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Designing a drug for the removal of a poisonous material is a great chal-
lenge. In order to design an efficient material, we have to optimise its mo-
lecular structure and study its various properties. Different methods are
used to analyse the adsorption of analytes on molecules. It includes com-
putational chemistry and related methods. In order to balance accuracy
and computational expense, hybrid approaches like DFT are also used.
This paper discusses the extensive details of the DFT application to the
adsorption of Cu—Cu clusters. It is used to calculate the geometrical struc-
tures of Cu;—X (X =CH,, CO,, NH;), which are based on Cu clusters, as
well as their interactions and adsorption. This allows for the discussion,
determination, and some calculations of their associated binding energies,
adsorption energies, and other thermodynamic and electronic properties.
The HOMO-LUMO (highest occupied molecular orbital (HOMO)—lowest
unoccupied molecular orbital (LUMO)) and MEP (molecular electrostatic
potential) evaluations of molecular-orbital electronic configurations are
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also displayed. The positive and negative regions of the Cu clusters are
designated by these structures. Surface-enhanced Raman spectroscopy
(SERS) provides peak frequencies and intensities for the ana-
lytes/adsorbate and Cu—analytes (CH,, CO,, NH;) clusters.

Pospobka mpemapaTy O BUIAJEHHS OTPYHHOI PEUOBUHU € BEJIUKUM BI-
KIUKOM. s po3poOKu edeKTHUBHOrO MaTepisily MU MAaeMO OITHMMisyBaTu
oro MOJIEKYJAPHY CTPYKTYPY Ta BUBUUTHU Horo pisHi BiactuBocti. s
aHajisu ancopOIii aHATITIB Ha MOJIEKyJIaX BUKOPUCTOBYIOThbCA PidHiI MeTonu.
Ile BrJIOUaE OGUMCIIOBAILHY XeMil0 Ta OB sa3aHi 3 Heo meroxu. s Gama-
HCYBAaHHS TOYHOCTU Ta OOYMCIIOBAJBHUX BUTPAT TAKOK BUKOPHCTOBYIOTHCS
riopugHi migxoau, Taki AK Teopia dyHKIioHanma ryctunu (DFT). ¥V mii crar-
Ti 06rOBOPIOIOTLCA BcebiuHO merani 3acrocyBamusa DFT mromo amcopoiii xiia-
crepiB Cu—Cu. DFT BUKOPHUCTOBYETHCA [IJA PO3PAXYHKY T€OMETPUYHUX
crpyktyp Cu;—X (X =CH,, CO,, NH;), aki 6asyiorsca Ha kiaacTepax Cu, a
TaKkoXK IXHiIX B3aeMogmiit Ta amcopo6iii. Ile mae 3mory o6roBopuTH, BUSHAUUTHU
Ta IIPOBECTU JeAKl PO3paxyHKM IIOB'A3aHMX 3 HUMHU eHepriil 3B g3Ky, eHep-
riii agcopOIii ¥ iHIINX TepMOAMHAMIUHMX Ta €JeKTPOHHUX BJIACTUBOCTEM.
Tako:x IMMOKa3aHO eJIEKTPOHHI KoHpirypaiii MoaexkyasapHux opbitasiei, oIri-
Heri uepes HOMO-LUMO (maifiBuily 3aiiHATY MOJIEKYJIAPHY OpOiTaIb
(HOMO)—naiiam:Kkuy Hes3aWHATY MOJIeKyJAapHY opbitans (LUMO)) ta MEP
(MOJEKYAAPHUYN eJIeKTPOCTATUUHMNMN moTeHIiAm). IlosuTuBHI Ta HeraTusBHi
obsiacti xjgactepiB Cu mosHaueHO UMK CTpPyKTypamu. IlizcuieHa moBepx-
Heo PamanoBa crekTpockonia (SERS) zabesmeuye wacToTy ¥ iHTEHCHMBHOCTL
miKiB 1A KaacTepiB aHaxiTiB/agcopbarie Ta Cu—anaxitis (CH,, CO,, NH,).

Key words: adsorption clusters, adsorbate, density functional theory,
nanoclusters.

Karouosi caoBa: azmcopOiifini kJacrepu, agcopbar, Teopida QYHKIioHATLY
TYCTUHU, HAHOKJIACTEePHU.

(Received 21 December, 2024; in revised form, 28 August, 2025)

1. INTRODUCTION

Reducing particle size, particularly, down to the atomic scale, can
dramatically increase the specific active surface area, leading to en-
hanced performance in catalysis, electronic devices, sensors, and
other applications [1-3].

The increased activity and effectiveness of downsized particles
can be attributed to their high surface-to-volume ratio, surface
geometric effects, unique electronic properties, and the influence of
quantum size effects [4].

Gold, traditionally recognized as a noble metal due to its inert-
ness in bulk form, exhibits remarkable catalytic properties, when
reduced to nanoscale dimensions, particularly, at low temperatures.
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Present work is focusing on copper and its clusters. When copper
molecules combine with toxic gas molecules like CH,, CO, and NH,,
they form adsorbate—metal complexes like Cu;CH,, Cu;CO, and
CusNH; clusters In this study, we discussed about the adsorption
energies, chemical energies, changes in thermodynamic parameters,
molecular electrostatic potential and Raman spectrum of copper and
copper—toxic gas molecular complexes.

2. METHODS USED

Computational calculations are done using Gaussian 16 software
package with density functional theory (DFT). DFT used a basis set
of LANL2DZ for calculation. Raman spectrum of toxic gases and
copper—toxic gas complexes were analyzed based on surface en-
hanced Raman scattering.

3. RESULTS AND DISCUSSION
3.1. Optimized Geometry

The interactions and adsorption properties of all specified geome-
tries and Cu—-X (X =CO,, CH,, and NH;) were calculated using DFT.
The Gaussian 16 programme suite [5], which uses DFT and the
CAMBSLYP/LANL2DZ functional, was used to compute structures
in a vacuum. Figure 1 shows the optimized structures of Cu;—CH,,
Cu;—CO,, and Cus;—NH,;.

3.2. HOMO and LUMO

The distribution of HOMO and LUMO over atoms shows that n-
bonds have been delocalized. The positive and negative hemispheres
are represented in HOMO-LUMO by the red and green colours, re-
spectively. In Cujz, both the HOMO and LUMO are over the entire
Cu;. In the case of CusCH,, both HOMO and LUMO are over Cus; for

Cu;CO, Cu;NH,

Fig. 1. The optimized structures of adsorbate—metal complexes.
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Cu;CO,, both HOMO and LUMO are over the entire Cu;CO,, and for
Cu;NH;, both HOMO and LUMO are over Cus.

3.3. Nonlinear Optical Properties

For the treatment of poisonous gases and vapours, which pass
through porous substances like polymers and molecules, adsorption
is a distinct and frequently employed approach [6]. Molecular-
analyte complexes like Cu;—CH,, Cu;—CO, and Cu;—NH, are created,
when copper atoms mix with molecules like CH,, CO,, and NH;. In
this section, the adsorption of copper metal clusters from the afore-
mentioned copper complexes is assessed, using DFT method. The
LANL2DZ functional is based on previous research with a similar
structure, making it well suited for metal atoms [7]. The molecules
CH,, CO, and NH; are positioned close to metal clusters for optimi-
sation, since they are in the most reactive positions. The adsorption
energy is calculated by the equation E,=E.x— Ec,— Ex, where
Eq..x—energies of the copper cluster with X (X =CH,, CO, or NH,),
E.,—energies of the copper cluster, Ex—energies of respective ad-
sorbate (CH,, CO, or NHj).

Using Gaussian 16, we constructed the molecular structures of
Cu;CH,, CusCO, and CusNH;. In the ground state, Cu; clusters have
a constant triangle shape [8]. The most stable form of Cu; is made
up of four triangles with nine Cu—Cu bonds. The drug molecule is
nearly planar, with the exception of the H atoms in NH;. The H
atom in CH,, the O and C atoms in CO,, and the N and H atoms in
NH; are all potential sites for interaction with the Cu; cluster. The
lone pairs in the CH,, CO,, and NH; unoccupied antibonding orbitals
can accept electron density (ED) from the valence orbitals of metal
atoms and supply the metal with electrons. The lone pair of elec-
trons in Cuj clusters, which functions as proton acceptor, transmits
charge to the H atom in CH,, the O and C atoms in CO,, and the N
and H atoms in NH; [9]. In Cu;CH,, the distances are Cu—Cu=2.32
A, and Cu; is interacting with the H and C atoms of CH, with dis-
tances Cu—H=2.07 A and Cu—C=2.45 A. In Cu,;CO,, the distances
are Cu—Cu=2.35 A, and Cu; is interacting with the O and C atoms
of CO, with distances Cu—C =2.03 A and Cu—-O0=1.98 A. In Cu,NH;,,
the distances are Cu—Cu =2.385 A, and Cu; is interacting with the H
and N atoms of NH; with distances Cu—N =2.00 A and Cu—H = 2.52
A. All the distances indicate an interaction between the toxic-gas
molecules and Cus-nanocluster suggesting that the adsorption is
chemisorptions.

The nonlinear optical (NLO) properties (Table 1) also exhibit
changes in molecular systems: whereas the dipole moments of CH,
and CO, are zero in complexes, the non-uniform charge density dis-
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TABLE 1. Energy values, dipole moment, polarizability and adsorption
energies of the molecules.

Adsorption en-
ergy, kcal/mol

System [Energy, Hartree| Dipole moment, D |Polarizability

CH, —40.514 0.00 11.70 —
Co, -188.54 0.0013 12.97 —
NH, -56.55 1.22 7.08 —
Cu, -592.07 0.57 125.25 —
Cu,CH, —632.59 2.85 139.6 -3.77
Cu,CO, —-780.64 5.24 105 -18.83
Cu,NH, —648.66 6.4 143.6 -25.10

tribution, as demonstrated by the frontier molecular orbital (FMO)
and molecular electrostatic potential (MEP) plots, causes an ampli-
fication of the dipole moment in complexes (Table 1). The NH; gas
molecules’ dipole moment varies as well. The polarizability of gas
molecules increases after adsorption with Cu;. The polarizabilities
are of 11.70, 12.97 and 7.08 (a.u.) for CH,, CO, and NH;, while,
after adsorption with Cuj, the values are of 139.6, 105 and 143.6
(a.u.), respectively; this shows that the polarizability of the cluster
often increases upon absorption by Cu; and proves that systems
with higher polarizability are more reactive because their electron
cloud is more flexible, which can enhance adsorption and make the
adsorbate more chemically active on the surface. Higher polarizabil-
ity of the adsorbent or adsorbate can lead to stronger dispersion. In
this case, Cu; shows higher activity towards NH, adsorbate.

A large change in the dipole moment suggests strong charge
transfer or polarization effects between adsorbent and adsorbate of-
ten indicating chemisorption. From Table 1, the strong bonding oc-
curs in CusNH;. The adsorption energies provide a direct measure
of how strongly the adsorbate is bound to the adsorbent. As all en-
ergies are of above 0.5 eV, it shows a strong adsorption involving
covalent bond between the adsorbate and adsorbent.

3.4. Calculation of Energy Gap, Hardness, Chemical Potential, and
Electrophilicity Index

After adsorption the energy gaps are of 1.87, 2.9 and 1.80 eV for
CH,, CO, and NH; complexes with Cu,, while, for pure CH,, CO, and
NH;, the corresponding values are of 6.51, 9.10 and 3.54 eV (Ta-
ble 2). The energy gaps in the complexes are substantially lower
than that of pure molecules value.

Cu;—CH,, Cu;—CO,, and Cu;—NH; complexes’ thermodynamic sta-
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TABLE 2. Chemical descriptors of adsorbate and adsorbate—metal com-
plexes.

c)
< s | % | E
g A k2 =g
g % 3 =
System | Ey, eV | E;, eV o g M% g% AE,
20 o @ et
& & 3 B g
(<] < E 8-:—1
=i s} 2
& £ =
O
CH, -10.60 -4.09 6.51 3.26 -7.35 8.29
CO, -9.51 -0.41 9.10 4.55 -4.96 2.70
NH, -6.20 -2.66 3.54 1.77 -4.43 5.54
Cu, -4.25 -2.90 1.35 0.68 -3.58 9.42
Cu,CH, -4.0 -2.13 1.87 0.94 -3.07 5.01 32.5%
CusCO, -5.8 -2.9 2.90 1.45 -4.35 6.53 11.5%
Cu;NH; -3.45 -1.65 1.80 0.90 -2.55 3.61 33.3%

TABLE 3. Thermodynamic parameters of adsorbate and adsorbate—metal
complexes.

System E, Hartree H, Hartree G, Hartree | S, cal/(mol-K)

CH, —40.46 —40.46 —40.49 44.48
CO, -188.53 -188.53 -188.55 42.74
NH; -56.51 -56.51 -56.53 46.76
Cu, -592.06 -592.06 -592.09 77.98
Cu;CH, —-632.54 —632.53 —-632.58 101.86
Cu;CO, -780.62 -780.61 -780.66 95.30
Cu;NH, —648.62 —648.61 —648.66 90.326

bility is predicted, using binding energies and fluctuations in Gibbs
energy (Tables 1-3).

The energy gap (E,) is calculated by taking difference of HOMO
and LUMO energies as E,= Ey— E;, where E; and E, are the HOMO
and LUMO energies, respectively. The hardness (1) is calculated by
dividing energy gap by 2: n=E,/2, where E, is the energy gap.
Similarly, the chemical potential (1) is calculated by taking mean of
HOMO and LUMO energies, u=(Eg+ E;)/2, where E; and E, are
the HOMO and LUMO energies, respectively. The electrophilicity
index (w) is given as o =p?/(2n), where p is the chemical potential
and n is the hardness.

When the energy values are negative, the adsorption process is
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exothermic [10]. As a result, in these conditions, CH,, CO, and NH;,
function as a nucleophilic reagent with the goal of binding to posi-
tively charged sites [11].

3.5. Thermodynamic Parameters

The entropy changes for all systems under considerations are nega-
tive, and the changes in the thermodynamic properties of the mole-
cules also show that the adsorption process is spontaneous (Table 3).
To evaluate the binding activity, we analysed the energies of the
frontier orbitals in the drug, metal, and the resulting complexes.
One of the most crucial factors in determining the electronic struc-
ture and chemical reactivity are the frontier orbital energies. For
instance, it is possible to access qualitatively the kinetic stability,
chemical stability, and electrical conductivity of metal clusters [12].

The change in enthalpy (AH), entropy (AS), Gibbs energy (AG)
and energy (AE) (Table 4) can be calculated, using the equations

@DE Q@

LUMO-Cu, HOMO-Cu LUMO-Cu,CH,  HOMO-Cu,CH,

S

LUMO-Cu,CO, HOMO-Cu,CO,  LUMO-Cu,NH, HOMO-Cu,NH,

Fig. 2. HOMO-LUMO plots of adsorbate—metal complexes.

TABLE 4. Changes in thermodynamic parameters of adsorbate—metal com-
plexes.

System | AE, kcal/mol | AH, kcal/mol | AG, kcal/mol | AS, cal/(mol-K)
Cu,CH, -3.26 -3.01 -3.13 -20.592
Cu,CO, -17.44 -17.81 -10.23 -25.414
Cu,NH, -28.74 -29.94 -19.68 -34.401
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given below. The change in energy, AE, is given as follows:
AE=E;-E,— E,, where E;, E, and E; are the energies of Cu;—X
(X =CH,, CO, and NH;), Cu; and X (X =CH,, CO, and NH,), respec-
tively, in [kcal/mol]. Similarly, we can write the equations for
change in entropy, enthalpy and Gibbs free energy as
AH=H;-H,-H,, A\G=G;—G,—-G,, and AS=S;-S,-S;, where the
terms have similar meanings.

The enthalpy change (AH) gives direct insight into the strength
of the interaction between the adsorbent and adsorbate. A negative
AH value indicates that the complex formation is energetically fa-
vourable, meaning strong interactions between the adsorbent and
adsorbate. All complexes with Cu; show negative values that proves
Cu; as a very good adsorbent. Since all complexes have negative AG
values, it indicates that the adsorption process is thermodynami-
cally spontaneous.

3.6. Molecular Electrostatic Potential

The MEPs of both the cage and the gas molecules of adsorbed sys-
tems were also determined and interpreted. The blue area displays
nucleophilic behaviour with insufficient electrons, while the red
area illustrates electrophilic behaviour with sufficient electrons.
Because of this, the blue region has a positive potential, whereas
the red region has a negative potential, indicating that there will be
a lot of positive charge binding in the blue region. C=N, which is
electrophilic, and hydrogen, which is nucleophilic, are the most ac-
tive sites in all complexes. As a result, metal and gas molecules in-
teract heavily.

In pure Cu;, the third copper atom and two other copper atoms
both exhibit a blue colour. Cu;CH, has two Cu atoms, which are
slightly yellow in colour, and one Cu atom that is blue. CH, also
exhibits a blue colour. The three Cu atoms in CuzCO, are blue,
while, in CO,, the C and O atoms are somewhat blue and reddish

Fig. 3. Molecular electrostatic potential (MEP) maps for the adsorbate—
metal complexes.
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yellow, respectively. In Cu;NH;, the NH; group is positive and the
one Cu atom close to it is somewhat blue. The other two Cu atoms
apart from it are slightly yellow as seen in Fig. 3.

3.7. Intensity and Frequency of Analytes with Using Raman Spec-

trum

Figures 4, 5 and 6 show the Raman spectra of the analytes (CH,,
CO, and NH;) and complexes. The frequency and intensity of these
analytes and molecules were calculated, and the same were fur-

nished in Table 5.

ETE I PR CH

Raman Intensity

oo 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

CuCH,

Raman Intensity

Wavenumber (cm.1)

Fig. 4. Raman spectra of CH, mole-
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TABLE 5. The frequency and intensity of the CH,, CO, and NH; analytes
and Cu—analyte molecules obtained with using Raman spectrum.

System | Frequency | Intensity Adsorption shift Enhancement factor
CH, 2914 7
Co, 1217 1.15
NH, 3440 2
Cu,CH, 2822 8 3.16% 14.3%
Cu,CO, 1589 1.7 30.57% 47.83%
Cu;NH, 3313 4.2 3.7% 110%

Figure 4 shows the Raman spectra of CH, molecule and the CH,—
nanocluster complexes. In the CH, spectrum, stretching vibrations
can be seen at wave number of 3000 cm ™ and have an intensity of
about 7. It has several peaks. Cu;CH, has a peak at 3000 cm* with
an intensity of about 8. As shown in Fig. 5, CO, only has one band.
The CO, spectrum can be seen at wave number of 1500 cm™' with
higher peak intensity. Cu;CO, demonstrates more than two bands.
At wave number of 1500 cm™, a band with intensity of 1.5 was pre-
sent. Stretching vibrations of the NH; molecule can be seen at wave
numbers of 3500 cm ™' and above with an intensity of 1.5, according
to Fig. 6. Cu;NH; exhibits a peak at wave number of 3500 cm™* with
an intensity of about 4.

4. CONCLUSIONS

In this study, the application of DFT to the adsorption of Cu—Cu
clusters provided a comprehensive analysis of the geometrical struc-
tures of Cuy;—X clusters, where X represents CH,, CO,, and NH,.
DFT calculations enabled the determination of the interactions and
adsorption characteristics of these clusters, including their binding
and adsorption energies, as well as other thermodynamic and elec-
tronic properties. From dipole-moment, polarizability and adsorp-
tion-energy studies, it is clearly shown that the interaction of Cu,
with CH,, CO,, NH; are very strong, and it is chemisorption. From
these studies, it also proves that Cu, shows higher activity towards
NH, compared to CO, and CH,. The study also presented the
HOMO-LUMO analyses and MEP plots, which illustrated the posi-
tive and negative regions of the Cu clusters. The high negative
HOMO energies of the CH,, CO,, and NH; adsorbate indicate poor
nucleophilic behaviour. However, when these adsorbate form clus-
ters with Cus, the resulting lower energy gap highlights the copper
potential as an effective material for removing these toxic gases.
The reactivity and stability of the cluster were studied, using
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chemical potential, hardness and electrophilicity index; it was calcu-
lated by DFT. The calculation of entropy, enthalpy and free energy
changes, using DFT, is crucial for understanding the thermodynam-
ics of adsorbent and adsorbate interactions and predicting the feasi-
bility of adsorbate-complex formation. Adsorbent materials for gas
capture are evaluated based on how AH, AS, and AG change during
adsorption. Lower AG values signify more effective adsorbents for
capturing and storing gases; similarly, a negative AH value indi-
cates that the complex formation is energetically favourable. Addi-
tionally, surface-enhanced Raman spectroscopy (SERS) data re-
vealed the peak frequencies and intensities for both the analytes
and Cu—analyte (CH,, CO,, NH;) clusters. Raman studies (scattering
phenomenon) of Cus;—X clusters are found to be a powerful tool for
probing the adsorption mechanism behind the complexes.
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