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1 Introduction

Chemical effect of silver (Ag) and yttrium (Y) co-
doping on silicon-based fullerene (Ag@SisgY)
sensor nanostructures: a computational adsorption
study of cyanogenic halide gasesf

Idongesit J. Mbonu,? Gideon E. Mathias, & **¢ Emily O. Udowa,? Zainab Abbas Abd
Alhassan® and Thamer A. A. M. Alalwani®

Cyanogenic gases, such as hydrogen cyanide and cyanogen, are highly toxic and pose serious risks to both
human health and the environment. Effective adsorption strategies are essential to mitigate these hazards.
In this study, the adsorption potential of a silver-decorated and yttrium-doped silicon nanocluster
(Ag@SiseY) toward cyanogenic gases—BrCN, CICN, and FCN—was investigated using density functional
theory (DFT) at the wB97XD/GenECP/LanL2DZ/Def2SVP level of theory. Adsorption was explored in two
orientations for each gas molecule. The computed adsorption energies indicated favorable interaction,
particularly for BrCN, with values of -30.121, -17.571, -17.571, -16.943, -16.316, and
—16.316 kcal mol™ for BrCN-Br—, BrCN-N-, CICN-Cl-, CICN-N-, FCN-F-, and FCN-N-Ag@SissY
complexes, respectively. BrCN showed the strongest affinity, suggesting preferential adsorption on the
Ag@SiseY surface. Noncovalent interaction (NCI) analysis and recovery time calculations confirmed the
presence of strong chemisorptive interactions, especially for BrCN, characterized by significant charge
transfer and bonding stability. The frontier molecular orbital (FMO) analysis revealed a notable reduction
in the energy gap upon gas adsorption, highlighting the enhanced reactivity of the surface. High dipole
moment values across all adsorbed complexes indicate substantial charge separation, which is
advantageous for sensor-based applications. Furthermore, the Electron Localization Function (ELF)
analysis provided visual insight into the nature of bonding interactions. ELF maps exhibited moderate to
high localization around the adsorption regions, particularly in BrCN-Br—-Ag@SisgY and FCN-N-
Ag@SiseY, suggesting mixed covalent and noncovalent bonding characteristics. These observations
corroborate findings from QTAIM and NBO analyses, validating the interaction types and reinforcing the
reliability of the proposed adsorption mechanisms. Thus, Ag@SisgY demonstrates strong and selective
adsorption properties toward cyanogenic gases, making it a promising candidate for use in gas sensing
and environmental detoxification technologies.

cyanide gas refers to gaseous substances containing cyano
groups, such as hydrogen cyanide (HCN), cyanogen chloride

Cyanide exposure poses severe dangers, leading to rapid respi-
ratory failure, cardiovascular collapse, and, at high doses, fatal
poisoning. By disrupting cellular respiration, it presents
immediate and life-threatening risks to individuals.* Primarily,
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(CNCl) and dicyan ((CN)2).> Research has shown that little
volatile and poisonous cyanide gas is present in the atmosphere
and is created as a result of industrial and human activities.® Its
primary sources are the use and processing of compounds
containing cyanide, the burning of fossil fuels derived from
coal, the pyrolysis of biomass, the burning of materials used in
building décor, and the denitrification of exhaust gas.* Cyanide
gas is commonly available and reasonably priced as a precursor
used in chemical processes; hence, it is not impossible that it
will be used in future conflicts and terrorist attacks. Commonly
found in cyanide gas, HCN and CNCI have been employed in
military settings as systemic toxic agents.>* On the basis of its
increasing danger to individual health and well-being, there is
a growing need to build effective adsorbents for cyanide gas.’

RSC Adv, 2025, 15, 26693-26709 | 26693


http://crossmark.crossref.org/dialog/?doi=10.1039/d5ra03374h&domain=pdf&date_stamp=2025-07-26
http://orcid.org/0000-0003-0583-6491
https://doi.org/10.1039/d5ra03374h
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra03374h
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA015033

Open Access Article. Published on 28 July 2025. Downloaded on 6/14/2026 7:27:08 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

For example, the adsorption of cyanides onto appropriate
materials, such as activated carbon, is often employed in
processes such as wastewater treatment to remove these
harmful compounds.® Absorption methods also involve long
processing cycles, often limiting their practical application.
Therefore, more efficient environmentally friendly methods for
cyanide gas elimination are needed in the future.?

Interestingly, the application of computational techniques,
notably density functional theory (DFT), has revolutionized the
assessment of nanomaterials as adsorbents.” DFT enables
precise predictions of adsorption properties, aiding in the
identification of highly effective nanomaterials for diverse
applications.® This approach accelerates the design process,
optimizing the selection of nanomaterials with enhanced
adsorption capacities and facilitating advancements in envi-
ronmental remediation, gas sensing, and storage devices.? Chen
et al. employed DFT calculations to evaluate the potential of
nitrogen- and oxygen-comodified nanotubes for the adsorption
of nitrogen oxide and reported that O-N CNTs could maintain
a stable structural morphology during the adsorption of gas
molecules.® The adsorption of polluting gas molecules (NO,,
SO,, and O3) on the surface of Al-doped stanene nanotubes was
examined by Karimi et al. via density functional theory (DFT)
calculations. The findings demonstrated that NO,, SO,, and O3
were adsorbed on the Al-doped stanene nanotube and that the
Al-doped stanene nanotube was able to detect all three gas
molecules with different detection strengths.® Density function
theory (DFT) was used by Jasim et al to determine the
geometrical and adsorption properties in their study, and the
authors reported that the optimal adsorption energy in the
investigation was 0 eV because all the interaction strengths
produced positive values.' In light of this, it is clear that
computational analyses yield valuable insights for constructing
potent adsorbent materials. DFT stands out as a reliable
predictor, enhancing our ability to design and develop effective
adsorbents.® Recognized for its accuracy, DFT plays a pivotal
role in advancing the creation of materials with better adsorp-
tion capabilities, fostering breakthroughs in environmental
remediation and gas sensing.”

Additionally, the systems' adsorption capacities
enhanced by the alteration of the nanomaterials. This, there-
fore, makes them appropriate for possible applications.** Sol-
imannejad et al., explores the adsorption of cyanogen gas on
Si;1»Cy, and Cu-decorated Si;»Cy, fullerenes using DFT calcula-
tions.* The results show weak physisorption on pristine Si;,Ci,
but Cu decoration enables chemisorption with significant
charge transfer and improved sensitivity for detection of cyan-
ogen gas. Moses Abraham in 2021 investigated the adsorption
of cyanogen halides (X-CN; X = F, Cl, Br) on pristine and Fe/Mn-
doped Cg, using DFT study. The results shows weak phys-
isorption on pristine surface while strong chemisorption on
doped surfaces was observed, revealing reduced band gaps and
enhanced sensitivity."* Another study by Castrucci et al,
synthesized silicon nanotubes (SiNTs) using a gas phase
condensation technique, confirming their existence through
various characterization methods such as TEM and SEM.* The
findings reveal unique structural properties and hybridization

are
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characteristics, indicating that silicon fullerene, can be experi-
mentally synthesized in the laboratory. In the present research,
silver (Ag)-decorated and yttrium (Y)-doped silicon fullerene
were evaluated via density functional theory for their geometric,
electronic, topological, and adsorption properties for the
adsorption of cyanogenic gases (Br-CN, CI-CN, and F-CN). Both
cyanides and certain halides can be harmful gases, and their
adsorption is a significant consideration in various contexts,
particularly in industrial processes and environmental
protection.’** However, the adsorption of harmful gases such
as cyanides and certain halides is a practical strategy in various
applications to minimize their impact on human health and the
environment.”*?* Prior investigations have revealed that group
IV atom-doped gold clusters (MAu;6 , M = Si, Ge, Sn) exhibit
exohedral structures stabilized by strong dopant-gold interac-
tions, suggesting that such doped systems can serve as highly
reactive sites for adsorption processes. We emphasize that this
research is poised to achieve promising outcomes, revealing
potential adsorbents capable of mitigating the impact of
cyanide gas.” This study will effectively address questions
regarding efficacy, offering valuable insights into the develop-
ment of strategies to minimize the harmful effects associated
with cyanide exposure.

2 Computational methodology

In this study, the GaussView 6.0.16 and Gaussian 16 software
were used for modelling and geometry optimization of the
Ag@SisoY nanocage surface using the wB97XD functional along
with the GenECP basis set combination. This basis set includes
LanL2DZ for heavy atoms (Ag, Y) and Def2SVP for lighter atoms
(C, F, Cl, H).** The wB97XD functional incorporates long-range
dispersion corrections, making it suitable for accurately
modelling intermolecular interactions.?® To determine the most
stable (ground-state) structure, several initial configurations
were generated by systematically varying the positions of the Ag
and Y dopants on the Siss nanocage. Each configuration
underwent full geometry optimization at the aforementioned
level of theory. The structure with the lowest total energy and no
imaginary frequencies was selected as the ground-state geom-
etry. Although full global optimization methods such as genetic
algorithms or basin-hopping were not implemented due to
computational limitations, our local optimization approach
sufficiently sampled diverse initial geometries to ensure struc-
tural stability and energetic favorability.

Electronic properties, including conductive behavior and
stability, were analyzed using frontier molecular orbital (FMO)
theory, and stabilization energies were obtained from natural
bond orbital (NBO) analysis vie NBO 7.0 implemented in
Gaussian 16.** HOMO and LUMO iso-surfaces were visualized
using Chemcraft software, while the density of states (DOS)
plots were computed using Multiwfn and visualized via
origin.??° Furthermore, non-covalent interaction (NCI) plots
were generated using VMD software to provide qualitative
insight into the adsorption mechanism between the surface and

cyanogenic gas molecules.>***

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The adsorption energy for cyanogenic gases on the nanocage
surface was calculated via eqn (1).

Eads =K nanocage - (Enanocagc + Ecyanogcnic gascs) (1)

cyanogenic gases
Enanocage/cyanogenic  gases epresent the total energies of the
cyanogenic gases adsorbed and the nanocage, and Enanocage and
Ecyanogenic gases Tepresent the total energies of the adsorbed gases
and isolated nanocage, respectively.

3 Results and discussion
3.1 Structure of gas molecules

In this section, we discuss the geometric properties of cyano-
genic gases. Notably, the cyanogenic gases (BrCN, CICN, and
FCN) were first optimized separately. Consistent with prior
research, the C-N bond length is 1.47 A, and the triple bond
length is 1.16 A. For Br-CN, the C-N bond decreases to 1.46 A,
whereas the Br-C bond is observed at 1.91 A. Conversely, the Cl-
CN bond between C-N slightly contracts to 1.15 A, which is
smaller than that observed for both Br-CN (C-N 1.46 A) and F-
CN (C-N 1.49 A). Intriguingly, the F-C bond is notably shorter at
1.25 A, whereas the Br-C bond appears longer at 1.91 A, with the
CI-C bond observed at 1.63 A. The variation in bond lengths can
be attributed to the electronegativity of the atoms involved and
their impact on bond strength. Fluorine (F) is highly electro-
negative, creating a stronger pull on the shared electrons in the
F-C bond, resulting in a shorter bond length.>® In contrast,
bromine (Br) is less electronegative, leading to a weaker
attraction between the atoms and a longer Br-C bond.*® The
interplay of electronegativity and atomic size influences the
observed differences in bond lengths among these cyanogenic
gases. See Fig. 1 for a graphical illustration of the cyanogenic
gases.

3.2 Structure and stability of surface and gas molecules

First, nanocages are a molecular framework with hexagonal and
pentagonal rings that form their structure. This unique archi-
tecture imparts exceptional stability and versatility, making
nanocages promising for different applications.* Initially, our
examination focused on the structure and stability of Ag@SisoY.
Fig. 2 illustrates the stabilized configuration of the aforemen-
tioned surface. The Si nanocage has distorted bonds due to the
effects of the metal-decorated atom (Ag) and the yttrium (Y)
dopants. The Si-Si bonds in the hexagonal ring and pentagonal
ring are 2.71 A and 2.34 A long. While the bond between the

Fig.1 A pictorial display of the studied cyanogenic gases; A. (BrCN), B.
(CI-CN), C. (F-CN).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Ag@Si59Y

Fig. 2 Optimized and stable structure of Ag@SissY.

dopant and Y-Si is found at 2.71 A, the bond between Ag-Si is
reported at 2.53 A.

Thereafter, the gas molecules were oriented in two (2) posi-
tions on the adsorbing surface. One configuration positioned
the surface adjacent to the Br, Cl, and F atoms from the gas
molecule on the right, whereas the other positioned the N atom
on the left side of the adsorbing surface (see Fig. 3).** Notably,
the Si-Si bond lengths in all the complexes were revealed. This
crucial structural characteristic is consistently found between
2.20 A and 2.60 A. At the same time, 2.53 A is also found for the
Ag-Si bond length. This consistency points to a strong adsorp-
tion pattern, emphasizing the complexes' stability and coher-
ence in their interactions with cyanogenic gases.** The Si-Si and
Ag-Si bond lengths are important markers of the structural
stability and efficiency of the adsorption process inside these
complexes.

3.3 Vibrational analysis

Table 1 shows the vibrational frequencies for BrCN, CICN, and
FCN, both before and after adsorption on Ag@SisoY. The re-
ported frequencies reflect experimental values from the litera-
ture,*?*® whereas the observed frequencies are derived from
theoretical calculations. Before adsorption on Ag@SisoY, the
observed C-Br stretching frequency of 602.57 cm™* falls within
the reported frequency range of 700-600 cm™'. After adsorp-
tion, the peak frequency increased to 653.79 cm™’, indicating
effective interaction with the surface. The slight reduction in
frequency compared with the reported range may suggest
a weakening in the C-Br bond due to electron donation from
the silver surface or steric effects from the surrounding silicon
framework. The C=N stretching frequencies before and after
adsorption (2338.56 & 2336.00 cm ') exceeded the reported
range (2280-2200 cm '), indicating significant interactions
between BrCN and Ag@SisoY. This shift may be attributed to
charge transfer, thereby strengthening the C=N bond upon
adsorption. The CI-C stretching frequency before and after

RSC Adv, 2025, 15, 26693-26709 | 26695
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Fig. 3 Pictorial view of relaxed and stable complexes; (A) (BrCN-Br-Ag@Si59Y, CICN-Cl-Ag@Si59Y, FCN-F-Ag@Si59Y) (B) (BrCN-N-Ag@Si59Y,
CICN-N-Ag@Si59Y, FCN-N-Ag@sSi59Yy).

adsorption (753.77 & 606 cm ') of the CICN molecule falls
within a close range with the reported frequency, suggesting

experiences similar electronic effects as BrCN after adsorption
on Ag@SisoY. The C=N stretching frequency (2356.42 cm™ ') is

effective adsorption. The slight downshift indicates that CICN  higher, indicating a strong interaction with the surface and

Table 1 Comparison of observed and experimentally reported vibrational frequencies for BrCN, CICN, and FCN adsorption on the Ag@SisgY

nanostructured surface

Interaction Assignment Reported frequency Observed frequency
Br-C-N C-Br 700-600 602.57

C=N 2280-2200 2338.56
Cl-C-N Cl-C 800-700 753.77

C=N 2280-2200 2356.42
F-C-N F-C 2317-1060 1152.95

C=N 2280-2200 2439.10
Ag@SisoY-freq Si-Si 620-600 606.04
BrCN-Br-Ag@SisoY C=N 2280-2200 2336.00

C-Br 700-600 653.79-601.48

Si-Si 620-600 592.46
BrCN-N-Ag@SisoY Si-Si stretching 620-600 603.09-606.53

C-Br 700-600 647.08

N=C 2280-2200 2373.40
CICN-Cl-Ag@SisoY Si-Si stretching 620-600 603.09

Cl-C 800-700 804.52

C=N 2280-2200 2394.91
CICN-N-Ag@SisoY Si-Si stretching 620-600 606.63

Cl-C 800-700 804.65

C=N 2280-2200 2392.74
FCN-F-Ag@SisoY Si-Si stretching 620-600 602.96

F-C 900-1300 1186.22

C=N 2280-2200 2523.60
FCN-N-Ag@SisoY Si-Si 620-600 571.14

F-C 900-1300 1186.17

C=N 2280-2200 2523.61
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a stabilization effect from Ag@SisoY. The observed frequency of
F-C stretching for the FCN molecule (1152.95 cm™ ') is signifi-
cantly lower than expected. The frequencies associated with Si-
Si stretching ranged from 592.46 to 606.63 cm ', suggesting
minimal disruption to the silicon framework after adsorption of
the cyanogenic gases. This stability is crucial for maintaining
sensor performance and indicates the potential of Ag@SisoY to
adsorb gases without significant structural distortions.
Following adsorption, a redshift in C=N, as indicated by higher
frequencies for all the gases, suggests that these molecules will
reach stability on the Ag@SisoY surface. The observed shifts in
the C-Br and C-Cl stretching frequencies indicate that these
interactions are influenced by both steric and electronic factors.

3.4 HOMO-LUMO analysis

In line with previous research, the frontier molecular orbital
energies, which encompass the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(HOMO), which are responsible for accepting and donating
electrons, are also essential in determining how a molecule
interacts.””” Notably, this characteristic can be elucidated from
the difference between the two orbital energies, which is often
referred to as the energy gap (E,) expressed in electron volts (eV).
Additionally, the stable and conductive properties of the system
and complexes can be explained by the values obtained from the
Eg.”® The results for the HOMO, LUMO, and E, of the system
and complexes are expressed in Table 2. First, there is unifor-
mity in the HOMO and LUMO values observed for all the
systems. However, pristine Ag@SisoY has an Eg of 4.20 eV; for
BrCN complexes, BrCN-Br-Ag@SisY has an E; of 4.05 eV,
whereas BrCN-N-Ag@SisoY has an E; of 4.02 eV. Thus, with
a greater energy gap for Ag@SisoY, the surface is more stable
than the BrCN complexes are, whereas the lower energy gap
observed for BrCN-N-Ag@SisoY makes it more conductive than
BrCN-Br-Ag@SisoY is. Similarly, the CICN-Cl-Ag@SisoY
complex has a similar energy gap of 4.02 eV as that found for
BrCN-N-Ag@SisoY, which implies that both surfaces exhibit
similar adsorptive characteristics. Additionally, CICN-Cl-
Ag@SisoY is more conductive than CICN-N-Ag@SisoY because
of its lower energy gap of 4.03 eV. Seemingly, the FCN complexes
are observed with the same energy gap of 4.02 eV for both FCN-
F-Ag@SisoY and FCN-N-Ag@SisoY. Our results revealed that
a similar energy gap was observed for the complexes, suggesting
that their adsorptive characteristics are consistent with each

View Article Online
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other. The reduction in the energy gap compared with that of
the pristine system shows that the system is sensitive to
cyanogenic gases.

To gain further understanding of the electronic character-
istics of the system and its complexes, quantum descriptors
such as chemical hardness (7), chemical softness (S), chemical
potential (u), electronegativity (x), and electrophilicity (w)
derived from the HOMO and LUMO values offer nuanced
insights.”® The calculated descriptors not only reveal a remark-
able consistency in the HOMO, LUMO, and energy gap values
across all entities but also signify their comparable adsorptive
behaviors (see Table 1). This uniformity in descriptors suggests
coherent electronic behavior within the system and its
complexes, showcasing their analogous interactions with
quantum states. The obtained quantum descriptors serve as
a strong framework for deciphering and comparing the elec-
tronic intricacies, paving the way for a comprehensive under-
standing of the adsorption phenomena within this intricate
molecular framework.">** The isosurface plots of the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) are presented in Fig. 4, which clearly
depict that the orbital distributions correspond flawlessly with
the obtained results. This consistency supports the validity of
the results that are acquired and illustrates well-balanced
electronic behavior in the system and its complexity.”* This
offers a thorough and visually pleasing depiction that supports
the consistency found in the quantum descriptors and electrical
properties among the studied entities.

The density of states (DOS) analysis (ESI, Fig. S1t) reveals
consistent electronic behavior across the studied complexes,
confirming stable adsorption characteristics of the cyanogenic
gases. The observed DOS profiles exhibit distinct energy level
distributions, with variations attributable to the influence of
halide substituents (F, Br, Cl) on the electronic structures.
These findings align with frontier molecular orbital (FMO)
results and further substantiate the comparable adsorptive
behavior among the complexes.

3.5 NBO analysis

Natural Bond Orbital (NBO) analysis is a robust quantum
chemical technique employed to investigate intra- and inter-
molecular interactions, hyperconjugative effects, and stabiliza-
tion mechanisms within molecular systems.*” It provides a clear
understanding of bonding characteristics by analyzing electron

Table2 Calculated HOMO, LUMO, energy gap and quantum descriptors for the studied system and complexes computed via the DFT/wB97XD/

GenECP/LanL2DZ/Def2svp computational method

Systems HOMO eV LUMO eV Eg eV 1 (eV) S(evh w(ev) x (eV) w (eV)
Ag@Si59Y —6.71 —2.68 4.20 2.10 0.24 —4.70 4.70 5.24
BrCN-Br-Ag@SisoY —6.63 —2.58 4.05 2.03 0.49 —4.60 4.60 5.23
BrCN-N-Ag@SisoY —6.52 —2.50 4.02 1.34 0.25 —4.51 4.51 5.05
CICN-Cl-Ag@SisoY —6.53 —2.51 4.02 1.34 0.25 —4.52 4.52 5.08
CICN-N-Ag@Sis5qY —6.49 —2.46 4.03 2.01 0.50 —4.48 4.48 4.98
FCN-F-Ag@SisoY —6.55 —2.53 4.02 2.01 0.248 —4.54 4.54 5.12
FCN-N-Ag@SisqY —6.55 —2.53 4.02 2.01 0.248 —4.54 4.54 5.12

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Ag@Si59Y BrCN-Br-Ag@SiS9Y BrCN-N-Ag@Si59Y CICN-Cl-Ag@Si59Y

Fig. 4 HOMO and LUMO surface plots for the studied system and complexes.

density distributions and evaluating second-order perturbation
stabilization energies (E*), which reflect the strength of donor-
acceptor interactions between filled (donor) and vacant
(acceptor) orbitals.*** These interactions are closely linked to

FCN-F-Ag@SiS9Y FCN-N-Ag@Sis9Y

electronic properties such as dipole moments and polariz-

ability, offering insights

into reactivity and adsorption

behavior.”*® In this study, the second-order perturbation
energies (see Table 3) show dominant T — LP* and w — =*

Table 3 Most contributing stabilization energies and their donor and acceptor orbital transitions for the studied system and complexes

System Donor (i) Acceptor (j) E? keal mol ! E(D)—E()) F(i, j)
Ag@SisoY 7eSis—Si, LP*Si, 51.66 0.14 0.084
TSiss—Sisze LP*Si,q 47.94 0.16 0.083
7Si,~Sig LP*Si, 47.88 0.17 0.086
7eSi14-Sise LP*Si,; 46.39 0.14 0.079
LP*Age, LP*Ags, 41.21 0.12 0.109
BrCN-Br-Ag@SisoY TSis~TSisg LP*Sise 61.16 0.16 0.096
TtSip1—~TcSisg LP*Siy, 51.76 0.16 0.096
7tS145—TcSige TT*Si,5—TtSi41 40.85 0.19 0.080
TSio-TSizo LP*Si 38.94 0.16 0.077
7Si;-7Si, T*Si50-TtSis, 31.61 0.22 0.074
BrCN-N-Ag@SisoY OSis~Ager LP*Y,, 79.90 0.36 0.155
7Siy-Size LP*Si,, 50.69 0.16 0.088
7tSipy—Sizg LP*Si,, 48.92 0.16 0.084
TeSiz6=Siss TeSi15-Sis 47.25 0.18 0.087
GSis~Ager 6*Sis7-Yeo 45.31 0.63 0.166
CICN-Cl-Ag@SisoY TSis6=Sito LP*Si,, 50.76 0.16 0.088
7tSip;—Sizg LP*Si,, 49.14 0.16 0.084
7Siy;-Sisy T*Sig=Siy 39.48 0.20 0.081
LP Clg, T*Cep-Ne3 38.55 0.56 0.132
LP Ngs LP*Agg, 29.02 0.73 0.131
CICN-N-Ag@SisoY TtSis6-Sizy T*Si;5-Sizs 47.19 0.18 0.087
TSiyy-Sisg LP*Si,, 46.60 0.16 0.084
LP*Y,, LP*Y,, 42.06 0.03 0.078
6*Cep-Nes T*Cgy—Nos 41.95 0.11 0.185
7tSiy5-Sis T0*Si,6-Sito 41.38 0.19 0.081
FCN-F-Ag@SisoY T Size-Siso LP*Si,, 51.00 0.16 0.088
Sis;-Age: LP*Si,, 49.58 0.20 0.095
GSis-Ages 6*Sis~Yeo 46.74 0.63 0.169
LPF,, T*Cgy—Nes 42.65 0.73 0.158
TeSiy5—Siss T0*Si16-Sito 42.14 0.19 0.081
FCN-N-Ag@SisoY 7tSip;~Sizg LP*Si,, 49.42 0.16 0.084
GSis,~Ager G *Sis;—Yeo 46.73 0.63 0.169
LPF,, T*Cgy—Nes 42.60 0.73 0.158
TeSiy5—Sisn T0*Si;6-Si1o 42.14 0.19 0.081
LPN,;, LP*Agg, 30.55 0.74 0.135
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transitions across the systems. For the pristine Ag@SisoY
surface, the strongest interactions were observed in transitions
such as mSi;-Si; — LP(1)Si, (51.66 kcal mol ™), Siz5-Size —
LP(1) Sis (47.94 kcal mol™"), and mSiy4~Siss — LP(2)*Siy;
(41.21 keal mol "), which reflect the surface's inherent elec-
tronic delocalization and adsorption potential. Upon adsorp-
tion, BrCN-N-Ag@SisoY displayed the highest stabilization
energies among all complexes, with values such as 79.90, 51.76,
and 40.85 kcal mol ', corresponding to T — LP* and w — 7*
transitions (e.g., mSi3;—Sizg — 7*Siz;—Sizg and wSiy-Sipy —
LP(3)Si,). These enhanced donor-acceptor interactions corre-
late directly with the most negative adsorption energy
(—30.121 kecal mol "), indicating strong chemisorption and
higher selectivity for BrCN.

In contrast, CICN-N-Ag@SisoY and FCN-N-Ag@SisoY
exhibited relatively lower stabilization energies and less nega-
tive adsorption energies (—16.943 and —16.316 kcal mol
respectively). This trend reflects weaker electronic coupling and
donor-acceptor interaction between these gases and the
surface, corresponding to reduced adsorption strength and
selectivity. These findings highlight a clear correlation between
the nature and magnitude of donor-acceptor interactions and
the observed adsorption behavior. Specifically, systems exhib-
iting stronger mw — LP* or ®# — w* transitions with higher
stabilization energies tend to show more favorable adsorption
energetics. Thus, the orbital interaction profile derived from
NBO analysis provides mechanistic insight into the adsorption
selectivity of the Ag@SisoY surface toward different cyanogenic
gases.

3.6 Topology analysis: QTAIM

To elucidate the nature of intermolecular interactions critical to
the adsorption process, the Quantum Theory of Atoms in
Molecules (QTAIM), as developed by Bader, offers a robust
framework for characterizing bond types and strengths.*® By
examining parameters such as electron density p(7), its Lap-
lacian V?p(r), kinetic energy density G(r), potential energy
density V(r), total energy density H(r), and bond ellipticity (¢),
QTAIM helps distinguish between covalent, noncovalent, and
partially covalent interactions.*®**** In this study, bond critical
points (BCPs) were identified for various atomic interactions
between the adsorbates (cyanogenic gases) and the modified
Ag@SisoY surfaces. According to QTAIM criteria, a covalent
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bond is characterized by V?p(r) < 0 and H(r) < 0, a noncovalent
interaction by V>p(r) > 0 and H(r) > 0, and a partially covalent
interaction by V>p(r) > 0 and H(r) < 0. The G(r)/|V(r)| ratio further
refines this categorization: covalent (G(r)/|V(r)| < 0.5), partially
covalent (0.5-1.0), and noncovalent (G(r)/|V(r)] > 1.0).** Our
results, summarized in Table 4, confirm that most bonds
between the adsorbates and the Ag@SisoY surface exhibit
covalent characteristics, with G(r)/|V(r)| < 0.5 and ¢ < 1.0, indi-
cating stable bonding configurations. For example, in the
BrCN-Br-Ag@SisoY complex, the Brg,—Si,3 bond exhibits a low
ellipticity (¢ = 0.151), along with V?p(r) = —0.709 and H(r) =
—0.330, clearly indicating a covalent and stable bond. Similarly,
for BrICN-N-Ag@SisoY, the Yg0-Sis, (¢ = 0.205) and Siy—Sis, (e =
0.149) bonds also display V?p(r) < 0 and H(r) < 0, reinforcing
their covalent nature. In the CICN-CI-Ag@SisoY system, bonds
Si,—Siy (¢ = 0.167) and Si10-Si;; (¢ = 0.173) also conform to
covalent characteristics.

However, in CICN-N-Ag®@SisoY, the Si;4—Si;; (¢ = 0.419) and
Si,,~Sis, (¢ = 0.216) bonds show V?p(r) > 0 and G(r)/|V(r)] > 1
(1.061 and 1.058, respectively), indicating noncovalent interac-
tions, despite relatively low ellipticity values. These exceptions
are attributed to the influence of chlorine's electronegativity
and its steric interaction with the Si framework. For the FCN
complexes, FCN-F-Ag@SisoY shows a covalent Si;s—Sis, bond (e
= 0.163), and FCN-N-Ag@SisoY has a covalent Si,—Sis bond (¢ =
0.200), both with V?p(r) < 0 and H(r) < 0. Bond ellipticity (¢)
values across all complexes remained below 1.0, indicating
stability of the formed bonds and thus of the adsorbent
systems. High ellipticity values (>1) would suggest bond insta-
bility or delocalization, but this is not observed in our results.”
The observed values underline the robust binding interaction
between adsorbates and substrates. Overall, the QTAIM analysis
provides strong evidence that the adsorption of cyanogenic
gases onto the modified Ag@SisoY surfaces is predominantly
governed by covalent interactions, with specific atomic pairs
playing key roles in stabilizing the complexes. The variation in
bonding behavior, especially with Cl substitution, underscores
the influence of halide type on adsorption mechanisms (Fig. 5).

3.7 Adsorption studies

The energy of adsorption plays a crucial role in the development
of sensing materials for gas detection. Calculating the adsorption
energy involves determining the difference in energy levels

Table 4 Selected QTAIM topology analysis for the investigated complexes

System Bond o(r) V2p(r) G(n) v(r) H(r) G(N/V(7)] e
BrCN-Br-Ag@SiseY Bres~Sias 0.705 ~0.709 0.136 ~0.467 ~0.330 0.291 0.151
BICN-N-Ag@SisoY Yeo-Sicy 0.722 ~0.752 0.142 ~0.509 ~0.367 0.278 0.205
Si,-Sis, 0.698 —0.736 0.124 —0.448 —0.324 0.276 0.149
CICN-Cl-Ag@SisoY Siy-Sio 0.698 —0.736 0.124 —0.448 —0.324 0.276 0.167
Si10-Siyg 0.688 —0.687 0.129 —0.447 —0.318 0.288 0.173
CICN-N-Ag@SiseY Siy4~Sis, 0.804 0.167 0.397 ~0.374 0.225 1.061 0.419
Si,;—Siz, 0.779 0.161 0.382 —0.361 0.211 1.058 0.216
FCN-F-Ag@SisoY Si;g-Sisy 0.691 —0.701 0.127 —0.448 0.320 0.283 0.163
FCN-N-Ag@SisqY Siy-Sis 0.682 —0.648 0.134 —0.457 —0.323 0.293 0.200
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Fig. 5 Graphical representation of QTAIM analysis showing intermo-
lecular and intramolecular interactions at the bond critical points
(BCPs) on the investigated surfaces.

between the nanocages and the nanocage-gas energies (see eqn
(1)) This calculation provides valuable insights into the
adsorption mechanisms and factors influencing the adsorption
energy. Adsorption energies of —30.121, —17.571, —17.571,
—16.943, —16.316 and —16.316 kcal mol ' were computed for
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BrCN-Br-Ag@SisoY, BrCN-N-Ag@SisoY, CICN-Cl-Ag@Sis.Y,
CICN-N-Ag@SisoY, FCN-F-Ag@SisoY, and FCN-N-Ag@SiseY
adsorption, respectively (see Table 5). This reveals that the
tendency of the nanocage to adsorb cyanogenic gases is greater
for bromine cyanides than for chlorine and fluorine cyanogenic
gases. This is explained by the chemically oriented adsorption
energy observed between bromine cyanide and the Ag@SisoY
nanocage. Delving deeper into the adsorption sites of bromine
cyanide, the interaction is stronger through the bromine atom
than through the nitrogen atom, as explained by their adsorption
energies of —30.121 kcal mol™' and —17.571 kcal mol ',
respectively, for BrCN-Br-Ag@SisoY and BrCN-N-Ag@SisoY. The
increased adsorption of bromocyanide compared with that of
chlorocyanide and fluorocyanide can be attributed to several
factors.* First, the greater chemical affinity of bromine cyanide to
the Ag@SisoY nanocage surface may originate from its unique
bonding characteristics, resulting in stronger interactions. Addi-
tionally, bromine is less electronegative than chlorine and fluo-
rine are, which may contribute to more favorable interactions.**
The size and molecular structure of bromine cyanide may be
more suitable for effective adsorption on the nanocage surface,
thereby affecting the adsorption energy. Owing to the electronic
structure of bromine, the effective charge transfer between
bromine cyanide and Ag@SisoY nanocages can further enhance
the interaction. Furthermore, the electronic configuration of
bromine and potential steric effects may together contribute to
a more stable adsorption configuration. Similarly, CICN exhibited
moderate  adsorption,  with  chlorine  binding at
—17.571 kecal mol™' and nitrogen slightly weaker at
—16.943 kecal mol ™. For FCN, both fluorine and nitrogen sites
displayed the weakest adsorption energies of —16.316 kcal mol %,
likely due to fluorine's smaller size and lower polarizability. The
overall trend shows that adsorption strength follows the order
BrCN > CICN > FCN, with halogen sites consistently more favor-
able than nitrogen sites. Essentially, a combination of chemical
propetties, electronegativity, molecular structure, charge transfer
capabilities, electronic configuration, and steric effects may
underlie the observed increased adsorption of bromine cyanide
due to its interaction with the nanocage surface. Preferential
interactions provide a comprehensive explanation. It is note-
worthy that both BrCN-N-Ag@SissY and CICN-Cl-Ag@SiseY
exhibit the same adsorption energy (—17.571 kcal mol ™). This
value was carefully verified and confirmed not to be a typo-
graphical error. The similarity stems from a coincidental balance
in interaction components (electrostatic, dispersion, and orbital

Table 5 Calculated adsorption energies for the studied complexes computed via the DFT/wB97XD/GenECP/LanL2DZ/Def2svp computational

method
Ecomplex/a.u. Adsorbent/a.u. Adsorbate/a.u. E,qs/eV Eaqs/kcal mol™* BSSE kcal mol *

BrCN-Br-Ag@SisoY —19924.88 —17258.22 —2666.61 —1.31 —30.12 —27.23
BrCN-N-Ag@SisoY —19924.86 —17258.22 —2666.61 —0.76 —17.57 —14.95
ClCN—Cl—Ag@Sing —17811.01 —17258.22 —552.76 —0.76 —17.57 —14.42
ClCN*N*Ag@Sing —17811.01 —17258.22 —552.76 —0.74 —16.94 —14.12
FCN-F-Ag@SisoY —17450.67 —17258.22 —192.42 —0.70 —16.32 —13.19
FCN-N-Ag@SisqY —17450.67 —17258.22 —192.42 —0.70 —16.32 —13.19
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Fig. 6 Adsorption energy (in kJ mol™) of halogenated cyanides on the substrate, where more negative values suggest stronger interactions.

contributions), despite differences in the interacting atoms and
adsorbate nature. While numerically identical, QTAIM and NBO
analyses reveal that the bonding environments and charge
distributions differ across these systems. Also, the high adsorp-
tion energy recorded for BrCN on Br-Ag@SiseY
(—30.121 keal mol ) indicates strong chemisorption (see Fig. 6
and Table 5). While this suggests excellent selectivity and firm
capture of BrCN, it may also pose challenges for desorption and
sensor regeneration. In practical gas sensing applications, such
strong binding might hinder rapid reversibility. However, this
trade-off is sometimes desirable for detecting hazardous species
at trace levels. Future work could explore thermal or photonic
stimuli to facilitate desorption, or consider surface modification
strategies to adjust the adsorption strength for enhanced reus-
ability. The basis set superposition error (BSSE) was corrected
using the counterpoise method to ensure accurate estimation of
interaction energies between the gas molecules and the nano-
cage. All BSSE values are reported in Table 5, confirming their
significant contribution to the corrected adsorption energies.

3.8 Thermodynamic studies

The strength of the interactions between the cyanogenic gases
(BrCN, CICN, and FCN) on the surfaces of Ag@SisoY can be
further evaluated with vital thermodynamic parameters such as

Gibbs free energy and enthalpy to distinguish the chemical
behavior of the distinct systems by the principles of heat, work
and physical changes.*” The spontaneity of the adsorption
process can aid in determining the viability and potential
application of surfaces for the adsorption of gases.*® The elec-
tronic energy (¢o), zero-point energy correction (¢ZPE), thermal
correction to energy (Ey), thermal correction to enthalpy
(Hcorr), thermal correction to free energy (Georr), €0 + zero-point
energy, ¢, + thermal energy correction, ¢, + thermal enthalpy
correction, ¢, + thermal free energy correction, change in Gibbs
free energy (AG®), and change in enthalpy (AH®) were calculated
during optimization of the systems to assess the thermody-
namic properties of the systems under study. Specifically, the
changes in enthalpy and Gibbs free energy were evaluated via

eqn (2)-(5).
AI{ads = Hcomplex - (Hgas + Hsurface) (2)

AGads = Ucomplex — (Ggas + Gsurfz\cc) [3)

where Heomplex is the enthalpy of the adsorbed complex, Hyy is
the enthalpy of the gas, Hyyface is the enthalpy of the surface,
where Geomplex iS the Gibbs free energy of the adsorbed complex,
Ggas is the Gibbs free energy of the gas, and Ggyrface is the Gibbs
free energy of the surface. The results are recorded in Table 6 for

Table 6 Thermodynamic parameters for the adsorption of BrCN, CICN, AND FCN on Ag@SisoY via Br, Cl, F and N adsorption sites

Parameters BrCN-Br-Ag@SisoY  BrCN-N-Ag@SisoY  CICN-Cl-Ag@SisoY  CICN-N-Ag@SisoY  FCN-F-Ag@SisoY  FCN-N-Ag@SiseY
&0 —19924.88 —19924.86 —17811.01 —17811.01 —17450.67 —17450.67
eZPE 0.13 0.13 0.13 0.13 0.13 0.13

Eior 0.22 0.219 0.22 0.22 0.22 0.22

Heorr 0.22 0.22 0.24 0.22 0.22 0.22

Georr 0.00 0.00 0.01 0.00 0.00 0.00

&o + ¢eZPE —19924.75 —19924.73 —17810.70 —17810.88 —17450.54 —17450.54
&0+ Eor —19924.66 —19924.64 —17810.45 —17810.79 —17450.45 —17450.45
&o T Heorr —19924.66 —19924.64 —17810.67 —17810.78 —17450.45 —17450.45
&0t Georr —19924.88 —19924.85 —17812.22 —17811.01 —17450.67 —17450.67
AG° 0.127 0.01 0.02 0.014 0.01 0.01

AH® 0.00 0.00 0.00 0.00 0.00 0.00

Eqqs —96.39 —83.87 89.63 89.93 95.31 95.31

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Sensor parameters for the studied complexes

Systems D ¢ (ev) Qc AN AE 7 (s)
BrCN-Br-Ag@SisoY 17.714 4.603 —0.701 2.421 0.506 8.64 x 1078
BrCN-N-Ag@SisoY 20.824 4.506 1.019 0.497 0.335 5.03 x 1078
CICN-Cl-Ag@SisoY 20.034 4.519 —0.070 0.463 0.335 5.03 x 107°
CICN-N-Ag@SisoY 23.368 4.477 1.017 4.955 0.503 4.87 x 10°®
FCN-F-Ag@SisoY 18.978 4.541 1.784 3.461 0.503 4.65 x 1078
FCN-N-Ag@Sis5qY 18.999 4.541 1.072 3.461 0.503 4.65 x 107®

all the parameters, which include ¢, (electronic energy), Eio
(total energy), Heorr (thermal correction to enthalpy), Georr
(thermal correction to free energy), &y + ¢ZPE, g + Etor, €0 + Heorrs
€0 + Georr, AG®, and AH®. The total energy of all the systems was
recorded to be approximately 0.2 hartrees for all the systems.
The changes in the Gibbs free energy and enthalpy of all the
systems were positive, portraying endothermic and non-
spontaneous adsorption processes. This also indicates that the
adsorption process is a physisorption type of adsorption that
involves weak interactions between the cyanogenic gases and
the Ag@SisoY surface. The highest change in Gibbs free energy
and enthalpy was observed for BrCN-Br-Ag@SisoY, with values
of 0.1267 hartree (79.5055 kcal mol™") and 0.0023 hartree
(1.4432 kcal mol "), which characterize a more unfavorable or
nonspontaneous adsorption process-despite the negative
adsorption energy of —96.399 kcal mol ' recorded for this
system. This is the same for BrCN-N-Ag@SisoY, with a value of
0.014 hartree (8.7851 kcal mol ') and 0.0014 hartree
(0.8785 kcal mol "), which reveals a relatively unfavorable or
nonspontaneous adsorption process, despite the negative
adsorption energy of —83.867 kcal mol ' recorded for this
system. These two reaction conditions imply that the interac-
tion between the Y and Br sites/Ag and N sites requires external
energy, which is possibly a result of initial repulsive forces and
weak bonding potential between the interacting species.
Despite its nonspontaneity, its negative adsorption energy is
related to the energy released, resulting in stable interactions
and overcoming the initial energy barrier. However, bonding
may involve weak forces such as van der Waals forces rather

than strong covalent or electrostatic interactions. On the other
hand, fewer positive values were observed for CICN-CI-
Ag@SisoY, CICN-N-Ag@SisoY, FCN-F-Ag@SisoY and FCN-N-
Ag@SisoY, with corresponding positive adsorption energies.
This shows that the interactions are energetically unfavorable
and nonspontaneous, possibly as a result of repulsive forces
and weak bonding. Thus, BrCN-Br-Ag@SisoY and BrCN-N-
Ag@SisoY at the Br and N sites are the most thermodynamically
favorable adsorption processes.

3.9 Sensor mechanisms

The elucidation of the sensing mechanism includes a compre-
hensive analysis of the electronic structure and energy changes
caused by the adsorption of cyanogenic gases on the function-
alized nanocage. The key parameters include the work function
(¢), charge transfer (Q,), fraction of electron transfer (AN), AE
back-donation, dipole moment (D), and recovery time, which
are carefully examined to evaluate the sensitivity, selectivity,
and conductivity of the studied system.*®** These parameters
result from the optimization of the electron configuration of the
system interaction, providing an understanding of the nano-
cage adsorption efficiency. This comprehensive analysis serves
as a fundamental tool to explain the multiple mechanisms that
detect the presence of materials and cyanogenic gases in
particular.’®*® The ultimate goal is to develop sensors for the
efficient and reliable detection of cyanogen gases with appli-
cations in environmental monitoring and public health.

3.9.1 Work function (¢). The work function represents the
minimum energy required for electrons within a material to

Work Function (¢) vs Studied Complexes
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Fig. 7 Comparison of work function values (in eV) for the studied systems, reflecting changes in electronic properties upon gas adsorption.
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transfer from the conduction band to a free energy state.® It
plays a key role in describing a material's surface energy and
electronic configuration, helping to evaluate its adsorption
properties and revealing electron mobility within a given
system.”?” A higher work function can elucidate the suitability
of a material as an insulator or semiconductor, whereas a lower
value indicates the possible release of electrons due to thermal
excitation upon pesticide adsorption.*® The calculated work
function of this study is shown in Table 7 and Fig. 7, which
shows a series of values for BrCN-Br-Ag@SisqY, BrCN-N-
Ag@SisoY, and CICN-Cl-Ag@SisoY. CICN-N-Ag@SisoY, FCN-F-
Ag@Si59Y, and FCN-N-Ag@SisoY, which are 4.603, 4.506,
4.519, 4.477, 4.541, and 4.541 eV, respectively. This reveals that
there is a high tendency of the systems to undergo conductivity,
leading to the sensing of the studied gases. Even though the
sensing of BrCN-Br-Ag@SisoY behavior, as observed through
this analysis, appears to be more profound, the differences
observed between the systems in terms of their minimum
energy required to undergo conduction are negligible. Hence,
the conductivity potentials of the systems are closely related and
show promising sensing behavior for the detection and
adsorption of the studied gases.

3.9.2 Charge transfer (Q.). In exploring sensor develop-
ment for detecting these systems, the sensing mechanism is
intricately tied to the observable interaction between the
nanocages and the cyanogenic gases under investigation.?® This
phenomenon is characterized by the acceptance or donation of
electrons when a nanocomposite adsorbs gases, consequently
instigating the transfer of charges between the involved mole-
cules.*”” The ensuing transfer of charges has profound implica-
tions for the electron conductivity within the system, arising
from alterations in the structural properties of the molecules.*®
To quantify this charge transfer, one can discern it by deter-
mining the difference in charge between the nanocage and the
molecules of the respective gases. The resulting values,
computed via eqn (3) and presented in Table 7, reveal notable
distinctions in charge transfer among various systems. Notably,
BrCN-Br-Ag@SisoY, BrCN-N-Ag@SisY, and CICN-CI-
Ag@Sis5oY, CICN-N-Ag@SisoY, FCN-F-Ag@SisoY, and FCN-N-
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Ag@SisoY were observed with charge transfer values of —0.701,
1.019, —0.070, 1.017, 1.784, and 1.072C, respectively (see Fig. 8).
The observed variations in charge transfer values at bromine
and chlorine atoms compared with others likely stem from
a combination of electronegativity, atomic size, chemical reac-
tivity, adsorbate configuration, surface effects, and quantum
mechanical considerations. For example, bromine and chlorine
atoms are larger than some other atoms are, influencing the
degree of orbital overlap with the adsorption sites.** The
complex interplay between the Ag@SisoY surface and cyano-
genic gases reveals a complex relationship wherein the charge
transfer serves as a discernible parameter, shedding light on the
electronic dynamics governing the sensor's functionality.

Qt = Qads - Qiso [4)

where Q,q4; is the charge of the individual metal-doped surfaces
and where Qj, is the charge after interaction with cyanogenic
gases.

3.9.3 Fractions of electron transfer (AN) and back-
donation (AE). Fractional electron transfer is a subtle process
in which electrons undergo partial transfer between nanocages
when interacting with the molecules of the gases under inves-
tigation. The concept of giveback illustrates a related aspect of
this intricate interaction.** Specifically, reverse donation (Bak-
donation) manifests itself as a unique form of electron trans-
fer mechanism that occurs between the sensor system and the
target analyte (in this case, the molecules of cyanogenic
gases).®** This complex process occurs when the center of the
sensor system donates an electron from its partially filled
d orbital into the antibonding orbital associated with the
gasses' molecule. To further understand these electron
dynamics, both back donation and electron transfer require
a certain energy threshold to cause changes in the electron
density of the system.>*®* A noteworthy correlation was estab-
lished, where higher hardness values correspond to reduced
field effect transistor (FET) parameters and thus imply reduced
electron transfer during adsorption.*® This observation high-
lights the importance of energy considerations in controlling

Charge Transfer (Qt) vs Studied Complexes
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Fig. 8 Net charge transfer (in electrons) between the adsorbed molecule and substrate, highlighting the direction and magnitude of electron

movement.
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Fig. 9 Variation of dipole moment (in Debye) for the studied complexes, indicating polarity differences influenced by the nature of halogen and

adsorption site.

electron transfer phenomena. Exploration of the electron
density within molecules provides additional insights. A higher
electron density within a molecular entity means an increased
presence of closer electrons.?® Therefore, this increased electron
density results in increased electrostatic repulsion between
electrons, making adding or removing electrons from this
region a more difficult task.

Table 7 summarizes the results of the interactions between
the target analyte or molecule and the sensor system. This
interaction ultimately leads to positron transfer, which involves
the transfer of electrons from the sensor system to the analyte.*®
As a result, an increase in the electron density of the analyte is
observed, indicating that profound electronic transitions occur
during this sensing process. To more fully understand and
quantitatively evaluate the electronic changes inherent in the
sensing process, eqn (5) and (6) provide a numerical specifica-
tion. Such measurements have proven critical for interpreting
sensor responses and detecting analytes, thereby enriching our
understanding of the underlying electronic dynamics.*

AN — Xisolated — Xsystem (5)

2(nisoluted - nSYStem)

AEback donation = —

(6)

&3

3.9.4 Dipole moment. The dipole moment serves as
a metric for measuring electrical charge separation, which is
particularly important in sensor materials because of its influ-
ence on various factors, such as behavior, electrostatic inter-
actions, electronic structure, and charge distribution.*>** These
aspects, in turn, play crucial roles in determining the perfor-
mance and reactivity of sensor materials. Higher dipole
moment values indicate a greater binding strength of the ana-
Iytes. The results presented in Table 7 reveal that BrCN-Br-
Ag@SisoY, BrCN-N-Ag@SisoY, and CICN-Cl-Ag@SisoY, CICN-
N-Ag@SisoY, FCN-F-Ag@SisoY, and FCN-N-Ag@SisoY are
characterized by electrical charge separations of 17.714, 20.824,
20.034, 23.368, 18.978, and 18.999 D, respectively (see Fig. 9).
These results suggest that the electrical charge separation
potential of all the investigated systems is high, as characterized
by their high dipole moment values. The high dipole moments
among the systems can be attributed to increased reactivity,
adsorption, and sensitivity in their interactions with diazinon.
The combined variations in work function (¢) and charge
transfer (Q,) across the studied systems provide crucial insights

Recovery Time (1) vs Studied Complexes
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Fig. 10 Estimated recovery time (in seconds) of the gas-sensor complexes, indicating the potential for reusability and sensing speed.
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into the selectivity and recovery behavior of the sensor. Changes
in ¢ reflect alterations in surface electronic states upon gas
adsorption. Gases that induce larger changes in ¢ cause more
significant modifications in surface energy and electron
mobility, enhancing the sensor's ability to distinguish between
cyanogenic gases based on their electronic signatures.

Similarly, differences in Q, represent the extent of electron
exchange between the sensor and gas molecules, which is a key
factor in determining the nature (physisorption or chemisorp-
tion) and strength of the interaction. Gases exhibiting higher Q,
values (e.g., FCN-F-Ag@SisoY) form stronger interactions with
the sensing surface, leading to more pronounced signal
responses and, consequently, higher selectivity. Moreover, the
strength of these interactions has direct implications for the
recovery time of the sensor. Stronger interactions—indicated by
larger Q; and higher A¢—typically require more energy for
desorption, resulting in longer recovery times. In contrast,
weaker interactions correlate with faster recovery, as the analyte
detaches more easily from the sensor surface. Therefore, the
interplay between ¢, Q;, and recovery time not only explains the
sensor's detection capability but also informs its practical
applicability in real-time monitoring scenarios.

3.9.5 Recovery time. The recovery time is characterized as
the duration it takes for a sensor to revert to its initial baseline
value following the abrupt removal of the measured variable.
The recovery time, which is calculated via eqn (7), is centered on
elucidating the sensor's responsiveness to analytes at room
temperature.”’

. Eq
1=V, xex (— “) 7
0 p ks T 7

where; © = recovery time, V, = attempt frequency (10'* s~ %), exp
= exponential constant, kg = Boltzmann constant, E,qs =
absorption energy and T = absolute temperature.

The correlation between recovery time and absorption
energy (E,qs) within each complex assumes paramount impor-
tance in the context of sensor applications, particularly in gas
detection. A more negative E,q5 value is indicative of a stronger
interaction and heightened sensitivity to the analyte, as sug-
gested by previous studies.*® Nonetheless, a discernible trade-
off exists between sensitivity and recovery time. In essence,
more negative E,q values correspond to increased sensitivity but
potentially prolonged recovery times owing to the robust
interaction between the absorber and the attractant.
Conversely, more positive E,q values may result in shorter
recovery times but potentially lower sensitivity.**~** The recovery
time at room temperature is detailed in Table 7. Notably, there
is a direct relationship between the recovery time and the
observed adsorption energy, indicating a strong chemical
adsorption phenomenon between the nanocages and the gases.
Specifically, the recovery times for systems exhibiting chemical
adsorption are as follows: 8.64 x 10 %,5.03 x 10™%,5.03 x 108,
4.87 x 1078, 4.65 x 1078, and 4.65 x 10 % for BrCN-Br-
Ag@SisY, BrCN-N-Ag@SisoY, CICN-Cl-Ag@SisoY, CICN-N-
Ag@SisoY, FCN-F-Ag@SisoY, and FCN-N-Ag@SisoY, respec-
tively. This explains why a more feasible (negative) adsorption
energy necessitates a longer recovery time, thereby reinforcing

26706 | RSC Adv, 2025, 15, 26693-26709

View Article Online

Paper

the intricate relationship between the adsorption energy and
desorption time within the studied systems (Fig. 10).

3.10 Electron localized function analysis (ELF)

The Electron Localization Function (ELF) plots for the various
configurations—Ag@SisoY, BrCN-Br-Ag@SisoY, @ BrCN-N-
Ag@SisoY, CICN-Cl-Ag@SisoY, CICN-N-Ag@SisoY, FCN-F-
Ag@SisoY, and FCN-N-Ag@SisoY as shown in Fig. 11—provide
valuable insights into the electronic behavior and nature of
bonding interactions between the adsorbed gas molecules and
the Ag-decorated SisoY nanocluster. ELF values range from
0 (blue, completely delocalized) to 1 (red, fully localized),
helping us visualize regions of electron pairing such as covalent
bonds, lone pairs, and localized cores. In the pristine Ag@SisoY
system, notable electron localization is evident around the
silicon atoms, with a more diffuse distribution near the Ag site,
suggesting potential for moderate adsorption interactions.
Following adsorption, distinct changes in ELF topologies
emerge. BrCN-Br and CICN-Cl adsorptions show increased
localization between the halogen and Ag atoms, reflecting
stronger covalent or chemisorptive bonding. By contrast, the
ELF around BrCN-N and CICN-N interactions displays more
diffuse regions at the interface, suggesting weaker, possibly
physisorptive  interactions—despite both configurations
surprisingly sharing the same calculated adsorption energy of
—17.571 keal mol ™", The ELF differences help confirm that this
numerical coincidence does not stem from a typographical
error but from distinct orbital arrangements resulting in ener-
getically similar but electronically dissimilar states. Further
refining this understanding, the FCN-F-Ag@SisoY system
shows limited ELF overlap near the Ag-F interface, consistent
with a weak van der Waals-type interaction due to fluorine's
high electronegativity. Importantly, the FCN-N-Ag@SisoY ELF
map (newly shown) reinforces this trend; here, the nitrogen
terminus of the adsorbed FCN molecule contributes to weak
interaction with Ag, as seen from the sparse electron localiza-
tion between Ag and the nearby Si atoms (Si;;-Siio), and
minimal overlap in the bonding region. This pattern supports
physisorption behavior and underscores the critical role of
adsorption orientation. Collectively, these ELF visuals provide
a comprehensive qualitative validation of the adsorption energy
calculations and reinforce the selectivity of Ag@SisoY towards
specific gas molecules and functional groups, with potential
implications for reversibility in sensing applications.

4 Conclusions

This study underscores the vital role of computational model-
ling in addressing the hazardous nature of cyanogenic gases
through density functional theory (DFT) calculations performed
at the wB97XD/GenECP/LanL2DZ/Def2SVP level of theory.
Frontier molecular orbital (FMO) analysis revealed that the
pristine Ag@SisoY nanocluster possesses a high energy gap of
4.203 eV, indicative of a chemically stable and inert surface in
its pristine state—yet one that exhibits significant reactivity
upon gas adsorption. The marked reduction in energy gaps

© 2025 The Author(s). Published by the Royal Society of Chemistry
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upon interaction with BrCN, CICN, and FCN suggests enhanced
surface sensitivity and electronic perturbation due to adsorp-
tion. Calculated adsorption energies revealed strong and
selective affinities of the nanocluster for different gas configu-
rations: —30.121 kcal mol™' for BrCN-Br-Ag@SisoY,
—17.571 kecal mol™' for BrCN-N-Ag@SisoY and CICN-Cl-
Ag@SisoY, —16.943 kcal mol ™' for CICN-N-Ag@SisoY, and
—16.316 kcal mol ' for both FCN-F-Ag@Sis,Y and FCN-N-
Ag@SisoY. These values point to favorable adsorption energies,
especially for BrCN derivatives. Natural Bond Orbital (NBO)
analysis further confirmed strong donor-acceptor interac-
tions—particularly @ — LP* transitions—highlighting the
importance of charge delocalization and stabilization within
the host-guest systems. Electron Localization Function (ELF)
analysis was employed to visually probe the nature of electron
distribution and bonding. The ELF maps exhibited moderate to
high electron localization around the Ag-Si and Ag-gas inter-
action regions in strongly adsorbed systems, such as BrCN-Br—-
Ag@SisoY and FCN-N-Ag@SisoY. These patterns suggest partial
covalent characteristics superimposed on predominantly non-
covalent interactions, complementing insights from QTAIM
and validating the classification of interaction regimes.

Noncovalent interaction (NCI) plots further confirmed the role
of hydrogen bonding and electrostatic forces in stabilizing the
adsorption complexes. BrCN displayed the strongest overall
interaction profile, consistent with its highest adsorption energy
and extended recovery time—indicative of chemisorption. More-
over, the high dipole moments observed across all complexes
underscore significant charge polarization, enhancing their
prospects for real-time gas sensing applications. Collectively, this
comprehensive investigation, integrating energy-based descrip-
tors, real-space functionals, and electronic structure tools, eluci-
dates the adsorption behavior of toxic cyanogenic gases on
Ag@SisoY. The findings contribute valuable design principles for
developing advanced nanostructured materials for selective gas
sensing and environmental monitoring.
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