN and PTB-ANQ 4CN CMPs. As illustrated in Figure S10(a), the C 
1 s spectrum of PTB-FO CMP exhibited three distinct peaks at 284.7 eV, 
287.2 eV, and 292.2 eV, corresponding to C––C/C– bonds, C––C bonds, 
and π–π interactions, respectively. Similarly, the C 1 s spectrum of PTB- 
ANQ 2CN CMP [Figure S10(b)] displayed three peaks at 284.7 eV, 
286.4 eV, and 288.1 eV, which were assigned to C––C/C– bonds, –C–––N 
groups, and C––O bonds, respectively. In contrast, the C 1 s spectrum of 
PTB-ANQ 4CN CMP featured two peaks at 284.7 eV and 286.4 eV, 
attributed to C––C/C– bonds and –C–––N groups, respectively [Figure S10 
(c)]. Thermogravimetric analysis (TGA) further elucidates the thermal 
stability of the synthesized CMPs [Fig. 1(d)]. The decomposition tem
perature at 5 % weight loss (Td5) for PTB-FO, PTB-ANQ 2CN, and PTB- 
ANQ 4CN CMPs is determined to be 388.6 ◦C, 364.6 ◦C, and 342.1 ◦C, 
respectively, whereas their decomposition temperatures at 10 % weight 
loss (Td10) are recorded as 442.9 ◦C, 471.7 ◦C, and 423.1 ◦C, respec
tively. Moreover, after heat treatment at 800 ◦C, the residual char yields 
of PTB-FO, PTB-ANQ 2CN, and PTB-ANQ 4CN CMPs are measured as 
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Scheme 1. Schematic scheme for the preparation of PTB-FO, PTB-ANQ-2CN and PTB-ANQ 4CN CMPs.

Fig. 1. (a) FTIR, (b) solid state 13C NMR, (c) XPS, and (d) TGA analyses of the PTB-FO, PTB-ANQ-2CN and PTB-ANQ 4CN CMPs.
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71.8 %, 69.5 %, and 71.7 %, respectively. The structural characteristics 
of the CMPs were further investigated through nitrogen adsorption- 
desorption isotherms, pore size distribution analysis, and Bru
nauer–Emmett–Teller (BET) surface area measurements [Figs. 2(a) and 
2(b)]. According to the IUPAC classification, all three CMPs [PTB-FO, 
PTB-ANQ 2CN, and PTB-ANQ 4CN CMPs] exhibit type IV isotherms, 
indicative of mesoporous materials. The presence of H4-type hysteresis 
loops in the isotherms suggests the existence of slit-shaped pores, which 
are typically associated with layered or plate-like structures [Fig. 2(a)]. 
BET analysis provides detailed insights into the textural properties of the 
synthesized CMPs. PTB-FO CMP exhibits a surface area of 51 m2/g and a 
pore volume of 0.2618 cm3/g, with a predominant pore size centered 
around 2 nm, confirming its mesoporous nature with additional micro
porosity. In contrast, PTB-ANQ 2CN CMP demonstrates a significantly 
larger surface area of 236 m2/g and a pore volume of 0.257 cm3/g,

with a broader pore size distribution ranging from 2 to 4 nm. 
Notably, PTB-ANQ 4CN CMP achieves the highest surface area of 
465 m2/g and the largest pore volume of 0.4024 cm3/g, with a domi
nant pore size range also spanning 2–4 nm [Fig. 2(b)]. These findings 
indicate a direct correlation between the cyano group content and the 
enhancement of surface area and pore volume, with the most pro
nounced improvement observed in PTB-ANQ 4CN CMP. The substantial 
increase in porosity and surface area in PTB-ANQ 4CN CMP aligns with 
its higher nitrogen adsorption capacity, underscoring the pivotal role of 
cyano functionalization in modifying the structural properties of the 
CMPs.

The scanning electron microscopy (SEM) images of PTB-FO, PTB- 
ANQ 2CN, and PTB-ANQ 4CN CMPs reveal distinct morphological 
characteristics for each material [Fig. 3]. As shown in Fig. 3(a-i), all 
three CMPs [PTB-FO, PTB-ANQ 2CN, and PTB-ANQ 4CN CMPs] exhibit 
irregularly shaped, aggregated particles of varying sizes, indicative of a 
disordered or amorphous structure. The absence of well-defined, sharp 
patterns in the images further confirms their non-crystalline nature, 
consistent with materials lacking long-range structural order. Compar
ative analysis indicates that PTB-ANQ 2CN and PTB-ANQ 4CN CMPs 
exhibit a more pronounced porous structure, characterized by a highly 
interconnected network of particles and well-defined pore spaces. The 
elemental SEM-EDS maps are shown in Figures S11-S13 illustrate the 

uniform distribution of C and O in the PTB-FO CMP, as well as the 
uniform distribution of C, O, and N in the PTB-ANQ 2CN and PTB-ANQ 
4CN CMPs. This confirms the successful synthesis of these three CMPs 
via the Sonogashira coupling polymerization reaction. Transmission 
electron microscopy (TEM) further elucidates the structural features of 
these CMPs [PTB-FO, PTB-ANQ 2CN, and PTB-ANQ 4CN CMPs]. At 
higher magnifications, the TEM images confirm the presence of a porous 
and disordered framework in all three materials [Fig. 3(j-l) and 
Figure S14]. The irregular and non-uniform particle distribution 
observed in TEM analysis aligns with the amorphous nature identified in 
SEM, reinforcing the absence of long-range order within these CMP 
structures.

3.2. Adsorption studies of the adsorption of Rhodamine B on adsorbents 
[PTB-FO CMP, PTB-ANQ 2CN CMP, and PTB-ANQ 4CN CMP]

3.2.1. Effect of pH and contact time
The pH of the solution plays a pivotal role in the adsorption behavior 

of RhB onto various adsorbents, as it directly influences both the ioni
zation state of RhB molecules and the surface charge of the adsorbent. 
To systematically assess the impact of pH on the adsorption performance 
of the synthesized polymers, sorption experiments were conducted over 
a pH range of 1–7 at a constant temperature of 298 K. In these experi
ments, 5 mg of each CMP was introduced into an RhB solution with its 
pH precisely adjusted to the target value. The adsorption capacity was 
quantified after 24 h of equilibration to determine the extent of RhB 
removal under different pH conditions. This study provides critical in
sights into the pH-dependent adsorption mechanisms and the role of 
surface charge interactions in optimizing dye removal efficiency. As 
illustrated in Fig. 4(a), the adsorption efficiency of the synthesized CMPs 
was strongly influenced by the solution’s pH, particularly before the 
introduction of cyano (CN) functional groups. In the case of PTB-FO 
CMP, the removal efficiency exhibited a pronounced increase with ris
ing pH, starting at approximately 40 % at pH 1 and reaching nearly 
100 % at pH 7, indicating enhanced adsorption under alkaline condi
tions. Upon the incorporation of two cyano groups, PTB-ANQ 2CN CMP 
demonstrated a significantly improved adsorption performance, with an 
initial removal efficiency of ~88 % at pH 1, which steadily increased to 

Fig. 2. (a) N2 adsorption-desorption profiles and (b) pore size distribution of the PTB-FO, PTB-ANQ 2CN, and PTB-ANQ 4CN CMPs.
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nearly 100 % at pH 4 and above. This suggests that cyano groups 
enhance dye-polymer interactions, even under acidic conditions. For 
PTB-ANQ 4CN CMP, which contains a higher density of CN groups, the 
adsorption efficiency remained consistently high across the entire pH 
range, demonstrating minimal variation with pH fluctuations. This sta
bility is likely attributed to the strong interaction between RhB and the 
abundant cyano functionalities, which maintain effective adsorption 
regardless of the solution’s pH. Furthermore, the adsorption perfor
mance of PTB-ANQ 4CN CMP was unaffected by the protonation states 
of RhB, which transitions between RhBH⁺, RhBH2

2⁺, and the zwitterionic 
form (RhB±) depending on pH. The ability of PTB-ANQ 4CN CMP to 

sustain high adsorption efficiency across diverse pH conditions un
derscores its potential as a robust and versatile adsorbent for the 
removal of dyes from wastewater. Optimizing contact time is essential to 
ensure equilibrium in dye-adsorbent interactions, enabling a compre
hensive evaluation of adsorption efficiency [81]. All three CMPs 
exhibited a rapid initial increase in RhB removal within the first 
30 minutes [Fig. 4(b)], highlighting fast adsorption kinetics at the early 
stage. This behavior is typical of adsorption processes, where readily 
available active sites on the polymer facilitate rapid dye uptake. For 
PTB-FO CMP, the adsorption efficiency increased sharply at the begin
ning, followed by a gradual plateau as equilibrium was approached. The 

Fig. 3. (a-i) SEM images and (j-l) TEM images of the (a, b, c, j) PTB-FO, (d, e, f, k) PTB-ANQ 2CN, (g, h, i, l) PTB-ANQ 4CN CMPs.
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removal efficiency stabilized at approximately 60 % after 120 minutes, 
indicating moderate adsorption capacity. Similarly, PTB-ANQ 2CN CMP 
demonstrated a rapid increase in RhB removal within the first 
30 minutes, with adsorption continuing at a slower rate before reaching 
an equilibrium removal efficiency of ~90 % at 120 minutes. Among the 
three CMPs, PTB-ANQ 4CN CMP exhibited the highest and most rapid 
adsorption efficiency, achieving nearly 100 % RhB removal almost 
instantaneously and maintaining this efficiency throughout the 
remaining contact time. This suggests that the high density of cyano 
functional groups significantly enhances RhB adsorption, enabling a 
rapid and highly efficient equilibrium process.

3.3. Adsorption kinetics of RhB by PTB-FO CMP, PTB-ANQ 2CN CMP, 
and PTB-ANQ 4CN CMP

The kinetic analysis of RhB adsorption provides critical insights into 
the optimization of adsorption conditions for batch processes. Kinetic 
parameters, which describe the adsorption rate and mechanism, are 
essential for the development and design of efficient adsorption systems. 
Various kinetic models have been employed to evaluate adsorption 
behavior, enabling a deeper understanding of the adsorption dynamics. 
Non-linear regression analysis has emerged as a preferred approach for 
kinetic modeling, as it directly fits experimental data to the original 
kinetic equations, circumventing potential errors associated with linear 
transformations. This method enhances the accuracy of kinetic param
eter estimation, ensuring a more reliable representation of adsorption 
behavior. The non-linear fittings of the experimental kinetic data to 
three commonly used adsorption models—pseudo-first-order, pseudo- 
second-order, and Elovich models [Equations S1-S3] are illustrated in 
Figures S15(a-c). The calculated kinetic parameters for RhB adsorption 
onto the synthesized PTB-FO CMP, PTB-ANQ 2CN CMP, and PTB-ANQ 
4CN CMP are calculated according to the equations in Figure S15(d), 
and the data are summarized in Table S2. The data indicates that the 
pseudo-second-order model provides the best fit for the adsorption ki
netics of PTB-ANQ 2CN CMP, and PTB-ANQ 4CN CMP suggests that the 
adsorption process is predominantly governed by chemisorption. This 
mechanism likely involves electron sharing or exchange interactions 
between the cyano-functionalized polymer surfaces and RhB dye mol
ecules, facilitating strong and stable adsorption. Among the studied 
materials, PTB-ANQ 4CN CMP exhibits the highest initial adsorption 
rate, indicating that it possesses the most accessible active sites and 
exhibits the strongest interactions with RhB. In contrast, for Py-FO CMP, 
which lacks cyano functional groups, the Elovich model provides the 
best fit for the experimental data.

3.4. Adsorption isotherm study

To gain deeper insight into the surface characteristics and adsorption 
behavior of the adsorbents, the adsorption isotherm of RhB was inves
tigated. In this study, 5 mg of each CMP was used to remove RhB from 
solutions with concentrations ranging from 10 ppm to 100 ppm. As 
illustrated in Fig. 5, PTB-FO CMP exhibited the lowest adsorption ca
pacity, reaching approximately 40 mg/g, indicating that it saturates at 
lower concentrations compared to the other materials. PTB-ANQ 2CN 
CMP demonstrated a higher adsorption capacity of nearly 55 mg/g, 
though its adsorption rate increased more gradually than that of PTB- 
ANQ 4CN CMP. Among the tested materials, PTB-ANQ 4CN CMP 
exhibited the highest adsorption capacity, approaching 90 mg/g at 
higher concentrations. These findings suggest that increasing the num
ber of CN groups enhances adsorption performance. Table S3 provides a 
detailed comparison of the RhB adsorption performance of our synthe
sized PTB-FO, PTB-ANQ 2CN, and PTB-ANQ 4CN CMP materials with 
previously reported adsorbents. The data highlights the adsorption ca
pacities and efficiencies of our CMPs relative to other materials, 
demonstrating their potential advantages in dye removal applications.

3.5. Adsorption isotherm models

To assess the adsorption capacity of RhB dye onto three distinct 
CMPs and analyze the underlying mechanisms, the Langmuir, 

Fig. 4. (a) Effect of solution pH on adsorption of Rhodamine B on PTB-FO, PTB-ANQ 2CN and PTB-ANQ 4CN CMPs. (b) Effect of contact time on adsorption of 
Rhodamine B on PTB-FO, PTB-ANQ-2CN, and PTB-ANQ 4CN CMPs at pH 4.

Fig. 5. Isotherm curve of RhB adsorption onto PTB-FO, PTB-ANQ 2CN, and 
PTB-ANQ 4CN CMPs.
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Freundlich, and Temkin isotherm models were employed. Their non- 
linear forms are shown in Equations (S4) to (S6), with corresponding 
parameters summarized in Table S4. Figures S16(a-c) present the non- 
linear fit of the adsorption data for RhB onto PTB-FO, PTB-ANQ 2CN, 
and PTB-ANQ 4CN CMPs using various isotherm models. The accuracy 
of model fitting was assessed using correlation coefficients (R2) and chi- 
square (χ2) tests, where a strong fit is indicated by higher R2 and lower χ2 

values (Table S4 and Figure S16(d)). The results demonstrate that the 
Langmuir model provided the best fit, as evidenced by the highest R2 

values (0.976, 0.993, and 0.999) and the lowest χ2 values (6.329, 1.291, 
and 0.008) for PTB-FO, PTB-ANQ 2CN, and PTB-ANQ 4CN CMPs, 
respectively. The strong agreement with the Langmuir model suggests a 
monolayer adsorption process, making it a suitable framework for 
differentiating between physical and chemical adsorption mechanisms. 
The adsorption mechanism of RhB onto various polymer adsorbents is 
influenced by multiple factors, including solution pH, the chemical 
structure of the adsorbent, and physicochemical interactions between 
RhB and the polymer surface. RhB exists in different protonation states 
depending on pH, which affects its adsorption behavior. At lower pH 
values, RhB predominantly exists in its protonated forms (RhBH⁺ or 
RhBH2

2⁺), enhancing electrostatic attraction with negatively charged 
adsorbent surfaces. As the pH increases, RhB transitions into a zwitter
ionic (RhB±) or neutral form, reducing electrostatic interactions while 
favoring other mechanisms such as hydrogen bonding and van der Waals 
forces. The incorporation of CN groups in the CMPs framework signifi
cantly influences the adsorption mechanism. CN groups, being electron- 
withdrawing, modify the electron density of the polymer surface, pro
moting enhanced interactions through hydrogen bonding, dipole-dipole 
interactions, and π-π stacking with the aromatic rings of RhB. 

Furthermore, the presence of CN groups may contribute to adsorption 
stability across a wide pH range. This is evident in the case of PTB-ANQ 
4CN CMPs, where adsorption capacity remained consistent despite pH 
variations, indicating a robust and versatile adsorption mechanism.

3.6. Adsorption thermodynamics

The adsorption behavior of RhB onto the three materials—PTB-FO 
CMP, PTB-ANQ 2CN CMP, and PTB-ANQ 4CN CMP—was investigated 
across a range of temperatures (30–80 ◦C) [Fig. 6(a-c)]. Temperature 
can directly impact the adsorption process due to the effects of Brownian 
motion. Notably, all three CMP adsorption capacities increased signifi
cantly as the temperature was elevated from 30 to 80 ◦C. The thermo
dynamic parameters—Gibbs free energy change (ΔG), enthalpy change 
(ΔH), and entropy change (ΔS)—are essential for understanding how 
temperature influences dye absorption. Eqs. (1)–(3) describe the inter
relation among these parameters. 

Kd =
qe

Ce
(1) 

lnKd = −
ΔH
RT

+
ΔS
R

(2) 

ΔG = − RTlnKd (3) 

In these expressions, qe denotes the equilibrium adsorption capacity 
of RhB (mg g⁻¹), Ce represents the equilibrium concentration of the dye 
in solution (mg L⁻¹), and Kd refers to the Langmuir adsorption constant 
(L g⁻¹). R is the universal gas constant (0.008314 KJ mol⁻¹ K⁻¹), and T is 
the absolute temperature in Kelvin. The values of ΔH and ΔS were 

Fig. 6. Plot of lnKd versus 1/T for adsorption of RhB onto (a) PTB-FO CMP, (b) PTB-ANQ 2CN CMP, and (c) PTB-ANQ 4CN CMP.
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calculated from the slope and intercept of the linear plot of ln Kd against 
1/T. The thermodynamic data are summarized in Table 1. Notably, the 
negative values of ΔG became more pronounced with increasing tem
perature, indicating that the adsorption process is spontaneous and be
comes more favorable as the temperature rises. These results indicate 
that the adsorption process is more favorable at higher temperatures. 
The positive ΔH value confirms that the adsorption of RhB onto the 
adsorbent is endothermic. Furthermore, the positive ΔS value suggests 
randomness at the solid–liquid interface during adsorption. Overall, the 
thermodynamic parameters (ΔG, ΔH, and ΔS) support the conclusion 
that the three CMPs are an effective and promising adsorbent for the 
removal of RhB from wastewater.

The PTB-FO, PTB-ANQ 2CN, and PTB-ANQ 4CN CMPs incorporate 
polar functional groups, including carbonyl (C––O) and cyano (CN) 
moieties, which play a pivotal role in governing dye adsorption 
behavior. Adsorption efficiency is largely dictated by the chemical 
functionalities present on the adsorbent surface and the structural fea
tures of the dye. RhB, a cationic dye bearing one carboxylic acid and two 
amino groups, exhibits strong affinity toward the CMP networks due to 

electrostatic interactions. Moreover, the planar aromatic structure of 
RhB facilitates π–π stacking with the conjugated backbones of the CMPs, 
further promoting adsorption, as evidenced in Figure S17.

3.7. DFT study

We conducted DFT calculations on all building units [PTB, FO-2Br, 
ANQ-2CN 2Br, ANQ-4CN 2Br], CMPs [PTB-FO, PTB-ANQ 2CN, and 
PTB-ANQ 4CN CMPs], and RhB to determine their geometrical struc
tures and electronic properties. The HOMO and LUMO energy levels of 
these molecules were calculated at the B3LYP-D3(BJ)/6–31 G(d) level. 
Figure S18 presents the HOMO-LUMO isosurface maps of PTB, FO-2Br, 
ANQ-2CN 2Br, ANQ-4CN 2Br, and RhB, providing valuable insight into 
their electronic and orbital distributions. Our calculations reveal that 
these molecules exhibit high conjugation, with both HOMO and LUMO 
delocalized across the entire conjugated system. Among them, PTB has 
the smallest HOMO-LUMO energy gap (2.97 eV), while FO-2Br, ANQ- 
2CN 2Br, and ANQ-4CN 2Br have gaps of 3.9, 3.75, and 3.44 eV; 
respectively. In the case of RhB, the HOMO is primarily composed of the 
lone pairs on the Cl atom, whereas the LUMO is distributed over the 
xanthene ring. Upon polymerization, we observe a substantial reduction 
in the HOMO-LUMO gap, as depicted in Fig. 7. This narrowing enhances 
the reactivity of the resulting polymers. Among them, PTB-ANQ 4CN 
CMP exhibits the highest reactivity, with a significantly low HOMO- 
LUMO gap of 1.75 eV. PTB-FO and PTB-ANQ 2CN CMP have slightly 
higher gaps of 2.32 and 2.03 eV, respectively. This reduction compared 
to the individual building units is attributed to the extended conjugation 
in the polymerized structures. Furthermore, the HOMO and LUMO dis
tributions in the CMPs show distinct localization patterns: the HOMO is 
predominantly localized on the pyrene moiety, while the LUMO is 
extended over the side arms. The pyrene moiety remains highly planar, 
facilitating strong conjugation throughout the CMP backbone. 
Figure S19 presents the molecular electrostatic potential (MESP) anal
ysis of the PTB, FO-2Br, ANQ-2CN 2Br, and ANQ-4CN 2Br, providing a 
quantitative representation of electrophilic and nucleophilic sites. This 
analysis highlights the most reactive regions within each molecule. 
Areas with high electron density, indicating strong negative potential, 

Table 1 
Thermodynamic parameters for adsorption of rhodamine B onto PTB-FO CMP, 
PTB-ANQ 2CN CMP, and PTB-ANQ 4CN CMP.

CMP Parameters

Temperature G0 

(kJ/mol)
H0 

(kJ/mol)
S0 

(J/mol.K)

PTB-FO 303 
323 
333 
343

− 25.750 
− 28.883 
− 30.525 
− 32.517

24.839 0.166

PTB-ANQ 2CN 303 
323 
333 
343

− 26.392 
− 30.839 
− 32.777 
− 34.861

37.710 0.212

PTB-ANQ 4CN 303 
323 
333 
343

− 26.914 
− 30.829 
− 33.849 
− 35.983

42.558 0.229

Fig. 7. The HOMO and LUMO isosurface maps of the PTB-ANQ 4CN CMP, PTB-ANQ 2CN CMP, and PTB-FO CMP along with their energies calculated at the B3LYP- 
D3(BJ)/6–31 G(d) level.
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are shown in red, while areas with low electron density, representing 
positive potential, are depicted in blue. In PTB, the highest electron 
density (intense red regions) is concentrated around the triple bonds, 
corresponding to the areas of the highest negative potential. Conversely, 
the terminal hydrogen atoms of the acetylene arms exhibit the highest 
positive potential. For FO-2Br, ANQ-2CN 2Br, and ANQ-4CN 2Br, the 
cyano and carbonyl groups are the primary sites of high negative po
tential. Notably, the carbonyl group in FO-2Br has the highest negative 
potential, measured at − 36 kcal/mol, making it the most nucleophilic 
site among the four molecules. This strong nucleophilicity arises due to 
the unidirectional electron-withdrawing effect of the functional groups

Figure S20 illustrates the MESP maps of the PTB-FO, PTB-ANQ 2CN, 
and PTB-ANQ 4CN CMPs alongside RhB, highlighting their electrophilic 
and nucleophilic regions. Among the polymers, the most nucleophilic 
site is the carbonyl group in PTB-FO CMP, which exhibits a negative 
potential of − 35 kcal/mol. In PTB-ANQ 2CN and PTB-ANQ 4CN CMPs, 
the cyano groups also display significant nucleophilicity, with an elec
trostatic potential of − 33 kcal/mol. The most electrophilic regions are 
found at the terminal hydrogen atoms of the side arms, indicating areas 
of low electron density. In the case of RhB, the highest electron density is 
concentrated around the Cl anion and its surrounding area, making it the 
most nucleophilic region within the molecule. Table S5 presents the 
calculated global reactivity descriptors for all molecules, obtained using 
DFT at the same level of theory [82]. The energy of the HOMO (EHOMO) 
and LUMO (ELUMO) provides insight into the molecule’s 
electron-donating and electron-accepting tendencies, respectively. The 
HOMO-LUMO energy gap, which represents the energy difference be
tween these orbitals, serves as an indicator of molecular reactivity: a 
smaller gap corresponds to higher reactivity. Among the first four 
molecules listed in Table S5, PTB exhibits the highest EHOMO (lowest 
ionization potential, IP), making it the most efficient electron donor. 
Conversely, ANQ-4CN 2Br has the lowest ELUMO (highest electron af
finity, EA), indicating its strong electron-accepting ability due to the 
electron-withdrawing nature of the cyano groups. Additionally, 
ANQ-4CN 2Br possesses the highest electronegativity (χ) and electro
philicity index (ω), as well as the greatest capacity to accept electrons 
(highest ΔNmax). These findings suggest that upon polymerization, 
electron transfer occurs from PTB to the other three molecules. The 
fraction of electron transfer (ΔN) from PTB to these acceptor molecules 
can be quantitatively estimated using Pearson’s theory, as expressed by 
the equation [83]:

ΔN = (χ molecule - χ Py)/2(ɳ molecule + ɳ Py)
The calculated fraction of electron transfer (ΔN) for ANQ-4CN 2Br, 

ANQ-2CN 2Br, and FO-2Br is 0.24, 0.19, and 0.03, respectively. Among 
the three polymers, PTB-FO CMP is identified as the best electron donor 
due to its highest EHOMO, whereas PTB-ANQ 4CN CMP serves as the most 
efficient electron acceptor, as expected. The highest reactivity is 
observed in PTB-ANQ 4CN CMP, followed by PTB-ANQ 2CN CMP. CMPs 
containing cyano groups exhibit higher electronegativity, with PTB- 
ANQ 4CN CMP (which has four cyano groups) being the most electro
negative, followed by PTB-ANQ 2CN CMP (which has two cyano 
groups). Additionally, PTB-ANQ 4CN CMP possesses the highest elec
trophilicity index and ΔNmax, reinforcing its strong electron-accepting 
ability. Compared to the three CMPs, the dye demonstrates superior 
electron-donating ability and lower electronegativity, suggesting that 
electron transfer will occur from the dye to the CMP upon adsorption. 
The calculated ΔN values for electron transfer from the dye to PTB-ANQ 
4CN CMP, PTB-ANQ 2CN CMP, and PTB-FO CMP are 0.31, 0.26, and 
0.05, respectively. Notably, PTB-ANQ 4CN CMP and PTB-ANQ 2CN CMP 
exhibit significantly stronger interactions with the dye than PTB-FO 
CMP. This can be attributed to the electron-withdrawing effect of the 
cyano groups, which enhances the CMPs’ ability to accept electrons 
from the dye, thereby strengthening their interaction. As a result, PTB- 
ANQ 4CN CMP and PTB-ANQ 2CN CMP are expected to demonstrate 
superior performance in dye removal compared to PTB-FO CMP. 
Moreover, all CMPs exhibit stronger interactions (higher ΔN and ΔNmax) 

than their respective building units, further emphasizing the enhanced 
electronic properties induced by polymerization. DFT is one of the most 
widely used techniques for investigating dye removal mechanisms from 
water. In this study, we employed DFT calculations to determine the 
adsorption energy and geometry of RhB on all three polymers. Fig. 8(a) 
presents the reduced density gradient (RDG) plots of RhB adsorbed on 
the CMPs surfaces. RDG plots are powerful tools for visualizing non
covalent interactions within and between molecules. As shown in Fig. 8
(a), the interaction between the CMPs and the dye is primarily governed 
by van der Waals forces, represented by the green surface. Figure S21
presents the geometries of the dye–CMP complexes, where in both the 
PTB-ANQ 4CN CMP and PTB-ANQ 2CN CMP, the CMP arms enclose the 
dye molecule, promoting extensive interactions and resulting in 
enhanced adsorption energies. Additionally, π-π stacking interactions 
are observed between the pyrene moiety of the CMPs and the xanthene 
ring of the dye, further stabilizing the adsorption. The calculated 
adsorption energies (Eads) of RhB on PTB-ANQ 4CN CMP, PTB-ANQ 2CN 
CMP, and PTB-FO CMP are − 60.5, − 58.4, and − 40.5 kcal/mol, 
respectively. These high adsorption energy values confirm the strong 
stability of the dye-polymer complexes, reinforcing the effectiveness of 
the three CMPs in capturing and removing RhB from water. The removal 
efficiency follows the order PTB-ANQ 4CN CMP > PTB-ANQ 2CN CMP 
> PTB-FO CMP, which aligns with our previous computational findings 
and is expected to be supported by experimental results. To better un
derstand the effect of binding on the geometry of both the dye and the 
polymers, Fig. 8(b) presents their optimized structures along with 
selected geometrical parameters before and after adsorption. RhB ex
hibits a flexible molecular structure, allowing free rotation around 
several single bonds. Upon adsorption, the dye undergoes significant 
conformational changes, with several torsional angles twisting to 
maximize its interaction with the CMPs. A similar structural adaptation 
is observed in all three CMPs, where the four side arms adjust their 
orientations to accommodate the dye, thereby enhancing the overall 
interaction.

4. Conclusions

This study focuses on the design and development of cyano- 
functionalized CMPs to enhance dye adsorption efficiency. Three 
CMPs—PTB-FO, PTB-ANQ 2CN, and PTB-ANQ 4CN CMPs were syn
thesized with varying cyano group content to investigate their adsorp
tion performance for RhB. Experimental results revealed that the 
presence of cyano groups significantly improved dye removal efficiency, 
with PTB-ANQ 4CN CMP exhibiting the highest adsorption capacity due 
to its strong and stable interactions with RhB molecules. Adsorption 
behavior was analyzed using kinetic and isotherm models. Kinetic 
studies confirmed that the pseudo-second-order model best described 
the adsorption process, indicating chemisorption as the dominant 
mechanism. The Langmuir isotherm model provided the best fit to the 
data, suggesting a monolayer adsorption mechanism on the polymer 
surface. The maximum adsorption capacity of PTB-ANQ 4CN CMP for 
RhB was determined to be 90 mg/g, highlighting its superior perfor
mance. Theoretical calculations show that RhB exhibits strong adsorp
tion on PTB-ANQ 4CN CMP (− 60.5 kcal/mol), PTB-ANQ 2CN CMP 
(− 58.4 kcal/mol), and PTB-FO CMP (− 40.5 kcal/mol), indicating stable 
dye–polymer interactions and the formation of robust dye–polymer 
complexes. Overall, this research demonstrates the potential of cyano- 
functionalized CMPs as effective adsorbents for environmental remedi
ation. Their high adsorption capacity and stability offer a promising and 
sustainable approach to removing hazardous dyes from wastewater.
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