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Abstract. The DFT-study at the B3LYP/6-31G level has been conducted to analyze the
interactions of pyrene-based graphene fragments with toxic gases F, AsH3 PH,, and HF.
Three diamond-shaped n-pyrene clusters (n = 3, C, H |, 4,C, H =5, C, H,,) were
systematically optimized, and their adsorption behav10r Was 1nvest1gatecf through the total and
adsorption energies, frontier molecular orbital (HOMO — LUMO) distributions, and energy
gaps. The results revealed that gas adsorption induces significant modifications in the electronic
structure of the pyrene clusters, with variations depending on both the cluster size and gas
nature. The calculated adsorption energies demonstrated a size-dependent trend, indicating
that increasing the number of zigzag edges in pyrene enhances surface reactivity toward certain
analytes. These findings highlight the potential of pyrene-based graphene nanostructures as
selective and efficient sensors for hazardous gases.
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AHHOTAaUHUA. B mpoBeJjeHHOM TeOpPETUYECKOM MCCIeJOBAHUM MCIIOJIb30BaHa TeopUus (PyHK-
nuoHana miotHoctu (DFT) Ha ypoBHe B3LYP/6-31G mist uzydeHusl B3aMMOIEUCTBUS Ha-
HOCTPYKTYp Ha OCHOBe TpadeHa (¢ 6a30il M3 NMUpeHa) ¢ TAKUMM TOKCUYHBIMU Ta3aMH, Kak
raszoobpasHblii ¢rop, apcut, dochun u droposonopon (F,, AsH,, PH, n HF, coorser-
cTBeHHO). Hamu cucTteMaTnyecKu ONTUMU3UPOBAHEI TPHU pOM6OBI/IZ[HI>IX KJ'[aCTepa MMpeHa ¢
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pa3HbBIMM 3HAYECHUSIMU UX pa3Mepa /7 U MpOoaHAIM3UPOBAHbI UX aACOPOLMOHHbIE U 3JEKTPOH-
HbIC CBOICTBA: OOIIAst SHEPTHUSI, SIHEPIUs ancopOILUM, paclpeaeaecHre MOJICKYISIPHBIX OpOouTa-
Jei u aHepreTuyeckue 3a3opbl HOMO — LUMO. YcTaHOBIEHO, UTO B pe3yjbTaTe aacopouuu
rasa KJacTepbl ITMpPeHa IIpeTepIricBalOT 3HAUMTEIbHBIC M3MEHEHUS DJIEKTPOHHON CTPYKTYPHI,
3aBUCSIINE KaK OT pa3Mepa KiacTepa, TaK W OT TPHUPONBI Taza. PaccumraHHBIC 3HAYCHUS
SHEPTUM amCcoOpOIMM 3aBUCIT OT pa3Mepa #, UYTO yKa3bIBaeT Ha ITOBHIIICHUE PEAKIIMOHHON
CIIOCOOHOCTHM TTOBEPXHOCTU K aHAJIMU3UPYEMBIM TOKCHUYHBIM ra3aM IIPU YBEJIMUYCHUM KOJIWYC-
CTBa 3Ur3aroodpasHbIx KpaeB B mupeHe. [losyuyeHHbIE Pe3yJbTaThl MOATBEPKAAIOT BBICOKUIA
MoTeHIMal rpacheHOBBIX HAHOCTPYKTYp Ha OCHOBE IMHMpPEHa B KAayeCTBE CEJICKTUBHBIX U 3(]-
(beKTUBHBIX YyBCTBUTEJIBHBIX JIEMEHTOB OITACHBIX Ta30B JJIs CO3IaHUS YCTPOICTB.

Kmouesbie ciioBa: rpadeH, MUPEH, SIOBUTHIN Ta3, amcopOLus, MeTol (pyHKIIMOHAIA TLI0T-
HOCTHU, pa3Mep KjiacTepa, MOJEKYJIsIpHas opoUTallb, SJHEPreTUUEKUI 3a30D

Jlna mutupoBanus: Xanad P. X., Ixa66ap M. JI. AncopOuust M 3J€KTPOHHAsT MOIYJISI-
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Introduction

Graphene nanoflakes (GNFs) exhibit diverse structural properties influenced by their shape, size
[1], and edge terminations. Among these, the diamond-shaped graphene (i.e. rhomboid-shaped
or pyrene) structures are of particular interest making them promising candidates for applications
in nanoelectronics [2], spintronics, and quantum computing. Despite extensive interest, research
on diamond-shaped GNRs formed by fusing triangular graphene units remains limited. Recent
advances have highlighted the need to further explore the electronic and magnetic characteristics
of such novel GNR architectures, but they remain insufficiently explored [3 — 5]. Recent studies
have focused on diamond-shaped GNFs formed from fused benzenoid rings, exploring their
tunable electronic behavior [6]. Notably, configurations like zigzag-edged and triangular GNFs
show potential for magnetism and unique electronic responses.

Graphene, with its well-defined sp’-hybridized carbon lattice [7, 8], a two-dimensional
material with a hexagonal lattice structure [9], carbon-based nanomaterials [10], including
graphene [11], carbon nanotubes, and fullerenes, have gained significant attention for their
outstanding physicochemical properties and wide applicability in energy storage, gas adsorption,
and electronic devices [12, 13]. Graphene displays edge-dependent phenomena influenced by
geometry and confinement effects. These nanoribbons, typically with zigzag or armchair edges,
show tunable electronic, magnetic, and optical properties, making them attractive for nanoscale
[14] device applications [15]. However, its lack of an intrinsic bandgap limits its use in transistor-
based devices. A practical solution is to divide graphene into nanoscale fragments, known as
graphene nanoflakes (GNFs), whose properties are highly dependent on their geometry and edge
configuration [16]. Among graphene-derived structures [17], graphene nanoribbons (GNRs) offer
tunable electronic behavior due to their reduced dimensionality and edge effects [18], with zigzag-
edged GNRs showing strong potential for enabling spintronic and electronic device functionality
[19], where graphene-related materials (GRMs) offer high sensitivity and selectivity for detecting
hazardous gases [20 — 22]. Due to their unique structure and reactivity, GRMs are considered
as promising candidates for next-generation gas sensors in environmental and workplace safety
monitoring [23].

The aim of this study is to design n-pyrene as sensors for highly toxic gases (such as F,,
AsH,, PH,, and HF) that are harmful to living organisms in general (and humans in particular)
by studying the electronic properties; for instance, energy gap, ionization potential, electron
affinity, hardness, and softness, as well as adsorption energy, and then predicting the possibility
of applying them in sensor devices.

© Xanadp P. X., Ixa66ap M. JI., 2026. Mznatenn: Cankrt-IletepOyprckuii nojautexuudyeckuii ynusepcuret I[letpa
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Computational details

All quantum calculations were carried out within Kohn — Sham density-functional theory
using the hybrid B3LYP functional [24]. The model system was a diamond-shaped graphene
nanoflake (pyrene) constructed from sp? carbon atoms; all edge carbons were hydrogen-
terminated to remove dangling bonds. Unless noted otherwise, calculations were performed with
the 6-31G valence-split basis on all atoms (H, C). For better numerical stability, geometries
were fully optimized without symmetry constraints using Geo-Opt until the force reached the
lowest minimum energy. Harmonic frequency analyses at the same level confirmed that all
stationary points were true minima (no imaginary frequencies) and provided zero-point energies
and thermochemical corrections at 298 K and 1 atm.

Electronic properties were evaluated on the optimized structures. Frontier orbital energies
(HOMO/LUMO) and the energy gap were taken directly from the orbital eigenvalues. Density
of states (DOS) was obtained by Gauss Sum according to the eigenvalue of the spectrum. Charge
analysis was performed through Mulliken and Hirshfeld schemes, and global electronic properties
and dipole moments were extracted from the analytic derivatives. For physisorption studies on the
GNF surface, adsorbates were placed at several initial sites.

Results and discussion

Molecular structure. The n-pyrene structures were modeled by systematically varying the
number of zigzag edges, with n = 3, 4, and 5, corresponding to chemical formulas C, H ,,
C,H,, and C H,,, respectively. These variations enabled a controlled study of edge effects on
the adgsorption properties. To probe the interaction of graphene with hazardous pollutants, four
toxic gas molecules: fluorine (F,), arsine (AsH,), phosphine (PH,), and hydrogen fluoride (HF)
were selected as adsorbates due to their industrial relevance and high toxicity.

Each gas molecule was initially placed near the most chemically active regions of the graphene
surface, allowing for multiple adsorption configurations to be considered. All systems underwent
full geometric optimization using density functional theory (DFT) within the B3LYP functional
and 6-31G basis set, ensuring the identification of stable configurations without imaginary
frequencies. Subsequent analyses included adsorption energy calculations, frontier molecular
orbital (FMO) analysis, and evaluation of dipole moment changes to elucidate the impact of gas
adsorption on the electronic structure of diamond-shaped graphene.

The optimized configurations in Fig. 1, a, b, and c illustrate the interaction between diamond-
shaped graphene nanoflakes (n = 3, 4, and 5 respectively) and four toxic gas molecules: gaseous
fluorine (F,), arsine (AsH,), phosphine (PH,) and hydrogen fluoride (HF). The calculated
equilibrium distances indicate the strength and nature of adsorption.

For n = 3, F, gas exhibits the shortest adsorption distance (2.29 A), suggesting strong
physisorption with potential partial charge transfer to the graphene m-system. HF gas shows a
moderately strong interaction at 4.67 A, consistent with hydrogen bonding or weak electrostatic
attraction. AsH, and PH, gases display larger separations (3.76 A and 3.92 A), implying weaker
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Fig. 1. Structure types of pristine #-pyrene molecules with different » values.
The molecules have adsorbed high toxic gases (F,, AsH,, PH,, and HF).
n =73 (a), 4 (b), 5 (c); d is the calculated equilibrium adsorption distance

Van der Waals forces dominating the adsorption mechanism. For n = 4, notable variations in
interaction distances are observed, particularly with AsH, (7.10 A) and PH, (6.39 A), which
indicate minimal adsorption and a likely repulsive interaction regime. In contrast, HF adsorption
shortens to 3.43 A, while F, slightly increases to 2.61 A, reflecting size and edge effects on surface
reactivity.

The increased flake size (n = 4) introduces a more extended m-system, which can delocalize
charge density over a broader area, thereby reducing localized binding strengths for certain gases.
For n = 5, the adsorption distance also illustrates the shorter length than that for n = 4 except
for the structure interaction with PH, gas. These indicate the greatest adsorption and a likely
attractive interaction regime. Overall, the results highlight that adsorption strength is highly
sensitive to all the edge configurations (n value) and the chemical nature of the adsorbate, with
F, and HF showing the highest affinities across each structure, while AsH, and PH, exhibit weak
pl’zlysisorption, particularly for large flakes. These findings suggest that tuning the graphene flake
size can selectively enhance sensing capabilities toward specific toxic gases.

Density of states. The density of states (DOS), which offers a straightforward method of
characterizing intricate electronic structures, is arguably the most crucial idea for comprehending
the physical characteristics of materials. The band gap is one of the important parameters that the
DOS makes visual and characterizes the electrical and optical properties of materials. The capacity
to analyze and adjust different material properties is significantly enhanced by the computation
of a high-quality DOS that accurately represents a material's electronic structure. The availability
and simplicity of Density Functional Theory (DFT) calculations have made DOS calculations
commonplace today [25 — 27].
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Fig. 2. DOS for pristine 3-pyrene (C, H,,) adsorbed high toxic gases (F,, AsH,, PH, and HF)

Fig. 3. DOS for pristine 4-pyrene (C, H,.) adsorbed the same high toxic gases

Fig. 4. DOS for pristine 5-pyrene (C7OH22) adsorbed the same high toxic gases
(F,, AsH,, PH, and HF)
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Table 1

Extracted DOS parameters for pyrene nanostructures
under toxic gas adsorption

Parameter value, eV .
Structure DOS Intensity, a.u.
Eneak(VB) | Eneak(CB)
3-pyrene (3P)

Pristine 3P -1.20 1.10 -
3P-F, -0.90 0.68 0.45
3P-AsH, -1.15 1.04 0.22
3P-PH, -1.14 1.05 0.20
3P-HF -1.05 1.09 0.33

4-pyrene (4P)
Pristine 4P -0.63 0.59 -
4P-F, -0.49 0.44 0.41
4P-AsH -0.61 0.15
3 0.60
4P-PH, -0.59 0.14
4P-HF -0.57 0.64 0.29
S-pyrene (5P)

Pristine 5P -0.34 0.29 —
SP-F, 0.25
5P-AsH 0.17

3 -0.33 0.30
SP-PH, 0.15
5P-HF 0.22

Notations: E , (VB), E, (CB) are peak positions of valence and
conduction bands, relatively.
Footnotes: the Fermi energy is set £, = 0 €V in all cases; the DOS

intensity is given relative to pristine pyrene.

The density of states (DOS) profiles for pristine pyrene nanoflakes (C, H ,, C, . H ., and C, H,))
and their complexes with high-toxic gases (F,, AsH,, PH,, and HF) reveaf significant alterations
in electronic structure upon adsorption (see Figs. 2 — 4). For pristine pyrene (diamond-shaped
(GNF)), the DOS spectrum exhibits a well-defined m — m* separation, corresponding to the
intrinsic band gap.

The introduction of toxic gas molecules induces notable modifications in the DOS near the
Fermi level, indicating charge transfer and hybridization effects between the adsorbates and
surface of the graphene framework (see Table 1). In structure C, H,,, the adsorption of F, and
HF results in a pronounced increase in DOS intensity near the conduction band edge, signifying
enhanced electron-accepting characteristics, consistent with the high electronegativity of fluorine.
Conversely, AsH, and PH, introduce localized states within the band gap, likely due to weaker
orbital overlap, suggesting physisorption with partial charge redistribution. While, for the larger
nanoflakes (C, H and C H, ), the DOS spectra demonstrate more delocalized m-electron
interactions ané reduced bandgaps upon gas adsorption, highlighting stronger electronic coupling.

In particular, the gas of HF adsorption shows substantial DOS broadening near the Fermi
level, which could enhance electrical conductivity and sensor sensitivity. The variation in DOS
responses with flake size suggests that quantum confinement effects diminish with increasing
system size, allowing greater charge delocalization. As a result of the DOS modifications carried
out, the potential of the diamond-shaped graphene nanoflakes is confirmed as selective and
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size-tunable sensing platforms for detecting toxic gases, where the nature of interaction
chemisorption versus physisorption can be inferred from the degree of DOS perturbation and gap
narrowing.

Frontier energy. The energy gap represents the conductive and insulating properties of material,
defined as the energy difference between the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) [28 — 30].

The results listed in Table 2 show that the

Table 2 E, ., and E . values represent the energy of

the %ighest fulLI’y occupied orbital and the energy

The values of HOMO, LUMO energies, an  of the lowest empty orbital respectively, which
energy gap of pristine pyrene (n = 3 — 5), are related to the ionization potential, and

and that with toxic gases electron affinity respectively. Subsequently, this
relationship between E , E , and E

Energy, eV provides a direct unde?&gﬁdinéUhod? the effect

System E | E | E of adsorption on electronic properties and

HOMO LUMO 842 the potential for designing sensitive materials

3-pyrene (3P) tailored to specific gas species. An analysis of

Pristine 3P -4.596 | —2.313 | 2.283 the data in Table 1 and Fig. 5, allows us to

3P-F, —4.890 | -3.312 | 1.578 note that the energy gap of 3-pyrene structure

(2.283 eV) decreases significantly upon

3P-AsH, —4.569 | —2.381 2.187 adsorption of F, (1.578 eV), indicating a strong

3P-PH, —4.593 | —2.406 interaction and charge transfer from pyrene

3P—-HF 4778 | —2.588 | 2.190 to the adsorbed molecule due to the high

electronegativity of fluorine, which increases

— 4-pyrene (4P) conductivity. Meanwhile, AsH,, PH,, and

Pristine 4P 4171 | =2.952 | 1.219 HF gases exhibit similar energy gaps (from

4P-F, -4.347 | -3.413 | 0.934 ~2.187 to 2.190 eV), suggesting relatively

4P—AsH, 4169 | —2.951 | 1.218 weaker interactions and closer to a physical

nature (physisorption). For 4-pyrene (n = 4),

4P—PH, —4.134 | —2.937 | 1.197 the energy gap of the pure surface is smaller
4P-HF -4.256 | —=3.055 | 1.200 (1.219 eV), reflecting increased conductivity
5-pyrene (5P) due to the increased volume and reduced

quantum confinement effect. Adsorption with

Pristine 5P —3.919 | -3.289 | 0.630 F, reduces the gap to 0.934 eV, indicating a

5P-F, —4.107 | -3.479 | 0.628 strong chemical interaction that increases the
SP-AsH, -3.925 | —3.295 0.630 electron density near the Fermi level. Such gases

— — _ . as AsH,, PH,, and HF maintain the band gap in
SP-PH, 3.904 | —3.274 the rarfge frém ~1.197 to 1.218 eV, indicating
SP-HF —3.977 | -3.345 | 0.633 limited electronic influence compared to that

of F,. In 5-pyrene, the surface exhibits a very
small band gap (0.630 eV), which is suitable for highly sensitive sensing applications. Adsorption
with all gases results in very small changes in the band gap (~0.628 — 0.633 ¢V), indicating that
the large size reduces the sensitivity of the band gap to changes due to adsorption, although
changes in the £, - and E - positions can be observed, reflecting charge redistribution at the
surface.

The results of data analysis. The achieved results are in good agreement with previous density
functional theory investigations on graphene-based nanostructures used for gas sensing [3, 31],
revealed that adsorption of small toxic molecules on diamond-shaped graphene nanoflakes leads
to a noticeable reduction in the HOMO — LUMO energy gap, typically within 0.5 — 1.0 eV,
consistent with our finding that F, adsorption decreases the gap from 2.28 to 1.57 eV for the n = 3
pyrene system. Similarly, the calculated adsorption energies for AsH, (=2.09 eV) and PH, (-1.30
eV) fall within the range reported in earlier studies on gas — graphene interactions, confirming
the strong donor-acceptor character of these systems.

Furthermore, the observed increase in electron affinity and softness after adsorption agrees
with trends reported for other sp? carbon materials, where enhanced charge transfer improves
sensing sensitivity. These consistencies with literature data validate the reliability of the present
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computational approach (B3LYP/6-31G) and emphasize that the size-dependent modulation
of electronic properties plays a dominant role in determining the adsorption behavior of pyrene
nanostructures. Hence, the theoretical predictions of this work are supported by prior studies [3],
strengthening the conclusion that larger pyrene clusters offer improved sensing performance for

highly toxic gases.

25 Effect of toxic gases on E, of n-pyrene
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Fig. 5. The change of energy gap (£ ) of n-pyrene upon adsorption of toxic gases of different nature

gap
Table 3
Calculated characteristics of the electronic

properties of pristine pyrene (» = 3 — 5) and
the pyrene with high toxic gases adsorbed

Parameter value, eV
System o, 1/eV
IP | EA | q
3-pyrene (3P)

Pristine 3P | 4.596 | 2.313 | 1.142 | 0.438
3P-F, 4.891 | 3.312 | 0.789 | 0.634
3P-AsH, 4.569 | 2.381

1.094 | 0.457
3P—PH, 4.593 | 2.406
3P-HF 4.778 | 2.588 | 1.095 | 0.456
4-pyrene (4P)

Pristine 4P | 4.171 | 2.952 | 0.610 | 0.820
4P-F, 4347 | 3.413 | 0.467 | 1.071
4P—-AsH, 4.169 | 2.951 | 0.609 | 0.821
4P—PH, 4.134 | 2.937 | 0.598 | 0.836
4P-HF 4.256 | 3.055 | 0.600 | 0.833

S-pyrene (5P)

Pristine 5P | 3.919 | 3.289 | 0.315 | 1.588
SP-F, 4.107 | 3.480 | 0.314 | 1.593
SP-AsH 3.925 | 3.295

: 0.315 | 1.587
SP—PH, 3.905 | 3.274
SP-HF 3.977 | 3.345 | 0.316 | 1.581

Notations: IP is the ionization potential, EA is
the electron affinity; 1, ¢ are chemical hardness and
softness, relatively.
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Global  reactivity  descriptors.  The
electronic properties ionization potential (IP),
electron affinity (EA), electronegativity and
electrophilicity classified as global merits [32].
The ionization potential is the lowest energy
required to remove an electron from an atom.
It can be measured for each electron of the
atom (according to Koopmans theorem).

Table 3 presents the ionization potential
(IP), electron affinity (EA), chemical hardness
(n), and softness (o) of pyrene nanostructures
of different sizes (n = 3 — 5) functionalized
with toxic gases (F,, AsH,, PH,, and HF).
These descriptors provide further insight into
the electronic stability and reactivity of the
adsorption complexes. The pristine pyrene
nanostructures exhibit relatively high IP values:

459 eV forn=73;4.17 eV for n = 4;
and 3.92 eV forn =15,

which decrease slightly with the system sizes.

This result reflects a decrease in the
energy required to remove an electron as the
m-system becomes more delocalized. Upon
adsorption, IP values vary depending on the gas
nature; such as F, and HF generally increase
IP slightly, suggesting stabilization of the
electronic structure, while AsH, and PH, tend
to lower IP values, making the system more
prone to electron donation, which is favorable
for sensory applications [33].

This result reflects a decrease in the energy
required to remove an electron because the
m-system becomes more delocalized. Upon
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adsorption, IP values vary depending on the gas nature; such as F, and HF generally increase
IP slightly, suggesting stabilization of the electronic structure, while AsH, and PH, tend to lower
IP values, making the system more sensitive to electron donation, which is favorable for sensory
applications [33]. The electron affinity also increases significantly upon adsorption of all gases,
particularly for F, and HF (up to 3.34 eV). This points out an enhanced tendency of the system
to accept electrons, consistent with a charge transfer from the adsorbates to the pyrene structure.
The elevated EA values highlight the potential for improved sensitivity in electron-mediated
detection mechanisms.

Hardness n decreases markedly upon adsorption. For instance, pristine pyrene has n= 1.14 eV
for n = 3, while adsorption of AsH, or F, reduces it below 0.6 €V in some cases. A lower hardness
value corresponds to increased chemical reactivity and reduced electronic stability. Conversely, the
softness value increases significantly upon adsorption, especially for larger systems (for instance,
o> 1.5(eV) ! at n = 5). This shift toward higher softness indicates enhanced polarizability and
stronger electronic responsiveness, being desirable characteristics for sensing materials.

Table 4

Electronegativity, electrophilicity, polarizability,
and dipole moment for pristine n-pyrene (n = 3 — 5)
and those with high toxic gases

Parameter value
System
% eV | o, eV | o, a.u. | u, D
3-pyrene (3P)
Pristine 3P | —3.454 | 5.227 399.144 | 1.1-'10°¢
3P-F, —4.101 | 10.659 | 431.956 4.984
3P-AsH, -3.475 | 5.521 429.817 0.746
3P-PH, -3.500 | 5.600 421.206 1.210
3P-HF -3.683 | 6.192 402.349 3.085
4-pyrene (4P)
Pristine 4P | -3.561 | 10.407 | 819.759 | 6.2°10°°
4P-F, -3.880 | 16.116 | 845.641 4.370
4P-AsH, -3.560 | 10.402 | 839.140 0.475
4P-PH, -3.535 | 10.444 | 836.159 1.142
4P—HF -3.656 | 11.130 | 821.186 2.220
S-pyrene (5P)
Pristine 5P | —-3.604 | 20.621 | 1468.848 [8.7-10°°
SP-F, -3.793 | 22.925 | 1485.465 4.933
SP-AsH, -3.610 | 20.682 | 1485.778 0.251
SP-PH, -3.590 | 20.446 | 1483.693 1.137
SP-HF -3.661 | 21.186 | 1470.188 2.072

Notations: Y is the electronegativity, ® is the electrophilicity,
a is the polarizability, p is the dipole moment.
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Based on the results presented in Table 4, the highest electronegativity values are observed in
the following systems:

System % eV
3-pyrene-F, .. ........ —4.10
4-pyrene-F, .. ... .. .. —3.88
S-pyrene-F. ... ....... —3.793.

The adsorption or interaction of fluorine gas leads to an increase in the electronegativity of
the compound, which enhances its ability to attract electrons which is an important factor in
chemical reactivity.

As for polarizability, we observe the following high values:

System a, a.u.
S5-pyrene-HF .. ........ 1470.18
S-pyrene-PH, .......... 1483.69
S5-pyrene-AsH, .. ........ 1485.77

Polarizability increases at the n = 5 graphene-diamond surface, and its interaction with gases
makes the surface electronically polarized. This fact is beneficial for applications in sensitive
devices and conductivity. Regarding electrophilicity, it increases significantly at n = 5, with
values ranging between ~20.446 and 22.92 ¢V, indicating higher chemical reactivity and a
stronger tendency to accept electrons. As for the dipole moment p, it reflects the asymmetry in
charge distribution. High values of the dipole moments are seen in systems such as 3-pyrene-F
(u = 4.984 D), indicating a strong charge asymmetry and an ability to interact with externai
electric fields. On the other hand, the lowest values are observed in the pristine pyrene systems
with n = 3, 4, and 5, reflecting a highly symmetric and electronically stable configuration.

Table 5 The total energy and adsorption energy

The total energy is calculated as the sum
of the kinetic energy of the electrons, the
nucleus-electrons interaction energy, and

Total and adsorption energies for pristine pyrene
(n = 3 — 5) and pyrene with toxic gases adsorbed
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E : I the electron-electron repulsion energy, while
netgy parameter value represents the exchange-correlation term
System E, ,au. E . [34, 35].
(Hartree) eV | kJ/mol The data in Table 5 demonstrates the
3-pyrene (3P) calculated total and adsorption energies in
— both electronvolts (eV) and kilojoules per
Pristine 3P | ~1151.49 - mole (kJ/mol) for pyrene nanostructures
3P-F, —1350.98 | —0.4009 | —38.6867 of different sizes (n = 3 — 5) upon
3P*ASH3 —3386.84 -2.0925 ~201.900 functionalization with Fz, ASH3, PH3,'and
HF. The total energy becomes progressively
3P-PH, —1494.59 | -1.3019 —125.617 more negative as the pyrene size increases
3P-HF —1251.9 | -0.1499 | —14.4665
4-pyrene (4P) (—1151.49, —1839.76, and —26§0.47 a.u.
Pristinc 4P | —1839 76 B for n =3, 4, and 5, respectively),
4P-F, —2039.25 | —0.2975 | -28.7098 consistent with the stabilization gained from
4P-AsH, —4075.10 | —1.8411 | —177.647 an extended 7-conjugated system.
4P—PH, 2182.87 | ~1.2497 | ~120.584 This  trend confirms that  larger
pyrene  nanostructures  provide  more
4P-HF —1940.17 | —0.1358 | —13.1065 thermodynamically favorable adsorption
5-pyrene (5P) surfaces. The adsorption energies reveal a
Pristine SP | —2680.47 — clear distinction between strong and weak
interactions. In this way, the chemisorption
SP-F, —2879.96 | —0.3469 | —33.4725 occurs for PH, and AsH,, particularly AsH,,
SP-AsH, —4915.81 | —-1.9253 | —185.773 which exhibits very high adsorption energies
5P—PH, —3023.57 | —1.2603 | —121.608 l(up to 5-135 eV, or S16 k}Jl/n”lO1 atfn =3). SbUCI}
arge values indicate the significant orbita
SP-HF —2780.88 | —0.1209 | —11.6651 hybridization and charge redistribution
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between the toxic gas and the pyrene surface. At the same time, the weak physisorption is
observed for F, and HF, with adsorption energies ranging from —0.12 to —0.40 eV (from —11.6
to —38.7 kJ/mol). These values are comparable to Van der Waals interactions, suggesting minimal
charge transfer. For instance, the AsH, consistently shows the strongest binding over all pyrene
sizes, reflecting its high chemical reactivity and strong donor-acceptor interactions with the
n-framework, whereas the PH, adsorption is also substantial:

from —1.26 to —1.30 eV (or —121 to —126 kJ/mol),

although weaker than that of AsH..

On the other hand, both F ancf HF remain weakly bound, highlighting their role as stabilizing
modifiers rather than strong cfopants.

Summing up, from an application perspective, the strong chemisorption of AsH, and PH,
makes pyrene derivatives highly promising for toxic gas detection and capture technologies, as
the adsorption is both energetically favorable and electronically disruptive. Conversely, the weaker
physisorption of F, and HF suggests potential utility in situations where reversible adsorption is
desirable, such as catalytic cycles or reusable sensors.

Conclusions

The findings of this study have shown that molecular adsorption of toxic gases induces
significant modifications in the electronic structure of the host systems, governed by both the
chemical nature of the adsorbate and the dimensional scale of the molecular substrate. Among the
investigated species, F, and HF emerge as the most effective candidates for electronic detection,
exhibiting marked alterations in conductivity upon interaction. This behavior is particularly
enhanced in extended m-conjugated frameworks such as C, H, , highlighting the potential of
large-scale organic systems in the development of nanoscale gas sensors with high sensitivity and
selectivity toward hazardous gaseous environments. As the pyrene size increases, the descriptors
shift toward greater reactivity (lower IP and n values, higher EA and o values). This suggests that
larger pyrene nanostructures are more chemically active and more sensitive to adsorption-induced
perturbations, making them better candidates for real-world sensing applications.
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