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Molecular blueprints for cleaner air: theoretical
insights into Cu(l)-decorated heterocycles for

greenhouse gas (CO/CO,/CH,) capture
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This study presents a comprehensive DFT investigation on Cu()-decorated five-membered aromatic

heterocycles—imidazole, pyrazole, thiazole, oxazole, isoxazole, and isothiazole—as molecular hosts for

capturing key greenhouse gases (CO, CO,, and CH,). Geometry optimization and electronic-structure
analyses (B3LYP/6-31+G(d,p)) were combined with adsorption-energy evaluation, CDFT descriptors, NBO
charge distribution, NICS, PDOS, ELF, NCI analyses, ADMP dynamics, and Gibbs free-energy profiling to
establish structure—property relationships governing gas uptake. Most Cu-heterocycle hosts accommodate
up to four gas molecules, with adsorption strength following the consistent trend CO > CO, > CH4. CO
adsorption is strongly chemisorptive, supported by significant charge transfer and Cu — CO mw-back

donation, whereas CO, and CH,4 show progressively weaker interactions. Aromaticity is largely preserved
after adsorption, and ADMP simulations confirm good kinetic stability of all hosts. Thermodynamic analysis

reveals spontaneous CO binding, moderately favourable CO, capture, and marginal CH,4 adsorption at room
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temperature. Gravimetric storage capacities reach ~39-46% (CO), ~54-57% (CO,), and ~30-33% (CH,).

Among all systems, Cu()-decorated imidazole and oxazole frameworks emerge as the most efficient and
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1. Introduction

Since the emergence of metal-organic frameworks (MOFs) in
the mid-1990s, researchers have been actively investigating
porous materials to enable more efficient gas storage and
separation.’*>* Early studies demonstrated that frameworks
containing open metal sites or functional organic linkers could
strongly interact with small molecules such as CO, CO,, and
CH,, laying the foundation for advanced gas-capture
technologies.>® Today, MOFs and related porous materials are
considered promising candidates for removing greenhouse
gases (GHGs) from industrial exhaust streams and environ-
mental sources.***

Greenhouse gases—including CO,, CH,, CO, and fluorinated
gases—are major contributors to global warming and atmo-
spheric deterioration, arising mainly from fossil-fuel combus-
tion, industrial activities, deforestation, agriculture, and waste
management."™ Their accumulation in the atmosphere
elevates global temperatures and causes harmful environ-
mental and health impacts. To mitigate these effects,
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stable hosts. These insights provide clear electronic and structural design rules for developing next-
generation Cu-based adsorbents tailored for selective and high-capacity greenhouse-gas capture.

significant effort has been directed toward developing materials
that can selectively capture, store, or convert GHGs before they
are released into the environment. Materials such as MOFs,
COFs, zeolites, activated carbon, and clay-based adsorbents
have shown considerable promise due to their tunable pore
environments and chemical versatility.**”

Computational chemistry has become a powerful tool in
accelerating such material discoveries. Density functional
theory (DFT) and molecular-dynamics simulations enable
scientists to examine gas—adsorbent interactions at the atomic
level, screen promising structures, and predict performance
before experimental synthesis.'®'” These approaches signifi-
cantly reduce cost, time, and material waste, thereby supporting
the rapid exploration of new adsorbent architectures.

At present, gas-capture technologies are applied primarily in
large-scale industrial settings such as coal-fired power plants,
chemical factories, and refineries. Innovations in direct air
capture, CO,-to-fuel conversion, and renewable-energy integra-
tion indicate a strong global shift toward sustainable carbon-
management solutions.'*** However, challenges such as high
operating costs, energy requirements, and limited long-term
stability still restrict widespread implementation.

Over the last decade, both synthetic and theoretical studies
have reported numerous high-performance frameworks capable
of storing H,, CH,, and CO, efficiently.*®** MOFs—constructed
from metal ions such as Zr, Cu, Zn, Al, Fe, and Mg—remain the
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most widely studied due to their high porosity, structural stability,
and tunable adsorption sites.**?*' COFs, being lightweight and
composed of light elements (C, H, B, N), also offer excellent
potential for gas storage and separation.”” Large-scale computa-
tional screening has further supported the identification of next-
generation adsorbents and structure-property trends.*

In this context, metal-decorated heterocyclic molecules have
emerged as promising building blocks for gas capture, owing to
their strong coordination ability, electronic tunability, and
chemical stability. Particularly, five-membered aromatic
heterocycles offer well-defined binding pockets for metal ions
and maintain aromatic rigidity, making them ideal candidates
for selective gas adsorption.

The present study aims to explore Cu(i)-decorated five-
membered aromatic heterocycles (imidazole, pyrazole, thia-
zole, oxazole, isoxazole, and isothiazole) as efficient molecular
hosts for trapping CO, CO,, and CH,. Using DFT-based
computational tools, we systematically analyze their adsorp-
tion capability, stability, electronic behavior, and thermody-
namic feasibility. The goal is to establish clear structure-
property relationships that can guide the rational design of
future Cu-based gas-capture materials with high selectivity and
storage performance.

2. Methodology and computational
details

The designed systems are optimized to its local minimum on the
potential energy surface with zero imaginary frequency with the
help of the Gaussian 16w quantum chemistry program package*
within density functional theory (DFT)** framework. Conceptual
Density Functional Theory (DFT), as developed by Parr, Pearson,
Chattaraj and co-workers, provides a set of global reactivity
descriptors—such as chemical hardness (n), electrophilicity (w)—
that offer valuable insights into the electron-transfer behavior,
intrinsic stability, and reactivity patterns of molecular systems.
These descriptors are directly related to the frontier molecular
orbitals and help rationalize how readily a system donates or
accepts electron density during chemical interactions. In the
context of gas adsorption, harder systems with larger HOMO-
LUMO gaps tend to be more stable and less reactive, whereas
species with higher electrophilicity exhibit an enhanced ability to
accept electron density from incoming adsorbates such as CO or
CO,. To complement these global indices, we also employ the
electron localization function (ELF) and non-covalent interaction
(NCI) analysis, which provide spatial visualization of bonding,
charge concentration, and weak intermolecular forces. Together,
these conceptual and topological tools allow us to interpret not
only the magnitude of adsorption energies but also the underlying
nature of Cu-gas interactions, enabling a deeper understanding
of the molecular factors that govern greenhouse-gas trapping
efficiency. We have taken the functional B3LYP and basis sets like
6-31 + g(d,p). Basis set was used in their Cartesian form, and the
optimizations were conducted in Cartesian coordinates without
imposing symmetry constraints, allowing full relaxation of every
structural parameter.
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To ensure numerical stability and reproducibility, the self-
consistent field (SCF) procedure used an energy convergence
criterion of 10~® a.u., along with density and orbital gradient
thresholds of 107°. Geometry optimizations employed tight
thresholds, with a maximum force of 1.5 x 107> a.u., RMS force
of 1.0 x 10~ a.u., maximum displacement of 6.0 x 10> a.u.,
and RMS displacement of 4.0 x 107> a.u. Schwarz integral
screening for Coulomb integrals was applied with a cut off of
10~ "2, and single-value decomposition (SVD) stabilization was
activated automatically when required to address linear
dependencies. No level-shifting was applied to the unoccupied
orbitals during SCF unless convergence difficulties occurred; in
such cases, a temporary shift of 0.5 a.u. was used and removed
for final calculations.

The exchange-correlation potential was evaluated using the
ultrafine integration grid (99 radial x 590 angular points) with
Becke's partitioning scheme. Harmonic vibrational frequency
calculations were performed at the same level of theory using
analytic second derivatives to confirm that all optimized struc-
tures correspond to true minima (no imaginary frequencies).
The computed vibrational data were used to obtain zero-point
energies, enthalpy corrections, entropy contributions, and
Gibbs free energies at 298 K and 250 K, following the standard
rigid-rotor harmonic-oscillator (RRHO) formalism imple-
mented in Gaussian. The stability and chemical reactivity of the
Cu(1)-AH systems and their CO,/CO/CH, (GHGs) adsorbed
complexes have been analyzed by different conceptual DFT
(CDFT) based descriptors like hardness (1) and electrophilicity
(w), calculated with standard techniques.***” The average
binding energy (E},) value of each Cu(i)}-AH systems are deter-
mined using eqn (1)

Ey, = [E¢cuy@ncucs — (Excuy+ nEgHGs)/N (1)

where Eqcu)@ncuas) Ercu)y & Eguas represent the energy of the
gradual GHGs adsorbed Cu(i)-AH system, only Cu(1)-AH system
and energy of GHGs molecule. Here ‘n’ symbolizes the number
of GHGs molecules adsorbed.

The calculation of average adsorption energy (E.qs) of GHGs
molecules is done by using eqn (2),

Eads = —Eb/l’l (2)

We have Calculated the NICS (0) and NICS (1) (Nucleus
Independent Chemical Shift) values to check the pattern of
aromaticity and stability of the different Cu(1)-AH systems as
well as for Cu(1)-AH-nGHGs systems.***! It is now possible to
have both the ¢ and 7 aromatic property by calculating the
NICS(0) and NICS(1) values. The sign of NICS value determines
the aromatic property. The negative and positive NICS value
refers the aromatic and anti-aromatic nature, respectively. NICS
(0) is typically computed at ring center, which provides the o
electron delocalization whereas NICS(1) i.e., at point 1 A above
the ring center was recommended as being a better measure of
the m electron delocalization. After development of NICS
criteria, the term ‘aromaticity’ has been used for inorganic and
metal-organic hybrid molecules. To calculate the Gas storage

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Optimized structure of maximum GHGs adsorb different
aromatic five-membered heterocyclic systems decorated with Cu() at
B3LYP/6-31+g (d, p) level of theory.

efficiency of our studied systems we have calculated
gravimetric wt% with the help of the eqn (3),
Gravimetric wt%

Molecular weight of trapped GHGs < 100 3)

~ Molecular weight of (rCu) + @nGHGs
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We have also calculated Gibbs free energy change with vari-
ation of temperature to know about the spontaneous nature of
the GHGs adsorption process by using the following eqn (4)

AG(rCu)"@nGHGs = [G(rCu@GHGs)" - G(rCu)* - nGnGHGS]

(4)

To know the bonding nature inside the different systems we
have performed the topological analysis with the help of the

Table 1 Maximum number of GHGs that are adsorb by the different
Cu() decorated model systems at B3LYP/6—-31+g (d, p) level of theory

No. of GHG molecules adsorb

Systems CO, CO CH,4
Imidazole-Cu@nGHG 4 4 4
Pyrazole-Cu@nGHG 4 3 4
Thiazole-Cu@nGHG 3 4 4
Oxazole_N-Cu@nGHG 4 4 4
Oxazole_O-Cu@nGHG 4 4 4
Isoxazole-Cu@nGHG 4 4 3
Isothiazole-Cu@nGHG 4 4 4

Table 2 Different bond distances of highest number of GHGs adsorb
different model systems at B3LYP/6-31+g (d, p) level of theory

Bond distance [A]

C-0
Systems [CO, adsorb]  Ring-Cu Cu-GHG [adsorb CO, molecule]
Imidazole-Cu@4CO, 1.889 2.927 1.167
Pyrazole-Cu@4CO, 1.893 2.842 1.167
Thiazole-Cu@3CO, 1.898 2.701 1.167
Oxazole_N-Cu@4CO, 1.899 2.818 1.167
Oxazole_O-Cu@4CO, 2.069 2.659 1.167
Isoxazole-Cu@4CO, 1.906 2.709 1.166
Isothiazole-Cu@4CO, 1.895 2.758 1.168
Bond distance[A]

C-0
Systems [CO adsorb] ~ Ring-Cu  Cu-GHG  [adsorb CO molecule]
Imidazole-Cu@4CO 2.035 2.842 1.132
Pyrazole-Cu@3CO 1.962 2.877 1.132
Thiazole-Cu@4CO 1.992 2.881 1.132
Oxazole_N-Cu@4CO 1.989 3.000 1.132
Oxazole_O-Cu@4CO 2.103 2.863 1.130
Isoxazole-Cu@4CO 1.901 2.647 1.145
Isothiazole-Cu@4CO 1.984 2.972 1.132

Bond distance[A]
C-H

Systems[CH, adsorb] ~ Ring-Cu Cu-GHG [adsorb CH, molecule]
Imidazole-Cu@4CH, 1.897 3.341 1.101
Pyrazole-Cu@4CH, 1.899 3.970 1.101
Thiazole-Cu@4CH, 1.912 3.227 1.101
Oxazole_N-Cu@4CH, 1.910 3.553 1.101
Oxazole_O-Cu@4CH,  2.053 2.937 1.099
Isoxazole-Cu@3CH, 1.907 3.437 1.101
Isothiazole-Cu@4CH, 1.906 3.256 1.101
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Multiwfn package.*” Further, we have also calculated the shaded
surface map and electron localization function (ELF), which
indicates the information about the localized electron. NCI
(non-covalent interaction) analysis provides a link for the
identification of bonding interaction in different Cu(1)-AH-
nGHGs systems.*® The NCI results are generated by using
Multiwfn software package.*** Atom centered density matrix
propagation (ADMP)***” study has been carried out to know
about the kinetic stability of model systems. Partial Density of
States (PDOS) can be generated for different parts of the GHGs-
adsorb metal-decorated complexes to identify the contribution
of adsorb GHGs, decorated metal, and aromatic heterocyclic
ring to the frontier molecular orbitals of the complexes.*®

3. Result and discussion

The optimized molecular structures of maximum GHGs trap-
ping condition [Fig. 1] shows how different aromatic five-
membered heterocyclic systems—Ilike imidazole, pyrazole,
thiazole, oxazole (N and O variants), isoxazole, and iso-
thiazole—decorated with Cu(1) ions, interact with major green-
house gases (CO, CO,, and CH,). These Cu-decorated systems
act as potential adsorbents, effectively trapping up to four
molecules of these gases. Most systems capture 4 molecules of
each gas [Table 1], indicating strong and consistent interaction.
A few exceptions were noted: thiazole-Cu binds only 3 CO,
molecules, isoxazole-Cu binds only 3 CH, molecules, and
pyrazole-Cu binds only 3 CO molecules. This suggests that the
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nature of the heteroatom in the ring (like N, O, or S) and its
position influences gas binding efficiency. Overall, these struc-
tures demonstrate the potential of Cu-decorated heterocycles
for greenhouse gas trapping, which could be useful in designing
materials for environmental gas capture and storage. All other
lower number of GHGs trapping optimized structure is in
Fig. SF1.

A comparative evaluation of the optimized bond distances
[Table 2] reveals clear structural signatures associated with the
trapping efficiency of the Cu(1)-decorated heterocycles toward
CO,, CO, and CH,. For CO, adsorption, the Ring-Cu distances
remain tightly clustered around 1.88-1.91 A, except in
Oxazole_O-Cu where a slightly elongated distance (2.069 A)
reflects the stronger electron-donating ability of the O-site. The
Cu-CO, distances follow a similar consistency (2.65-2.92 A),
indicating stable physisorption-driven coordination across all
systems, while the C-O bond of CO, remains practically
unchanged (=1.167 A), confirming the non-destructive nature
of adsorption. In the case of CO trapping, the Ring—Cu distances
show moderate expansion (1.90-2.10 A), consistent with the
stronger back-bonding interaction between Cu(r) and CO. The
Cu-CO distances vary between 2.64-3.00 A, with isoxazole
exhibiting the shortest Cu-CO bond (2.647 A), suggesting
favorable orbital overlap, whereas oxazole_O displays the
longest due to its electronic environment. The C-O bond
remains largely preserved (1.130-1.145 A), consistent with
chemisorption that does not induce severe CO activation. For
CH, capture, the Ring—-Cu distances remain in the narrow 1.89-

Table 3 Electrophilicity (w); (€V) and, hardness (n); (eV) of maximum number of GHGs adsorbed different model systems at B3LYP/6-31 + g (d, p)

level of theory

Green house gas[GHG]

Systems CO, CcO CH,4

Hardness Electrophilicity Hardness Electrophilicity Hardness Electrophilicity
CDFT based descriptors (n; ev) (w5 eV) (m; eV) (w; V) (n; eV) (w5 eV)
Imidazole-Cu@nGHG 6.128 4.771 4.684 7.489 6.443 4.576
Pyrazole-Cu@nGHG 6.198 4.993 4.487 9.179 6.464 4.919
Thiazole-Cu@nGHG 5.879 5.815 4.713 8.508 5.888 5.968
Oxazole_N-Cu@nGHG 6.249 5.147 4.826 8.557 6.475 5.319
Oxazole_O-Cu@nGHG 5.609 5.864 4.113 10.162 5.787 5.910
Isoxazole-Cu@nGHG 5.584 5.997 5.800 6.495 6.165 6.104
Isothiazole-Cu@nGHG 5.446 6.299 4.950 8.290 5.781 6.422
Table 4 NICS(0) and NICS(1); (ppm) values of different model systems at B3LYP/6-31+9 (d, p) level of theory
System adsorb NICS(0) NICS(1) System adsorb NICS(0)  NICS(1) System adsorb NICS(0)  NICS(i)
with CO (ppm) (ppm) with CO, (ppm) (ppm) with CH, (ppm) (ppm)
Imidazole-Cu@4CO —12.791 —11.304 Imidazole-Cu@4CO, -12.974 —11.14 Imidazole-Cu@4CH, —12.945  —11.492
Pyrazole-Cu@3CO —13.0226 —12.1017 Pyrazole-Cu@4CO, —2.796 —9.162 Pyrazole-Cu@4CH, —13.104 —11.908
Thiazole-Cu@4CO —11.69 —-11.731 Thiazole-Cu@3CO, —12.008 —12.898  Thiazole-Cu@4CH, —12.018 —11.888
Oxazole-N-Cu@4CO —11.555 —10.414 Oxazole-N_Cu@4CO, —11.811 —10.401 Oxazole-N-Cu@4CH, —11.903 —10.427
Oxazole-O-Cu@4CO -16.77 —9.527 Oxazole-O-Cu@4CO, —11.008 —20.619  Oxazole-O-Cu@4CH, —11.015  —25.388
Isoxazole-Cu@4CO —11.321 —13.07 Isoxazole-Cu@4CO, —11.563 —13.446 Isoxazole-Cu@3CH, —11.622 —11.217
Isothiazole-Cu@4CO  —11.832 —12.366 Isothiazole-Cu@4CO, —12.017 —11.585 Isothiazole-Cu@4CH, —11.97 —11.806

17986 | RSC Adv, 2026, 16, 17983-17996

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08553e

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 07 April 2026. Downloaded on 4/10/2026 12:08:40 PM.

(cc)

Paper

Average Adsorption Energy of CO-Trapping
Systems

Isothiazole System

o
Isoxazole System
| e
p— |
Oxazole-0 System
4] L eeeee—————
qE) ————— maco
2 Oxazole-N System ey
g . —————eeeee— m3Co
[} p— ]
Thiazole System m2C0
e
Pyrazole System E—— mico
| ——
p— ]
Imidazole System
EEE———— )
0 0.5 1 1.5 2
Average Adsorption Energy
[A]
Average Adsorption Energy of CO2- Trapping
systems
]
Isothiazole System
y ____________—————eeee—
)
IsoXazOole System
L —————m]
 0XazOle-0 System
E
S Oxazole-N System E— macoz
:>a m3c02
Thiazole System E——
m2C02
L ———eeeee—
[QICIG RSO == m1C02
L ———eeee——
)
Imidazole Systenm
I
0 02 04 06 0.8 1 1.2
Average Adsorption Energy
[B]
Average Adsorption Energy of CH4- Trapping
Systems
p— )
Isothiazole System e @
——— ]
Isoxazole System
f——
T————
« Oxazole-O System
———
g p— ) WA4CH4
4 Oxazole-N System
> ——— m3CH4
©n e
Thiazole System W2CH4
—
——m
Pyrazole System To— micHa
—— ]
p— ]
Imidazole System
—— )
0 0.2 0.4 0.6 0.8 1 1.2
Average Adsorption Energy

[

Fig. 2 Variation of E,4s (€V) (average adsorption energy) with the gradual
adsorption of different GHGs molecules ([A] for CO, [B] for CO, and [C] for
CHy) for different model systems decorated with Cu() at B3LYP/6—-31+g
(d, p) level of theory.The horizontal axis representing adsorption energy.

fe!

1.91 A range for most systems, except for oxazole_O-Cu which
again shows a slight elongation (2.053 A). As expected for
aweakly interacting molecule, Cu-CH, distances are the longest
among all gases (3.22-3.97 A), demonstrating dominant van der

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

View Article Online

RSC Advances

Waals interactions. The C-H distances (=1.10 A) remain
essentially unchanged, further confirming minimal perturba-
tion of the methane framework. Overall, these structural
parameters collectively illustrate that CO establishes the
strongest interaction with the Cu center, CO, exhibits moderate
but uniform binding, and CH, shows the weakest interaction,
fully consistent with the observed adsorption energy trends and
the selective gas-trapping capability of the Cu(i)-heterocycle
hosts.**°

The interaction of greenhouse gases (GHGs) such as CO,,
CO, and CH, with various Cu-decorated heterocyclic frame-
works demonstrates intriguing electronic properties and gas-
trapping capacities, as reflected in their conceptual density
functional theory (CDFT) descriptors (Table 3). Among the
studied systems—imidazole, pyrazole, thiazole, oxazole (N- and
O-coordinated), isoxazole, and isothiazole-based Cu frame-
works, all display the capability to trap up to four molecules of
each gas, with minor variations. Oxazole_O-Cu@nGHG stands
out by exhibiting the highest electrophilicity (w = 10.162) for
CO, indicating a strong tendency to accept electrons, which
enhances CO adsorption. Isoxazole-Cu@nGHG shows remark-
able CH, electrophilicity (o = 6.104), suggesting its effective-
ness in methane capture. Furthermore, isothiazole-Cu@nGHG
presents a balanced profile, combining high electrophilicity
with consistently good trapping numbers across all gases,
highlighting its potential as a versatile gas sorbent. Interest-
ingly, the highest hardness values for CO, are found in
oxazole_N-Cu@nGHG (n = 6.249), indicating greater stability
and less polarizability, which may enhance selectivity. The
overall data suggest that a synergistic interplay between elec-
tronic hardness and electrophilicity governs the adsorption
behavior. Systems with moderately high hardness and elevated
electrophilicity, such as oxazole_O and isothiazole variants, may
offer optimal performance by balancing stability and reactivity.
These findings emphasize the potential of fine-tuning elec-
tronic properties through heterocyclic backbone engineering
and Cu-functionalization to design next-generation materials
for greenhouse gas mitigation. The graphical representations
and values of Electrophilicity and hardness of lower number of
GHGs trapping systems are in Fig. SF2 and Table ST1.

The Nuclear Independent Chemical Shift (NICS) values
provide a reliable measure of aromaticity, where more negative
values indicate stronger aromatic character. The Table 4 data
for Cu(i)-decorated aromatic heterocycles adsorbed with
maximum number of different greenhouse gases (CO, CO,, and
CH,) shows that most systems retain significant aromaticity
after gas adsorption, as reflected by their highly negative
NICS(0) and NICS(1) values. Among them, oxazole-O-Cu
exhibits the most pronounced aromaticity, especially when
adsorbed with CH,, showing extremely negative NICS(1) values,
suggesting enhanced ring current effects. Imidazole-Cu and
pyrazole-Cu also maintain strong aromaticity across all gases,
although pyrazole-Cu shows a marked reduction in NICS(0)
with CO,, indicating some disturbance in the m-electron delo-
calization. In contrast, systems like isoxazole-Cu and
isothiazole-Cu display consistent aromatic stability with
minimal variation between gases, implying that their aromatic

RSC Adv, 2026, 16, 17983-17996 | 17987
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frameworks are less perturbed by adsorption. Overall, the
results reveal that Cu(i) decoration supports the preservation of
aromatic character in these heterocycles, with certain systems
showing even stronger aromaticity upon specific gas trapping,
which could be advantageous for selective greenhouse gas
capture applications.

The adsorption energy data from Fig. 2 shows how effectively
Cu-decorated aromatic heterocyclic rings can adsorb different
GHGs (CO, CO,, and CH,). For CO, the highest adsorption is
generally observed when only one molecule is adsorbed, with
Oxazole-O (1.793 eV) and Imidazole (1.698 eV) performing
notably well, indicating strong binding in these systems. As
more CO molecules are introduced, the adsorption energy
decreases steadily across all systems, reflecting saturation of
active sites. For CO,, the trend is similar—single-molecule
adsorption shows stronger interaction, with Oxazole-O again
leading (1.104 eV), while multiple CO, molecules result in lower
energies. Methane (CH,) shows comparatively weaker adsorp-
tion overall, but Oxazole-O maintains the highest performance
(1.015 eV for a single molecule). Across all gases, Oxazole-O and
Imidazole consistently show higher adsorption energies, sug-
gesting they have more favorable active sites for gas capture.
The general decline in energy with increasing gas numbers
highlights the limited capacity and competitive occupation of
adsorption sites. These patterns indicate that while Cu-
decoration enhances gas binding, especially for CO and CO,,
the efficiency strongly depends on the heterocycle type and the
number of molecules adsorbed.** To demonstrate the
adsorption strength of the Cu(i)-decorated aromatic heterocy-
cles, we compared the calculated CO, CO,, and CH, adsorption
energies with reported values for other single-atom or metal-

17988 | RSC Adv, 2026, 16, 17983-17996

doped systems. In our study, the first CO adsorption on Cu(i)-
decorated heterocycles lies in the range 1.60-1.79 eV, with
Oxazole-O-Cu(1) showing the highest value (1.793 eV). These
values are significantly higher than many previously reported
single-atom adsorbents.

For example, CO adsorption on Ag-ZSM-5 is 1.323 eV, on Si-
doped graphene only 0.190 eV, and on Y-doped Ti,CO,
0.917 eV.* Thus, the Cu(i)-heterocycles reported here exhibit
stronger CO binding than these benchmark systems, high-
lighting their superior interaction strength and potential for
selective CO capture. Similarly, CO, and CH, adsorption ener-
gies in our systems also fall within or above typical ranges re-
ported for single-atom decorated nanostructures, further
supporting their applicability as efficient GHG-trapping hosts.

This comparison clearly strengthens the significance of our
results and demonstrates that Cu(i)-decorated heterocycles
provide a highly active adsorption platform, competitive with or
better than many known single-atom adsorbents. The Average
Adsorption values of metal decorated model systems at gradual
GHGs adsorbing condition are in Table ST2.

The NBO charge analysis of the Cu center (Fig. 3) clearly
shows how electron density rearranges when CO, gas interact
with the Cu-decorated heterocycles. In the unbound state, the
Cu atoms carry relatively high positive charges, with Oxazole-O
displaying the highest value (0.931) and other systems such as
Imidazole and Pyrazole showing slightly lower charges around
0.86. Upon CO adsorption, the positive charge on Cu decreases
markedly, especially when several CO molecules are bound.
This strong reduction reflects significant electron back-
donation from CO to the metal center. For example, in the
Imidazole system the Cu charge drops from 0.863 (no gas) to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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nearly neutral (—0.029) when three to four CO molecules are
attached, demonstrating intense metal-gas interaction. CO,
adsorption leads to a more moderate charge decrease, consis-
tent with its weaker electron-donor ability and predominantly
physisorptive binding. CH, produces only minor changes,
which aligns with its non-polar character and very weak inter-
action with Cu. Across all systems, Oxazole-O generally keeps
the Cu center more positively charged, indicating a compara-
tively electron-deficient and more electrophilic metal site.
Overall, these trends show that CO interacts most strongly with
Cu, followed by CO,, while CH, exhibits the weakest effect—
highlighting clear gas-selectivity patterns and the electronic
influence of different heterocyclic ligands.***” The correspond-
ing NBO charge values and the graph of CO and CH, adsorption
for all systems are summarized in Fig. SF3 and Table ST3.

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

Fig. 4 presents the ELF analysis for the imidazole-based Cu()
system, which shows the most representative behavior among
the studied hosts. The ELF maps clearly illustrate how the Cu
center interacts with different greenhouse gases and how the
nature of these interactions varies with each molecule. The
strong Cu-N bond in the imidazole ring provides a stable
anchoring site for adsorption. For CO, the ELF distribution
reveals pronounced electron sharing between the gas molecule
and the Cu center, reflecting strong m-back-donation and
making CO the most strongly bound species. CO, shows
a weaker interaction, mainly through one of its oxygen atoms,
consistent with its limited electron-donor ability. In contrast,
CH, exhibits only very weak, diffuse interactions with the Cu
center because it lacks lone pairs and significant polarity.*®
These observations reinforce the adsorption trend CO > CO, >

RSC Adv, 2026, 16, 17983-17996 | 17989
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CH,, demonstrating that the electronic nature of each gas
governs its trapping capability. ELF plots for the remaining
systems are provided in Fig. SF4.

The non-covalent interaction (NCI) study(Fig. 5) helps us
understand how greenhouse gases like CH,, CO, and CO,
interact with copper(i)-decorated imidazole systems.*® [As

NCI plot of different GHGs adsorb imidazole systems decorated with Cu() at B3LYP/6—-31+g (d, p) level of theory without [A] and with

Imidazole systems show the better results]. This interaction is
not a strong chemical bond but a weak force that holds gas
molecules gently on the surface without damaging the system.
First, the copper ion forms a stable bond with the nitrogen atom
in the imidazole ring, creating a site that can attract and adsorb
gas molecules. When methane (CH,) interacts with this system,

Table5 Gibbs free energy change [eV] at different temperature of different GHGs adsorb model systems decorated with Cu() at B3LYP/6-31+ g

(d, p) level of theory

Pyrazole Isothiazole
GHGs Imidazole system system Thiazole system Oxazole-N system Oxazole-O system  [soxazole system system
Temp 298 K 250 K 298 K 298 K 250 K 298 K 298 K 298 K 250 K 298 K
Cco —0.925 — —1.117 —0.874 — —0.911 —1.219 0.131 —1.306  —0.885
CO, —-0.108 — —0.197 —0.296 — —0.201 —0.449 -0.251 — —0.179
CH, 0.022  —0.466  —0.083 0.047  —0.477  —0.057 —0.166 -0.213  — —0.001
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the bonding is very weak and happens through van der Waals
forces. These are simple, physical attractions, and the NCI plots
show green areas indicating such weak interactions. Since CH,
has no dipole or lone pairs, it cannot form strong bonds, so it
stays loosely attached. In the case of carbon monoxide (CO), the
interaction is slightly stronger. CO has a lone pair of electrons
on the oxygen atom, which can weakly interact with the copper
ion. This creates small blue patches in the NCI plot, showing
a weak attractive interaction. Still, the main bonding is van der
Waals type, just a bit stronger than CH,. Carbon dioxide (CO,)
shows the best interaction among the three gases. It has two
oxygen atoms, which can both interact weakly with copper or
hydrogen atoms on the imidazole ring. The NCI plots show
more green areas and sometimes faint blue areas, indicating
weak but meaningful bonding. Across all systems, no red areas
were observed in the plots, meaning there is no repulsion or
structural strain. Overall, the Cu-imidazole system remains
stable while trapping gases through weak, reversible interac-
tions. CO, binds the strongest, followed by CO, and CH, the
weakest. This makes the system useful for gas sensing or
reusable gas capture applications.

The Gibbs free energy analysis (Table 5) provides clear
insight into the thermodynamic favorability of greenhouse-gas
adsorption on the Cu(i)-decorated heterocycles. At room
temperature (298 K), CO adsorption remains highly favorable
across all systems, showing consistently negative AG values that
reflect strong metal-gas interactions. CO, adsorption is
moderately favorable, with AG values becoming less negative at
higher temperatures, indicating a gradual weakening of its
binding strength. In contrast, CH, exhibits the least favorable
thermodynamics, with small or slightly positive AG values,
consistent with its weak, nonpolar interaction with the Cu
center. Overall, the AG trends reinforce the selectivity order CO
> CO, > CHy, in full agreement with the adsorption energies and
electronic analyses reported in this study.

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

The graphical representation of Gibbs free energy change
values [Fig. 6] indicates at room temperature or near room
temperature, the gas adsorption process is spontaneous.®***

Fig. 7 presents the Partial Density of States (PDOS) and the
corresponding HOMO (highest occupied molecular orbital) and
LUMO (lowest unoccupied molecular orbital) structures of Cu-
decorated imidazole and pyrazole systems, each interacting
with different greenhouse gases—CO,, CO, and CH,. PDOS
analysis provides insight into how electronic states are distrib-
uted near the Fermi level and helps us understand how Cu and
the heterocyclic ligands interact with the gases. In the Cu(i)
decorated Imidazole [Imidazole system shows the best results]
when exposed to CO, and CO, noticeable changes in the PDOS
suggest strong interactions between the Cu center and the gas
molecules. These shifts are less pronounced in the case of CHy,
indicating weaker interactions due to methane's non-polar
nature. The HOMO structures in the CO, and CO systems are
typically more localized near the Cu site and the gas molecule,
pointing to charge transfer or orbital overlap. In contrast, CH,
systems show less orbital involvement, highlighting a more
physisorptive interaction. The LUMO levels also shift depend-
ing on the adsorbed gas, reflecting changes in the electron
affinity and potential for reactivity. For example, in CO, and CO
systems, lower LUMO energy levels suggest better electron-
accepting capabilities, which could facilitate further chemical
reactivity or electron transfer processes. Overall, the PDOS
combined with the HOMO-LUMO distribution reveals how Cu-
functionalized heterocycles exhibit selective sensitivity toward
different greenhouse gases, especially CO, and CO. This
understanding is useful for designing materials for gas sensing
or captures applications. The visualization of electronic
changes upon gas trapping helps in identifying the nature and
strength of interaction—whether physisorption or chemisorp-
tion—thereby  contributing to material optimization
strategies.®

ADMP is like a super-zoomed, slow-motion video that
watches both electrons and atoms move when a gas sticks to

RSC Adv, 2026, 16, 17983-17996 | 17991
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copper on an imidazole ring. In Fig. 8, carbon monoxide holds
on the strongest—its pull shows up as big, slow-fading waves in
the electron cloud and small shifts in the copper's position.
Carbon dioxide makes medium-sized ripples that disappear
more quickly, and methane barely moves anything—just tiny,
fast-fading wiggles. When we cool the system from 300 K to 200
K, everything slows down: even small disturbances last longer
and look clearer. Because the size and lifetime of these waves
match how tightly each gas binds, ADMP gives us a simple,
dynamic “fingerprint” for CO, CO,, and CH, all in one go. This
helps chemists see exactly which gases stick best to copper-
imidazole materials and how to make them even better at
trapping greenhouse gases.*
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Fig. 8 The simulated structures and the potential energy (E, a.u.)
versus time (t, fs) of different model systems decorated with Cuf()
[A(CH,4),B(CO) and C(CO,)] at B3LYP/6-31+9 (d, p) level of theory at
200 K and 300 K, as well as at 1500 fs.

Table 6 indicates the gravimetric weight percentage
(Grv. wt%) values highlight the gas storage potential of Cu(1)-
decorated aromatic heterocycles when trapping different
greenhouse gases. Across all systems, from Fig. 9, CO, storage
shows the highest gravimetric capacity, often exceeding 54-
57%, which aligns with recent research trends where CO,
capture is prioritized due to its significant role in climate
change. CO storage also exhibits substantial values, ranging
from about 39% to 46%, reflecting strong interaction and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Gravimetric wt% values of maximum number of GHGs adsorb different model systems decorated with Cu() at B3LYP/6—-31+g (d, p) level

of theory

System Grv. wt% System Grv. wt% System Grv. wt%
Imidazole-Cu@4CO 46.117 Imidazole-Cu@4CO, 57.342 Imidazole-Cu@4CH, 32.887
Pyrazole-Cu@3CO 39.092 Pyrazole-Cu@4CO, 57.342 Pyrazole-Cu@4CH, 32.887
Thiazole-Cu@4CO 43.107 Thiazole-Cu@3CO, 47.16 Thiazole-Cu@4CH, 30.237
Oxazole-N-Cu@4CO 45.931 Oxazole-N-Cu@4CO, 57.172 Oxazole-N-Cu@4CH, 32.701
Oxazole-O-Cu@4CO 45.931 Oxazole-O-Cu@4CO, 57.172 Oxazole-O-Cu@4CH, 32.701
Isoxazole-Cu@4CO 45.931 Isooxazole-Cu@4CO, 57.172 Isooxazole-Cu@4CH, 32.721
Isothiazole-Cu@4CO 43.107 Isothiazole-Cu@4CO, 54.339 Isothiazole-Cu@4CH, 30.237

| Gravimetric Wt% |
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Fig.9 Graphical representation of gravimetric wt% values of maximum number of green house gases adsorb different model systems decorated

with Cu() at B3LYP/6-31+g (d, p) level of theory.

efficient packing within the frameworks. In contrast, CH,
storage capacities are comparatively lower, typically between
30-33%, consistent with the lighter molecular weight and
weaker binding affinity of methane. Among the studied
systems, imidazole-Cu and pyrazole-Cu show notably high
capacities for CO,, while thiazole- and isothiazole-based models
present balanced performance across gases. These results
indicate that Cu(1) decoration not only preserves the structural
integrity of these heterocycles but also optimizes their sorption
efficiency, especially for CO,, making them promising candi-
dates in the modern pursuit of high-capacity, selective gas
storage materials.®***

Although the primary calculations in this study were per-
formed at the B3LYP/6-31+G(d,p) level, we conducted an addi-
tional validation using the dispersion-inclusive long-range
corrected wB97X-D functional for the representative Imidazole—
Cu(1)-CO adsorption system. The comparison (Table 7) clearly
shows that both the optimization energies and the adsorption
energies (E_ads) obtained with B3LYP closely agree with those
computed using wB97X-D. The variation in adsorption energy
between the two functionals remains small (typically 0.03-0.06
eV), and the predicted decreasing trend in adsorption strength

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

from 1CO — 4CO is perfectly preserved across both methods.
This strong consistency indicates that the qualitative and
quantitative conclusions of this work—particularly the relative
stability, adsorption behavior, and gas-binding trends—are not
significantly affected by the lack of explicit dispersion correc-
tion in the primary B3LYP calculations. Moreover, the excellent
agreement with the wB97X-D results reinforces that the
electron-donation/back-donation mechanism and the struc-
tural trends captured here remain valid and reliable. Therefore,
the findings presented in this study are fully supported by

Table 7 Comparison of the optimization energies and CO average
adsorption energies (E_ads) obtained using B3LYP/6-31+G(d,p) and
the dispersion-corrected ®wB97X-D/6-31+G(d,p) methods for the
Imidazole—Cu()@nCO systems

Optimization energy (eV)  Eads (eV)

Systems B3LYP wB97X-D B3LYP wB97X-D
Imidazole-Cu@1CO  —53871.852 —53868.647 1.698 1.659
Imidazole-Cu@2CO  —56955.817 —56951.626 1.071 1.102
Imidazole-Cu@3CO  —60039.741 —60034.575 0.848 0.907
Imidazole-Cu@ 4CO —63123.337 —63117.116  0.654 0.707

RSC Adv, 2026, 16, 17983-17996 | 17993
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a dispersion-corrected functional, ensuring robustness and
scientific credibility while confirming that the chosen B3LYP
level provides an accurate description of the systems
investigated.

4. Conclusion

This study demonstrates that Cu(i)-decorated five-membered
aromatic heterocycles are effective molecular hosts for CO,
CO,, and CH, capture. DFT results show a consistent adsorp-
tion trend—CO > CO, > CH,—driven by strong Cu-CO charge
transfer, moderate CO, interaction, and weak CH, phys-
isorption. Most systems can adsorb up to four gas molecules
while maintaining structural and aromatic stability, supported
by NBO, NICS, PDOS, ELF, NCI, and ADMP analyses. Thermo-
dynamic data confirm spontaneous CO binding and moderately
favorable CO, adsorption at room temperature. Gravimetric
capacities reach ~54-57% for CO,, ~39-46% for CO, and ~30-
33% for CH,, highlighting meaningful storage potential. Over-
all, Cu(1)-decorated imidazole and oxazole emerge as the most
promising hosts. These findings offer clear design guidelines
for developing next-generation Cu-based materials for selective
and efficient greenhouse-gas capture.
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