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ABSTRACT. Density functional theory calculations were used to examine adsorption of carbonyl fluoride (COF>),
cyanogen chloride (CNCI), and boron trifluoride (BFs) on thiophene using B3LYP/6-31+G(d) and ®B97XD/6-
31+G(d). All complexes exhibit weak exothermic adsorption consistent with physisorption. Counterpoise-corrected
interaction energies at B3LYP are —2.259, —3.389, and —4.730 kJ/mol for COF2, CNCI, and BFs, respectively;
corresponding ®B97XD values are —11.970, —10.042, and —16.736 kJ/mol. Adsorption changes the dipole moment
of thiophene from 0.5469 D to 1.2527, 3.4267, and 0.6534 D, respectively. COF: reduces the calculated HOMO—
LUMO gap from 5.97 to 5.131 eV, whereas CNCI and BFs; yield gaps of 5.972 and 6.00 eV. Mulliken and natural
bond orbital analyses indicate small intermolecular charge transfers, and the calculated desorption times are short
under the assumed conditions. BFs has the strongest calculated binding, while COF: produces the largest orbital-
gap response. These molecular-level predictions support further investigation of thiophene-based materials for
toxic-gas sensing, although device performance requires experimental validation.
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INTRODUCTION

The release of toxic gases into the environment through industrial processes, accidental leakage,
or the handling of chemical-warfare agents poses a serious threat to human health and
environmental safety, and the rapid and accurate detection of such hazardous species at low
concentrations has become an indispensable requirement [1]. Because several of these substances
can cause severe, sometimes fatal, health effects even at low exposure levels [2], reliable gas
monitoring is essential not only for occupational safety and public-health protection but also for
preventing the chronic effects of low-level exposure that may otherwise go unnoticed. Ideal gas
sensors must therefore combine high sensitivity and selectivity with fast response and recovery,
low power consumption, and chemical stability, ideally at room temperature.

A wide range of sensing technologies has been developed to meet this need, with
semiconductor-based materials the most extensively studied. Metal oxides are frequently the
materials of first choice because of their ease of fabrication, low cost, high sensitivity, and
stability, but they suffer from low selectivity and a requirement for high operating temperatures
[3]. Carbon nanotubes are chemically and mechanically stable and respond sensitively to NO and
NHs, yet they generally need dopants or functionalization to sense other gases, while emerging
two-dimensional materials are still being developed for practical devices [3]. Conducting
polymers offer a complementary set of advantages: they operate at or near ambient temperature,
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are flexible and easy to process, and respond to a wide range of toxic gases and organic vapors,
although their response can be affected by humidity [3, 4]. Indeed, organic-semiconductor sensors
based on conducting polymers were recognized early on for their sensitivity to toxic gases and
their ability to operate close to room temperature, in contrast to metal-oxide devices [4].

In their chemiresistive form, conducting polymers operate on the principle of a change in the
electrical resistance of the sensing layer upon exposure to an analyte [5]. Thiophene-based
conducting polymers are particularly promising in this regard. Printable polythiophene sensor
arrays have been shown to respond to volatile organic compounds down to concentrations of 10
ppm [6], regioregular polythiophene copolymers give fast and fully reversible room-temperature
responses to organic vapors [7], and a thiophene polymer bearing oligoethylene glycol side chains
has demonstrated ultrahigh sensitivity toward NO2, with a response of 3.58 + 2.38 x 100% at the
20 ppb level [5]. These experimental demonstrations establish thiophene-based materials as
realistic sensing platforms and motivate a molecular-level understanding of how small gaseous
analytes perturb the electronic structure of the thiophene unit.

Density functional theory is now a well-established, cost-effective tool for screening candidate
sensing materials and for rationalizing adsorption mechanisms before device fabrication. For
conjugated polymers, the sensing behavior toward a given analyte can be modeled reasonably
using the monomer unit alone, which reduces computational cost while still reproducing the
essential physics of the interaction [8, 9]. DFT studies of polypyrrole in its neutral and doped
forms have shown it to be more sensitive to NHs than to CO2 or CO on the basis of interaction
energies, charge transfer, and frontier-orbital analysis [8]. Likewise, emeraldine-salt polyaniline
showed a greater response selectivity toward NHs than toward CO: and CO [10], and a dianiline
model of polyaniline was found to physisorb SO. and SOs with BSSE-corrected adsorption
energies of —18.2 and —62.9 kJ/mol, respectively [11]. As the smallest model of polythiophene,
terthiophene has been investigated against atmospheric gases including CO, CO:, SO:, and
CHsO0H, with interaction energies between —5.3 and —16.7 kJ/mol characteristic of physisorption
[9], while comprehensive surveys of polypyrrole across more than a dozen analytes identified SO:
and SO:s as the most responsive species [12]. Studies of related thiophene systems have reached
similar conclusions: PEDOT physisorbs SOs, NHs, NO:, and H>S with adsorption energies of
—6.02 to —13.32 kcal/mol [13], and a diamine-functionalized terthiophene exhibits particular
selectivity toward SOz among SOs, SOz, HCN, and CO- [14]. Most relevant to the present work,
a DFT study of polypyrrole interacting with toxic heterocarbonyl gases including carbonyl
fluoride showed that these analytes modify the structural and optoelectronic properties of the
polymer, with reductions in the energy gap signaling high sensitivity [15]. Collectively, these
studies demonstrate that conducting-polymer sensors merit systematic computational
investigation against industrial toxic gases, and that thiophene in particular has not yet been
examined for several highly hazardous species.

The three analytes considered in this study are all substances of serious occupational and
public-health concern. Carbonyl fluoride (COFz), a toxic heterocarbonyl gas closely related to
phosgene, can cause severe skin and eye irritation and burns, irritation of the nose and throat, and
injury to the liver and kidneys; the NIOSH recommended exposure limit is 2 ppm as an 8-hour
time-weighted average and 5 ppm as a 15-minute short-term limit [16], and health-based exposure
recommendations have been derived from its toxicological similarity to hydrogen fluoride [17].
Cyanogen chloride, one of the agents historically stockpiled as a military choking gas [2], is a
highly toxic blood agent: it is converted in the body to hydrogen cyanide, which blocks cellular
energy metabolism and leads to respiratory failure [2]. It combines with trivalent iron in cells,
impairing normal respiration and causing asphyxia, and can produce dizziness, nausea, and
vomiting, with paralysis and death within minutes in severe cases [1]. Because it is classified
alongside hydrogen cyanide among the principal blood agents [18], rapid and real-time detection
of CNCI is a documented priority [1]. Boron trifluoride (BFs) is a pungent, corrosive gas that
irritates the eyes, skin, and respiratory tract and can produce burns, dyspnea, and pulmonary
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edema, with an OSHA and NIOSH ceiling limit of 1 ppm [16]; four-hour inhalation studies in
rodents established respiratory irritation at 74.4 mg/m? with a no-observed-adverse-effects level
of 24.6 mg/m3 [19], and chronic exposure can cause nosebleeds, osteosclerosis, anemia, and
weight loss. Given that all three gases can cause severe, sometimes fatal, effects at low
concentrations, the development of inexpensive, reusable sensing materials for their detection
carries substantial public-health significance.

Although thiophene-based systems have been modeled against a range of common gases, their
interaction with the highly toxic species COF2., CNCIl, and BFs has not been systematically
explored, and the effect of these analytes on the frontier-orbital gap of thiophene a key
transduction parameter for chemiresistive sensing [5] remains largely unknown. A central
objective of this work is the hitherto unexplored determination of the decrease in the energy gap
of thiophene upon interaction with COF2, which increases the electrical conductivity of the
monomer and makes it suitable for use in organic cells and organic light-emitting diodes; the
perturbation of the HOMO and LUMO energies produces a significant change in the energy gap,
indicating that thiophene becomes less chemically stable and more reactive after COF: adsorption.
In contrast, complexation with CNCI and BFs slightly increases the energy gap, rendering
thiophene more chemically stable and less reactive. Since the resulting change in conductivity is
one of the most direct observable signatures of gas sensing, the specific objectives of this study
are: (i) to establish, from counterpoise-corrected interaction energies, that all three analytes are
physisorbed on thiophene through van der Waals interactions; (ii) to quantify the charge transfer
and dipole-moment changes accompanying adsorption; (iii) to evaluate the sensing ability of
thiophene from interaction-energy, energy-gap, and recovery-time analyses; and (iv) to identify
which of the three analytes thiophene detects with the highest sensitivity.

COMPUTATIONAL METHODS
Computational details

All calculations were performed in the gas phase using the Gaussian 09 quantum chemistry
package [20], and molecular structures were built and inspected with GaussView 5.0 [21], with
molecular orbital and electrostatic-potential plots prepared using Gabedit 2.5.0 [22]. Natural bond
orbital analysis was carried out with the NBO 3.1 module implemented in Gaussian. Geometry
optimization of isolated thiophene, the three analyte molecules (COF2, CNCl, and BF3), and the
three thiophene—analyte complexes was carried out at the density functional theory level using the
B3LYP hybrid functional [23] with the 6-31+G(d) basis set, which is well established to yield
reliable results for the structural and electronic parameters of conjugated organic molecules owing
to its exchange—correlation treatment. To verify the adequacy of the chosen level of theory, the
computed bond lengths and bond angles of thiophene were compared with available experimental
values and were found to be in good agreement, substantiating the accuracy of the basis set. For
comparative purposes, all structures were additionally re-optimized at the ®B97XD/6-31+G(d)
level of theory [24] in combination with Grimme's D2 dispersion model [25]. From the resulting
relaxed minima, structural parameters, dipole moments, interaction energies, counterpoise-
corrected energies, Mulliken charge analysis, NBO analysis, frontier molecular orbitals, energy
gaps, and molecular electrostatic potential surfaces were calculated for the monomer and all
complexes.

Selection of the level of theory
B3LYP, formed from Becke's three-parameter exchange functional and the Lee-Yang—Parr
correlation functional [23], was selected as the primary level of theory because it combines

accuracy with low computational cost for electronic-structure parameters and remains the most
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extensively benchmarked functional in computational studies of conducting-polymer gas sensors,
including earlier DFT investigations of polypyrrole and polyaniline at the B3LYP/6-31G(d) level
[8, 10]. Comparable adsorption studies adopt the same division of labor, using B3LYP for
electronic parameters and reactivity descriptors while reserving a dispersion-corrected functional
for adsorption energetics [26]. The 6-31+G(d) basis set was chosen because the diffuse functions
provide the long-range electron density required to describe weakly bound van der Waals
complexes, while the polarization functions permit deformation of the atomic orbitals during
complexation.

The principal limitation of B3LYP is that it does not account for dispersion, i.e., the correlation
energy arising from fluctuations in the charge distribution of a molecular system, which are
precisely the forces that dominate weak physisorption. The ®B97XD functional [24] a range-
separated version of Becke's 97 functional comprising 22% Hartree—Fock exchange at short range
and 100% at long range, augmented with Grimme's empirical D2 dispersion correction [25] was
therefore used for comparative re-optimization and for computing the interaction energies. This
choice is supported by benchmark studies in which ®B97-based functionals with dispersion
corrections reproduce CCSD(T) reference curves most accurately for the physisorption of small
molecules (N2, CO:) on aromatic surfaces [27]; the same dispersive physics governs the
adsorption of organic molecules on sp2-carbon and heteroaromatic frameworks, where London-
type forces amount to roughly 60% of the attractive interaction [28]. It should be noted that for
very small systems comprising 4-8 atoms, inclusion of dispersion corrections has been reported
to increase the root-mean-square interaction-energy error; consequently, the B3LYP and
®B97XD results are best interpreted jointly as bracketing the true interaction energy of each
complex, and both are reported throughout.

Justification of Grimme's D2 dispersion correction

Structural screening of the complexes showed that the analytes approach thiophene at large
nonbonding contact distances (2.60-4.22 A), and the intermolecular NBO second-order
stabilization energies are small (< ~2.1 kcal/mol), placing all three interactions firmly in the
dispersion-dominated physisorption regime. Hybrid functionals without dispersion fail in exactly
this regime, whereas empirical dispersion corrections restore the missing long-range correlation:
dispersion-corrected B3LYP has been shown to outperform MP2 and to be in excellent agreement
with the CCSD(T)/complete-basis-set limit for weakly bound aromatic dimers such as COz>—
benzene, with typical root-mean-square deviations below 3 kJ/mol [29], and B3LYP augmented
with an empirical dispersion term markedly improves the theoretical characterization of
physisorbed species wherever dispersion is crucial [30].

The D2 correction [25] is a pairwise, damped CsR™® term added to the DFT energy. It is
empirical, adds negligible computational cost, and does not alter the electron density; importantly,
because its gradient enters the optimization, it directly influences the equilibrium geometries
significant here, since the dispersion interaction determines both the adsorption distances and the
geometry perturbations that underlie the observed sensing response. For the present system, D2
was adopted specifically as implemented within the ®B97XD parameterization [24], ensuring a
physically consistent long-range-corrected exchange—correlation description together with the
dispersion treatment in a single functional.

Interaction energies, BSSE correction, and recovery time

The interaction energy between thiophene and each analyte was calculated from the relaxed
minimum-energy structures as,

Eint = Ecomplex — (Emonomer + Eanalyte)
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where Ecomplex is the total energy of the optimized thiophene analyte complex, and
Emonomer and Eanalyte are the total energies of the isolated thiophene and analyte molecule,
respectively. The interaction energy was corrected for basis set superposition error using the
counterpoise method,

Eint,CP = Eint — EBSSE

To estimate the reusable efficiency of the thiophene sensor, theoretical recovery times were
calculated at 300 K using the transition-state expression

t=v'exp(|Eb]/Kg T)

where v is the attempt frequency, taken as 1 THz; E is the binding energy of the analyte on
thiophene; and Kg is Boltzmann's constant.

Electronic property analyses

The extent of intermolecular charge transfer was quantified by Mulliken population analysis and
corroborated by NBO analysis, in which the donor—acceptor interactions between occupied
Lewis-type NBOs of one unit and vacant non-Lewis-type NBOs of the other were evaluated
through second-order perturbation theory analysis of the Fock matrix in the NBO basis, using

EQ2) = R qiF(ij)2
AEij = qiF(i.j) S-e
where g; is the donor orbital occupancy, € and g;jare the diagonal elements (orbital energies),
and F(i,j) is the off-diagonal NBO Fock matrix element. Frontier molecular orbital energies and
the resulting energy gaps were computed at the B3LYP/6-31+G(d) level for the monomer and all
complexes, and total electron density isosurfaces were mapped with the molecular electrostatic
potential.

RESULTS AND DISCUSSION
Overview of key findings

Three conclusions anchor the entire study. First, all three analytes COF2, CNCI, and BFs are
physisorbed on thiophene through weak van der Waals interactions, as evidenced by the small
exothermic interaction energies (—3.115 to —6.051 kJ/mol at B3LYP and —11.340 to —18.098
kJ/mol at ®B97XD), the large nonbonding contact distances (2.60—4.22 A), and the marginal
perturbation of the internal bond lengths of thiophene. Second, the sensing response differs by
analyte: complexation with COF: narrows the HOMO-LUMO gap from 5.97 eV t0 5.131 eV, the
only complex that becomes more conductive, whereas CNCI and BFs slightly widen the gap to
5.972 eV and 6.00 eV, stabilizing the monomer. Third, the computed recovery times are
picosecond to sub-nanosecond at 300 K, indicating spontaneous desorption and full reusability of
the sensor without any regeneration step. The relative sensing aptitude follows the interaction-
energy ordering thiophene—BFs > thiophene—CNCI > thiophene—COF-, with BFs giving both the
most negative interaction energy and the longest (though still ultrafast) residence time.

Structural properties

Geometries of the isolated thiophene, the analytes (COF2, CNCl, and BFs), and the thiophene
analyte complexes were optimized at the DFT B3LYP/6-31+G(d) level, and the results for the
monomer were compared with the available experimental values to describe the correlation
between the geometric structures and their properties. The results obtained from the DFT
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calculations at the B3LYP/6-31+G(d) level are in good agreement with the experimental values,
which substantiates the accuracy of the basis set. A previous DFT study of the structural and
electronic properties of thiophene with COS found that the optimized geometrical parameters of
the complex undergo changes in the bond lengths and bond angles compared with those of the
monomer, thereby establishing the sensitivity and selectivity of the monomer toward the analyte.
In the present study, the optimized structures of thiophene and thiophene with COF: are shown in
Figures 1 and 2, respectively.

-

Figure 1. Optimized structure of thiophene at the density functional theory (DFT) B3LYP/6-31+G
(d) level.

Figure 2. Optimized structure of thiophene with COF; at the DFT B3LYP/6-31+G (d) level.
The violet, green, yellow, red, sky blue balls represent C, H, S, O, and F, respectively.

Analyzing the optimized interbond length and the various interaction bond angles of the
thiophene—COF: complex, it is found that there is only a slight change in the bond length of
thiophene after interaction with COF: due to van der Waals interaction between monomer and
COF-, but the bond angles vary considerably. Both the interior and exterior bond angles of COF-
alternatively increase and decrease with respect to the monomer. The exterior bond angle
£S5C1HS6 closer to the interaction site decreases by 0.0381° whereas the other exterior bond angle
£C2C1H6 increases by 0.1673°. According to valence shell electron pair repulsion theory, the
electronegativity of both oxygen of COF: and sulfur of thiophene greatly affect the bond angles
due to changes in the distribution of electrons after complexation. The bond angles of the complex
£C1C2C3, £C3C2H7, 2C2C3H8, £S5C4H9, and ~C1S5C4 were larger than those of the
monomer by 0.1089°, 0.0242°, 0.0405°, 0.1002°, and 0.092°, whereas 2C2C1S5, 2C1C2H7,
£C2C3C4, LC4C3H8, £C3C4S5, and £C3C4H9 were smaller than those of the monomer by
0.1291°, 0.1332°, 0.0088°, 0.0318°, 0.0655°, and 0.0346°. The interaction site H6 of thiophene
and O11 of COF: influences the geometric changes in the bond angles of the complex, and the
polar nature of COF: arising from the electronegativity difference between oxygen and fluorine
also affects the geometrical parameters largely.

For thiophene with CNCI, the intrabond lengths and bond angles calculated at the B3LYP/6-
31+G(d) level correlate well with the experimental values. The optimized structure of thiophene
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with CNCI is shown in Figure 3. The theoretical efforts reveal that the bond length of thiophene
is fairly unaltered after adsorption with CNCI; a marginal overestimation in the C3-C4 bond
length 0f 0.0016 A is observed, and this particular bond length is closer to the interaction site Cl11
of CNCI. Nevertheless, the adsorption of CNCI produces significant distortion in the geometry of
the bond angles of thiophene compared with COF-. Deviations in the bond angles 2C4C3HS8,
£C3C4H9, and £S5C4H9 by 0.025°, 0.054°, and 0.049° indicate that these angles are nearer to
the adsorption site CI11 of CNCI. The changes in the bond angles that involve S5 of thiophene,
such as £C2C1S5, £S5C1H6, £C3C4S5, £S5C4H9, and £C1S5C4, produce remarkable changes
of 0.0843°, 0.0043°, 0.0042°, 0.049°, and 0.1045° due to the electronegativity of sulfur during
interaction with the analyte. The exterior bond angle 2C1C2H7, far away from the interaction
site, remains unchanged whereas another exterior bond angle 2C2C1H6 closer to S5 contracts by
0.0799°. The interior bond angle £C1C2C3 decreases by 0.0489°, and another interior bond angle
£C2C3C4 produces less internal strain by 0.0182°. Both exterior bond angles 2C3C2H7 and
£C2C3H8 are overestimated relative to the monomer by 0.0487° and 0.0398°, respectively.
Studying the optimized interbond length and the various interbond angles of the thiophene—CNCI
complex, the interaction distance between S5 of thiophene and Cl11 of CNCl is 4.22 A, which
supports the establishment of a van der Waals-type interaction. The interbond angles £C1S5CI11
and £C4S5CI11 reveal the dipole—induced dipole interaction that substantiates the nonpolar
nature of thiophene and the polar nature of CNCI in the thiophene-CNCI complex.

Figure 3. Optimized structure of thiophene with CNCI at the DFT B3LYP/6-31+G (d) level. The
violet, green, yellow, brown, blue balls represent C, H, S, Cl, and N, respectively.

Regarding thiophene-BFs, the optimized geometrical parameters show that the monomer
bond distances alternatively increase and decrease after complexation with BFs. The optimized
structure of thiophene with BF; is shown in Figure 4. Geometries of the optimized complex
thiophene—BFs reveal that the sensing response is very high and shows remarkable changes in the
bond angles when compared with the other analytes. Significant variation is noticed in the C1-
C2 bond length and the £C2C1H6 and 2C1C2H7 exterior bond angles, and the difference in the
structural parameters may be attributed to the interaction site. From the structural changes, it is
clear that the interaction is a kind of van der Waals interaction. The bond angles open up for
£S5C1H6, 2C1C2H7, 2C3C2H7, ~2C2C3HS8, and ~C3C4S5, and contract for 2C2C1S5,
2C2C1H6, £C1C2C3, £C2C3C4, £CAC3H8, £C3C4H9, £S5C4H9, and 2C1S5C4. These
deviations in the bond angles denote, without doubt, the sensing aptitude of thiophene toward
BFs. The three important interaction distances are between C1-B10, H6-F12, and H7-F13,
having values equal to 3.36 A, 3.14 A, and 3.12 A, respectively; the nonbonding interaction
distance is responsible for physisorption. The various remarkable interbond angles reveal the
induced dipole—induced dipole attraction, also called the London dispersion forces, that arises due
to the nonpolar nature of BFs and the nonpolar nature of thiophene during complexation.
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3.36A°

3.14A°

Figure 4. Optimized structure of thiophene with BF; at the DFT B3LYP/6-31+G (d) level. The
violet, green, yellow, sky blue, and pink balls represent C, H, S, F, and B, respectively.

It is found that appreciable changes with respect to bond lengths are produced for thiophene—
BF; complexation, whereas the changes in the bond lengths are less pronounced for the remaining
thiophene—analytes (COF2 and CNCI). The theoretical investigation of the interaction of all the
analytes causes the bond angles to fluctuate to a greater extent, which results in the perturbation
of the thiophene structure. The calculated results further show that the interaction does not
significantly change the bond lengths of the monomer to a greater extent. This pattern — small
bond-length but significant bond-angle response is the hallmark of nonbonded van der Waals
contact and confirms that the geometry changes are localized at the interaction site.

Dipole moment

Adsorption increases the dipole moment of thiophene from 0.5469 D to 1.2527 D for COF~,
3.4267 D for CNCI, and 0.6534 D for BFs. The large increase in the CNCI complex reflects the
polar nature of the C—Cl bond combined with charge transfer from thiophene to the analyte,
whereas the modest change for BFs is consistent with dipole—induced-dipole interaction between
two largely nonpolar partners. These shifts confirm that electron density is reorganized upon
adsorption and provide a secondary, experimentally accessible signature of complexation.

Interaction energies and the physisorption regime

Gas adsorption is useful in determining the adsorption energy and the amount of charge
transferred between the monomer and the analyte. The interaction energy between thiophene and
COF: is exothermic and equal to —3.115 kJ/mol, clearly indicating physisorption; the minimum
negative value of the interaction energy, together with the nonbonding distance of 2.60 A between
H6 of thiophene and O11 of COF:, confirms the presence of van der Waals forces. At the
®B97XD/6-31+G(d) level, the interaction energy is —13.930 kJ/mol, somewhat higher than the
B3LYP value because, for functionals describing small systems comprising 4-8 atoms, the
inclusion of dispersion corrections increases the root-mean-square interaction-energy error. The
counterpoise-corrected values are —2.259 kJ/mol (B3LYP) and —11.970 kJ/mol (#B97XD), with
BSSE of 0.8213 kJ/mol (0.36% of E_int) and 1.931 kJ/mol (0.16% of E_int), respectively.

For thiophene—CNCI, the interaction energy is exothermic and equal to —4.442 kJ/mol, with a
nonbonding distance of 4.22 A between S5 and CI11; the counterpoise-corrected values are
—3.389 kJ/mol (B3LYP) and —10.042 kJ/mol (#B97XD), with BSSE of 1.089 kJ/mol (0.32% of
E_int) and 1.140 kJ/mol (0.1135% of E_int). The greater interaction energy than for thiophene—
COF: indicates a greater response of the monomer toward CNCI. For thiophene—BFs, the
interaction energy is —6.051 kJ/mol, the highest of the three, supported by the three honbonding
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distances C1-B10 = 3.36 A, H6-F12 = 3.14 A, and H7-F13 = 3.12 A; counterpoise-corrected
values are —4.730 kJ/mol (B3LYP) and —16.736 kJ/mol («B97XD), with BSSE of 1.751 kJ/mol
(0.370% of E int) and 2.257 kJ/mol (0.135% of E int). Since ®B97XD is a range-separated
version of Becke's 97 functional comprising 22% Hartree—Fock exchange at short range and 100%
at long range [24], the inclusion of dispersion correction leads to chemical accuracy in the values.
Three points merit emphasis: (i) the ®B97XD values are roughly 3-5 times larger in magnitude
than the B3LYP values because the dispersion correction adds the long-range correlation energy
that pure B3LYP omits; (ii) the ordering is consistent across both levels, giving confidence that
the relative sensing aptitude (BFs > CNCI1 > COF-) is not an artifact of a particular functional; and
(iii) all interaction distances lie well beyond covalent bond lengths and are characteristic of van
der Waals contact, the same physisorption behavior reported for terthiophene segments interacting
with atmospheric gases [9]. Thus, with respect to interaction energy the main property governing
gas-sensing behavior thiophene has the greatest response toward BFs.

Charge analysis

The thiophene—COF: interaction is best explained by charge transfer, in agreement with the
second-order perturbation theory analysis of the Fock matrix of thiophene with carbony! sulfide,
where the analyte was regarded as a donor NBO and thiophene as an acceptor NBO. COF:
transfers —0.0167 ¢ to thiophene by Mulliken analysis, and the same trend is observed from NBO
charge transfer, with the analyte giving 0.00218 ¢ to the monomer; COF: therefore acts as the
electron donor. For thiophene-CNCI, reverse transfer of charge occurs: thiophene gives
0.0081 e~ to CNCI by Mulliken analysis, and CNCI accepts 0.00563 e~ by NBO analysis, with
thiophene acting as the donor NBO and CNClI as the acceptor NBO. For thiophene—BFs, Mulliken
charge transfer of —0.0357 e~ occurs from the analyte to the monomer, whereas NBO analysis
shows a reverse transfer of 0.00912 e~ from monomer to analyte with BFs as the donor in the
Mulliken picture and the acceptor in the NBO picture. The low charge values obtained through
both analyses are consistent with the low interaction energies of van der Waals type, and the
charge transfer alters the electronic properties of thiophene, proving its sensing capability.

Recovery time: implications for sensor operation

The recovery time, calculated from the transition-state expression with an attempt frequency
v =1 THz at T = 300 K, is the time required for an adsorbed molecule to desorb spontaneously
and is the standard measure of sensor reusability [31, 32]. The computed values 3.47 x 1072 to
11.31 x 102 s at BALYP and 9.44 x 107" to 1.42 x 107 s at ®@B97XD are remarkably short, and
three implications follow.

Operational implications. Because desorption is spontaneous at room temperature, a thiophene-
based device requires no thermal or light-assisted regeneration cycle between measurements. This
stands in contrast to many metal-oxide and two-dimensional-material sensors, where room-
temperature thermal energy is insufficient to desorb strongly bound analyte, forcing elevated-
temperature operation or UV-assisted recovery at the cost of response performance [33]. Recovery
times of 16 s (NO2 on carbon nanotubes), 150 s (NHs on WS2), and 240 s (NO on In20s) are typical
of conventional physisorption sensors [31], so the picosecond-to-nanosecond timescales obtained
here imply that the thiophene sensor would support essentially continuous, real-time monitoring
with effectively zero dead time.

Statistical/trade-off implications. The very short recovery time is the direct consequence of weak
binding, and it deserves an honest caveat: at 300 K the equilibrium surface coverage of these
analytes on thiophene will be low, and, as has been noted for other ultra-weak physisorption

Bull. Chem. Soc. Ethiop. 2027, 41(1)


https://jenni.ai/citation?d=z%3AxVbNjhtFEPauBEIgTlwSTh1xSSTbO2Nvdm0uKNkFkpAoYTcQpAiknumamY57uifdPbaH0xJeAImH4Bn2BXgFrlHuCC7RHrjw9Yy9cX7ghpDs%2Bemurq7vq6%2Bq54fT3nt5WtR6dlOcGVp6spqrA54WhIFcmZR7Y88yY2Uu9XZZieyGzAuFv3dnWWUpk8szelwbT2fkUmPDzTeKzjJXZ2FSLIydnfY%2BKHjivOWpb7b%2FfEDMUmWsx21gKi9L%2BT330mhmMsYxmJL2qmGVNZVxJJgyOh9YrnNi2APzHoOXbx9cYUWTWCmYIO2kb1hW6zQ44oo9vDUcHA7ZQcEl41qwO0N2g7gYfG6sMLrPboU5KofsXtG4YZ%2BNomjSZ%2FEIl2iyG0d73zJvmNSpqgUxKitpZQq%2FYKQchAsT0lVkXYh7FRUe3ZDdLwI%2BVysvdb4RUp%2BZknJ%2Bfbr%2FzeCQNZKUcMwBuMvAi7EN42lagyPgMJb5gmxpkIpSgrmmz2ZSk5ep67d4tNGD1My5AlcIE6mDk1UAyAE8F2YBJ9y33l4yd43zVMLRZkDBHqva5DJZgvw5lcEad8tMCGeDhhfg4XadktfTgD0WhVTUxvDq%2Fi2ONSomPYNH2GFCGwwRTyCChDywDdkRKVA1p5AVU1uIg%2BbS1O7lzVydFoy7F8D6gUemabGpDQmcMtcyA5RWaa7G1hIhrqlKjBYAtMlrRzu4gDkUq7jF9DpkrtMO4xsWDhXySg5CPuSe8lE02htEkzI12nOAtzd1Zk57b%2BW89oWx7kSBfCz9rBWFGA93JySdq%2BlCH0R5RcuPgmTbLAQFt%2BronsJQN%2BeyuVF1Se9W59vc7qr5tLclK57TUSin8JJJ6%2Fw9jFy8%2BJsK1lYmNQzdk9PettC8hNV2lnFAbkQoJ8qRBi1vkc6fnfx0yIU1inqvG8826q1bk93hFkXRLcgK7u6J7HkqhTvtvZ0KI6s4GsbReLqTTOIonkwTqCzRJ7g6%2FUTGu3vjwTTa31s%2FTXbTkufFaLIfj6fxuDAVIbu0lA%2FWQ6IqpSjgaTLd3R%2FBz13%2B%2FFFLZpuLR6HoB1GMX6HARw0WEtJlVSdKOgi%2BS81WC2z54ZFpQPCxSSVB5OhV5%2FTPUO8QZUpfWbW8UnhfuY93dhaLxdA4L4e5me84snNF3u1UtVU7093pKB7lrk58UwXOZoGZVNF9vG5BNWSyL8DU5jB5rlQDW5VKVNv15sDU2l8YebRhsgQFigdotq4bfrgSy3e339Q8%2F7FvOraQvmCClxXMQp97dvLzv7S7zJsKcvsRGcyEKaE0BJhIwcctaY%2FPpXoM1hCiw5GBxtcZJeO4tapXom0r7BoINdqUDQyy%2B3EURaOO%2F0vXxDzUmXhN7OzY10LCd3sE%2FfXJH79fPun1egXo3dhNjONov3N1%2BRoQybQ7GCDGtA7lvPLWFfpdnEtpEOZ%2FAyuO91exXDmuwKU1iL3CEQDTL2t0pbp8AfNVeE%2FfZ%2F8nvPhqa%2BXP4%2FtU4%2FOA0EF1vkI3GXU2y0sHHLKFt46Fu0ts0h71R7Rqj%2Beofv3l6RtQxVejLih57kmEmnkHR6VasnWtoXsMjc13Xu0gs%2FD98XWn262%2FAQ%3D%3D
https://jenni.ai/citation?d=z%3A7VXBjts2FDQaFC36DwXe0QtIsiTv2k5uTRbtokjrRddJeqVESuJaIlWSsle3tKf22i%2FpddF%2FaP%2BhX9Ih5aSLHHoPsAfbBDV8M2%2FeUP75fvak0kbWUn0mfhq0E%2BOTP94IGqwgLpSVbqRqUKWTWrGWXCO0GWl%2B%2BfXujJwmZq2w1m8TK2Tr0boiJ4xrpO4boQTNmSVGVnZ9K6yjTnPRelCv2%2FE9KvJkIOeoSLvd9RlBFPacALOqPZ65TluAjSypZqBN6KYXpaxkydp2jAAIOv7%2B7fnT9Y%2BXi1W8zL6Z86g%2Fo1YcJs5JfhRwNnQnDyfNIEVDR2a4pRfbCJ88opttTkxxenG13F6RtCTVAU3ImkFqQjtNhXDolgbFhbHOY31t0UK30QpSe6N72CGF9SxSAc2mnsAYkWJuMKyNC614rE0hHVyef%2F98exaITyOIdRWjukOR%2BeX2xvqHrB1hAjEjCASwq4N73rXd9TV4qDJCBLdDoXfEE6ajo3TNaWz64HFQPGBAaAqbbuw%2F0KuV9b0ehVD%2BGNJhvflAhUrevaOAFOsGLkECATjZhSKe5mr73TYIefkKC0zc1Dic0KvX8Wv46os5w0I3GCekeIdDOxgu2dE6gWLv%2FOXMIVKNPvroneb%2B158du6MDa4eTKwYFcL7ABrCy8gW56IXiIVGhj8lHh%2FwdG1k2k5tGHzzCk9uhLBHwakDCHpox2fRA6YNn77sL1f759fdslayjsDhPlmGxSaZcYXmRLGn%2F7QIDmIa3u45D2qKwRACnBeIYTkzrCM0FyySCPSb8qM3%2BfvZFwwoLF0v3eIcf7%2FDjHf6o7nDLgkrBL6GlztP8Is6yttTKGVkMThuLv%2BpPuGKdwG9VsU62Y%2FkD46JGAbX%2FqpV00%2Bj90EhukIRZKbm9n31aci3vvszSJEs36SJN89Xm6XqV5Gl2kWRZmi%2FPN1zaQr3Ft1W%2FSI%2BIPURmy1UeL9N8U3asvs3zbJ2n602eNbgMcFzc7d%2F8t3mL08Mk%2FtbXjrM8zs9rOxQ%2Bh%2FezmXDS4czL3cP3SnitTG8Tf5XhXRiY7vDow1fFs%2Bnmow5GFjI6Vk73srRvuef4vBxMexc3zvX22WKBthNt6sX%2Fdv4v
https://jenni.ai/citation?d=z%3AnVZdb9xEFI1QQUj8A55GSEgFrXe9u9l8VAUpSoFEpQlqCn3iYXY8tiexZ6yZcXbdpwK%2Fqv%2BOc8f2fjgJD0hVY3tn7uc5596%2FPx18lhqrMqWfJStj7z4dfJXzpfOWC988G591j%2BxMM7nGo7GJ0tw2zEntlM4YX6pC%2BYaZlPlcshv9G5uzaMmdTBgdKGRUci%2Bt4gUrTKYE%2Ft7WWnhlNINrlnNbpnXBrq7ZmmW459iKO3irCmNhROlguLISLj2jIPHBmjrLGUcYnlynyjofVVZpoaoCJmQhhbdGK8GQQS18bSWDb1EXnFy7MTtz4X6bRoXPiKYc4VspPS8iJ0sljE5w19gofGM4JO1uAsKUlaFUEQOMhXzZJl%2FKI5FOZRon2pLgDmUTzBVKTHa8UBgC1UC5cd15JVyoqlUFb6SdlEab8NQVecx%2B5eIu9IDdiNx4f9fAi7UKR7gPfroyJDKCZa1lgXLCesqFHIUDKHjkKilUikqR90zCI9cuhZGl9Csp24hbn61%2FrhO6yEoD8zWVmzJFh4RysmiQs4fbYc6ithYdjO5N4TncDHId7yFA%2BZwaZyi7xBlbhXLji9QZfqIIhtHy0tQASOetjdfVAcBespUEAFxuVvjZIDNWcQu3gINFxCtZFNuwA%2BQU8qOS2VF4l7YM7ZCIDM7IBXhiihq2S55p5etE9izoUmWAt5YZAHcvWaJSRImvhAyAGVlzLSR7fvXq7XfUL46v3BnNlwjIlcAHWyrUta8XHrd4JVDxYszeUZyBEyuFC5U19wpxcPhdIUWfr3hDCbcwfAQpUWplh8d9yA9YqrKcwiL3IR16wndeVYBxR6mCCyEdWv4KFc9m8WwRTacFLALDyxo23T%2FQm0TzUpLupLxURZO%2B5eUHjjLBqjZv6pyXJU%2FYTZ026LIFxA4eXhKva9HeUGeovXQf7vjTZ1XZns0vuGY3si7ao0Il7tPBM5EYtf56Go%2Bn8fxk4g6ni9lhFM9mURyfxvPoOFFuqT%2Fif6f%2FUrN4cRzNT4%2Fi3FQSHZDru%2FeH8%2Fj4cBFPD6e3OFS36d8i%2FVk0jaPZ8R26bWor5O%2B2WB%2Fl3lfuxWSyWq3GmpMujaEik4BGUOmRAMZVkmZAsm8qpHUgvfLw%2B%2BdPW4lLAQlpSf48WklUV64kMF5dr%2FtObbg4VGUwBcQeSHPqTQVSfkzI6ZfAc7H%2Bvo8c9Robm02eLtl%2FTpUv8negSAdIxLjFFLEaAoK06I0Upo3dQbk1cZaukFJx7QmMqgT4UkWMTTeq68BAYhPojnKgJI4SC9jtLYMPnrTDD1Ss8wICgaVkd8wuNVgpiMuN5NaNcLpTYRwH5km7QEekkWEkVezy8jL6g2S3xB2H4QZ3S9LQrVEiMnhaqkDkPkt63qQQ%2FAYJ6mAxgkIhnXsJd9CTtjg7wgh7lcRRJIFQlrW4K%2BDoF44Ztx0bdXDyYFTuTsUgvN3ETS1oFKQFJhE9mtSwtMMHoIIzxjZj9h5jZg2maRSWVHEblYR6Zg1G6vYTaBRkbzSUb5xC9%2FuxvfHXqyaEEl1zEFnIGbzsTYKWRmEGbzyFuPrU2siIF%2FCI9JYBaf1egOJSln1qCK0byPeIYLQJhaDqYQsgoOsGbogxVqYtrkJ5SBJRnOYDlVoBAegMzVcAstPp3k27I1EdoLrtPAA2R73d1glNFvBd7JBhX3I3QLGYMxbmgJOAywRVS4YNofEELO6hfoTylTS1ry5eQmR%2BnL%2Bc0J8RtCO8z7bvI3benjnsv7WvmyPnOHIzuHZxfjU4d9Pmdj44GDppkGyIGxQewDck6SpKruUwBfQgyEESZHQ%2FIkhgAdTedEsPScPDa4MrZGXfU9s2FHbZLxyDaLsNhQBHv%2B61ni0bnARikaZmi2%2BB1VxhcVwaABpb0CPuSM5S7DcoTdhedirR05XbSGmQlvr%2B%2FOdLLBWgVgZEwSItPo72OQgMc5XSWPqwtgft6rSjCW5pid1o7A5j
https://jenni.ai/citation?d=z%3AjVXbbhRHELWiCEXKH%2BSpHyHy7s6uvVwihERkEUURJgKTPPd2184U7ume9GXtyRMhX8Xf5VSPF7ANEQ%2B%2BzEx11alT51T%2F8%2F7gm22I3LL%2F1l6EeP7%2B4PtOb1KO2uTxzpNTzjG05JXlcMmW1N3TF49T2TxZPV7In3uHSqtO%2F62jDSWpVid1wblT2rBlo7zOJdKh4qRM8Jl9QZQb1YbYt8rxhqLOZBV7lTtSOvchDR1FUraQykF1pdce2TLvOI9zdYao6whUIp9CTGqjEzIFZIracubgtVM90kfWLgHkjlCx56zlW1Jhqzpuu1mmfhAYAKoi%2FVU4Uk8%2Bp0OVXLjAKxN2FEc06q1CJOgCJgOI1KJSzaaKtxRRI6ZOkd9xDF6SAAH6ntCkij7dAvF5uBpoUMkIT0JNMox8vAWpJvR98aBDCLKcKj61LbUD7ZABtDO6%2FQxRKIQPH8rM1fPgxo0lX3pJVdy2Dvl5eHVtyugsKdASW1CMf7UaQhY80iB4YdBQ8YKUHbkwCGxPl3kG7Qi5wtENOKKVq9kJjGsFaz2tnEZBlUrcavANSnStcSNRHxyZ4ggnLLINtVhVoWguBuf0xqFpfOqCCy0TZouMjJfss0zx45EAsuOnc8DQQfiAkA07Ib2GybnoKdcBdug2qbu%2FhrN70j8bmmatNPdXAQk62jFdiBMwtSGGnRCtEZ81gEC4GGKNqAdApt5ENhMyvLpJkOmoh1ITp1zFuHeBOIliX5V1hUXdneLAnHQDvUEH8gjzOj2iXQA0554SePnA0rhn7xB5tmSyEqBYFb49VB2hSMCWKGYyeI82HOzuw6BjZgNqbVXBZJvcxVDaDtJvu6zYudKziDR4GX0kaf6wtk2XsBhfeWc6SghASnlOA4AkVcTp6NSir9aL1m7QM5uWwRc2hXgLs53MU5JEQqriDmgXS%2BYZsDkHxwugq7mBDOMKCtaXpkMA%2BVY0B4xX3gPyChBp6pS3JVY1ke%2FqjOQkVD%2BrRgToT5fJ7RHP1WtZKjJfK9FSSFuLWdbDSIZdwikVAYHqwpyRZYrKI5Or1O39KITuNx72byTH1RSSlL0tGOWoails8lvi%2BrJzqx%2BvL7w%2BYDdVncydNtAf%2BD2Bn9pVs7o%2Fa5au6oo3BUHpX9w%2F1uue5B7a6p7d2D6FIS%2B0oxY8%2Bu7pptOj%2BmNuIUU6uB1Ov%2BGKiFPw9hRLnvxXhT4v55S6KRSXVXp%2FcMfYwJc%2FLJv5smkeLNJx83DVzBr5adbrh7MjyGXj3%2BJ38u94tVw3s%2FV6veTV0XI5u%2F%2BguW963b7Bw6NHx6uHzVEXBoKQ6PL8z48v7dCz7Y6Ojlfr4wfHb%2Br8Kj1vQM8S9Mya43NQH0o09Dq6y5Mu5yH9tFg49ufzNAixFOfYSQshEpwvBrtdfBn1HJ9bzC2PA7g4gJUyML17hT2AoYxVAs8mAf8OT08Og4ZOJuWolyH0s7OPl%2BTs5XQjVv2cvlipXyCHV1UO6uf9HXx2EWYnYuM0XWyfXDMn%2B2tmm7EhTHprBdl3pqDZH%2FfNYhLzENv%2Faes%2F
https://jenni.ai/citation?d=z%3AdVTLctxEFHVRXlDFH7DqJVCWRvNwTNi5CFWhAIeKoVixuNO6ktrTD9EPa5RVUnyVv2y2nJbGcTIkC1uaVvc9j3tuv3s4%2B6qVXbK7n%2BuD431kb0n%2FSLJjLLTaSYrOHxrnVavsuenr5qVqO42%2FGA5N77lR%2BwP%2Fk1zkAwfpfH7EUfOhCanJH%2BvB%2BR1gOtqG6EnG8by8Pr6KaysA6sn5Wlnyowhsg7KtoK3SKo7CNSJ2LG7t72Itii0FrkXeoLkwBLaKtNCuVRLPu2RlVM4K0BUdedMkLW5eib1ocS6IgQLQeg2StVB2KgwFgIwik8SCd6ntBIFGzNCN8iEWvVdWql6jBGuW0TurpICCJGPyLIAtk6YMHUpxHabzs4wey2BjLrBmOJIuAhslna1x1vliWhPYxP5DAdKZ3mWp4IBik17xXm%2FWUXNQrcWO2RKcyWqmclrJxQcomYaEG7Abx0NUMkyueqVpZL8wzrrp7WhyKX4luZt6IG5l52LcjUDxXmELxQnnaEPNBSpbyxp2onpDki%2BmDTC8CD1L1cCpjN4yEMmGBkW2HAfmmfGMOeOTrfNBYRzKp2x3VooOSRVYj9AcAXuqWSbv0cHi3ulIgDnRWn6UABW73DiX1dXB%2BX6yGytsW3zKDE7ZknEJATmizXxDmgIcWQyMAITODfjsoEz05AGLOHgwHljrJ9pT5BT0Zcv8xfSbvZnawWAGsAyBOXE6obah1qqYan6cgqNUgXhbbhG4exa1asASqzkZCDNUk5Usvrl58frb3C%2FCKgVnaQtCwSAfYqvg66NfeH3Kaw4V6VL8kXlOMzEoHOi9u1fgQcAdIDF2A41Z8BzDTySlaDwf8%2Fhx5E%2BmNF8mx6mf5OQ3rFPfI8bHkdIkJQe0%2FAUcb1fV6rJYLjUqIsPbhJrh34ezL2pLhvFsGjJKj81rMm8INqGqdb%2BljoyhWtymZkSXPSJ29v9D8pck5xPqGt5zeLOjz%2B9VZt7bvSQrbjnpeatUdXg4O5e1U%2Fuvl1W5rNbfL8JmebnaFNVqVVTV82pdXNUqbO1b%2FA%2F2nVpVl1fF%2BvmzqnM9owO83%2F21WVdXm8tquVneYVOa5d9B%2FqpYVsXqaoduu%2BQl%2F%2Bn1%2FlkXYx9%2BWCyGYSgt5XupxC2ymNKIUfoEgRKXeYskx7GHrDOOKgL375%2BerrgGkWCfr7%2BIVuZRV8HkMN682j926v0snt7KmBQM9snV3ETXYyjf1hn0S%2BRZ7797ZA6%2FSufbxect%2Bw8%3D

228 Haripriya P. et al.

systems, if the transducer relied only on mass loading such instantaneous desorption would
preclude stable detection [34]. The sensing signal must therefore be read out electronically
through the analyte-induced change in conductivity rather than through accumulation of adsorbed
mass. This is exactly the operating principle of chemiresistive conducting-polymer sensors [4, 5],
and it is why the energy-gap response discussed in Section 3.7, not the binding energy, is the
decisive transduction parameter.

Functional/ordering implications. The exponential dependence of T on the binding energy means
that even small differences in E_b translate into large differences in t: doubling the binding energy
increases T by many orders of magnitude, as observed for carbon-nanotube NO- sensors, where
adsorption energies of —0.34 to —0.79 eV correspond to recovery times of 5 ms to 16 s, and —1.00
eV to about 12 hours [35]. Within this study, the same exponential scaling explains why the
dispersion-corrected ®B97XD recovery times exceed the B3LYP values, and why BFs, the most
strongly bound analyte, shows the longest recovery time at both levels (11.31 x 107*? s and
1.42 x 107 s). A longer residence time improves the probability of capturing and transducing the
adsorption event, consistent with BFs being the easiest analyte to detect; the computed times at
both levels prove the reusable efficiency of the thiophene gas sensor.

Frontier molecular orbitals and energy gap: implications for sensor design

The energies of the HOMO and LUMO and the energy gap (E_g) were calculated at the B3LYP/6-
31+G(d) level; the frontier-orbital analysis is the most practically significant result of this work,
because the energy gap directly controls the chemiresistive signal: electrical conductivity
increases exponentially as the gap decreases (¢ < exp(—E_g/2k BT)), and an increase in the gap
corresponds to higher resistivity [36, 27, 38]. The relevant schematics are shown in Figures 5(a)—
7(b).

COF:: conductivity increase. COF2 contributes to the LUMO after interaction. An increase of
0.158 eV is observed in the HOMO energy (—6.610 — —6.452 ¢V), and the LUMO energy
decreases by 0.6813 eV (—0.6397 — —1.321 eV), narrowing the gap by 0.839 eV, from 5.97 eV
to 5.131 eV a reduction of about 14%. Because the gap enters the conductivity relation
exponentially, a narrowing of this size implies a substantial increase in the intrinsic charge-carrier
population and hence a strong, easily measurable resistance drop [36]; for comparison, gap
changes of only 0.1-0.2% have been judged too small to constitute a useful sensing response in
other nanomaterials [36]. The lower band-gap value indicates a less chemically stable and more
reactive state, which in organic semiconductors is associated with more facile charge injection
and improved device response. This is the quantitative basis for the central prediction of this study:
COF: adsorption increases the electrical conductivity of thiophene, making the monomer suitable
for application in organic cells and organic light-emitting diodes.

CNCI and BFs: conductivity decrease. CNCI also contributes to the LUMO; its HOMO energy
decreases by 0.344 eV (—=6.610 — —6.954 eV) and its LUMO by 0.3423 eV (-0.6397 — —0.982
eV), leaving the gap essentially unchanged at 5.972 eV. For BFs, the fluorine atoms contribute to
the LUMO; the HOMO energy increases by 0.222 eV (=6.610 — —6.832 e¢V) and the LUMO by
0.1924 eV (-0.6397 — —0.8321 eV), widening the gap slightly to 6.00 eV. The widened gap
implies reduced conductivity and increased chemical stability, so exposure to these two gases
would register as a resistance increase rather than a decrease [37].

Bull. Chem. Soc. Ethiop. 2027, 41(1)


https://jenni.ai/citation?d=z%3AdVZNb9tGEDWKtijQPzHoKQH0LdttirRA7MBwEMQuaic%2BL7lD7sbkLru7lM2ckkvP%2FTs%2B94%2FlDSXZkh0BhmRSnJk3b96b5Ze7ve8KH2xp3ff6xofru72fjcpiCipP3Y%2F%2FXxompaMPTbLeRfIFJX9rcypVpNpXnLcVR3p2fP4yttmfs5dj%2BRrQ8fmATjdvXeD6hJTTdHb%2BnLyjJtiYrEN63Lu0pJKvSfuGNRm%2BVaV3qqLMBzzqbApWMz0zR2fPUdX5SnUcSAUm6xaMPKVKCMw60uyiTR0VrcsFMpIkwz50I7pidU2N6aJd9yPtbDeyCQzVKHBsqxRRhmqbB0%2BRc%2B90xA%2B5X3DoKNmaB1TZ2iKolGJ9yig4cK0yWwkeVNpMPKJTf8NIsNm6PB9t6Wxhc%2BVS1RE7o1wOXJL2YQ7rrKP76AwkUGGBNHlcrIhUiY5ooZAs76QF6ejGJkMVikuAD7XqE7LjUHb0bDgfzfanxB%2Bej%2BgihTZPbQCFCjwKb2h7waoSPMgNlfQPCG%2BPicwBvATmIqHHjKW13HAt1GdABpSAvho3UN0PdUR%2FqZAsaq4nidQxYbzxAYWtqlYkKjfx7ZHcdBk0Yj8t21HIV6LCcK4HAmw4a3qdHZ3Jf4BgE7oYoGxgGSMdKY1PgA4AjcwuFri2TmMSUqXvd7tDGIRwYxWj8pyb5EPsZ%2FKNxqh1KFF6SSb5IRcALQKGF8GLqApk%2BiDUOBWCv6FMIG%2F%2F2E9vQwgg57H1tm23styAboyteBl%2FfN7fFT8%2BZLJp1Tc0IXoHjJrBEvqB9lbjRLkVFpGlXO5oFmKDLBqsDNDpHyHe5nEtKRGvsaVZWifZBYY%2FILOyCeBh8M5DdYxI%2FNwnvt8pkpSFfIDd8uY3tKn5Hk3P%2F%2FZGSd7DH2JdzLfOLLvUN70c2AYe2OqRXWG8aHxIcFO%2FjJRzaK1fA4kAe9FvqcR1wxAvjLOcx%2FsPxLeNj7gB11lhdqsF8am0GLj2CzjjEWjwgr1SVdQHrKEfTCb09kn%2Bwc6BCUEAFFtYI4NSwJiimKsFY%2FBBSFySTEBucAOOgM%2FkofW68zDvm35MybQR647hnr5hMc%2BOukIiaFMkh89wvbUpdQ0%2FUfbTQ2Wt42X5DSk8IB9VYs0YWb8G%2B%2BVsMjsYTqcVJopDJWvFsv%2FiENRO1SyHYaFqW3XFW1XdQA0ldObqIxUNA%2BwrU7PWAULaexpiTmCRT2B%2FGaSvcLnr2eLC%2Bzr45ZPVq9oGeqdM7f3O7HymLBZoH9C8a42qa6Xpb1XYf1reGXShmPUyyN8HnfZfO2P6Jpcx%2FCYU4LR%2FMrc63u39kGtvw3Qymk7mL8Z6FtTkcD75tdQ2Zu4zPqP7YmeT%2FcPhbHL4wmDg2Nl8e321P5%2FOptP93yYvdFNbbeaHB%2FsHh%2FP5R4SgAZnNR8xmNpxM8XeN5eHbkPP7UN3%2BYVJq4u%2FjcdNmcRRiPvKhHLMbywzhzrEcGHnFjS7GkmIc1AayEkIRNd3t7XGyCWD%2BO8WWgVvXewYuhPbu3xiW2gsY0JZTH1SOvQw1yavCDk2LXdfn%2F%2FH5bCXc2eYr0Ihe0euTSxi31V2RcPbn8bOWyj%2FlLXr%2BZd0z6O7bfUr5Vw%3D%3D
https://jenni.ai/citation?d=z%3A7VjLchy3FWUlzqPyESkskhRZxRn2zHAoMjuJroiyLVEl0raiHRqN7oaIBtoAesjOJrKzSFW2WeQ3kqWqsnL2%2BQh%2Fic9F97w0M%2FbSm6lSUVI3%2BuLce889B%2BA37w9%2BnlunCmV%2BJb9qbJDtR1%2B%2FkkKawJz0jQ6e3atQMm%2B1ygY%2B8CCZl5US1mSNCNaxgns8Md46z1LuZcasYdYV3CjRv2BSywohPeNOIu5MyXuZDdnH%2BJeQK59VMnDN6jKUXFvRIoTBa1%2Fae9Z4mTeaQNXWeDwNlr24Hg%2FZZ5JnH3zChK3S%2BGkoJStVUUof8DBCVjMV2i4pelvxB1U1VUSq%2Bpfz0I%2BxQplBrnTF9JZt%2BuxKqkAjkIkHRN2yVEpDgDOKVFmjqE4vrh9Y7Swg4HnaUlYBoZ0yBVMG6JB5RaCH7NYymwaOp05ybw1PNeUU4XMjJOMmY76WVLR8UZL41ElhZ9K1x9uxeoCdyQ6graVDOzPGAxs9Sr799%2BWQXfY1Aqba6raSDgUK0imu%2FXHcoOYuKNFo7pCoKIkKnHLOEA5v8VHdOme1PO76ttawYB9ACjAG%2F8WuHF0ipgVZRSyNk0P2DOXCduzeurtjVHGOpQ%2FLUs3FHVNV7WRhIn70BxCBDEG6XSmpZV2wMa%2BoDXzIntvIQCK4RpE2w1OzPRFWBGdX85O1BUGo5KjvfEGGqjvHWxRnLVHk4GyBImcKKdMqlK5ss%2B4h5qou6WlsBkpr%2B47EptNkXHfzM9g9ahVv%2B8%2BzGTeBF9gYtEd7etrRKA26zbN%2BzkAoUF65D8m%2B1hYAXazjqdL9mp4t1DYgMZI75qyt1nt3hdKjOsfdZElRIgmPcoKlHQaWNwb0wqiTEhgbWCsDu5das8Zk0vlgbTbMqPfvD35T8tQHx0XYi9JelPaitBeln1KU0GEaJpl9jB2LcTKeDkYjjToEp9IGlfB%2Fe3%2Fws8zwSuLvPOeV0m3%2BXHGv7mShZtLkn3DDPhmi3loebFl7ZSmfbm32WCPpHSuLW5srqbNuafnEYXzZZR9YqMy%2FP%2FiFyKwKo2Q4SiYXJ%2Fno4vzsfJyMRqNHmfKpeYef3nyjkkmSDC6mFxdqnEyTwfRsOhUVL94ivfHp%2BaNpMi2ByXAtH%2B6%2BXD58i6%2BbrhJvKfQgGeFP4Zs0tDWAHsigAr757ZbRXeFLHmythH%2BX0Ve%2FFo3TD78rQ6j9H09OAH8IwT7ZlsLmofWX%2F3jxIbkPoZZHTIE82DrQRBcOfC4tNDCCWOheKJ1tik55SaQbH8kAfuTWe6XBD0lKQ7OGRLwqjMoxgSQSJcQQFgIuprYXb2lmyllD3tJNWFOh76XkOpSQ0RKQfGiyFtEFsICIkdlERqltHb%2FD3pxpez8QFiYRo8AwMPHzIZFkBnOtRzGi9kAEoHZNqjE43X7x0xVAZGQO1Yh0Jy%2BJYgKVUMh5PejC%2FzgZjq1LCcGeNzE6Fdy3sDKUraZXhW6F1agOao8ZU8azw%2FqwOB3fDm5vj2InoI4IDrmiMiycqh%2FiRR1quI9QNWQPVaBpLWQ%2F%2FL3AkfiRsgFzNB4so5exNOjP3BtYA%2Blj8gFtgw70%2FkmdH7KXC1x4X6pU0SkglniL5bKsiV%2FTorhk7t1WiKZWKFKFuYvuAxVCLGx9eHX9%2FPoI%2FoyWHgPRXTTUAJH1QtZBkXeSfoGpPJIN3hvdneoC14oDA6mH4LB7cHXGcdKJvjIn6%2BdffPfunzPl8fPFs1dkvCT9XtgaDvJ6APmH2dpge0%2BAvq%2BsYIevX94cdd75ihM9V992KOIBo7IOUbQtWqzlukXNe3t6%2BuzLx69jgMd%2Feg7BFaVRXzVR7w0OEFWEimaSM0evEq5Fv7RWf8ErHOsgC2jLXP8p%2B0Fv18vmEIZFTTpTreYdi3a6dnwCD0ZjdnMiqoiLsxspUwlfFlbmGNho67RoeMb%2B%2F98vTj49
https://jenni.ai/citation?d=z%3A7VjLchy3FWUlzqPyESkskhRZxRn2zHAoMjuJroiyLVEl0raiHRqN7oaIBtoAesjOJrKzSFW2WeQ3kqWqsnL2%2BQh%2Fic9F97w0M%2FbSm6lSUVI3%2BuLce889B%2BA37w9%2BnlunCmV%2BJb9qbJDtR1%2B%2FkkKawJz0jQ6e3atQMm%2B1ygY%2B8CCZl5US1mSNCNaxgns8Md46z1LuZcasYdYV3CjRv2BSywohPeNOIu5MyXuZDdnH%2BJeQK59VMnDN6jKUXFvRIoTBa1%2Fae9Z4mTeaQNXWeDwNlr24Hg%2FZZ5JnH3zChK3S%2BGkoJStVUUof8DBCVjMV2i4pelvxB1U1VUSq%2Bpfz0I%2BxQplBrnTF9JZt%2BuxKqkAjkIkHRN2yVEpDgDOKVFmjqE4vrh9Y7Swg4HnaUlYBoZ0yBVMG6JB5RaCH7NYymwaOp05ybw1PNeUU4XMjJOMmY76WVLR8UZL41ElhZ9K1x9uxeoCdyQ6graVDOzPGAxs9Sr799%2BWQXfY1Aqba6raSDgUK0imu%2FXHcoOYuKNFo7pCoKIkKnHLOEA5v8VHdOme1PO76ttawYB9ACjAG%2F8WuHF0ipgVZRSyNk0P2DOXCduzeurtjVHGOpQ%2FLUs3FHVNV7WRhIn70BxCBDEG6XSmpZV2wMa%2BoDXzIntvIQCK4RpE2w1OzPRFWBGdX85O1BUGo5KjvfEGGqjvHWxRnLVHk4GyBImcKKdMqlK5ss%2B4h5qou6WlsBkpr%2B47EptNkXHfzM9g9ahVv%2B8%2BzGTeBF9gYtEd7etrRKA26zbN%2BzkAoUF65D8m%2B1hYAXazjqdL9mp4t1DYgMZI75qyt1nt3hdKjOsfdZElRIgmPcoKlHQaWNwb0wqiTEhgbWCsDu5das8Zk0vlgbTbMqPfvD35T8tQHx0XYi9JelPaitBeln1KU0GEaJpl9jB2LcTKeDkYjjToEp9IGlfB%2Fe3%2Fws8zwSuLvPOeV0m3%2BXHGv7mShZtLkn3DDPhmi3loebFl7ZSmfbm32WCPpHSuLW5srqbNuafnEYXzZZR9YqMy%2FP%2FiFyKwKo2Q4SiYXJ%2Fno4vzsfJyMRqNHmfKpeYef3nyjkkmSDC6mFxdqnEyTwfRsOhUVL94ivfHp%2BaNpMi2ByXAtH%2B6%2BXD58i6%2BbrhJvKfQgGeFP4Zs0tDWAHsigAr757ZbRXeFLHmythH%2BX0Ve%2FFo3TD78rQ6j9H09OAH8IwT7ZlsLmofWX%2F3jxIbkPoZZHTIE82DrQRBcOfC4tNDCCWOheKJ1tik55SaQbH8kAfuTWe6XBD0lKQ7OGRLwqjMoxgSQSJcQQFgIuprYXb2lmyllD3tJNWFOh76XkOpSQ0RKQfGiyFtEFsICIkdlERqltHb%2FD3pxpez8QFiYRo8AwMPHzIZFkBnOtRzGi9kAEoHZNqjE43X7x0xVAZGQO1Yh0Jy%2BJYgKVUMh5PejC%2FzgZjq1LCcGeNzE6Fdy3sDKUraZXhW6F1agOao8ZU8azw%2FqwOB3fDm5vj2InoI4IDrmiMiycqh%2FiRR1quI9QNWQPVaBpLWQ%2F%2FL3AkfiRsgFzNB4so5exNOjP3BtYA%2Blj8gFtgw70%2FkmdH7KXC1x4X6pU0SkglniL5bKsiV%2FTorhk7t1WiKZWKFKFuYvuAxVCLGx9eHX9%2FPoI%2FoyWHgPRXTTUAJH1QtZBkXeSfoGpPJIN3hvdneoC14oDA6mH4LB7cHXGcdKJvjIn6%2BdffPfunzPl8fPFs1dkvCT9XtgaDvJ6APmH2dpge0%2BAvq%2BsYIevX94cdd75ihM9V992KOIBo7IOUbQtWqzlukXNe3t6%2BuzLx69jgMd%2Feg7BFaVRXzVR7w0OEFWEimaSM0evEq5Fv7RWf8ErHOsgC2jLXP8p%2B0Fv18vmEIZFTTpTreYdi3a6dnwCD0ZjdnMiqoiLsxspUwlfFlbmGNho67RoeMb%2B%2F98vTj49
https://jenni.ai/citation?d=z%3AfVPNbhMxEA4IJCRewuLUSkn2JzShqCChIFGJ0oIqBOWANGt7d6fx2ivbm2Q5pRfOvE5ehydhnJDSpqTS7no9%2Fmb8zTczV8vOw9xYLFA%2FEjNjJ8vO0xIy5y1w3z6YfDAep%2BClYFnLfCmZlVxqTwso%2FAEejWYmZ35megIrqR0ZQDEN2lTkZhGUY%2BBYQa%2BjY2Ndl80kK2EqGeqpdB6LVfwQHAQB6k3Q4FMZJXmjpGN752dHrslep0dRWLrsdGt%2FPD4l4%2FHKOLg23sScd9n4LDh22bbv7e146xi0uA0522fEMVAuLNQleuTsHZwyV0rp2d7Hkx7t9lnjUBdMBFl8y%2FJG85Ab6UOexraMg6LkViq6vgLOpXNSvCU9ijROD3pJorjR3mLWeFLuJxVLaKhkKFoOFapWXBhdyAKnUmP4VQi6EJZU69wF83GDa%2BzkmLC%2FF79OiN8utPhWmmYNLz8Rbo5gdmGz879I%2FBoItPeEle8bQqzR%2BQXoCvXOqCcbuhTVEN3Aeg3mKNyy85gLgzaJ%2B0k8OIz4yEKSJPEQBLpML%2Bjr9BWm8fNhL42Hh7yC4jIdDQ9GafJiMChNLakWcj758s94ST7NugSXaZyMenFCz8RKZxrL5Wer5q9K72v3MorqJnN963jf2CKSOgqlotmIwFI7KFmLPAohIgs3qBXUPr6tKcuO9Ojp%2Bu9v7ul6ssF%2Feyy0JHrHsKoV8nULMZrka9%2FNuOXe1MjdQoRbn%2FCGMni2yYDUW5G%2Fq%2BAf
https://jenni.ai/citation?d=z%3AtVjZbhy5FTWCZBIgP0HkSQLUi7q0WAPHiGRZsmOrW7Eke2beWFXsKspVZJms6lbPkwdBPsqv%2BbKcy1p7kzIYDGxIajaXu5x77iH%2F%2Fe3ZH6bayEiqP4ZzbT5%2Fe%2FbXmPs2NzzIF3%2F%2B7%2Bk0F4blsWC2CAJh7bRImF0ojFhpmZ6yyPAsFkoMYvHAI614wnxttGJK5kaGgu3EvbPxLosFdtLYuAjywgi7x%2FBDcBPEjM61LOYzwXwhFAu4MVKETBc5g3F0vDQsS3hhpZ8ILORJD4uSkIViJgPBeJYlMuC51Mr22U2BTUfnTHGlbSxEblnEpYKpgueM57lQNJNxS1svypNtrOeKZUan0koVYYVlVij3N0YzYXIpLAsLwXJdmRTLKEZgzJQHopfr3kwnRQr7yBDGVcgKJb9ggUhEkCMmMuhu5Yt8Tu7WEXQrKFh99kYYIdUem5OzmTawmk2lsXkvM1IFMkvIFLIuX7BpoQLyB5GHWdosmFQzYXMZuYBQklwCq9BjGh202SbMxQlYC3Mau3auL3f32vGz8Z7boYyBVD1kBsOrCWYizRK9oPidee9%2FvHZrQmlxlIVZvUAbAxOQ5xlXcMawT5wntuvOp7OT4x%2FO2VzmsXPhqOft71%2BynRDW7DKfEwStyPvskwBQCmcTMkzgFLBXhNLt38EBZZlFWofdcNic%2BzKhULqTpnymDSegBZpgDnAgCiZa1F7jZBVGPKMIhQVPEop4AHBZeN0YWw%2FhD%2Ff5rDfGhioA%2BBxAlDPbYQ9ua1hRhIT6Mqw8tNpkLn%2Bd9OR6zg2m6AekjRCaaqSxIDTs3Exe2MJ%2FOXoxoF%2FO1leT3T47TTVSUMZkvQgvR2fjERMPsfQl1QmVCFLROb7yHcjgPlVkb9gfecdMfHRH4JPnHdKnObCCjTJtyQnNNtqzbLTjgAwgQIyTRZ%2FdIkybcQn2iale30yuJm6r93f4w5mGr%2FfceK8dW%2BCcbI9dCJNKlgjsjloCyzTgKhGMdISIhJxR7q2MlJyCRVSOhAYxVxEc4Q0BdkKCWKx4R27hC5rXQZt4CERWctj1JSyIUdYl6RA%2BueEp5cMiCinxE09S5KYsVny19WwaWQlln10VSSI%2FIwXkmOIlsn04yLRBavFhZ3w22SXHTERcw5MF1Y9BdKjsXOVUXwKgyk5xtg6CAvZNwYorcCs5cIOzDgYr0cExzgOfSF1h6fUlcJnksS5AoCsO1kl1Yavc5AYhScC2lJoao7CYIg68uakbMlI1D0xo7UTmk4RpDBN3dXiyBdlGCO6tBacO4V4dFm7qpWCUnFZr12oo9levr3dZSqCk%2FESJ9jEqFRgKnlZU1WWvTmDJ%2BZKyQPia0rHZWxeP1RLrJ9z1bRGeI2jRaDg66g29BMhHd%2FaLHPv9BxogVAAcaYEpT2WyEFd8PuciQl2q%2BJ9cEZ6S0GDTZ%2BuTpzcxfqflbHUjDb9ndyE754jI1jXvYKyu1kTlBlsnR2%2B0tSiQcra8CvvsHU%2F5VoPEaZyKsJwtLjhUSDkzkKH99uy7INTS7A%2F7%2B0PvZBDuGz488oYHHK3JV1%2Fx06pf5Gh4cNQbDY9OgpRH995o6B14h8fDYQw4IO3i4fOndjDMUhnG3uHBiXd4NLrHDkUZ7nuEe783pP%2BfwXS6MIG4M8nD3%2BM8z%2Bz3g0FW%2BLZvbNDXJhoINaC0ADEDDsgFicjC6YC2GBjeMTRCxvNFBoefiVzmMEa8rZtwo8aWNdhab277d4vRjohy0qhpMhXuprnOZGC%2FhnT4X0AMycPfakcQUufDelgfFZjf%2FeNCG8qkiBehQG0wSChYgN6L3ThVYKDTzLX2nY%2BTV7ugq4Saasj8BfMLmYSkL5yyEBAUpfEp0QM8QmXGVAtcoXV3FGLdkYNYpBhL2FSI0OY6%2BEwVWcA29KLXoDPrmn91JDEvPGmshUwlqVrgG4vjdAEJCyZF93cAwOE1n%2BAconWiL4U9wSTEe
https://jenni.ai/citation?d=z%3AdVbLbtw2FDWKoi3QnyC6sgHPwzOxAxdtgThu7DTxA3BTt0uKvJJoU6RCUp6ZXbLoR2Xbn%2FK251Iz9sQPwB5JFHnvueccXurzl40fK1V37vqtvvU0TxSctK%2BlqgkDlfVKJh9uSx9MZdy3TavLY1PVFv8p3pZtoNLMb%2Blj5xPdUlQ%2B8CUtLN2WsSv5pZ75cI00tSxiClKlxff%2FvSqRSKSaROyUohjLzoq4cBiJJgpfiirItiZHo5rmsvIAJQofvBPOpGA0ic16cHC6JWpCJI%2FAnUpdoLgt8EMyqFpw3ihqeUOiIHJCyRAMaeG7JFAQpzdBtFZ20RSWsFDaARZZLTTdGEVCtq01YMB4F4fiokPQyaFw0vlYE6UoKmkcoJJMQqZEjmcKGTn0os8caz9zog2%2BMdG4CiuiiOTyPUZbCslQFLojkfwSUg12QUwopaJB8oMbb7sG%2BBiIkE6LzpmPWECWVAInRq2HKijNuNwVg3kFkzUUxxTIuG0x42JbH4BalCbENGiDccq0lqEwurQQZecU1wPmAcuHhTDuBtqaKhPCImUBl9RjGid6GhPmIgPWAs4drs3zo63t%2B%2FGD0%2B0coefAuAGUwfBDgQU1rfUL5u9g%2Bv6f87xGm4hUEbAGsGAABOh8Ix2KCeJSShvXy7k82H%2F596GYmVTnEvYG052dI7GpgWZLFJItGCkNxSXBKF3GBIXZnAS8pE2Ov%2BYDVllU3ut1OmKShbFMZc5UyhsfJBtNebY5zAEWQrVYVY3MTleyZYZ0J61lxhXMFVH1HdjVEG7y88HgFAGdgvmyQVyGnb2Hsj1QdJpd39MqdfShzfqtyZP8TAZM8XPIxg5tPGTs2A2bF2e%2FxK74bfLLiC8Z6%2BuzraF41XhI0HPyeBMeTQ5OJ4LmtSkM7xPeIpBiLf2ydjhDFrwjB%2BPhZPpS0F85BZ6m011%2BmsErCNT6yEV48SSer0HnHtDCBODYLobiT9D0tC%2FRfWrer8dnJ2c51PsPuMnQ8Ho7jw%2FuxxbI026LNxQaIywhOvYSusyduXoHQw4NJswNax9N5UyJLuISBFW1dBUKkXcNcI0ScPGgOi4LL3jemttorqjte9j5ERDU2NZ902F%2FyiAb1iOChYb7k7QNtOk3K149m5tHHlA5FCedteYaEnBhTvbOLlCg8AHS4mHz9OBsiwsLFfcaaRe8fwLY4W2Xd87yJQzqYoncXqkO%2BEp0xQd263vgE8VmGzxgB2lyBQU3dYel50fwpU2179BAHxS4EjXTtixTBlCSzzJIs%2FIoEDPj8Fue%2BoQiy8MDE%2B5xQnlrhccw9661PnlvsictuP2InBWF2ytaZFgtRUdJvBqHLY4a5v7k9%2FMt0bApWR%2Bc1wVGjUOHQqXLVrXevdaI5eL7loWG71mOp6vNfDzcYkMr87lN%2BhCkVZPxZG8wnlo4H6dz0eGbIf77ZeMb7WA4XMtSNsYu6ETOZpIq7EtX%2FyEd%2B8nqgKAbjyeXFzWuTT%2FbXZggr8QHLQ4lGHl2zTuA9cs1VR%2Fg2cnVsY8RG6SfbU70ULyTjXwWEL2qG9L9bHoj8RXSz1RGxy8b3yntTdgZD3fG0%2F2R3glyvDcdv5A4mgr3Cb%2FRfTaT8Yu9wWS8t68aWV1NJ%2BPpi%2Bnuy%2FG4hh0gO82vL%2B8HddsYXU93X%2BxPd%2FcmV4jQ9XRfge6dwZj%2FrtHpfBcUfQh2%2FmudUht%2FHo3arojDENXQh2pEbsSywDEjCcspS%2FiIG3GIUZBrQCsonhYtCt6gZBLA0NvVIXz3Nfb1N9ijs%2Fn%2B%2FL736NpHVP40ujtklr4rk2%2BNip80J%2F8BjcHOf1oVAkpzDY9p%2FR8%3D
https://jenni.ai/citation?d=z%3AdVbLbtw2FDWKoi3QnyC6sgHPwzOxAxdtgThu7DTxA3BTt0uKvJJoU6RCUp6ZXbLoR2Xbn%2FK251Iz9sQPwB5JFHnvueccXurzl40fK1V37vqtvvU0TxSctK%2BlqgkDlfVKJh9uSx9MZdy3TavLY1PVFv8p3pZtoNLMb%2Blj5xPdUlQ%2B8CUtLN2WsSv5pZ75cI00tSxiClKlxff%2FvSqRSKSaROyUohjLzoq4cBiJJgpfiirItiZHo5rmsvIAJQofvBPOpGA0ic16cHC6JWpCJI%2FAnUpdoLgt8EMyqFpw3ihqeUOiIHJCyRAMaeG7JFAQpzdBtFZ20RSWsFDaARZZLTTdGEVCtq01YMB4F4fiokPQyaFw0vlYE6UoKmkcoJJMQqZEjmcKGTn0os8caz9zog2%2BMdG4CiuiiOTyPUZbCslQFLojkfwSUg12QUwopaJB8oMbb7sG%2BBiIkE6LzpmPWECWVAInRq2HKijNuNwVg3kFkzUUxxTIuG0x42JbH4BalCbENGiDccq0lqEwurQQZecU1wPmAcuHhTDuBtqaKhPCImUBl9RjGid6GhPmIgPWAs4drs3zo63t%2B%2FGD0%2B0coefAuAGUwfBDgQU1rfUL5u9g%2Bv6f87xGm4hUEbAGsGAABOh8Ix2KCeJSShvXy7k82H%2F596GYmVTnEvYG052dI7GpgWZLFJItGCkNxSXBKF3GBIXZnAS8pE2Ov%2BYDVllU3ut1OmKShbFMZc5UyhsfJBtNebY5zAEWQrVYVY3MTleyZYZ0J61lxhXMFVH1HdjVEG7y88HgFAGdgvmyQVyGnb2Hsj1QdJpd39MqdfShzfqtyZP8TAZM8XPIxg5tPGTs2A2bF2e%2FxK74bfLLiC8Z6%2BuzraF41XhI0HPyeBMeTQ5OJ4LmtSkM7xPeIpBiLf2ydjhDFrwjB%2BPhZPpS0F85BZ6m011%2BmsErCNT6yEV48SSer0HnHtDCBODYLobiT9D0tC%2FRfWrer8dnJ2c51PsPuMnQ8Ho7jw%2FuxxbI026LNxQaIywhOvYSusyduXoHQw4NJswNax9N5UyJLuISBFW1dBUKkXcNcI0ScPGgOi4LL3jemttorqjte9j5ERDU2NZ902F%2FyiAb1iOChYb7k7QNtOk3K149m5tHHlA5FCedteYaEnBhTvbOLlCg8AHS4mHz9OBsiwsLFfcaaRe8fwLY4W2Xd87yJQzqYoncXqkO%2BEp0xQd263vgE8VmGzxgB2lyBQU3dYel50fwpU2179BAHxS4EjXTtixTBlCSzzJIs%2FIoEDPj8Fue%2BoQiy8MDE%2B5xQnlrhccw9661PnlvsictuP2InBWF2ytaZFgtRUdJvBqHLY4a5v7k9%2FMt0bApWR%2Bc1wVGjUOHQqXLVrXevdaI5eL7loWG71mOp6vNfDzcYkMr87lN%2BhCkVZPxZG8wnlo4H6dz0eGbIf77ZeMb7WA4XMtSNsYu6ETOZpIq7EtX%2FyEd%2B8nqgKAbjyeXFzWuTT%2FbXZggr8QHLQ4lGHl2zTuA9cs1VR%2Fg2cnVsY8RG6SfbU70ULyTjXwWEL2qG9L9bHoj8RXSz1RGxy8b3yntTdgZD3fG0%2F2R3glyvDcdv5A4mgr3Cb%2FRfTaT8Yu9wWS8t68aWV1NJ%2BPpi%2Bnuy%2FG4hh0gO82vL%2B8HddsYXU93X%2BxPd%2FcmV4jQ9XRfge6dwZj%2FrtHpfBcUfQh2%2FmudUht%2FHo3arojDENXQh2pEbsSywDEjCcspS%2FiIG3GIUZBrQCsonhYtCt6gZBLA0NvVIXz3Nfb1N9ijs%2Fn%2B%2FL736NpHVP40ujtklr4rk2%2BNip80J%2F8BjcHOf1oVAkpzDY9p%2FR8%3D
https://jenni.ai/citation?d=z%3AdVbbbhs3EDWKtijQnyD6JAO2JFuBEwdo0cSKa6PxpbGTIn3jkrNLxlxyzYvszVPy0I%2FKl%2Fm1h5Rkx0oFSFpwOZw5c%2BbMUJ%2B%2FbPzcCJXs1bG8c3QbyVtuDrhQhBeNcYJH5%2B9q53Wj7fdtJ%2Bsj3SiDbwx3deep1rd3dJ1cpDsKwvn8iL2huzqkOm%2FKG%2BevEEbxKkTPRex%2F%2FP3Q%2BZYbSaqXtMU4mznDozbEnG%2B41YIJ13YuWckG784ONpknQzyQZFXPqqSN1LZhHNuSEBJHnWUtB3jNTdhiigcsbc941xmNFLAfmLYsKmJIrcU7w2oiGaITV9iRCdj6IXt1KygEPaNlSOZqhuzv0TLBLb4JOwHhXApMETdRMR1CIgQPSSgGAIgTIouZKQufW8gpNQoPbgV5ZA34sRxikre8oSG7VARCweEWEoskSl6rAHQAtuukPckhO8KBnJfnNug5DRSR2%2BAQPk71PMq53GTSdaDPmb7ttCBb3NCMmwTWZIbLWYPfQDY4nwMWrtaiKFhZR768RELZYH4i6MbCJegT0bt7theeH4WNymdOwD9KB2XkQMDmm36LWR6Tx7nKIQPnK13SOn15tsmss9vCwQvZ%2BOjs4PTgeHNrGdoCTGalZ1LXNYgCzMAGr6bTB5sQIQ7BOsjXRogH2xfn2L5O3MbU5pSc73Ny6IM2S6h1OJkg1cFfly%2BOT2BbI1TU5Jdb3D%2FgPTw5g8VcqXMscJWDZiTTs4tN7HHTBx2G7HiVBQ0jV0WuM588speT1%2B%2FPt6eTkaR6e5dd%2FvPunBmakVmQn5EG5W4CFjBfVU2nEMehCFVWwgyAc8FC8jVf1G9VRauimVc9gklZJPJt3XKcs9fvB6d6c3R0cHTGfivLQ3q0hCDLcqEiTxDHHMK60qJ70VHO1tq38zGQsZcKFHZR%2BAWTuQVvVJ4lJR3UPfsVivsGdK56%2BV%2BVPZQkw0OfJQHrZQEbz6XO8AZvpn%2Bgfl3nHeYlSyEPJSSwXpr3nuGsRVJAmIVQqvVYkKiZdw3ZAiz7fcQFGJtxbe4nGoaloVsC4DeYh6gs6NFtKTpaL0uydJvLMwnjLp%2FxlAKvtFlIsiihdGhOGudCTLLHEO0RzM00FMQBmjrERIOroq6vGj5DhBuV74aeEQa%2FKBytmQK8gagxHR9J9EZjiq5qEFTNRYgR9KBDw0We0ySnyKzZHe%2FubY93DCobva4Sbqzw75eN76TlLeFZ17zVpm9eUNQf%2BUdqMN%2BtOkmKty2XINrQxrfm9NYYrubG9SHHSbvOVF1wNJFfum4uSHkd1Drz5oSr1jk5t6ZL7vX1Olv5ok%2FVAvGfKvmg9AKx0DJ82fhBSKf9zni4M57sj%2BTE8%2FGT8c6%2BlDpU9hN%2Bg%2F2sd8dP9rZ3x3v7ClxCgnR79feTybOnk739vfGe7Fot1eTps%2FH%2BePfZh3IlFWI%2FgNgJiMXnCj3qkhf01pvbX1WMXXg%2BGnWpCkMfxBDX9ojsKBcAVR9xDw0bwp%2BFUXYx8vwrZE1IVew75LiBekSA%2BfTGVbh%2FSyNjFuXeXX%2F9Le%2BMtUJ5uOLmYgvPId0QIV34ueFesunhJWQ8w%2FWsm%2FLfoI4OR8InmXH9JBJy%2FGWZI%2Bgt6X1L8X8%3D

Thiophene toxic gas interactions: A DFT study 229

LUMO FIRST EXCITED STATE

EngLUMo'EHoMo=5.97eV EngLUMO'EHOMO=5-1319V

HOMO GROUND STATE

(@) (b)

Figure 5. (a). Frontier molecular orbitals for thiophene, and (b) thiophene with COF; at the DFT
B3LYP/6-31+G (d) level.
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Figure 6. (a). Frontier molecular orbitals for thiophene, and (b) thiophene with CNCI at the DFT
B3LYP/6-31+G (d) level.
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Figure 7. Frontier molecular orbitals for thiophene, and (b) thiophene with  BFjat the DFT
B3LYP/6-31+G(d) level.

Two design insights follow. First, the direction of the resistance change is analyte-selective:
COF: produces a conductivity increase while CNCI and BFs produce a decrease (or near-null
change), so a single thiophene element or a small thiophene/polythiophene array can discriminate
COF: from the other two gases purely from the sign of the response, a form of selectivity without
functionalization. Second, the analyte orbital participation determines the transduction channel:
in every complex the analyte contributes to the LUMO (the COF> and CNCI molecules and the
fluorine atoms of BFs), meaning the lowest unoccupied level of the device acquires adsorbate
character upon exposure. Such localization of the LUMO on the adsorbate is recognized in the
broader DFT gas-sensing literature as direct evidence of a strong interaction with notable charge
transfer, and it provides a low-energy acceptor state that facilitates electron transfer between the
film and the analyte [39]. The ordering and directionality of these effects a large, unique gap
narrowing for COF2 and small opposing changes for CNCI/BF; constitute the central, practically
actionable result of the energy-gap analysis.
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Molecular electrostatic potential

The molecular electrostatic potential is an effective tool for predicting sites and reactivities toward
both electrophilic and nucleophilic attacks. The adsorption performance of the complexes is
evaluated by mapping the total electron density with the MEP of thiophene and the thiophene—
analyte complexes, as shown in Figures 8(a), 8(b), 9, and 10. The color-code range is between
—2.311e2 (red) and 2.311e2 (blue) for thiophene, —5.546¢2 and 5.546¢2 for thiophene—COFa,
—4.445¢ % and 4.445¢2 for thiophene—CNCI, and —5.615¢72 and 5.615¢2 for thiophene—BF:. In
the isolated monomer, the red region over the carbon atoms marks the favorable electrophilic site;
after adsorption this is replaced by yellow/green regions of intermediate potential, indicating
redistribution of charge between monomer and analyte in every complex. The broadening of the
potential ranges shows the strongest electrostatic perturbation for the BFs complex — again
consistent with its largest interaction energy.

@) (b)

Figure 8. (a). The total electron density isosurface mapped with the molecular electrostatic
potential of thiophene, (b) the total electron density isosurface mapped with the
molecular electrostatic potential of thiophene with adsorbed COF.

Figure 9. The total electron density isosurface mapped with the molecular electrostatic potential
of thiophene with adsorbed CNCI.

Figure 10. The total electron density isosurface mapped with the molecular electrostatic potential
of thiophene with adsorbed BF3 NBO analysis.
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Energetic analysis of NBO interactions relies on the use of a one-electron effective energy
operator known as the Fock matrix, along with estimates of energetic significance based on
second-order perturbation theory calculations. It is widely recognized that certain orbitals act as
electron donors while others function as electron acceptors. The findings explore the interaction
between occupied donor Lewis-type NBOs and vacant acceptor non-Lewis-type NBOs. These
interactions result in a reduction of occupancy from the localized NBOs of the idealized Lewis
structure into the vacant non-Lewis orbitals through delocalizations or deviations from the
idealized Lewis structure.

In plain terms, NBO analysis recasts the delocalized molecular wave function into localized,
chemically intuitive orbitals: Lewis-type orbitals that hold electron pairs (bonds o/ and lone pairs
LP) and vacant non-Lewis orbitals (antibonds o*/n* and Rydberg orbitals). Second-order
perturbation theory then quantifies, through the stabilization energy E®, how much energy is
gained when electron density delocalizes from a filled donor orbital into an empty acceptor orbital.
Two regimes are distinguished in all three complexes:

Within thiophene (intramolecular). The dominant delocalizations are the conjugation of the
sulfur lone pair into the ring antibonds, LP(S5) — n*(C—C), with E® ~ 21-22 kcal/mol, and the
1(C—C) — 7*(C—C) ring delocalizations at ~ 15-16 kcal/mol. These large values simply describe
the aromatic stabilization of the thiophene ring itself; they are barely perturbed by the presence of
the analyte.

Between thiophene and the analyte (intermolecular). The intermolecular E® values are two
orders of magnitude smaller (0.05-2.13 kcal/mol), confirming that weak, noncovalent interactions
stabilize the complexes rather than chemical bonds. Each complex has a characteristic dominant
channel. Thiophene—COF-: the oxygen lone pair of COF- donates into the 6*(C1-H6) antibond
of thiophene (LP(O11) — o*(C1-H6), E® = 1.20 kcal/mol). This matches the Mulliken/NBO
picture in which COF: acts as the electron donor. Thiophene—CNCI: the flow is reversed the ring
n(C3—C4) bond donates into the 6*(C10-CI11) antibond of CNCI (0.43 kcal/mol), consistent with
thiophene acting as the donor, with a smaller back-donation from the chlorine lone pair LP —
w*(C3-C4) (0.12 kcal/mol). Thiophene—BF;: the n(C1-C2) bond donates into the vacant boron
lone-pair orbital LP*(B10) with the largest intermolecular stabilization of the entire study (2.13
kcal/mol), supplemented by weaker 1 — o*(B—F) donations (0.06-0.11 kcal/mol) and small
reverse fluorine lone-pair donations LP(F) — n*(C1-C2) (0.10-0.12 kcal/mol). The dominance
of this channel explains, at the orbital level, why BFs binds most strongly and is sensed most
readily.

Thiophene with COF-. Out of all the interacting NBOs, the interaction between the sulfur lone
pair and n*(C3-C4) gives the highest stabilization energy of 21.26 kcal/mol. The next strongest
stabilization energy of 21.17 kcal/mol is identified for the interaction of the lone pair orbital
localized on S5 with n*(C1-C2). Thus, the interaction energy that leads to stabilization arising
from the nonbonding interactions enhances the stability of the monomer. The delocalization of
electrons from ©(C1-C2) to n*(C3—C4) resulted in the next strongest stabilization energy of 15.75
kecal/mol; the delocalization of electrons of n(C3-C4) to n*(C1-C2) gave another strong
stabilization energy of 15.28 kcal/mol. Thus, the higher E® of thiophene originates from the
atomic overlap between LP(S) and m* orbitals and between m and n*, confirming higher
intramolecular charge transfer within the monomer.

The NBO analysis of the interaction of thiophene with COF- showed three intermolecular
interactions (unit-2 to unit-1). The strongest interaction between the lone electron pair of O11 of
COF: with the antibonding orbital *(C1-H6) of thiophene caused a stabilization of 1.20
kcal/mol. Another intermolecular interaction between the m bonding orbital O10—-C11 and the
Rydberg non-Lewis NBO of H6 caused a stabilization of 0.36 kcal/mol. Another interaction
between the lone pair of O11 and the Rydberg non-Lewis NBO of C1 stabilized the complex
thiophene—COF: by 0.05 kcal/mol. The charge transfer between analyte and monomer is due to
the overlapping of the out-of-phase interaction that forms the antibonding o* type of C1-H6 of
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thiophene with the lone electron pair of oxygen of COF.. No interaction from thiophene to COF:
exceeded the intermolecular threshold (0.05 kcal/mol), confirming COF. as the donor and
thiophene as the acceptor, in agreement with the Mulliken and NBO charge transfer results.

Thiophene with CNCI. Out of all the interacting NBOs, the interaction between the sulfur lone
pair and 7*(C3—-C4) gives the greatest stabilization energy of 21.66 kcal/mol. The next strongest
stabilization energy of 21.33 kcal/mol is found for the interaction of the lone pair orbital localized
on S5 with ©*(C1-C2). The delocalization of electrons from n(C1-C2) to n*(C3-C4) leads to a
stabilization energy of 15.72 kcal/mol; the delocalization of electrons of ©(C3—-C4) to n*(C1-C2)
gave a stronger stabilization energy of 15.16 kcal/mol. When the stabilization energy is
substantial, the interaction between the electron donors and acceptors will be more pronounced,
indicating a tendency for the electron donors to donate more electrons to acceptors, which
increases the extent of conjugation of the system; this can be identified with increased electron
density stabilizing the donor—acceptor interaction.

Regarding thiophene CNCI, the intermolecular hyperconjugative interactions are caused by
the orbital overlap between m(C3—C4) of thiophene and ¢*(C10-Cl11) of CNCI, giving rise to
intermolecular charge transfer leading to stabilization of the system by 0.43 kcal/mol .The
prominent charge transfer is noticed from thiophene to CNCI based on Mulliken and NBO charge
transfer analysis. However, from the second-order perturbation theory, it is clear that some
appreciable amount of electron transfer due to reverse charge transfer occurs between LPCI11 and
the antibonding 7*(C3—C4), leading to a stabilization of 0.12 kcal/mol

Thiophene with BFs. Out of all the interacting NBOs, the interaction between the sulfur lone
pair and ©*(C3s—Cy) gives the strongest stabilization energy of 21.36 kcal/mol. The next strongest
stabilization energy of 21.9 kcal/mol is identified for the interaction of the lone pair orbital
localized on S5 with n*(C1—C;). The delocalization of electrons of n(Cs—C,) to n*(C1—C>) gave a
stabilization energy of 15.83 kcal/mol; the delocalization of electrons from m(C1—C>) to n*(Cs—
C,) resulted in a stabilization energy of 15.02 kcal/mol.

The second-order perturbation energies corresponding to the hyperconjugative interactions
between thiophene and BFs showed that there were four intermolecular interactions from
thiophene to BF, namely n((C1—C2) — LPBI0, n(C1—C3) — o(B1o—F11), 1(C1—Cz) — 6*(B1o—F12),
and n(C1—C;) — o*(Bio—F13), leading to stabilization energies of 2.13, 0.06, 0.11, and 0.08
kcal/mol, respectively. In addition, there were two intermolecular interactions where BFs acts as
a donor NBO and thiophene as an acceptor NBO: the stabilizing energies characterizing LPF12
— 1*(C1—Cy) and LPF13 — nn*(C1—C,) are 0.1 and 0.12 kcal/mol, respectively. The dominance
ofthe n(C1—C,) — LP*(B10) channel — the largest intermolecular stabilization of the entire study
(2.13 kcal/mol) — explains, at the orbital level, why BFs binds most strongly and is sensed most
readily.

Charge transfer: Mulliken and NBO analysis

The charge transfer between thiophene and each analyte quantifies the extent of electron
redistribution upon adsorption and corroborates the donor—acceptor directions identified by the
NBO second-order analysis above. Basing the interpretation on the charge transfer phenomenon,
COF: gives —0.0167 e to thiophene from Mulliken analysis. The same trend is observed from
NBO charge transfer, whereby the analyte gives 0.00218 e to the monomer; thus COF: acts as
the electron donor and transfers charge to thiophene. The low charge values obtained through both
Mulliken and NBO analysis are related to a van der Waals kind of interaction, which is in total
agreement with the low interaction energy. These charge transfer results agree with the results of
the second-order perturbation theory analysis of the Fock matrix of thiophene with COF-, whereby
COF: was considered as a donor NBO and thiophene as an acceptor NBO. The charge transfer
alters the electronic properties of thiophene and hence proves the sensing capability of the
monomer toward the analyte.
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The charge transferred between thiophene and CNCI was calculated from the difference
between the charge on thiophene after its interaction with CNCI and the charge on the isolated
thiophene. Compared with COF>, a reverse transfer of charge is achieved in the thiophene—CNCI
complex: based on Mulliken analysis, thiophene gives 0.0081 e™ to CNCI, and from NBO analysis
CNCl accepts 0.00563 e from thiophene. These results agree with the second-order perturbation
theory analysis of the Fock matrix of thiophene with CNCI, whereby thiophene was considered
as a donor NBO and CNCI acts as an acceptor NBO.

For thiophene with BF3, the interactions are established due to a Mulliken charge transfer of
—0.0357 e from the analyte to the monomer and, on the other hand, a reverse transfer of charge
equal to 0.00912 e from monomer to analyte based on NBO analysis. These charge transfer
results coincide with the second-order perturbation theory analysis of thiophene with BFs;,
whereby BFs was considered as a donor NBO and thiophene as an acceptor NBO in agreement
with the Mulliken charge transfer; similarly, from the second-order perturbation theory, a reverse
transfer of charge takes place, with thiophene acting as a donor NBO and BF:; as an acceptor NBO,
in accordance with the NBO charge transfer.

Limitations

The present calculations refer to an isolated thiophene molecule (the repeating unit of
polythiophene) in the gas phase. Effects present in a real sensing film packing of polymer chains,
humidity, solvent or substrate polarization, and the oligomeric or periodic electronic structure of
polythiophene are therefore not included, and the gas-phase gap of the monomer is expected to
differ from that of a thin film. The recovery times assume T = 300 K and an attempt frequency of
1 THz; because T < exp(|E_b|/k_BT), operation at other temperatures shifts the desorption times
exponentially. Selectivity was assessed only among the three target analytes; competitive co-
adsorption of atmospheric constituents (N2, Oz, CO2, H.0) and cross-sensitivity to interfering
gases in real sensor environments were not modeled. These aspects define the next stage of this
work, which will employ explicit humidity and competitive-adsorption models and oligomeric
(and ultimately periodic) polythiophene representations.

CONCLUSION

DFT calculations at the B3LYP/6-31+G(d) and ®B97XD/6-31+G(d) levels of theory for
thiophene and its interactions with the analytes (COF2, CNCl, and BF3) were performed to explore
the potential of thiophene as an effective toxic-gas sensing material. This research indicated that
thiophene could act as an efficient gas sensor, potentially replacing traditional solid-state sensors.
Both the intermolecular interaction energy and the counterpoise-corrected energies were
computed and examined. The intermolecular interaction was identified as a weak van der Waals
interaction, and the adsorption energy was within the physisorption range. The recovery-time
values suggest the reusable efficiency of the thiophene gas sensor. The Mulliken and NBO
calculations quantified the extent of intermolecular charge transfer from monomer to analyte or
vice versa, which provides a basis for the sensing capability of thiophene. The conductivity of
thiophene increased upon interaction with the analyte COF2 due to a reduction in the energy-gap
value; for the complexation of thiophene CNCI and thiophene—BF; interactions, the energy gap
of thiophene slightly increases, rendering thiophene more chemically stable and less reactive. The
change in conductivity is one of the best indicators to theoretically understand the gas-sensing
behavior of thiophene. Frontier molecular orbitals were visualized, providing evidence of atomic-
orbital overlap. Molecular electrostatic potential analysis was conducted to understand the
electrophilic and nucleophilic attack properties of the complexes. The intramolecular and
intermolecular charge transfer occurring between the bonding and antibonding orbitals was
determined by second-order perturbation analysis, consistent with the electronic cloud density
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results from gas to thiophene or vice versa. All calculations demonstrate the sensing capability of
thiophene toward the analytes, with the greatest response toward BF; in terms of interaction
energy. Thiophene is a promising material that warrants further research to explore its structural
and electronic properties for various applications in organic semiconducting devices and as a
functional organic material for electronic and optical devices.
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