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hene–metal composites as
promising sensing materials for chemical warfare
agents and chlorofluorocarbons

Sarita Yadav, Uday Bhan Yadav and Madhulika Gupta *

The effective detection of toxic industrial chemicals and chemical warfare agents (CWAs) demands sensing

materials that combine high sensitivity with low production cost. Conducting polymers such as

polythiophene (PTh) offer structural flexibility, yet their intrinsic electronic properties often limit sensing

performance. In this work, PTh is doped with first-row transition metals (TM = Sc–Zn), and the changes

in structural stability, electronic structure, and magnetic properties are assessed using spin-polarized

density functional theory (DFT). Different spin multiplicities were evaluated to identify energetically

favorable configurations. Among the investigated systems, Cr@PTh (septet) and Fe@PTh (quintet) exhibit

the strongest thermodynamic stability, with binding energies of −5.37 and −3.47 eV, respectively.

However, the narrow energy gap in Cr limits its sensing potential, despite improved structural stability,

while Fe doping provides a balanced combination of stability, electronic tunability, and reactivity,

positioning Fe@PTh as the most promising candidate. Adsorption studies of Fe@PTh toward

representative CWAs (HCN, NCCl, NCBr, NCCN, and AsH3) and chlorofluorocarbons (CFC-11, CFC-12)

further reveal interaction energies ranging from −2.37 to −44.79 kcal mol−1. These interactions induce

pronounced charge redistribution and band-gap variations of up to 0.41 eV, as supported by density-of-

states and frontier-orbital analyses. Reduced density gradient (RDG) isosurface visualizations further

elucidated the nature of non-covalent interactions. These results demonstrate the potential of TM@PTh

composites, particularly Fe@PTh, as tunable, low-cost sensing materials capable of selectively detecting

both highly reactive and environmentally persistent toxicants. This study provides a computational

framework to guide the future experimental development of TM-polymer-based chemical sensors.
1. Introduction

Organic–inorganic hybrid materials have emerged as a prom-
inent class of functional materials owing to their ability to
synergistically combine the distinct advantages of both organic
and inorganic components. These integrations result in
composites with superior mechanical strength, enhanced
chemical stability, and tunable physicochemical properties.
Consequently, these materials are being extensively examined
across a wide range of applications, including catalysis, energy
storage solutions, and sensing technologies.1–5 Polymer-metal
composites, consisting of transition metal (TM) nanoparticles
dispersed within a polymer matrix, harness the complementary
advantages of both constituents, combining the mechanical
exibility and ease of processing inherent to polymers with the
electronic, magnetic, and catalytic functionalities of metals.6–10

This synergistic interplay facilitates the design and develop-
ment of multifunctional materials engineered for advanced
of Chemistry & Chemical Biology, Indian
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99
applications in optoelectronics, chemical sensing, and elec-
trolysis. In these domains, the high surface area and reactivity
of metal nanoparticles play a crucial role in enhancing the
overall performance of the material.11–15

Among conducting polymers, polythiophene (PTh) has
garnered considerable attention due to its high electrical
conductivity, excellent thermal and environmental stability,
and ease of chemical modication.16–20 PTh, composed of
repeating thiophene units, is a ve-membered aromatic ring
containing sulfur, exhibiting a delocalized p-electron system
that promotes efficient charge transport. This intrinsic elec-
tronic signature renders PTh suitable for applications in
photovoltaic devices, organic electronics, and sensing plat-
forms. The integration of inorganic nanoparticles, particularly
metal-based nanostructures, into the PTh matrix enables
further modulation of its electronic properties and the provi-
sion of novel functionalities through interfacial interactions.
These hybrid nanocomposites thus offer signicant potential
for high-performance applications in biosensing, electro-
catalysis, and environmental monitoring.

Numerous studies highlight the diverse application poten-
tial of metal-decorated PTh composites. For instance, Bagheri
© 2026 The Author(s). Published by the Royal Society of Chemistry
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et al. synthesized PTh–Ag nanocomposites for use in needle-
trap devices, demonstrating their efficacy in detecting poly-
cyclic aromatic hydrocarbons.21 Similarly, Zhao et al. developed
gold nanoparticle (AuNPs)-decorated PTh composites as
electrochemical sensors, exhibiting high sensitivity and selec-
tivity for detecting dopamine.22 Umeda et al. employed
electrochemical polymerization to synthesize PTh/Au and PTh/
Pd composites, which demonstrated excellent catalytic perfor-
mance in carbon–carbon coupling reactions.23 Similarly,
AuNPs-PTh composites have been employed for the selective
detection of hydrazine, while PTh-Ni systems have shown
enhanced electrical conductivity with increasing Ni content.24

Additional examples include Pd/PTh composites, which are
effective in Suzuki–Miyaura cross-coupling reactions,25 and
PTh-Ag nanocomposites that demonstrate catalytic activity in
the reduction of 4-nitrophenol to 4-aminophenol.26 The incor-
poration of AuNPs into PTh also shows enhanced electron
transfer kinetics, reinforcing their potential for optical and
electrochemical biosensing applications.27 With increasing
environmental and industrial demand for sustainable and
economically viable alternatives, research efforts are focused on
investigating the implementation of earth-abundant, rst-row
TMs (from Sc to Zn) as substitutes for expensive noble metals.
This shi is crucial in the context of global challenges,
including the detection and neutralization of chemical warfare
agents (CWAs) and chlorouorocarbons (CFCs), whose uncon-
trolled release poses serious environmental and toxicological
hazards.

Although CWAs were originally deployed in warfare during
World War 1, they have been extensively used since then in
various industrial applications, including ore processing, metal
degreasing, pesticide synthesis, and pharmaceutical
manufacturing.28,29 Their high toxicity, environmental persis-
tence, and potential for aerosolized dispersion make them
particularly dangerous.30,31 CWAs are typically classied into
four major categories based on their physiological effects:
blister agents, nerve agents, pulmonary agents, and blood
agents.32,33 Among these, blood agents, such as hydrogen
cyanide (HCN), cyanogen chloride (NCCl), and arsine (AsH3),
are extremely lethal due to their ability to disrupt cellular
respiration, cause acute respiratory failure, and neurological
damage.34–37 In parallel, chlorouorocarbons (CFCs), widely
used as refrigerants, aerosol propellants, and cleaning solvents,
have been identied as major contributors to climate change
and ozone layer depletion.38 Exposure to these volatile
substances, including trichlorouoromethane (CFC-11) and
dichlorodiuoromethane (CFC-12), has been linked to respira-
tory and other health disorders due to their atmospheric
longevity and bioaccumulative nature.39,40 Several analytical
approaches, including Raman spectroscopy, ion mobility spec-
troscopy, X-ray and thermal neutron analysis, and chromato-
graphic techniques, have been employed for the detection of
toxic gases.41–45 However, these conventional methods typically
involve expensive instrumentation, lengthy analysis time, and
complex operational requirements, limiting their applicability
for continuous, real-time monitoring and underscoring the
need for sensitive, rapid, and cost-effective sensing materials.46
© 2026 The Author(s). Published by the Royal Society of Chemistry
This underscores the need for developing low-cost, earth-
abundant alternatives with customized properties and strong
analyte interactions. Notably, to date, no hybrid system based
on PTh embedded with TMs (PTh@TMs) has been specically
designed or reported for the detection of CFCs and CWAs. The
motivation behind exploring PTh@TM systems arises from
their complementary features- PTh offers high conductivity,
environmental stability, and tunable electronic structure, while
rst-row TMs contribute variable oxidation states and unlled
d orbitals that can enhance adsorption and charge–transfer
interactions with analytes. Such synergistic effects are expected
to improve sensing performance towards CWAs and CFCs,
while maintaining cost-effectiveness and sustainability
compared to noble-based systems. In this context, the present
study explores the potential of PTh-based composites func-
tionalized with rst-row TMs as sensing materials for the
detection of CWAs and CFCs. The distinct electronic congu-
rations and variable oxidation states of these TMs profoundly
inuence the structural and electronic properties of the PTh
matrix, potentially enhancing its interaction and sensitivity
towards toxic analytes. To probe these effects, TM@PTh
composites have been systematically investigated here for their
geometric, electronic, and adsorption characteristics using
density functional theory (DFT). Spin-polarized calculations
have been performed to accurately capture the inuence of
unpaired electrons and magnetic properties inherent to the
TMs, providing a comprehensive understanding of composite
behavior upon gas exposure. The analytes of interest include
highly toxic CWAs, such as AsH3, NCCl, HCN, cyanogen
bromide (NCBr), and cyanogen (NCCN) as well as environ-
mentally persistent CFC-11 and CFC-12. Key descriptors such as
adsorption energy, charge transfer, frontier molecular orbital
(FMO) distribution, and density of states (DOS) were computed
to assess the sensing performance of each composite. This
detailed investigation shows that Fe@PTh has promising
potential for selective and sensitive detection of CWAs and
CFCs. The insights obtained from this study inform future
experimental design and pave the way for integrating TM@Ph
composites into scalable, robust, cost-effective, and real-time
sensor technologies for environmental monitoring and
defense applications.

2. Computational details

All geometry optimizations were carried out in the gas phase
without any symmetry constraints using the density functional
theory (DFT) framework employing B3LYP47–49 hybrid functional
in combination with a mixed basis set, comprising the
pseudopotential basis set (LANL2DZ)50 and all-electron Pople
basis set (6-311G(d,p)),51 using the Gaussian 16 soware.52 The
rst-row TM atoms, i.e., Sc–Zn, were described using the Los
Alamos effective-core potential (LANL2DZ) basis set, while the 6-
311G(d,p) was utilized for the other atoms. Grimme's disper-
sion correction was employed to account for long-range van der
Waals interactions, which are essential for an accurate
description of the system.53,54 Frequency analysis conrmed
that the optimized geometries correspond to a true minimum,
RSC Adv., 2026, 16, 11686–11699 | 11687
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as no imaginary frequencies were perceived. All calculations
were performed using unrestricted (spin-polarized) DFT to
accurately describe the open-shell nature of TM systems.
Broken-symmetry DFT was not required as each complex
contains a single TM center and does not involve antiferro-
magnetically coupled spins. To ensure the reliability of the
open-shell solutions, the expectation values of hS2i were moni-
tored for all optimized geometries. The calculated hS2i were
found to be close to the ideal S(S+1) values for their respective
multiplicities, indicating negligible spin contamination.

TM atoms were modeled in their neutral state to systemati-
cally evaluate intrinsic TM-PTh interactions without additional
electrostatic contributions from counterions. This approach
enables direct assessment of binding strength, electronic
modulation, and magnetic effects induced by TM incorpora-
tion. Neutral-near-zero-valent metals are experimentally acces-
sible via vapor deposition or reducing conditions and can be
stabilized by coordination to sulfur sites aer oxidation.
Although cationic species may form under oxidative doping,
explicit modeling of charge systems requires inclusion of
counterions and solvation effects, which is beyond the scope of
the current work. The binding energy (Ebin) of the TM@PTh
complexes was obtained using the following equation:

Ebin = ETM@PTh − (ETM + EPTh) (1)

where ETM@PTh, ETM, and EPTh represent the energies of the
TM@PTh complexes, the TM atoms, and PTh, respectively.

Furthermore, the interaction energies (Eint) of considered
CWAs (NCCl, NCBr, NCCN, HCN, and AsH3) and CFCs (CFC-11
and CFC-12) over the active sites of TM@PTh complexes were
determined using the following equation:

Eint = ETM@PTh–CWAs/CFCs − (ETM@PTh + ECWAs/CFCs) (2)

where ETM@PTh–CWAs/CFCs, ETM@PTh, and ECWAs/CFCs represent
the energy of the considered entity interacting over the active
site of TM@PTh, energy of TM@PTh complexes, and energy of
respective CWAs/CFCs, respectively. To ensure the accuracy of
the values of interaction energies, basis set superposition errors
(BSSE) were accounted for by applying the counterpoise
correction method to compute EBSSE.55 Additionally, the struc-
tural and electronic properties of TM@PTh complexes were
examined to assess their sensitivity to CFCs and CWAs.

To investigate and visualize non-covalent interactions
(NCIs), the reduced density gradient (RDG) approach was
employed. This method allows for the identication of weak
interactions by analyzing regions of low electron density and
their corresponding gradient. The interaction strength and
Fig. 1 Chemical structure of the polythiophene (PTh) backbone used as

11688 | RSC Adv., 2026, 16, 11686–11699
types are interpreted using the product of electron density, r(r),
and the second eigenvalue (l2) of the Hessian matrix of r(r). The
RDG function is dened by the following equation:56

RDGðrÞ ¼ 1

2ð3p2Þ13
jVrðrÞj
rðrÞ34

(3)

Here, Vr(r) represents the gradient of the electron density, and
r(r) is the electron density at a point r. This analysis is used for
qualitative identication and characterization of several weak
interactions, such as steric repulsion, hydrogen bonding, and
van der Waals forces. The RDG and NCI analyses were con-
ducted using the Multiwfn soware package,57 while the
resulting isosurfaces were visualized using Visual Molecular
Dynamics (VMD).58

An eight-unit thiophene oligomer, the PTh octamer, is widely
considered an appropriate model for replicating the electronic
characteristics of the PTh polymer.59,60 The relaxed geometry of
PTh is represented in Fig. 1. The calculated band gaps for PTh
(2.63 eV) using DFT studies in this work are in good agreement
with the experimental data (z2.0–2.3 eV), thereby supporting
the accuracy and reliability of the computational protocol and
inferences drawn from this work.61,62

3. Results and discussion
3.1 Properties of TM@PTh complexes

The spin-polarized DFT calculations were performed to identify
the most stable spin states for TM@PTh complexes. This step
was crucial for examining transition metals (TMs) as their
valence electrons occupy partially lled d-orbitals, making
electron pairing and magnetic properties highly sensitive to the
surrounding electronic environment. The spin state of a TM
complex was dened by its spin multiplicity, S = 2 s + 1, where s
denotes the total spin. For example, Scandium (Sc) and Cobalt
(Co) showed doublet and quartet states, while titanium (Ti) and
iron (Fe) exhibited singlet, triplet, and quintet multiplicities.
Vanadium(V) and manganese (Mn) showed doublet, quartet,
and sextet states, whereas Chromium (Cr) exhibited singlet,
triplet, quintet, and septet states. In contrast, nickel (Ni) was
limited to singlet and triplet spin states, and copper (Cu), with
a single unpaired electron, exhibited only the doublet state.
Zinc (Zn) with all electrons paired exhibited only the singlet
state. These optimized spin states were used in subsequent
calculations to ensure accurate modeling of the TM@PTh
systems.

Fig. 2 represents a comparative analysis of the relative
energies corresponding to different spin states of TM@PTh
complexes. The most stable and energetically favourable spin
states were identied as doublet for Sc@PTh, quartet for
a sensing substrate for transition-metal (TM) decoration (TM@PTh).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Comparison of relative energies (eV) for different spin states of TM@PTh composites.
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Co@PTh, and quintet for Ti@PTh and Fe@PTh. For the V@PTh
and Mn@PTh composites, the sextet spin state was found to be
most stable among other considered spin states. Notably,
Cr@PTh and Ni@PTh composites were most stable in the septet
and triplet states, respectively. These variations highlighted the
critical importance of spin-polarized calculations in accurately
determining the ground-state electronic conguration of
Fig. 3 Optimized structures of the most stable spin state of various TM

© 2026 The Author(s). Published by the Royal Society of Chemistry
various TM composites. For instance, the energy gap between
the septet and singlet states of Cr@PTh was as large as 4.24 eV.
This signicant energy gap could be attributed to the inherent
stability of half-lled d-orbitals, a well-established concept in
transition metal chemistry, where half-lled and lled elec-
tronic congurations confer greater thermodynamic stability
than other electronic arrangements.
@PTh composites.

RSC Adv., 2026, 16, 11686–11699 | 11689
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Fig. 3 depicts the relaxed structures of TM@PTh composites
corresponding to the most stable spin states, highlighting the
bond lengths between the sulfur (S) atom of the PTh backbone
and the TM atoms (dS2-TM4). For most TM@PTh composites,
dS2-TM4 values fall within the range of 2.45 to 3.00 Å, indicating
moderate binding interactions between the polymer and the
metal center. An exception is observed for Zn@PTh, which
exhibits a signicantly longer bond length of 4.00 Å, suggesting
weak non-covalent interactions due to the lled d10 congura-
tion of Zn. Additional structural parameters, i.e., the :C1S2C3

bond angle, refer to the angle formed between two carbon
atoms (C1 and C2) and the intervening S2 atom in the PTh
backbone. This angle is a key structural parameter that reects
the planarity and conjugation within the thiophene ring system.
The values of dS2-TM4 bond lengths and the :C1S2C3 bond
angles are summarized in Table 1. Deviations in bond angle
(D:C1S2C3) are computed relative to the pristine PTh of 92.05°,
providing a measure of angular distortion upon TM coordina-
tion. Sc@PTh (doublet state) shows dS2-TM4 of 3.00 Å and the
slight increase in angle to 92.25°, corresponding to D= −0.20°.
Table 1 Optimized structural parameters for various spin states of
TM@PTh composites, including bond lengths between the sulfur (S)
atom of the PTh backbone and the TM atoms (dS2-TM4), bond angles
formed between the two carbon atoms (C1 and C3) and the intervening
sulfur atom (S2) in the PTh backbone (:C1S2C3) and deviation in the
bond angle relative to the bare PTh system (D:C1S2C3)

System Spin state dS2-TM4 (Å) :C1S2C3 (deg) D:C1S2C3 (deg)

PTh 92.05
Sc@PTh Doublet 3.00 92.25 −0.20
Ti@PTh Singlet 2.25 90.94 1.11

Triplet 2.75 92.27 −0.22
Quintet 2.67 92.18 −0.13

V@PTh Doublet 2.62 92.12 −0.07
Quartet 2.66 92.25 −0.20
Sextet 2.71 92.08 −0.03

Cr@PTh Singlet 2.25 91.70 0.35
Triplet 2.36 91.22 0.83
Quintet 2.61 92.29 −0.24
Septet 2.94 92.23 −0.18

Mn@PTh Doublet 2.38 91.78 0.27
Quartet 2.34 91.08 0.97
Sextet 2.45 91.09 2.74

Fe@PTh Singlet 2.13 91.42 0.63
Triplet 2.44 92.00 0.05
Quintet 2.90 92.21 −0.16

Co@PTh Doublet 2.42 92.14 −0.09
Quartet 2.52 92.19 −0.14

Ni@PTh Singlet 2.03 91.35 0.70
Triplet 2.46 92.24 −0.19

Cu@PTh Doublet 2.53 92.27 −0.22
Zn@PTh Singlet 4.00 92.12 −0.07

11690 | RSC Adv., 2026, 16, 11686–11699
In Ti@PTh, the singlet state shows a notably shorter bond
length of 2.25 Å and a larger angular contraction to 90.94°
(D:C1S2C3 = +1.11°), while the higher spin states (triplet and
quintet) exhibit longer bond lengths (2.75 and 2.67 Å) and bond
angles closer to the reference geometry, i.e., 92.27° and 92.18°,
respectively.

V@PTh and Cr@PTh exhibit minimal angular deviations
across their respective spin states. For V@PTh, D:C1S2C3

values range from −0.07° (doublet) to −0.20° (quartet), with
a maximum deviation of −0.03° observed in the sextet state.
Cr@PTh displays slightly more pronounced distortions, with
D:C1S2C3 values ranging from +0.35° (singlet) and +0.83°
(triplet) to −0.24°(quintet) and −0.18°(septet). Mn@PTh
displays a clear spin-dependent trend, where the sextet state
produces the greatest deviation (D:C1S2C3 = +2.74°), indi-
cating increased angular strain. Fe@PTh is accompanied by
relatively smaller angular changes (D:C1S2C3 = +0.63° in the
singlet to −0.16° in the quintet). Co@PTh and Ni@PTh display
minimal deviations in bond angle, suggesting stable geometries
across spin states (D:C1S2C3 ranging from−0.14° to−0.09° for
Co, and +0.70° to −0.19° for Ni). Cu@PTh exhibits minimal
deviation for the D:C1S2C3 = −0.22°, while Zn@PTh, shows
negligible angular distortion (D:C1S2C3 = −0.07°).

Overall, these results suggest that most TMs induce minor
geometric perturbation in the PTh backbone (jD:C1S2C3j < 1°),
except high-spin Mn@PTh. Furthermore, dS2-TM4 tends to
increase with spin multiplicity, reecting the interplay between
TM-sulfur bonding and electron–electron repulsion within the
TM center.

Table 2 summarizes the binding energies (Ebin) of all
TM@PTh composites across different spin states. Notably, the
most stable congurations for each composite are observed to
be associated with the highest spin multiplicity of the transition
metal, highlighting the importance of spin state optimization in
stability. Among all the systems, Cr@PTh exhibits the highest
binding energy (Ebin = −5.37 eV), indicating the strongest
interaction with the PTh matrix, followed by Fe@PTh and
Mn@PTh. In contrast, Zn@PTh shows the lowest binding
energy due to its lled 3d10 electron conguration, which limits
its stability to interact with the polymer. It is thus excluded from
further studies due to its negligible binding energy. The binding
energies and the composite stability show the following order:
Cr@PTh (−5.37 eV) > Fe@PTh (−3.47 eV) > Mn@PTh (−2.76 eV)
> V@PTh (−2.44 eV) > Ti@PTh (−1.90 eV) > Ni@PTh (−1.81 eV)
> Sc@PTh (−1.16 eV) > Co@PTh z Cu@PTh (−0.20 eV) >
Zn@PTh (−0.01 eV).

It is well documented in the literature that Ebin > 1 eV is
characteristic of chemisorption, indicating strong and stable
chemical bonding among the species involved.63,64 In the
present study, all the TM@PTh composites except Co@PTh,
Cu@PTh, and Zn@PTh have the Ebin values exhibiting this
threshold value, thereby implying robust chemical attachment
of the TM centers and the PTh polymer.

To quantitatively evaluate charge distribution upon metal
adsorption, Natural Bond Order (NBO) partial atomic charges
were computed for all TM@PTh complexes. The computed
partial atomic charges reveal that most TMs carry a positive
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Binding energies (Ebin), energies of the highest occupied molecular (EHOMO) and lowest unoccupied molecular orbital (ELUMO), energy
gap between HOMO and LUMO (Egap), and dipole moment (m) of various TM@PTh composites. The most stable states of each composite are
highlighted in bold

System Spin state Ebin (eV) EHOMO (eV) ELUMO (eV) Egap (eV) m (D)

PTh — — −5.05 −2.42 2.63 1.17
Sc@PTh Doublet −1.16 −4.11 −2.71 1.40 2.61
Ti@PTh Singlet −0.60 −4.02 −2.55 1.47 1.38

Triplet −1.81 −4.43 −2.76 1.67 1.86
Quintet −1.90 −3.75 −2.53 1.22 1.17

V@PTh Doublet −0.98 −4.53 −2.75 1.79 1.95
Quartet −1.91 −4.69 −2.79 1.90 1.57
Sextet −2.44 −3.74 −2.60 1.14 1.34

Cr@PTh Singlet −1.13 −4.00 −2.66 1.34 1.47
Triplet −2.88 −5.08 −2.64 2.44 1.78
Quintet −4.82 −4.96 −2.87 2.09 0.53
Septet −5.37 −4.07 −2.52 1.55 1.50

Mn@PTh Doublet −1.12 −5.08 −2.71 2.37 2.08
Quartet −2.37 −5.09 −2.72 2.37 1.94
Sextet −2.76 −4.31 −2.46 1.85 1.71

Fe@PTh Singlet −0.83 −4.19 −2.67 1.52 1.74
Triplet −3.09 −5.05 −2.82 2.23 1.78
Quintet −3.47 −4.66 −2.58 2.08 2.34

Co@PTh Doublet −0.33 −5.07 −2.80 2.27 1.91
Quartet −0.20 −4.24 −2.55 1.69 1.79

Ni@PTh Singlet −1.48 −4.52 −2.54 1.98 0.71
Triplet −1.81 −4.28 −2.56 1.72 2.05

Cu@PTh Doublet −0.20 −4.31 −2.53 1.78 1.85
Zn@PTh Singlet −0.01 −5.07 −2.44 2.63 1.54

Fig. 4 The frontier molecular orbital (FMO) energy levels of PTh and
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charge upon incorporation into the polymer matrix, indicating
net electron donation from the metal to the p-conjugated
framework.65,66 Specically, the NBO charges are +0.038e (Sc),
+0.118e (Ti), +0.081e (V), +0.064e (Cr), +0.155e (Mn), +0.057e
(Co), +0.028e (Ni), and +0.031e (Cu). The magnitude of charge
transfer is most pronounced for Ti and Mn, suggesting strong
metal-to-polymer electron donation in these systems. In
contrast, Fe (−0.017e) and Zn (−0.006e) indicate minimal net
charge transfer and a more covalent interaction character. The
magnitude of charge transfer correlates with the observed
variation in HOMO–LUMO gaps, conrming that metal-to-
polymer electron donation plays a key role in tuning the elec-
tronic structure of TM@PTh composites.

Consistent with this charge redistribution, the frontier
molecular orbital (FMO) energy levels corresponding to the
most stable spin conguration of TM@PTh complexes are
provided in Fig. 4. HOMO and LUMO for the bare PTh and the
most stable spin states for TM@PTh are shown in Fig. 5. For
bare PTh, both the HOMO and LUMO orbitals are delocalized
along the p-conjugated polymer backbone, indicative of
a typical conjugated system. The incorporation of transition
metal atoms results in a signicant redistribution of the frontier
orbitals. In most TM@PTh composites, the HOMO is localized
around the TM centers, suggesting strong orbital hybridization
and possible charge donation from the metal to PTh polymer.
The LUMO orbitals, in contrast, remain largely delocalized
along the polymer chain. These changes in orbital distribution
reect modied electronic properties induced by TM incorpo-
ration, which may impact charge transport, sensing response,
and catalytic activity. To gain deeper insight into the
© 2026 The Author(s). Published by the Royal Society of Chemistry
modications in the electronic structure, the spin-resolved
density of states (DOS) spectra for the system under consider-
ation are shown in Fig. S1(a–j). For all the systems, pronounced
states are observed near the Fermi level, indicating the
involvement of metal-derived d-orbitals in frontier energy
regions. Compared to bare PTh, the introduction of TM atoms
generates additional electronic states within the band gap
region and enhances the DOS around the HOMO level. This
behavior conrms strong metal-polymer orbital interactions.
The narrowing or broadening of the energy gap observed in the
DOS plots is consistent with the calculated HOMO–LUMO gaps,
supporting the reliability of the FMO analysis.
the most stable spin configuration of TM@PTh complexes.
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Fig. 5 HOMO and LUMO electron distribution plot of the pristine PTh and the most stable spin states of TM@PTh composites.
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Consistent with these DOS features, the computed HOMO–
LUMO energy gap (Egap) and dipole moment (m) were calculated
for each system to assess the chemical stability, electronic
11692 | RSC Adv., 2026, 16, 11686–11699
reactivity, and charge distribution. Upon incorporation of TM,
signicant variations in both the energy gap and dipole
moment were observed depending on the nature of the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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transition metal and spin state. For instance, Sc@PTh (doublet)
shows a reduced energy gap of 1.40 eV and a higher dipole
moment of 2.61 D, indicating enhanced electronic reactivity.
Ti@PTh displays spin-dependent electronic behavior, with
singlet, triplet, and quintet states exhibiting energy gaps of 1.47,
1.67, and 1.22 eV, respectively, and corresponding dipole
moments ranging from 1.17 to 1.86 D. V@PTh exhibits a narrow
gap of 1.14 eV and a moderate dipole moment of 1.34 D for the
sextet state. Cr@PTh exhibits a wide energy gap from 1.34 eV for
the singlet state to 2.44 eV for the triplet, with dipole moments
of 0.53 and 1.78 D, respectively. Notably, doublet and quartet
states of Mn@PTh exhibit relatively higher energy gaps of
2.37 eV with dipole moments of 2.08 and 1.94 D, respectively,
indicating enhanced stability across spin states. Fe@PTh also
shows moderate to high energy gaps of 1.52 to 2.23 eV, with the
quintet state displaying a dipole moment of 2.34 D. Co@PTh
and Ni@PTh exhibit spin-dependent behavior with Egap ranging
from 1.69 to 2.27 eV and dipole moments varying between 0.71
and 2.05 D. Cu@PTh (doublet) has moderate Egap of 1.78 eV and
dipole moment of 1.85 D. In contrast, Zn@PTh (singlet),
consistent with its lled shell conguration, exhibits the widest
Egap of 2.63 eV and a moderate dipole moment of 1.54 D,
reecting its closed-shell electronic stability. Overall, the
combined FMO and DOS analyses demonstrate that incorpo-
ration of transition metal atoms enables effective tuning of the
electronic structure of TM@PTh composites. Themodulation of
energy levels, spin polarization, and charge distribution plays
a crucial role in determining their suitability for applications in
optoelectronics, sensing, and catalysis.
Fig. 6 Non-covalent interaction (NCI) analysis through 3D isosurfaces o

© 2026 The Author(s). Published by the Royal Society of Chemistry
To evaluate the type and magnitude of non-covalent inter-
actions (NCI) among different TM@PTh composites, both 3D
isosurfaces and 2D scatter plots of RDG versus (sign l2) r were
generated for the most stable spin conguration of TM@PTh
complexes, as illustrated in Fig. 6 and 7, respectively. In NCI
analysis, the repulsive (non-bonded) forces are typically repre-
sented by positive values ((sign l2)r > 0), attractive interactions
by negative values ((sign l2)r < 0), and van der Waals (vdW)
(weak dispersive) forces by (sign l2)rz 0. These interactions are
visually encoded in the plots using the following color conven-
tions: blue signies strong electrostatic attractions, red indi-
cates steric repulsion, and green represents dispersion forces.
The 3D isosurfaces and corresponding RDG scatter plots reveal
a prominent green region between the TM atoms and the
hydrogen atom of the PTh chain, as well as green spikes near
−0.01 a.u., indicating dominant dispersive interactions.
Notably, Sc@PTh, Ti@PTh, V@PTh, Cr@PTh, Mn@PTh,
Co@PTh, Ni@PTh, and Cu@PTh reveal more pronounced
blue–green regions near the metal–sulfur coordination site,
suggesting stronger localized attractive interactions with partial
covalent character arising from d–p orbital hybridization. In
contrast, Fe@PTh and Zn@PTh exhibit weaker, more diffuse
attractive regions, consistent with their minimal net charge
transfer and relatively weaker electronic perturbations. Red
isosurfaces are clearly visible within the aromatic rings of the
polymer backbone across all systems, reecting steric repulsion
and intrinsic ring strain associated with the p-conjugated
framework. Importantly, while the internal ring repulsion
remains largely unchanged upon doping, the intensity and
f the most stable spin state of TM@PTh complexes.
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Fig. 7 Non-covalent interaction (NCI) analysis through 2D reduced density gradient (RDG) spectra of the most stable spin state of TM@PTh
complexes. The red, blue, and green regions indicate steric repulsion, strong attractive interactions, and weak vdW interactions, respectively.

Fig. 8 Molecular electrostatic potential (MEP) plots for (a) Fe@PTh, (b) HCN, (c) NCCl, (d) NCBr, (e) NCCN, (f) AsH3, (g) CFC-11, and (h) CFC-12.

11694 | RSC Adv., 2026, 16, 11686–11699 © 2026 The Author(s). Published by the Royal Society of Chemistry
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spatial extent of the green and blue regions around the coor-
dination site vary depending on the transition metal.
Complexes exhibiting broader dispersion regions and more
intense attractive features correspond to stronger stabilization,
correlating well with their computed binding energies.

Overall, the comparative NCI analysis demonstrates that TM
adsorption is governed by a synergistic interplay of dispersion
Fig. 9 Optimized geometries of Fe@PTh-analyte complexes: (a) HCN,
alongside the pristine structures of CWAs and CFCs.

© 2026 The Author(s). Published by the Royal Society of Chemistry
forces, electrostatic attraction, and orbital hybridization effects,
rather than purely covalent bonding, thereby rationalizing the
stability trends observed for the TM@PTh composites.

Due to their abundance and lower toxicity, TM@PTh
composites offer a cost-effective and sustainable alternative for
sensing harmful pollutants. Although Cr@PTh exhibits high
binding energy and the lowest HOMO–LUMO gap (Egap) (as
(b) NCCl, (c) NCBr, (d) NCCN, (e) AsH3, (f) CFC-11, and (g) CFC-12,
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evident from Table 2), its low energy gap may restrict its suit-
ability as a sensing material for the considered analytes. Given
the high binding energy and the largest Egap, Fe@PTh indicates
potential to be examined further for analyzing its ability to
sense hazardous substances such as chemical warfare agents
(CWAs) and chlorouorocarbons (CFCs).
3.2 Sensitivity of Fe@PTh composite in detecting chemical
warfare agents and chlorouorocarbons

To assess the sensing capability of TM@PTh composites
towards chemical warfare agents (CWAs) and chlorouorocar-
bons (CFCs), representative analytes from each category were
selected for investigation. Among CWAs, HCN, NCCl, NCBr,
NCCN, and AsH3, were chosen owing to their high toxicity, rapid
physiological effects, and environmental persistence, making
them highly dangerous even at trace levels. On the other hand,
CFC-11 and CFC-12 were selected due to their exceptional
atmospheric stability and well-documented role in ozone layer
depletion.38–40 Together, these analytes represent a chemically
diverse and environmentally signicant set of analytes
providing a robust framework to evaluate their sensitivity,
selectivity, and applicability of TM@PTh composites for toxic
gas detection.

The molecular electrostatic potential (MEP) plots were rst
analyzed to identify the most reactive sites of each species
(Fig. 8). The MEP plots use a color-coded scale, where red
indicates electron-rich regions, blue denotes electron-decient
regions, and green corresponds to areas with neutral poten-
tial. As indicated in Fig. 8, the electrostatic surface of Fe@PTh
reveals a region surrounding the Fe atom that exhibits relatively
less negative (or comparatively positive) potential than the
neighboring heteroatom-rich regions, making it a favorable site
for interaction with electronegative atoms.

For CWAs such as HCN, NCCl, NCBr, NCCN, and AsH3, the
most electronegative regions are located around the nitrogen or
arsenic atoms. In contrast, for CFC-11 and CFC-12, the regions
of highest electronegativity are primarily localized around the
halogen atoms (F and Cl). Consequently, in all Fe@PTh–analyte
complexes, the interactions predominantly occur between the
electropositive Fe center in Fe@PTh and the electronegative
atoms of the CWAs and CFCs.

The optimized geometries of all Fe@PTh–analyte complexes,
shown in Fig. 9, depict intermolecular bond distances ranging
Table 3 Interaction energies (Eint), energies of the highest occupiedmole
gap between HOMO and LUMO (Egap), dipole moment (m), and extent o

System Eint (kcal mol−1) EHOMO (eV)

Fe@PTh −4.66
Fe@PTh-HCN −35.28 −4.15
Fe@PTh-NCCl −34.01 −4.15
Fe@PTh-NCBr −2.37 −4.15
Fe@PTh-NCCN −44.79 −4.78
Fe@PTh-AsH3 −26.21 −4.29
Fe@PTh-CFC-11 −4.72 −4.18
Fe@PTh-CFC-12 −4.97 −4.20

11696 | RSC Adv., 2026, 16, 11686–11699
from 1.79 to 2.11 Å, indicating strong and specic interactions.
Additionally, the CWAs and CFCs undergo signicant structural
distortions upon interaction with the Fe@PTh composite,
including alterations in bond lengths and angles (Fig. 9). These
structural perturbations in CWAs and CFCs induced by binding
with Fe@PTh inuence the electronic properties of the
complexes, as revealed by the shis in HOMO and LUMO energy
levels, leading to a reduced HOMO–LUMO energy gap (Egap).
Compared to the pristine Fe@PTh system with Egap = 2.08 eV,
complexation with the analyte results in decreased energy gaps:
1.67 eV for Fe@PTh–HCN, 1.69 eV for Fe@PTh–NCCl, 1.69 eV
for Fe@PTh–NCBr, 2.03 eV for Fe@PTh–NCCN, 1.86 eV for
Fe@PTh–AsH3, 1.76 eV for Fe@PTh–CFC-11, and 1.80 eV for
Fe@PTh–CFC-12. The most pronounced reductions in Egap are
observed for the Fe@PTh–HCN and Fe@PTh–CFC-11
complexes, primarily driven by upward shis in HOMO
energy levels (see Table 3).

This trend is further supported by DOS analyses (Fig. S1),
which show enhanced orbital overlaps in the Fe@PTh and the
adsorbed analytes, indicating strong electronic interactions.
The computed interaction energies (Eint) further validate these
ndings with particularly strong binding observed for Fe@PTh–
NCCN (−44.79 kcal mol−1), Fe@PTh–HCN (−35.28 kcal mol−1),
and Fe@PTh–ClCN (−34.01 kcal mol−1). In contrast, CFCs
exhibit comparatively weaker interactions with Eint values of
−4.72 kcal mol−1 (CFC-11) and −4.97 kcal mol−1 (CFC-12).
Despite their lower binding affinities, CFCs induce measur-
able perturbations in the electronic and dipolar properties of
the Fe@PTh composite. These results indicate that Fe@PTh is
not only sensitive to reactive CWAs but also capable of detecting
environmentally persistent CFCs by observing noticeable
modications in the electronic structure.

Evaluating charge transfer is essential for a thorough
understanding of the electronic properties and interaction
mechanism between the composite and the investigated ana-
lytes. To quantify this effect, NBO analysis was performed to
determine the magnitude and direction of electron transfer
during the interaction of the CWAs/CFCs with the composite.67

The amount of charge transfer (q, in e) was calculated as the
difference between the total NBO charge on the CWA/CFC
molecules before adsorption and aer complex formation.
The calculated NBO charges are summarized in Table 3. The
results show that electron density is generally transferred from
the composite to the CWAs/CFCs. However, in the case of AsH3
cular (EHOMO) and lowest unoccupiedmolecular orbital (ELUMO), energy
f charge transfer (q) of Fe@PTh–analyte systems

ELUMO (eV) Egap (eV) m (D) q (e)

−2.58 2.08 2.34
−2.48 1.67 1.52 0.009
−2.46 1.69 1.53 0.003
−2.46 1.69 1.97 0.060
−2.75 2.03 6.29 0.204
−2.43 1.86 1.79 −0.161
−2.42 1.76 2.94 0.508
−2.40 1.80 2.36 −0.078

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and CFC-12, the direction of charge transfer is reversed, with
electron density owing from AsH3 and CFC-12 to the
composite.
4. Conclusions

The present study examines the potential application of the
rst-row transition metal (Sc / Zn) based polythiophene
(TM@PTh) composites for the detection of CWAs and CFCs
using DFT analysis. The structural and electronic properties of
TM@PTh composites were systematically investigated across
multiple spin congurations. Spin-polarized calculations
revealed that these composites are most stable in their highest
spin multiplicities. Among all candidates, Cr@PTh (septet) and
Fe@PTh (quintet) exhibited the greatest thermodynamic
stability, with binding energies of −5.37 eV and −3.47 eV,
respectively. Although Cr@PTh shows the highest binding
energy, its narrow HOMO–LUMO gap (Egap), may limit its suit-
ability for sensing performance. In contrast, Fe@PTh exhibited
an optimal combination of high thermodynamic stability, large
Egap, and high binding energies with the target analytes, iden-
tifying it as the most promising candidate for further studies.
To elucidate the nature of intermolecular interactions, RDG
analysis was performed using 3D isosurface visualizations and
2D scatter plots of RDG versus (sign l2)r. The calculated inter-
action energies (Eint), ranging from −2.37 to −44.79 kcal mol−1,
conform to the strong binding of Fe@PTh composite with both
highly reactive chemical warfare agents and environmentally
stable chlorouorocarbons, accompanied by signicant
perturbations in the electronic structure upon adsorption. From
an experimental standpoint, these adsorption-induced elec-
tronic perturbations suggest that Fe@PTh-based sensors may
exhibit low detection limits and high sensitivity toward the
investigated analytes. The moderate yet stable interaction
strengths further imply the possibility of rapid response and
recovery times, along with good reversibility during repeated
sensing cycles. Overall, these ndings highlight Fe@PTh as
a promising sensing material, providing a theoretical basis for
future experimental validation and extension to other polymer-
metal sensing systems.
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