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1 Introduction

Chemical tailoring of heteroatom (P, S, Si) doping of
COF-PEDOT for adsorption of paracetamol:
perspective from DFT studies
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9 Ambika Sundaravadivelu,® Gopinath Sampathkumar’

Innocent E. Emeng,
Onyinyechi V. Ugochukwu,
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The growing occurrence of pharmaceutical contaminants in aquatic systems has intensified the demand for
advanced nanostructured materials capable of selective adsorption and removal of such pollutants.
Paracetamol, a commonly used analgesic and antipyretic drug, is frequently detected in wastewater and
poses severe ecological and health risks when accumulated in the water bodies and the soil. In this
study, density functional theory (DFT) calculations were employed to investigate the structural,
electronic, and adsorption behaviors of phosphorus (P), sulfur (S), and silicon (Si) doped COF-PEDOT
frameworks for paracetamol adsorption. All geometries were optimized using the PBEO-D3/6-311G(d)
basis set. The optimized structures exhibited minimal distortion after adsorption, indicating stable
interactions between the adsorbate and the doped surfaces. Density of states (DOS) analysis revealed
that heteroatom incorporation enhanced the electronic activity and reactivity of the complexes, while
frontier molecular orbital (FMO) analysis showed a notable narrowing of the energy gap, confirming
improved electron transfer capability. The ionization potential values (5.29-5.44 eV) remained within the
range of moderately stable adsorbents. Natural bond orbital (NBO) analysis indicated that phosphorus
doping produced the highest orbital stabilization energies, suggesting stronger donor-acceptor
interactions. Adsorption energy calculations yielded negative values for all systems, confirming
exothermic and thermodynamically favorable adsorption processes. Furthermore, quantum theory of
atoms in molecules (QTAIM) and non-covalent interaction (NCI) analyses demonstrated the presence of
weak but stable van der Waals and hydrogen-bond interactions governing paracetamol adsorption. The
results demonstrate that tailored heteroatom doping can effectively tune the electronic and adsorption
characteristics of COF-PEDOT frameworks. The P-, S-, and Si-doped systems exhibit enhanced
sensitivity, stability, and reversibility, making them promising candidates for the selective adsorption of
paracetamol from pharmaceutical contaminants in aquatic environments.

pharmaceutical manufacturing wastewater, and domestic
sewage contribute significantly to the accumulation of these

Pharmaceutical contaminants have increasingly become
a serious environmental concern due to their persistent release
into aquatic ecosystems through various routes. Improper

disposal of expired or unused drugs, hospital effluents,
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pollutants in surface and groundwater systems." Paracetamol is
a widely used pharmaceutical that is often detected in waste-
water due to its incomplete removal in conventional treatment
processes. Its persistence poses environmental and ecological
risks, thereby creating a need for advanced materials with
improved adsorption efficiency and selectivity. Paracetamol
enters aquatic environments mainly through wastewater treat-
ment plants that are often inefficient in removing such micro-
pollutants.” Prolonged exposure to paracetamol-contaminated
water has been reported to induce oxidative stress, endocrine
disruption, and reproductive impairments in aquatic organ-
isms. The prolonged exposure can alter antioxidant defense
systems, leading to elevated reactive oxygen species (ROS), and
cellular damage in fish and invertebrates. Paracetamol has also
been shown to interfere with hormone regulation, affecting
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growth, metabolism, and developmental processes.* Also,
chronic accumulation of paracetamol in aquatic environments
may impair fertility, and disrupt early life stages, thereby posing
long-term risks to aquatic biodiversity and ecosystem stability
in the long run. The persistence of paracetamol in water bodies
also raises concerns for human health, as contaminated surface
and groundwater can serve as sources of drinking water. Long-
term human exposure to this contamination, even at trace
levels, may contribute to cumulative toxicity, liver and kidney
stress, and potential endocrine-related effects, emphasizing the
need for effective removal strategies to protect both environ-
mental and public health.®* Moreover, its biotransformation
products can accumulate in sediments and enter the food
chain, posing indirect risks to human health such as liver
dysfunction, carcinogenic effects, and antimicrobial resistance
development.* On a global scale, pharmaceutical pollution is
now recognized as a “planetary boundary threat,” with studies
indicating contamination in more than 70% of sampled rivers
worldwide.> The collective ecological and health burden
resulting from these contaminants further highlights the
urgent need for advanced adsorption materials capable of
effectively detecting and removing paracetamol and related
pharmaceuticals from aquatic environments.

Recent research has focused on nanostructured materials as
efficient adsorbents for pharmaceutical wastewater treatment.
Among them, covalent organic frameworks (COFs) have attrac-
ted significant attention owing to their high surface area,
chemical tunability, and porous architectures that enable
selective adsorption of organic pollutants.® For instance, Nicu-
lescu, et al. (2023) reported the successful removal of para-
cetamol using a B-ketoenamine-linked COF with a maximum
adsorption capacity of 284 mg g ', though the regeneration
efficiency was limited after multiple cycles.” Similarly, Geng, Z.
(2025) designed a sulfur-doped COF composite that exhibited
enhanced adsorption performance toward non-steroidal anti-
inflammatory drugs (NSAIDs) but showed poor stability under
variable pH conditions.® Many other studies have integrated
conductive polymers such as poly(3,4-ethylenedioxythiophene)
(PEDOT) with COFs to form COF-PEDOT hybrids, improving
electronic conductivity and adsorption kinetics performed by
Cao, et al.,.’ Despite these advances, the adsorption efficiency of
these systems is often hindered by weak interactions between
pollutant molecules and the adsorbent surface, limited recy-
clability, and insufficient understanding of the adsorption
mechanisms at the molecular level.*>'* Experimental work on
COFs and PEDOT composites supports the feasibility of using
hybrid conductive materials for pharmaceutical capture and
sensing.*® Tunable COF chemistries have been shown to affect
paracetamol adsorption and degradation, while PEDOT-based
films exhibit enhanced adsorbate interaction and electro-
chemical responsiveness.** These experimental demonstrations
motivated this work's DFT-driven approach to map how
heteroatom doping (P, S, Si) tunes adsorption energetics and
electronic response, thereby providing molecular-level guidance
to synthesis and performance optimization.

Despite the reported adsorption capabilities of existing
materials, key limitations remain in understanding how
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electronic structure alteration governs paracetamol binding at
the molecular level. This study addresses this gap by providing
a first-principles framework for the rational design of high-
performance COF-PEDOT adsorbents through systematic
heteroatom (P, S, and Si) doping. Using density functional
theory (DFT), it can be explained how targeted chemical
tailoring alters charge distribution, frontier orbital alignment,
and interfacial interaction strength with paracetamol. The
comparative evaluation of multiple dopants enables identifica-
tion of the most effective electronic environment for adsorp-
tion, offering mechanistic insight rather than empirical
observation. By establishing direct structure-property—-adsorp-
tion relationships, this work advances the design principles of
COF-based nanomaterials and provides a transferable strategy
for developing efficient, selective, and environmentally
sustainable adsorbents for pharmaceutical wastewater remedi-
ation of paracetamol.

2 Method

The research was conducted using computational simulations
via the density functional theory (DFT) as executed in the
Gaussian 09 suite. All geometry optimizations were performed
using the hybrid PBEO functional with Grimme's D3 dispersion
correction and a 6-311G(d) basis set (PBE0-D3/6-311G(d)), which
ensures accurate treatment of the electronic structure and non-
covalent interactions that are relevant to adsorption
phenomena.”> DFT was employed to study paracetamol
adsorption on P-, S-, and Si-doped COF-PEDOT. This method
accurately captures electronic interactions and adsorption
energies, offering insights beyond those from semi-empirical or
classical methods used in previous reports. The COF-PEDOT
framework was selected as the model nanomaterial due to its
combined structural rigidity, extended m-conjugation, and
intrinsic electrical conductivity, which are desirable properties
for adsorption and sensing applications. Conductive polymer-
COF hybrids such as PEDOT-functionalized frameworks have
been shown to exhibit enhanced charge transport and stronger
electronic coupling with aromatic pharmaceutical molecules,
resulting in improved adsorption sensitivity and signal trans-
duction (Zhang et al., J. Mater. Chem. C, 2021, 9, 11234-11243).
Heteroatom doping was introduced to deliberately tune the
electronic structure and adsorption behavior of COF-PEDOT.
Phosphorus was selected because P-doping introduces
electron-rich sites and localized charge polarization, which can
enhance donor-acceptor interactions with oxygen-containing
molecules such as paracetamol (Wang et al., RSC Adv., 2020,
10, 27645-27653). Sulphur was chosen due to its high polariz-
ability and ability to participate in non-covalent interactions,
including hydrogen bonding and m-sulphur interactions,
which have been reported to improve adsorption strength in
sensing materials (Liu et al., New J. Chem., 2019, 43, 17821~
17829). Silicon doping was included to evaluate the effect of
a less electronegative heteroatom, as Si incorporation has been
shown to modulate band structure and surface reactivity
without significantly disrupting the framework geometry (Chen
et al., Phys. Chem. Chem. Phys., 2021, 23, 14678-14686). A low

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Calculated bond length and bond angle in COF-PEDOT-based
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compounds before and after adsorption of paracetamol

Compound before  Bonding Bond angle Bond-length  Bond-angle = Compound-after Bond-length ~ Bond-angle
adsorption atoms atoms (&) (A) adsorption (A) &)
COF-PEDOT S$130-C127 $130-C127-C137 1.75 122.400 PCL-COF-PEDOT 1.75 122.49
069-B75 069-B75-071 1.38 118.91 1.38 118.86
C116-C115 C116-C115-S113 1.37 109.62 1.37 109.60
P@COF-PEDOT P159-032 032-P159-C93 1.67 98.44 PCL-P@COF-PEDOT 1.68 99.32
S$129-C125 $129-C125=C127 1.75 109.62 1.75 109.66
01-B9 01-B9-C7 1.38 118.72 1.38 118.83
P159-032 P159-032-B2 1.67 125.70 1.68 125.12
S@COF-PEDOT S$112-C114 $112-C114-C125 1.75 121.92 PCL-S@COF-PEDOT 1.70 121.79
B43-038 038-B43-C36 1.38 120.65 1.38 119.93
C130=C131 C130=C131-0132 1.33 123.95 1.33 123.96
068-B74 C72-B74-068 1.38 121.56 1.38 122.63
Si@COF-PEDOT C93-Si159 C93-Si159-032 1.86 110.14 PCL-Si@COF-PEDOT 1.85 109.83
040-B43 040-B43-C36 1.37 120.68 1.37 119.71
$142-C136 $142-C136-C126 1.75 121.78 1.75 121.55
B30-067 B30-067-Si159 1.37 122.80 1.36 123.04

dopant concentration corresponding to single-atom substitu-
tion was employed to preserve the structural integrity of the
COF-PEDOT framework while enabling direct comparison of
electronic and adsorption properties across all systems,
consistent with previous DFT studies on heteroatom-doped
porous materials (Sun et al., RSC Adv., 2018, 8, 38967-38975).
Dopant atoms were positioned at chemically active sites within
the framework to maximize electronic perturbation and inter-
action with the adsorbate. Paracetamol was optimized inde-
pendently at the same level of theory to ensure consistency.
Adsorption energies, frontier molecular orbital properties, NBO
charge transfer, and QTAIM/NCI analyses were subsequently
used to elucidate the nature and strength of interactions
between paracetamol and pristine and doped COF-PEDOT
systems. These analyses provide direct insight into how
heteroatom doping influences binding strength and electronic
response upon adsorption. The optimized Cartesian coordi-
nates of all structures are provided in the SI to ensure
reproducibility.

3 Results and discussion
3.1 Geometry optimization

Geometry optimization provides fundamental insights into how
paracetamol (PCL) interacts with COF-PEDOT and heteroatom-
doped (P, S, Si) COF-PEDOT frameworks. Structural responses
such as shifts in bond lengths and bond angles reflect the
degree of electronic rearrangement and the nature of interac-
tion occurring upon adsorption.' Across all systems, the
optimized structures before and after PCL adsorption showed
only minor geometric perturbations, indicating that adsorption
does not distort the COF-PEDOT backbone but still induces
measurable electronic adjustments at the active sites. In pris-
tine COF-PEDOT, the characteristic C-S bond (S130-C127)
retained its length at 1.75 A before and after adsorption,
signifying structural strength of the thiophene unit. The B-O
bonds (e.g, 069-B75), which define the COF linker

© 2026 The Author(s). Published by the Royal Society of Chemistry

environment, also remained within the expected 1.36-1.39 A
range, with negligible deviation after adsorption.*® These results
suggest that adsorption primarily occurs through weak non-
covalent forces without altering the main COF framework.
Phosphorus doping introduced more pronounced local
changes. The P-O bond (P159-032) increased slightly from 1.67
Ato 1.68 A following the adsorption of paracetamol there was an
angle shift from 98.44° to 99.32°. These distortions imply
enhanced electron redistribution around the phosphorus site,
consistent with P acting as an electron-rich doping center
capable of interacting with the phenolic -OH and amide groups
of PCL.". In the S-doped system, subtle deviations were also
observed, such as the B74-068-C72 angle increasing by
approximately 1°. Sulfur's polarizability allows greater flexibility
in structural response, enabling moderate charge rearrange-
ment during adsorption. For Si-doped COF-PEDOT, slight
reductions in the Si-O bond length (1.86 A — 1.85 A) and bond
angles reflect silicon's tendency to form flexible, partially polar
bonds. This mild structural adjustment supports weaker
binding relative to P- and S-doped systems. Overall, geometry
analysis suggests the following trend in local structural
responsiveness during adsorption: P-doped > S-doped > Si-
doped > pristine COF-PEDOT. This ranking correlates strongly
with later electronic property analysis and explains why
phosphorus-doped materials demonstrate the most favorable
adsorption characteristics (Table 1 and Fig. 1).

3.2 Electronic properties

3.2.1 Density of state (DOS) analysis. The density of states
(DOS) plots generated using GaussSum' were analyzed to
elucidate how heteroatom doping modifies the electronic
structure of COF-PEDOT upon adsorption of paracetamol.
Rather than focusing solely on the band gap, emphasis is placed
on the total DOS distribution, the density and continuity of
electronic states, and the adsorption-induced redistribution of
occupied and virtual orbitals, which collectively govern surface
reactivity and adsorption strength. For the PCL-COF-PEDOT

RSC Adv, 2026, 16, 7469-7480 | 7471
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Fig. 1
compounds after adsorption.

system, the total DOS exhibits a continuous and well-
distributed profile across the valence region, dominated by
carbon-derived 7 states originating from the conjugated PEDOT
framework. The relatively high DOS intensity in the occupied
region indicates effective orbital availability for interaction with
paracetamol. The presence of noticeable unoccupied states
close to the occupied manifold suggests feasible electronic
communication between the adsorbent and adsorbate, sup-
porting m-m stacking and weak charge redistribution upon
adsorption. Overall, the DOS profile reflects a balanced elec-
tronic structure that favors moderate interaction without
excessive localization. In the phosphorus-doped system (PCL-

7472 | RSC Adv, 2026, 16, 7469-7480

(a) Structural representations of the studied compounds before adsorption of paracetamol. (b) Structural representations of the studied

P@COF-PEDOT), the total DOS shows a discernible redistribu-
tion of states, particularly near the frontier orbital region.
Compared to the pristine system, the DOS intensity becomes
more concentrated, indicating enhanced localization of elec-
tronic states around the adsorption site. This redistribution
suggests that phosphorus introduces electronically active
centers that strengthen orbital overlap with paracetamol. The
improved alignment of occupied and virtual states enhances
adsorption-induced electronic coupling, reflecting stronger
surface-adsorbate interactions. For the sulphur-doped system
(PCL-S@COF), the DOS profile retains the overall continuity of
the pristine framework but exhibits a more uniform spread of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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electronic states across both occupied and unoccupied regions.
The total DOS intensity remains relatively high, implying
preserved conjugation and efficient electronic delocalization.
This balance between localization and delocalization indicates
that sulphur doping enhances electronic adaptability of the
surface, facilitating adsorption while maintaining the structural
electronic integrity of COF-PEDOT. In the silicon-doped system
(PCL-Si@COF), the DOS plot reveals noticeable broadening of
electronic states and a reduction in DOS intensity near the
frontier region compared to phosphorus and sulphur doping.
This behavior indicates that silicon doping introduces more
delocalized electronic states, which, while significantly altering
the overall electronic structure, may reduce the density of
chemically active orbitals directly involved in adsorption.
Consequently, the interaction with paracetamol is electronically
stabilized but less focused at specific adsorption sites. Beyond
band gap considerations, an important parameter evident from
the DOS plots is the degree of state overlap between occupied
and virtual orbitals, which reflects the potential for adsorption-
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induced electronic redistribution. Systems exhibiting higher
DOS density and better continuity near the frontier region
demonstrate stronger surface reactivity. Additionally, the total
DOS peak intensity serves as an indicator of available electronic
states for interaction, with sharper and denser peaks suggesting
enhanced adsorption capability. Comparatively, the pristine
COF-PEDOT system displays moderate DOS intensity and
balanced state distribution, resulting in reasonable interaction
with paracetamol. Phosphorus doping leads to increased
localization and higher effective DOS density near the
adsorption-relevant region, favoring stronger electronic
coupling. Sulphur doping offers an optimal compromise
between state delocalization and density, maintaining high
DOS intensity while enhancing electronic flexibility. Silicon
doping, although inducing significant electronic restructuring,
results in broader and less concentrated DOS features, which
may limit effective adsorption interactions (Fig. 2).

3.2.2 Natural bond orbital. The Natural Bond Orbital (NBO)
analysis is a computational method used to describe the
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Fig. 2 Total density of states (TDOS) of the pristine and heteroatom-doped system.
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electronic structure of molecules. The computational method
helps in presenting insights into several electronic properties
such as electron density distribution and the charge transfer
between bonding (o) and antibonding (c*) orbitals, which
significantly influence molecular stability.'* These interactions
are quantified using the second-order perturbation energy (E(Z)).
In the donor and acceptor interaction framework, electron
donor (i) and acceptor (j) orbitals are identified based on
interactions between the bonding and antibonding orbitals.
These interactions are primarily responsible for charge transfer
between atoms or molecular splits.** The second-order pertur-
bation energy is calculated using the calculation (eqn (1)) below:

E® =i 7< (Fi.)2> (1)

1
Eq) — E)

where Fj; represents the off-diagonal Fock matrix element, Eg) —
E() are the diagonal elements, and E® represent the second
order perturbation energy of the chemical system. According to
previous literature, higher values of E® correspond to stronger
interactions between the donor and acceptor orbitals, which
have a direct impact on the molecular stability and adsorption
properties.'® The NBO analysis of heteroatom-doped PCL@COF-
PEDOT complexes in Table 2 provides detailed insight into their
stability and electronic interactions. The NBO analysis of the
heteroatom-doped PCL@COF-PEDOT revealed critical insight
into the donor-acceptor interaction with the formed para-
cetamol complexes. The interaction was primarily between lone
pair (LP) electrons of oxygen atoms and the antibonding c*
orbitals on the doped nanostructured framework, thereby
explaining the various stabilizations among the systems. In the
PCL-P@COF-PEDOT complex, the interaction between the lone
pair on oxygen atom O67 and the antibonding orbital 6B30-067
was the most pronounced donor-acceptor interaction, with
a stabilization energy of (E*) of 277.56 kcal mol . This inter-
action is followed by other powerful LP — ¢ transitions from
066 and 038 to antibonding orbitals with boron centres, with
second-order stabilization energies of 263.59 kcal mol ' and
258.97 keal mol ', respectively. These high E* values show
a clear charge delocalization and strong orbital overlap, sug-
gesting that phosphorus doping enhances electron density
restructuring, thereby significantly enhancing the stabilization
of the adsorbed system. In the sulphur-doped complex, (PCL-
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S@COF-PEDOT), the stabilization energies were generally
lower, with values such as 217.96 kcal mol™* for the LP-032 —
oB2 interaction and 148.98 kcal mol™' for LP-O11 — &B30.
Despite these being considerable, they are notably weaker than
those observed in the phosphorus-doped complex. This reduced
E® values indicates that sulphur introduces moderately strong
but less delocalized interactions. This is consistent with
sulphur's electronic configuration and polarizability, which
favours softer, more flexible interactions.?® In the PCL-Si@COF-
PEDOT system, the perturbation energy (E*) values were
moderate, with the strongest interactions such as LP-O66 —
oB37 and LP-O33 — oB5 showing stabilization energies of
132.47 kcal mol™" and 131.22 keal mol ™", respectively. These
silicon-doped interactions are the weakest among the three
systems, this indicates that silicon doping results in the least
extent of electronic delocalization and orbital interaction with
the adsorbed paracetamol. This weak interaction is attributed
to silicon's larger atomic radius and lower electronegativity,
which can reduce the extent of orbital overlap and Fock matrix
elements.”® The NBO results clearly showed that the phos-
phorus doping system yielded the most electronically stabilized
complex, followed by sulphur, and then silicon. This empha-
sizes that phosphorus contributes significantly to enhanced
charge transfer and interaction strength, which is favourable for
sensing applications where orbital hybridization and electronic
perturbation are critical.

3.2.3 Quantum descriptors

3.2.3.1 Frontier molecular orbital (FMO) and global reactivity
descriptor analysis. To obtain a comprehensive understanding
of the electronic reactivity and adsorption behavior of COF-
PEDOT and its heteroatom-doped derivatives toward para-
cetamol, frontier molecular orbital (FMO) analysis was
combined with global quantum reactivity descriptors derived
from HOMO and LUMO energies. These parameters collectively
provide insight into stability, charge-transfer propensity, and
adsorption-induced electronic modifications.”?> The HOMO
energy represents the electron-donating ability of the adsor-
bent. As shown in Table 3, HOMO values for all systems fall
within the range of —5.29 to —5.44 eV, indicating good intrinsic
electronic stability. Upon PCL adsorption, a general downward
shift in HOMO energies is observed, exemplified by pristine
COF-PEDOT, which shifts from —5.29 eV to —5.44 eV after
adsorption. This decrease signifies enhanced electronic

Table 2 Donor—acceptor, transition, stabilization energies (E?) of heteroatom-doped PCL@COF-PEDOT complexes

Compound Donor (i) Acceptor (j) E® keal mol ™ Ej — Eg a. u. F(i,j) a. u. Transition
PCL-P@COF-PEDOT LP-0O67 6*B30-067 277.56 0.780 0.418 LP — o*
LP-O66 G*LP-B37 263.59 0.590 0.357 LP — c*
LP-O38 o*LP-B37 258.97 0.580 0.351 LP — o*
PCL-S@COF-PEDOT LP-O11 o*LP-B30 148.98 0.60 0.384 LP — o*
LP-032 o*LP-B2 217.96 0.85 0.548 LP — c*
LP-O66 c*LP-B37 132.05 0.59 0.357 LP — o*
PCL-Si@COF-PEDOT LP-066 o*LP-B37 132.47 0.59 0.358 LP — o*
LP-O33 o*LP-B5 131.22 0.58 0.355 LP — o*
LP-O6 o*LP-B43 121.14 0.59 0.343 LP — o*
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Table 3 Computed electronic key parameters for HOMO and LUMO energies, and other quantum parametric descriptors of the various
heteroatoms doped PCL-COF-PEDOT systems (all computed parametric energy values are represented in electron volts (eV))

Compound HOMO (eV) LUMO (eV) Energy gap (eV) z H (—um) w Ery,

COF-PEDOT —5.29 —-2.17 3.12 0.32 1.56 —3.73 4.46 3.73
P@COF-PEDOT —5.40 —2.08 3.32 0.30 1.66 —3.74 4.21 3.74
S@COF-PEDOT —5.33 —2.22 3.11 0.32 1.56 —3.78 4.59 3.78
Si@COF-PEDOT —5.30 —2.06 3.24 0.31 1.62 —3.68 4.18 3.68
PCL-COF-PEDOT —5.44 —2.18 3.26 0.31 1.63 —3.81 4.46 3.81
PCL-P@COF-PEDOT —5.33 —2.23 3.10 0.32 1.55 —3.78 4.61 3.78
PCL-S@COF-PEDOT —5.37 —-2.21 3.17 0.32 1.58 -3.79 4.54 3.79
PCL-Si@COF-PEDOT —5.44 —2.18 3.26 0.31 1.63 —-3.81 4.46 3.81

stabilization and partial electron donation from the framework
to the adsorbate, a behavior commonly associated with phys-
isorption accompanied by mild charge redistribution. The
LUMO energies, which describe the electron-accepting capacity
of the systems, remain relatively invariant (—2.06 to —2.23 eV)
before and after adsorption. This limited variation suggests that
the ability of the frameworks to accept electrons is largely
preserved upon PCL binding. Such stability in LUMO levels
indicates that adsorption does not significantly perturb the
conduction characteristics of the COF-PEDOT backbone, which
is desirable for reusable sensing and adsorption materials. The
HOMO-LUMO energy gap (AE) is a critical indicator of chemical
reactivity and charge-transfer efficiency. Smaller AE values
correspond to higher polarizability and enhanced electronic
communication between the adsorbent and adsorbate. Prior to
adsorption, AE values range from 3.11 to 3.32 eV. Following PCL
adsorption, most systems exhibit a reduction in AE, particularly
in doped frameworks. For instance, P@COF-PEDOT shows
a decrease from 3.32 €V to 3.10 eV after adsorption, reflecting
increased reactivity and improved charge-transfer interactions
induced by PCL binding. The global softness () and chemical
hardness (n) further support this trend. Chemical hardness,
defined as half of the energy gap, reflects resistance to charge
transfer, whereas softness is its inverse measure and indicates
the ease of electron cloud deformation. As presented in Table 3,
n values decrease slightly upon PCL adsorption (e.g., from 1.66
to 1.55 eV for P-doped systems), while £ shows a corresponding
marginal increase. This complementary behavior confirms that
adsorption enhances the electronic responsiveness of the
systems, facilitating charge exchange at the interface. The
negative chemical potential (—u), which approximates the
electronegativity of the system, provides insight into the
tendency of the framework to attract electrons. The relatively
consistent —u values (—3.68 to —3.81 eV) indicate that both
pristine and doped COF-PEDOT systems maintain a strong
driving force for electron exchange. Slightly more negative
values observed after PCL adsorption suggest stabilization of
the electronic system and increased affinity for charge redis-
tribution during adsorption. The electrophilicity index (w)
quantifies the ability of a system to accept electrons. Higher w
values are associated with stronger electrophilic character and
improved interaction with nucleophilic species. In Table 3, w
values show a modest increase after PCL adsorption,

© 2026 The Author(s). Published by the Royal Society of Chemistry

particularly for doped systems such as PCL-P@COF-PEDOT (w
= 4.61 eV). This enhancement implies that adsorption
strengthens the electrophilic nature of the framework, thereby
favoring stronger adsorbate-adsorbent interactions.* Finally,
the Fermi level (Eg) reflects the position of the electronic
equilibrium level and plays a crucial role in charge-transfer
processes. The observed shift in Eg;, toward more negative
values after adsorption (e.g., from 3.73 to 3.81 eV for pristine
COF-PEDOT) suggests electron transfer from the adsorbent to
the adsorbate. Such shifts are indicative of adsorption-induced
electronic perturbations and further confirm the occurrence of
interfacial charge redistribution. Since the work function is
defined as the energy difference between the vacuum level and
the Fermi level, this shift indicates a corresponding change in
the work function upon paracetamol adsorption, which directly
influences surface reactivity and adsorption strength.

3.3 Adsorption studies

Previous studies have emphasized that adsorption energy is
a key parameter in evaluating the interaction strength between
adsorbent materials and pollutant molecules such as pharma-
ceuticals.*® In environmental remediation, particularly for
paracetamol removal, adsorption energy provides critical
insight into how effectively an adsorbent surface can capture
and retain target molecules while maintaining structural
stability and potential reusability.”®> Materials exhibiting
moderately strong adsorption energies are often preferred, as
they ensure a balance between high adsorption capacity and
facile desorption or regeneration, which are essential for
sustainable wastewater treatment operations.>®

In this work, adsorption energies were considered for para-
cetamol interacting with the various heteroatom-doped
PCL@COF-PEDOT systems, with dopants including phos-
phorus, sulfur, and silicon. From the adsorption studies (see
Table 4), it was observed that all the systems yielded negative
adsorption energies, this confirms that the interaction was
exothermic, hence it is thermodynamically favorable. Among
the three complexes, PCL-P@COF-PEDOT and PCL-S@COF-
PEDOT exhibited the same adsorption energies of —1.170 eV.
This similar negative adsorption energies suggest that both
dopants form moderately strong non-covalent interactions with
paracetamol, making them capable of sensing paracetamol

RSC Adv, 2026, 16, 7469-7480 | 7475
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Table 4 Adsorption energies of heteroatom-doped PCL@QCOF-PEDOT complexes for paracetamol sensing

System E (complex) E (adsorbent) E (adsorbate) E (a.u) E (eV)
PCL-P@COF-PEDOT —7873.527 —7397.752 —475.732 —0.043 —1.170
PCL-S@COF-PEDOT —7930.232 —7454.457 —475.732 —0.043 —1.170
PCL-Si@COF-PEDOT —7821.685 —7345.917 —475.732 —0.036 —0.980

molecule effectively, while allowing for reversibility. On the
other hand, PCL-Si@COF-PEDOT had a lower adsorption energy
of —0.980 eV, this lower adsorption energy can be attributed to
silicon atomic radius, which limit the orbital overlap and ulti-
mately leads to a reduced charge transfer with paracetamol. The
finding from the adsorption studies showed that the introduc-
tion of heteroatoms enhanced the sensitivity of COF-PEDOT for
paracetamol. Although this study is purely theoretical, the DFT
predictions in this work are consistent with experimental trends
reported for COF- and PEDOT-based adsorbents. Tunable COFs
have been shown experimentally to control adsorption and
degradation of paracetamol through tailored framework
chemistry.*®> PEDOT-containing composites have also demon-
strated strong polymer-drug interactions and favorable
electrochemical adsorption behavior in practical films, sup-
porting the concept that conductive polymer integration
improves adsorbate affinity.*® Furthermore, COF adsorbents
have been used successfully to capture pharmaceutical pollut-
ants in aqueous media, providing real-world context for the
adsorption energies we report.** These studies suggest that our
predicted trend (P = S > Si in adsorption strength) can guide
targeted synthesis of doped COF-PEDOT composites for para-
cetamol removal and sensing in wastewater treatment.

3.4 Visual studies

3.4.1 Quantum theory of atoms in molecules (QTAIM)
analysis. The Quantum Theory of Atoms in Molecules (QTAIM),
as developed by Bader, was employed to elucidate the nature of
the intermolecular interactions governing the COF-PEDOT
interface and to evaluate how heteroatom doping modulates
these interactions upon paracetamol adsorption.>”** QTAIM is
based on the topological analysis of the electron density
distribution, where bonding interactions are identified through
bond critical points (BCPs) and their associated descriptors,

including electron density (p(r)), Laplacian of electron density
(V?p(r)), kinetic energy density (G(r)), potential energy density
(V(7)), total energy density (H(r)), ellipticity (¢), and the ratio G(r)/
[V(r)|. Among these parameters, V>p(r) and H(r) are particularly
useful for classifying interaction types. Positive values of Vp(r)
together with positive H(r) are indicative of closed-shell, non-
covalent interactions, whereas negative H(r) values suggest
partial covalent character, and simultaneous negative V’p(r)
and H(r) correspond to strong covalent bonding.”* For the
pristine PCL-COF-PEDOT system, the identified BCPs (Table 5)
exhibit low electron density values (p(r) = 0.0034-0.0061 a.u.),
positive Laplacians, and positive total energy densities. These
features confirm that the interaction between COF and PEDOT
is dominated by weak non-covalent forces, such as van der
Waals and hydrogen-bond-like contacts as presented in Fig. 3.
The relatively high G(r)/|V(r)| ratios (>1) further support the
closed-shell nature of these interactions. Structurally, this
implies that PCL adsorption does not significantly distort the
COF-PEDOT framework but is stabilized through weak interfa-
cial contacts. Upon phosphorus (P) doping, notable changes are
observed in the QTAIM descriptors. In the PCL-P@COF-PEDOT
system, the H52-C174 interaction (CP 324) shows reduced
electron density but a lower G(r)/|V(r)| ratio (~1.50) compared to
the pristine system, indicating relatively enhanced interaction
strength. This suggests that P doping increases local polariza-
tion within the framework, thereby promoting stronger adsor-
bate-framework interactions. Additionally, the appearance of
a C-C interaction (C105-C181) with higher p(r) values indicates
that P incorporation subtly reorganizes the electronic structure,
strengthening certain interfacial contacts without transitioning
into covalent bonding. Sulfur (S) doping introduces further
modulation of the interaction landscape. In the PCL-S@COF-
PEDOT system, the S129-H52 and O175-H78 interactions
exhibit distinct QTAIM signatures. Although the S-H interac-
tion shows very low electron density, the O-H contact displays

Table 5 Quantum theory of atoms in molecules (QTAIM) topological descriptors of non-covalent interactions in COF-PEDOT systems (all

quantities measured in a.u)

G(r)
Systems Bond CP p(r) V2o(r) G(r) V(1) H(r) |[V(r)| EgL M Ay A3 M2z €
PCI-COF-PEDOT Hgo—Hi66 235 0.0034 0.0157 0.0025 —0.0012 0.0013 2.083 0.0074 —0.0031 0.0221 —0.0023 1.3478  0.0508
Ci70-Hyo 241 0.0061 0.0341 0.0062 —0.0038 0.0023 1.631 0.0090 —0.0072  0.0471 -0.0058 1.2414 0.2354
PCI-P@COF-PEDOT H;,-Cy74 324 0.0014 0.0052 0.0009 —0.0006 0.0004 1.500 0.0029 —0.0007 0.0015 0.0044 —1.636 —1.496
C105C1s1 369 0.0071 0.0198 0.0047 —-0.0044 0.0025 1.760 0.0252 —0.0042 —0.0010 0.0251 —-0.167 3.0615
PCI-S@COF-PEDOT  S;,9-Hs, 78 0.0003 0.0018 0.0003 —0.0001 0.0001 3.000 0.0002 0.0011 —-0.0001 0.0008 1.375 —1.181
0,7,5-H;g 248 0.0151 0.0690 0.0153 —0.0134 0.0019 1.141 0.0291 -0.0207 0.1107 -0.021 0.985 0.0124
PCI-Si@COF-PEDOT 0O,45-055 261 0.0112 0.0529 0.0110 —0.0088 0.0022 1.250 0.0212  0.0695 —0.0077 —0.0087 —7.988 0.1239
0143-S122 244 0.0101 0.0484 0.0099 —-0.0077 0.0021 1.285 0.1882  0.0622 —0.0061 —0.0077 —8.077 0.2498
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relatively higher p(r) (0.0151 a.u.) and a lower G(r)/|V(r)| ratio
(1.141), pointing to comparatively stronger hydrogen-bond-like
interactions. This indicates that S doping enhances the
hydrogen-bonding capability of the framework, likely due to
increased electron delocalization around sulfur sites, which
facilitates stronger adsorption while maintaining non-covalent
character. In the Si-doped system (PCL-Si@COF-PEDOT), the
QTAIM descriptors reveal more pronounced structural reorga-
nization. The O-O and O-S interactions exhibit higher electron
density values (p(r) = 0.010-0.011 a.u.) and lower G(r)/|V(r)]
ratios (~1.25-1.29), suggesting relatively stronger non-covalent
interactions compared to both pristine and other doped
systems. The large magnitude of eigenvalue ratios (4,/43) and
increased ellipticity values further indicate enhanced anisot-
ropy and electron density deformation at the interaction
regions. Structurally, this implies that Si doping induces
stronger polarization effects within the COF-PEDOT matrix,
thereby reinforcing interfacial stability and improving adsorp-
tion efficiency.

PCL-S@COF-PEDOT

Fig. 3 Quantum Theory of Atoms in Molecules (QTAIM) molecular graphs of COF-PEDOT and doped complexes showing bond critical points
(BCPs) and bond paths corresponding to non-covalent interactions.

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

3.4.2 Non-covalent interaction (3D plots). The NCI analysis
is an important parameter that unveils the nature of interaction
and bonding type on a system.* It also accounts for the nature
of interaction that occurs between the COF and PEDOT together
with the doped atoms, which have great effect on the system.
The NCI also visualizes weak interaction by introspecting the
reduced density gradient RDG, connoting to the electron
density.** In Fig. 4, the result of the 3D RDG plots of the NCI
analysis provide reliable information. These interactions are
denoted by colors wherein red color depicts steric repulsion, which
is mathematically interpreted by the expression ((4,) p(r)) > 0,
hence ensuring high sensitivity while maintaining sufficient
reversibility and selectivity. The green color denotes van der
Waals interaction given as ((,) p(r)) = 0, and blue color for
strong attractive force where the second eigenvalues of Hessian
is ((A2) p(r) < 0) is observed with a negative sign. We observe
a similar trend among the complexes in Fig. 4. For complex
PCL-COF-PEDOT, PCL-P@COF-PEDOT, PCL-S@COF-PEDOT and
PCL-Si@COF-PEDOT, in that there is a saturation of van der Waals
bonding in the center of the interaction while the other

RSC Adv, 2026, 16, 7469-7480 | 7477
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COF-PEDOT P@COF-PEDOT

PCL-Si@COF-PEDOT

PCL-S@COF-PEDOT
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PCL-COF-PEDOT

PCL-P@COF-PEDOT

S@COF-PEDOT Si@COF-PEDOT

Fig. 4 NCl isosurfaces of COF-PEDOT and doped systems highlighting regions of weak attractive and repulsive interactions.

counterparts have more van der Waals interaction at both ends.
This result support facile electron transfer from both reacting
molecules, making it a reliable candidate for environmental
remediation.>* All the studied complexes are consistent with the
nature of van der Waals forces and a bit of steric repulsive forces
among the rings due to resonance stability.

4 Future perspectives and challenges

The theoretical insights obtained in this study provided a clear
guidance for the experimental design of heteroatom-doped
COF-PEDOT materials for paracetamol adsorption. The pre-
dicted influence of P, S, and Si dopants on electronic structure
and adsorption strength suggests that controlled heteroatom
incorporation can be used to optimize adsorption performance.
These materials show potential for practical applications in
wastewater treatment filters, membranes, and sensing plat-
forms. However, challenges remain in achieving precise dopant
control, ensuring long-term stability in aqueous environments,
and validating adsorption capacity and regeneration through
experiments. Addressing these aspects will be essential for
translating the present DFT predictions into real-world
applications.

5 Conclusions

This study investigated the chemical modification of covalent
organic framework poly(3,4-ethylenedioxythiophene) (COF-
PEDOT) composites through heteroatom (P, S, and Si) doping

7478 | RSC Adv, 2026, 16, 7469-7480

to enhance their adsorption capability toward paracetamol in
environmental systems. Using first-principles density func-
tional theory (DFT) calculations, the structural, electronic, and
adsorption properties of the doped systems were thoroughly
analyzed. Geometry optimization revealed only minor angular
distortions following paracetamol adsorption, indicating that
the complexes remained structurally stable throughout the
interaction process.

Electronic structure analyses, including density of states
(DOS) and frontier molecular orbital (FMO) evaluations,
provided further insights into the reactivity trends of the doped
frameworks. The DOS profiles showed that heteroatom incor-
poration enhanced the electronic activity of COF-PEDOT, with
the Si-doped system exhibiting the most pronounced Fermi-
level shift (—5.9 eV), suggesting stronger orbital delocalization
and improved adsorption affinity. Similarly, FMO analysis
indicated that heteroatom doping effectively narrowed the
HOMO-LUMO energy gaps, signifying increased chemical
reactivity and stability. The ionization potentials of all materials
ranged between 5.29 eV and 5.44 eV, consistent with literature-
reported values (4.5-6.0 eV) for moderately stable adsorbents.
Natural bond orbital (NBO) results further demonstrated that
phosphorus doping produced the highest orbital stabilization
energies, reflecting stronger donor-acceptor interactions.
Adsorption energy calculations revealed negative values for all
systems, confirming that the adsorption of paracetamol was
exothermic and thermodynamically favorable. Among the three
doped structures, PCL-P@COF-PEDOT and PCL-S@COF-
PEDOT exhibited comparable adsorption energies (—1.170

© 2026 The Author(s). Published by the Royal Society of Chemistry
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eV), suggesting moderately strong and reversible noncovalent
interactions suitable for reusable adsorbent applications.
Conversely, the Si-doped complex (PCL-Si@COF-PEDOT)
showed a relatively lower adsorption energy (—0.980 eV), likely
due to silicon's larger atomic radius, which limits orbital over-
lap and charge transfer efficiency. Topological (QTAIM) and
non-covalent interaction (NCI) analyses confirmed the presence
of weak but stable van der Waals interactions across all systems,
indicating that adsorption primarily occurs through phys-
isorption rather than chemisorption.

Although the present study focuses on the adsorption
mechanisms of paracetamol on P, S, and Si-doped COF-PEDOT
via DFT calculations, repeatability and cycling studies are
important to assess the practical stability and reusability of
these materials. Future experimental investigations are
encouraged to perform adsorption-desorption cycling tests and
replicate adsorption measurements to validate the computa-
tional predictions and ensure consistent performance. Collec-
tively, these findings establish that heteroatom doping
effectively tunes the electronic configuration and adsorption
characteristics of COF-PEDOT frameworks. The incorporation
of phosphorus, sulfur, and silicon atoms enhances both sensi-
tivity and reversibility, making the doped COF-PEDOT materials
promising candidates for the selective adsorption of para-
cetamol from pharmaceutical contaminants in aquatic
environments.
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