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HIGHLIGHTS

e Ag doping greatly enhances dopamine
adsorption on CNTs through stronger
charge transfer and orbital coupling.

e CNTAgNH2 shows the strongest
adsorption and highest thermodynamic
stability.

¢ DOS, FMO, NCI, and RDG analyses
confirm improved electronic interaction
after Ag doping.

e Raman and IR shifts indicate strong
coupling and SERS potential for dopa-
mine sensing.
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ABSTRACT

In this work, DFT was used to investigate the adsorption behaviour of dopamine on pristine and Ag-doped carbon
nanotubes. Two adsorption orientations, involving hydroxyl and amine groups of dopamine, were examined to
clarify role of functional-group direction in molecule-surface interactions. The results show that Ag doping
strongly enhances dopamine adsorption by increasing charge transfer, surface polarization, and orbital coupling.
Among the studied systems, CNTAgNH> exhibited strongest adsorption energy, highest dipole moment, and most
favourable thermodynamic stability, indicating strong Ag-mediated interaction through amine group. FMOs,
MEP, DOS, NCI, and RDG analyses further confirmed that Ag incorporation narrows the electronic gap and in-
troduces active interaction sites. Vibrational analysis revealed significant shifts in OH, NHy, phenyl, and CHy
modes after adsorption, supporting enhanced chemical interaction and possible SERS signal amplification.
Overall, Ag-doped CNTs, particularly the CNTAgNH, configuration, appear to be promising nanosubstrates for
dopamine detection, although very strong adsorption may reduce sensor recyclability.
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1. Introduction

Because of their remarkable mechanical strength, high electrical and
thermal conductivity, and large specific surface area, carbon nanotubes
(CNTs), one-dimensional nanostructures made of rolled graphene
sheets, are useful materials for electronics, energy storage, sensors, and
catalytic applications. Their sp>-bonded carbon network and adjustable
electronic properties (such as metallic versus semiconducting behav-
iour) based on tube diameter and chirality give them their special
qualities. The vast technical value of CNTs is highlighted by recent re-
views that continue to emphasize continuous advancements in CNT
synthesis, purification, functionalization, and integration into diverse
systems ranging from batteries to nanoscale electronics [1].

Coinage metals (Cu, Ag, and Au) and related hetero atoms can be
doped into carbon nanotubes to modify their electrical, catalytic, and
adsorption characteristics. It has been demonstrated that adding Cu and
N into CNTs greatly changes the electronic density of states and im-
proves electrical conductivity, especially in semiconducting CNTs with
nitrogen functional groups [2]. Cu-doped CNTs can enhance interactions
with adsorbates like hydrogen, according to first-principles and DFT
research, indicating promise for hydrogen storage materials [3].
Coinage metal doping can open up new possibilities for energy storage
applications, as Au-doped CNTs have been anticipated to boost
hydrogen uptake capacities at elevated temperatures [4]. Beyond en-
ergy, co-doping single-walled CNTs with Au, Ag, or Cu in addition to
hetero-atoms (such B or N) can alter adsorption energies and selectivity,
which is important for sensing and separation technologies [5]. When
taken as a whole, our investigation suggest that coinage metal-doped
carbon nanotubes represent a viable class of tailored nanomaterials
with customizable functional capabilities driven by regulated dopant
incorporation and electronic structure alteration.

DFT, which offers atomistic insight into binding energetic, electronic
structure modulation, and adsorption mechanisms crucial for creating
efficient nanotube-based drug delivery systems, has emerged as a po-
tential computational tool for clarifying the basic interactions between
CNTs and drug molecules. As demonstrated by anticancer medications
like Gemcitabine on Pd-doped single-walled CNTs and droxidopa on
COOH-functionalized CNTs, where negative binding energies confirm
favourable drug-nanotube complexation, recent DFT studies show that
drug adsorption on pristine or functionalized CNTs is usually exothermic
with appreciable binding energies, indicating strong physisorption
driven by n-m stacking, hydrogen bonding, and van der Waals forces
[6,7]. Additionally, research shows that functionalization techniques,
like carboxylation or bio-conjugation with targeting ligands like folic
acid or hyaluronic acid, can dramatically change HOMO-LUMO gaps
and molecular electrostatic potentials, which support better electronic
interactions with therapeutic agents such as platinum-based chemo-
therapeutics, in addition to improving drug affinity and specificity [8,9].
When taken as a whole, these DFT investigations offer comprehensive
quantum-level characteristics (such as binding energy, charge transfer,
frontier orbital analysis) that are crucial for anticipating and refining
CNT-drug interactions for focused and effective drug delivery applica-
tions [10].

A thorough atomistic knowledge of dopamine interactions with Ag-
doped carbon nanotubes is still lacking, despite the fact that dopamine
adsorption on carbon nanomaterials and the SERS activity of silver-
based nanostructures have been studied independently. While compu-
tational SERS research have mostly looked at dopamine interacting with
isolated Ag clusters rather than metal-doped substrates, previous DFT
studies primarily concentrated on dopamine adsorption on pristine
CNTs, where mild physisorption was found to predominate. Further
experimental research shows that adding metallic nanostructures can
greatly enhance dopamine sensing performance; however, it has not
been thoroughly investigated how Ag dopants affect dopamine's
adsorption orientation, charge transfer, electronic structure, and vibra-
tional responses on CNTs. To determine the connection between Ag
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doping, the adsorption mechanism, and SERS-relevant electrical and
vibrational properties, a thorough first-principles study is therefore
required [11-14].

Strong hydrogen bonding, n-n stacking, metal coordination, and
electrostatic interactions are made possible by dopamine (3,4-dihy-
droxyphenethylamine), a redox-active catecholamine neurotransmitter
with two contiguous hydroxyl groups on a benzene ring and a main
amine side chain [15]. It is extremely relevant for surface chemistry and
bio-sensing applications due to its oxidation to dopamine-quinone under
physiological or electrochemical circumstances. Through =-n in-
teractions between the aromatic catechol ring and sp>hybridized car-
bon surfaces, dopamine shows a strong affinity for carbon-based
nanostructures like graphene or carbon nanotubes at the nanoscale [16].
These interactions are frequently accompanied by charge transfer,
which alters the electronic properties of the nanomaterial. Additionally,
dopamine can also self-polymerize to create polydopamine coatings that
stick firmly to oxides, metals and polymeric nanoparticles, offering a
flexible platform for drug loading and surface functionalization [17].
Furthermore, its catechol moiety enhances catalytic activity or sensing
performance by forming coordination complexes with metal and metal-
oxide nanostructures (such as Au, Fe3O4, TiO3). Dopamine is a crucial
chemical in brain interfaces, targeted drug delivery systems, nano-
biosensors, and bio-inspired surface engineering because of these
interaction processes [18,19].

2. Methods

Vibrational frequency calculations were carried out using Gaussian
16 to confirm the nature of stationary points, and NCI analysis based on
the RDG was subsequently performed using Multiwfn [20-23]. Using
the range-separated hybrid functional wB97XD in conjunction with a
mixed basis set scheme def2-TZVP for carbon atoms and an effective
core potential (ECP) basis such as def2-ECP for the Ag dopant — is an
appropriate theoretical level for studying Ag-doped carbon nanotubes.
When used with wB97XD, the def2-TZVP basis, which is a member of
Ahlrichs family, offers triple-{ quality with polarization functions and
has been widely suggested for accurately modelling dispersion-
dominated systems and non-covalent interactions [24]. The ®B97X-D
functional was chosen because it accurately treats both charge-transfer
and dispersion interactions, which are crucial in molecule-CNT
adsorption processes, by combining long-range-corrected exchange
with an empirical dispersion correction. The ®B97X-D offers accurate
interaction energies for noncovalent and dispersion-dominated systems,
according to earlier benchmark investigations. Furthermore, ®B97X-D
has been effectively used in a number of adsorption investigations uti-
lizing pristine and metal-doped carbon nanotubes, precisely describing
sensing features, electronic-structure alterations, and adsorption en-
ergies. For the current CNT adsorption systems, the ®B97X-D/def2-
TZVP framework was thought to provide a suitable balance between
computational cost and accuracy [25-28].

ECP-based basis sets are especially useful for large nano-structured
systems like doped CNTs since they are crucial for including scalar
relativistic effects for heavy transition metals like Ag while drastically
lowering computing costs [24]. Because of its effectiveness and proven
performance in transition-metal DFT calculations, where it replaces core
electrons with an effective potential and permits tractable treatment of
massive systems, def2-ECP is still a frequently used option in this context
[29]. Double-{ ECP basis sets are frequently employed in conjunction
with triple-( basis sets on the lighter atoms to reach a balanced accuracy-
cost ratio, despite the fact that they may be less accurate than higher-¢
alternatives. However, their performance can be enhanced by polari-
zation and diffuse functions [30]. For modelling the structural, elec-
tronic, and adsorption characteristics of Ag-doped carbon nanotube
systems, the wB97XD/def2-TZVP (C) with def2-ECP or LANL2DZ (Ag)
level of theory provides a dependable computationally effective frame-
work. It should be mentioned that neither supercell nor periodic
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boundary conditions were implemented because the present study
employed a finite carbon nanotube cluster model within the Gaussian
framework. An isolated zigzag (8,0) carbon nanotube consisting of 80
carbon atoms, with optimized dimensions of 5.47 A in diameter and
11.90 A in length, was adopted for all calculations. Finite CNT models
are widely used in Gaussian-based adsorption and sensing studies
because they provide a computationally efficient representation of
localized adsorbate-nanotube interactions while accurately capturing
the essential electronic characteristics of the nanotube. Furthermore,
nanotube chirality, diameter, and size are known to strongly influence
adsorption behaviour and electronic properties; therefore, these struc-
tural parameters were carefully selected and explicitly considered to
ensure the reliability and reproducibility of the adsorption and
electronic-structure analyses [31-33]. Since the singlet ground state
(multiplicity = 1) was used for all calculations, a restricted Kohn-Sham
DFT formalism was used. The ®B97X-D functional was chosen because it
accurately describes long-range charge-transfer and van der Waals in-
teractions, which are crucial for simulating adsorption processes on
doped carbon nanostructures, when combined with empirical dispersion
corrections [25]. Because of its triple-{ quality and demonstrated
dependability for electronic-structure calculations, the def2-TZVP basis
set was used for light atoms, whereas the matching def2 effective core
potential was used to represent Ag in order to effectively account for
scalar relativistic effects [34,35]. This combination offers a useful trade-
off between computational precision and cost, and it has been exten-
sively employed in research on transition-metal-containing nano-
materials and adsorption systems [36]. The intrinsic interactions
between dopamine and the Ag-doped CNT in the absence of solvent
effects are described by the current computations, which were carried
out in the gas phase. The current method offers a basic understanding of
the adsorption mechanism at the molecular level, even though aqueous
conditions may affect adsorption behaviour through solvation and
hydrogen-bonding interactions. Furthermore, although BSSE adjust-
ments were not specifically assessed, it is anticipated that using the
triple-( def2-TZVP basis set will reduce BSSE in comparison to smaller
basis sets. Dynamic and anharmonic temperature effects were not taken
into account because thermodynamic parameters were determined in-
side the harmonic oscillator approximation at 298.15 K [34].

Two adsorption configurations were explored in this study, where
the hydroxyl groups and the NH; group of dopamine were positioned
close to the termini of pristine and Ag-doped carbon nanotubes, denoted
as CNTAgOH and CNTAgNH,, respectively, to evaluate their adsorption
behaviour. Fig. 1 gives the structure, FMOs and MEP of dopamine. The
optimized geometries of CNT & Ag doped CNT, CNTOH/NH; & CNTA-
gOH/NHjy are shown in Fig. S1 and Fig. 2. The recovery time (t) of the
adsorbed drug molecule was calculated using transition-state theory in
order to assess the regeneration capability of the suggested CNT-based
sensing platform. The formula is t = v~} exp. (—Eads/KkT), where T is
the recovery time (s), v is the attempt frequency of the desorption pro-
cess, Eads is the adsorption energy, k is the Boltzmann constant, and T is

()
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the absolute temperature. Desorption barrier was determined by the
absolute value of Eads because it is negative for spontaneous adsorption.
Recovery time is a crucial metric for evaluating sensor reusability since
it given an approximation of the analyte's residence period on the
nanotube surface. Strong enough adsorption to allow detection while
allowing desorption and regeneration of the sensor substrate is indicated
by moderate recovery times. The adsorption energies derived from DFT
calculations were used in this investigation to compute recovery dura-
tions at 400 K [37].

3. Results and discussion
3.1. Adsorption properties

The computed electronic characteristics shown in Table 1 shed light
on the systems under study's stability, charge distribution, and interac-
tion strength. The virgin drug molecule (0516.49 Hartree) is substan-
tially less stable than the nanotube-based systems, according to the total
electronic energies, although functionalization and metal decorating
show gradual stability. The Ag-decorated complexes, in particular, show
the highest negative energies; the most stable configuration is
CNTAgNH;, (—4434.50 Hartree), indicating a significant interaction
between the drug and the modified nanotube surface. This behaviour is
in line with density functional theory (DFT) research that demonstrates
how metal ornamentation increases adsorption via orbital hybridization
and charge transfer mechanisms [38,39]. Significant charge redistribu-
tion during adsorption is also supported by the dipole moment values.
Ag ornamentation significantly raises the dipole moment (18.43 Debye),
which increases further following drug adsorption to reach 29.61 Debye
for CNTAgNH,. In contrast, the virgin nanotube is almost nonpolar (0.01
Debye). This rise suggests stronger intermolecular contacts and
increased polarity, especially for the amine-functionalized system,
which is known to operate as an electron-donating group that facilitates
charge transfer [40]. Additionally, polarizability rises significantly from
93.51 a.u. for the isolated drug to 774.63 a.u. for the nanotube and
achieves a maximum of 1446.75 a.u. for CNTAgOH. Increased electronic
cloud distortion in bigger n-conjugated systems and metal-modified
nanostructures is seen in this trend. According to earlier studies on
functionalized carbon nanomaterials, the OH-functionalized complex's
marginally higher polarizability indicates improved electron delocal-
ization in comparison to the NHy counterpart [41]. The hyper-
polarizability values show a significant improvement, rising from 11.81
a.u. for the pristine nanotube to 39,567.77 a.u. for the Ag-decorated
system. The Ag-containing complexes, especially CNTAgNH;
(31,467.43 a.u.), maintain very high hyperpolarizability despite drug
adsorption lowering this value, indicating a significant nonlinear optical
(NLO) response. Such phenomenon has been extensively documented in
recent NLO research and results from effective charge transfer and
donor-acceptor interactions in metal-nanotube hybrids [42].

Positive interactions between the drug and nanotube systems are

LUMO

(b) (©)

Fig. 1. Dopamine's (a) optimized structure (b) FMOs (c) MEP plots.
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Fig. 2. Optimized structures of (a) CNTOH (b) CNTNH,; (c) CNTAgOH (d) CNTAgNH,.

Table 1

Energies, dipole moment, polarizability, hyperpolarizability and adsorption energies.

Systems Energy (Hartree) Dipole moment Polarizability Hyper polarizability Adsorption energy (kcal mol 1)
(Debye) (a.u.) (a.u.)

Dopamine —516.492802 2.98 93.51 210.72 -

CNT —3046.369781 0.01 774.63 11.81 -

CNTAg —3917.933362 18.43 1145.74 39,567.77 -

CNTOH —3562.883385 3.37 902.48 5867.97 —13.05

CNTNH, —3562.880551 3.60 892.27 3548.65 -11.28

CNTAgOH —4434.469238 17.91 1446.75 11,815.74 —27.03

CNTAgNH, —4434.498280 29.61 1228.32 31,467.43 —45.25

confirmed by the adsorption energies. Ag-decorated systems exhibit
much stronger adsorption (—27.03 and —45.25 kcal mol’l), while the
virgin nanotube displays modest adsorption energies (—13.05 and —
11.28 kcal mol™1), which are indicative of physisorption. CNTAgNH,'s
extremely low value indicates that partial chemisorption, most likely as
a result of coordination between the amine group and Ag atoms. This
increased binding strength is in line with computer research showing
that metal doping dramatically raises interaction stability and adsorp-
tion energies [43]. While functional groups further influence the inter-
action, Ag ornamentation generally plays a major role in improving
stability, adsorption strength, and electronic characteristics. Because of
its strong binding, high dipole moment, and remarkable NLO features,
the CNTAgNH, system stands out as the most promising option; how-
ever, overly strong adsorption may impact drug release behaviour.

In addition to the complexes' thermodynamic stability, the adsorp-
tion process significantly alters the nanotube surface's electrical struc-
ture. Orbital hybridization between the Ag 4d states, the CNT's
n-electron network, and dopamine's frontier orbitals is responsible for
the increased adsorption seen in the Ag-decorated systems. The signifi-
cant rise in dipole moment and polarizability after adsorption indicates
that such hybridization promotes interfacial charge transfer. Specif-
ically, the CNTAgNH, complex demonstrates effective electronic
communication between the adsorbate and substrate by combining high
adsorption (—45.25 kcal mol’l) with considerable electronic polariza-
tion. It is anticipated that these adsorption-induced electronic pertur-
bations will change the nanotube's charge-carrier density and
conductivity, producing a detectable sensing signal. Therefore, among

the systems under investigation, CNTAgNH, is the most promising op-
tion for dopamine sensing due to its high polarization response,
improved charge redistribution, and superior adsorption strength.

3.2. Chemical descriptors

Dopamine's HOMO-LUMO analysis shows a comparatively large
energy gap of 5.43 eV, indicating low inherent chemical reactivity and
excellent kinetic stability in its isolated form (Table S1). Significant
n-electron delocalization across the phenyl framework is reflected in the
highest occupied molecular orbital (HOMO), which is mostly located
over the aromatic ring and partially extends toward the hydroxyl sub-
stituents (Fig. 1b). The LUMO, on the other hand, is primarily dispersed
throughout the aromatic ring with a discernible expansion toward the
amine (NHy) group, indicating that electron acceptance is preferred in
these areas. A possible charge-transfer pathway from the electron-rich
phenyl moiety to the electron-deficient areas involving the amine
group is highlighted by the spatial difference between HOMO and LUMO
densities. Dopamine acts as a moderately stable molecule with little
reactivity unless disturbed by external interactions like adsorption or
coordination with metal sites, as seen by the huge HOMO-LUMO gap
(5.43 eV), which equates to low polarizability and decreased electrical
conductivity [44].

Dopamine's molecular electrostatic potential (MEP) surface sheds
light on the molecule's reactive sites and charge distribution (Fig. 1c)
[45]. Strong electron-rich centers that are advantageous for electro-
philic attack and hydrogen bonding interactions are found mostly
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around the oxygen atoms of the hydroxyl groups, which are the regions
with the largest negative electrostatic potential (usually shown by red to
orange tints). Due to m-electron delocalization, a moderate negative
potential is also seen across some of the aromatic ring. On the other
hand, the hydrogen atoms of the amine (NHj) group, to a lesser extent,
the hydrogen atoms of the hydroxyl groups are primarily surrounded by
regions of positive electrostatic potential (blue shades) indicating their
potential importance as sites for nucleophilic interactions. A balanced
charge distribution is reflected in the central carbon framework's
comparatively neutral potential (green to light yellow areas). Dopa-
mine's overall MEP profile reveals a clear polarity, with electron density
concentrated at the hydroxyl functionalities and electron-deficient areas
surrounding the amine hydrogens, which together control its reactivity
and intermolecular behaviour in complex environments [46].

3.2.1. CNT and CNT-Ag’s FMOs

Significant changes in the electrical structure upon metal inclusion
are revealed by the HOMO-LUMO analysis of the virgin carbon nano-
tube (left panel) and Ag-doped carbon nanotube (right panel) (Fig. S2).
With an energy gap of 4.48 eV that reflects its semiconducting nature
and moderate chemical durability, the virigin nanotube's the HOMO and
LUMO are largely delocalized over the n-conjugated carbon framework,
showing uniform electron dispersion over the tube surface. The Ag-
doped nanotube, on the other hand, shows a similar energy gap of
3.87 eV, indicating improved reactivity and electrical conductivity.
Strong orbital hybridization and charge redistribution brought on by the
dopant are seen in the border molecular orbitals in the doped system,
which clearly localize around the Ag atoms and nearby carbon sites. The
LUMO covers both the metal and the nanotube surface, allowing for
potential charge transfer interactions, whereas the HOMO density is
partially localized close to the Ag centers. Ag doping dramatically
changes the electronic characteristics of the nanotube, making it more
advantageous for adsorption and sensing applications, as confirmed by
the localized electrical features and the band gap reduction (by about
0.61 eV) [47].
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3.2.2. CNT and CNT-Ag’s MEP

The pristine carbon nanotube and the Ag-doped nanotube's molec-
ular electrostatic potential (MEP) maps clearly demonstrate how doping
affects charge distribution (Fig. S3). The electrostatic potential in the
pristine nanotube is smoothly spread over the whole n-conjugated car-
bon structure, suggesting low polarization and delocalized electron
density. Its' chemically robust and less reactive nature is reflected in the
very minor alterations seen, with faint positive regions close to the outer
hydrogen atoms and weakly negative regions dispersed throughout the
carbon network. The Ag-doped nanotube, on the other hand, displays a
clearly non-uniform potential distribution, with a strong localization of
negative potential around the Ag atom and its nearby carbon atoms,
while surrounding areas exhibit enhanced positive character. Strong
polarization brought on by the metal dopant is indicated by this charge
redistribution, which results in the creation of active sites on the surface
of the nanotube. When compared to the pristine nanotube, these local-
ized electrostatic characteristics improve the doped system's capacity to
interact, making it more advantageous for adsorption and surface
reactivity [48].

3.2.3. CNTOH/NH,; FMOs & MEP

Depending on the direction of the functional group, the HOMO-
-LUMO distributions of the carbon nanotube-dopamine complexes
show different interaction properties (Fig. 3). Both the HOMO and
LUMO densities are mostly delocalized over the carbon nanotube's
n-framework in the configuration where the dopamine OH group is close
to the nanotube, with the dopamine moiety contributing very little. This
shows poor electronic coupling and implies that van der Waals and non-
covalent n- interactions dominate the interaction. On the other hand, a
discernible extension of the frontier molecular orbitals toward the
dopamine fragment is seen when the NH; group of dopamine is directed
toward the nanotube, especially in the HOMO. Stronger electronic
contact between the nanotube and the amine group is implied by this
partial orbital overlap, which promotes charge transfer interactions. In
this form, the LUMO exhibits a small disturbance close to the contact

LUMO

(b)

Fig. 3. FMOs of (a) CNTOH (b) CNTNHo,.
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group, although it is still primarily concentrated on the nanotube.
Overall, the findings show that the NH; group encourages higher elec-
trical contact than the OH group, which could affect the nanotube sys-
tem's sensing behaviour and adsorption strength [49].

The charge distribution and preferred interaction sites for various
functional group orientations are revealed by the molecular electrostatic
potential (MEP) maps of the carbon nanotube-dopamine complexes
(Fig. 4). When dopamine's OH group is placed close to the nanotube, the
hydrogen atom has a comparatively positive potential (blue/green re-
gion), while the oxygen atom has a strong negative potential (red re-
gion). The carbon nanotube's surface stays mostly neutral (green),
demonstrating weak polarization and implying that the non-covalent
forces like dispersion interactions and hydrogen bonding dominate the
interaction. On the other hand, a more noticeable charge separation is
seen when the NHj, group is oriented toward the nanotube, with the
hydrogen atoms displaying positive potential and the nitrogen area
displaying comparatively negative potential. When compared to the OH
arrangement, this causes the next nanotube surface to become some-
what more polarized. Stronger electrostatic contact and potential charge
transfer between dopamine and the nanotube are indicated by the wider
spread of electrostatic potential in this instance. In general, the MEP
analysis indicates that the NH; group interacts with the nanotube sur-
face more strongly than the OH group, which is consistent with
improved adsorption properties [50].

3.2.4. CNTAgOH/NH, FMOs & MEP

The frontier molecular orbital distributions shed light on how the
dopamine adsorption arrangement affects the Ag-doped carbon nano-
tube's electrical structure (Fig. 5). With just small contributions from the
dopamine moiety, the HOMO is mostly delocalized across the nanotube
framework for the OH-oriented configuration, suggesting poor elec-
tronic coupling via the hydroxyl group. On the other hand, the LUMO
exhibits partial localization close to the adsorption site and the Ag
dopant indicating that this contact facilitates charge transfer following
excitation. A more noticeable interaction is seen when dopamine is
oriented via the NHy group: both HOMO and LUMO densities show
enhanced overlap between the molecule and the nanotube surface,
especially near the Ag atom. Stronger electronic coupling and a more
effective charge transfer channel are implied by this increased orbital
mixing. Overall, compared to the OH configuration, the NH; arrange-
ment seems to encourage more electrical contact with the Ag-doped
nanotube, which could have significant effects on charge transport
behaviour and sensing performance [37].

The impact of dopamine adsorption on the Ag-doped carbon nano-
tube is further explained by the molecular electrostatic potential (MEP)
surfaces (Fig. 6). With discrete areas of negative potential focused
around the oxygen atom and mild polarization close to the Ag dopant,
charge dispersion in the OH-oriented structure is comparatively mod-
erate. This implies that dopamine's interaction with the nanotube
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surface is weaker and that charge redistribution is restricted. The NHo-
oriented form, on the other hand, shows a more noticeable variation in
electrostatic potential, with stronger negative areas surrounding the
nitrogen atom and increased polarization throughout the nanotube.
Increased charge transfer and higher intermolecular interaction medi-
ated by the amine group are shown by the wider and more intense po-
tential gradients. These findings support the frontier orbital analysis and
demonstrate the NH2 group promotes more efficient electronic coupling
with the Ag-doped nanotube, potentially improving its sensitivity and
reactivity in adsorption-based applications.

Based on frontier molecular orbital (FMO) theory, Table S1's chem-
ical reactivity descriptors offer additional information about the pledge
systems' stability and electrical behaviour. The drug molecule has the
biggest energy gap (Eg = 5.43 eV), indicating strong kinetic stability and
low chemical reactivity according to the HOMO (EH) and LUMO (EL)
energies. The virgin nanotube, on the other hand, has a smaller band gap
(4.48 eV), which further narrows upon Ag decorating (3.87 eV), indi-
cating increased electronic conductivity and reactivity. DFT investiga-
tion have frequently documented this decrease in band gap upon metal
integration, where metal atoms introduce new electronic states close to
the Fermi level, aiding charge transfer processes [51,52].

The global hardness (1)), which drops from 2.72 eV for the drug to
1.94 eV for CNTAg, shows a similar pattern, suggesting that metal
ornamentation softens the system and increases its chemical reactivity.
When compared to the NH-functionalized counterpart (1.89 eV),
CNTOH shows the lowest hardness (1.61 eV) among the complexes,
indicating better reactivity. In line with earlier research on functional-
ized nanomaterials, decreased hardness is associated with increased
polarizability and a greater propensity to engage in charge transfer in-
teractions, according to the principles of conceptual DFT [53,54].

These findings are further corroborated by the chemical potential ()
values. CNTNH, displays the least negative value (—2.98 eV), suggesting
greater electron-donating ability due to the amine group, while the drug
molecule displays the largest negative value (—4.81 eV), indicating
significant electron-withdrawing character. Significantly, greater nega-
tive potentials (~ —4.4 eV) are shown by Ag-decorated adsorption
systems (CNTAgOH and CNTAgNH,), indicating improved stability and
stronger binding interactions. This result is consistent with recent dis-
coveries that metal-doped nanostructures have enhanced adsorption
strength and electron-accepting capacity [55].

Further information about the systems' ability to receive electrons is
provided by the electrophilicity index (®). While CNTAg displays a
lower value (2.86 eV) showing decreased electrophilic character upon
metal ornamentation alone, the pristine drug and nanotube show similar
electrophilicity (~4.2 eV). Nevertheless, the electrophilicity rises once
more after drug adsorption, especially for CNTAgH (4.34 eV) and
CNTAgNH, (4.26 eV), indicating that these complexes are potent elec-
trophiles that can stabilize extra electron density. According to recent
computational simulations of adsorption mechanisms, this

(b)

Fig. 4. MEP plots of (a) CNTOH (b) CNTNHo,.
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HOMO

Fig. 5. FMOs of (a) CNTAgOH (b) CNTAgNH,.

()

(b)

Fig. 6. MEP plots of (a) CNTAgOH (b) CNTAgNH,.

augmentation is compatible with donor-acceptor interactions between
the drug molecule and Ag-decorated nanotube [56].

The decrease in the energy gap after Ag decorating is especially
important from a sensing standpoint since it indicates more electronic
conductivity and a higher vulnerability of the nanotube to outside dis-
turbances. Preferential adsorption centers that can be effectively
interact with dopamine through charge-transfer mechanisms are created
by the localization of frontier molecular orbitals around the Ag active
sites. Variations in the frontier orbital energies and electrostatic poten-
tial distribution result from the redistribution of the electronic density
across the nanotube-Ag-dopamine interface during adsorption. Prop-
erties that may be measures experimentally, such as electrical resis-
tance, work function, and Raman enhancement, can be directly
impacted by such modifications. Therefore, a clear electronic structure
basis for the possible use of Ag-functionalized CNTs as dopamine sensing

materials is provided by the combined effects of band-gap modulation,
orbital hybridization, and charge redistribution. In comparison to the
pristine nanotube and other functionalized systems, CNTAgNH; exhibits
stronger localization and polarization, which further suggests increased
sensitivity.

Overall, the decrease in hardness and band gap, as well as the
modification of chemical potential and electrophilicity, show that Ag
decoration and functional group substitution have a major impact on the
stability and reactivity of drug delivery systems based on nanotubes. The
Ag-decorated adsorption systems show a balanced combination of high
electrophilicity, favourable chemical potential, and moderate band gap
among the configurations under study, underscoring its promise for
improved adsorption performance and electronic applications.

Additionally, the MEP results offer crucial information on the Ag-
functionalized nanotube systems' sensing mechanism. The creation of
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highly polarized adsorption sites that can enable effective charge
transfer between dopamine and the nanotube surfaces is indicated by
the prominent electrostatic potential gradients seen for CNTAgNH,. This
charge redistribution is in line with the HOMO-LUMO localization
patterns, which show substantial electronic connection since the border
orbitals span both the Ag-decorated CNT and the dopamine molecule.
Under adsorption, such coupling is anticipated to alter the nanotube's
conductivity and disturb the local electronic density. On the other hand,
a smaller sensing response and less efficient electronic communication
are suggested by the lower potential gradients seen for the CNTAgOH
arrangement. As a result, the MEP analysis both validates the NH;-ori-
ented complex's greater interaction and offers a clear electronic-
structure explanation for its improved sensing performance. Stronger
polarization, improved charge separation, and effective orbital overlap
imply that CNTAgNH;, can provide a more noticeable electrical or
spectroscopic signal upon dopamine adsorption, making it a suitable
platform for sensitive detection applications.

Important information about the sensing behaviour of the systems
under investigation is also provided by the chemical reactivity de-
scriptors. The energy gap gradually decreases from dopamine (5.43 eV)
to CNT (4.48 eV) and then to CNTAg (3.87 eV), suggesting that Ag
decorating gradually improves electronic conductivity and charge-
carrier mobility. This reduction in the energy gap increases the sensi-
tivity of the nanostructure to adsorption-induced electronic distur-
bances by facilitating electron exchange between the adsorbate and the
sensing surface. In a similar vein, the Ag-containing complexes' lower
hardness values indicate more electrical flexibility and a greater pro-
pensity to experience charge redistribution during adsorption. CNTA-
gOH and CNTAgNHS,'s favourable chemical potential and comparatively
strong electrophilicity further imply an improved capacity to engage in
donor-acceptor interactions with dopamine. Together, these electronic
properties show that adsorption is accompanied by important charge-
transfer events that can alter the nanotube's structure. As a result,
after dopamine adsorption, quantifiable changes in conductivity, work
function, or spectroscopic response might be anticipated. The most ad-
vantageous combination of robust adsorption, improved polarization,
moderate band gap, and effective charge-transfer capability among the
systems under investigation is CNTAgNH,, indicating its potential as a
sensitive dopamine sensing platform rather than only an adsorption
substrate.

3.3. Thermodynamic parameters

Complementary information about the driving forces and viability of
the adsorption process is provided by the thermodynamic characteristics
shown in Table S2. The thermodynamic numbers show the energetic and
entropic contributions controlling complex formation, whereas adsorp-
tion energy measures the strength of the drug molecule's interaction
with the nanotube surface. Adsorption is energetically advantageous
and exothermic, as indicated by the negative values of AE and AH
observed for all complexes, indicating that energy release occurs during
the formation of the adsorbate-nanotube combination. On the other
hand, the overall thermodynamic viability of adsorption under ambient
conditions is reflected by the Gibbs free energy change (AG). A higher
propensity for spontaneous complex formation is shown by the larger
negative AG values seen for the Ag-decorated systems, underscoring the
advantageous function of Ag decoration in encouraging adsorption. As
the drug molecule becomes increasingly restricted on the nanotube
surface during adsorption, the negative entropy changes (AS) seen for all
systems showed a decrease in molecular flexibility. For the Ag-decorated
compounds, this entropy loss is more noticeable, indicating a higher
level of structural organization at the adsorption interface. As a result,
the adsorption process is primarily enthalpy-driven, where the entropy
penalty related to molecular confinement is outweighed by the advan-
tageous energetic contribution. Overall, the thermodynamic study
shows that Ag decoration increases the stability and spontaneous
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generation of the adsorption complexes through advantageous enthalpic
contributions, in addition to strengthening the contact [57-59].

3.4. NCI & RDG studies

3.4.1. Dopamine

Dopamine's noncovalnet interaction (NCI) plot offers a thorough
illustration of the weak intramolecular and intermolecular interactions
that control its structural stability and reactivity (Fig. S4a). The col-
ourful isosurfaces in this illustration show areas of decreased density
gradient; green surfaces represent weak van der Waals contacts, blue
areas represent strong attractive interactions like hydrogen bonds, and
red areas reflect steric repulsion. Significant noncovalent interactions
are visible in the plot surrounding the amine side chain and the hydroxyl
groups of the ring, indicating their function in maintaining molecule
shape and promoting interactions with biological targets. These char-
acteristics are especially crucial for comprehending how dopamine
binds in the receptor settings, where its biological activity is influenced
by minute electronic and steric effects [60].

Dopamine's Reduced Density Gradient scatter plot as a function of
sign(h2)p shows discrete areas that correspond to various noncovalent
interaction regimes (Fig. S4b). The RDG values range from ~0.0 to
~2.0, and the horizontal axis covers roughly —0.05 to +0.05 a.u. Strong
attractive interactions, mainly related to hydrogen bonding involving
the hydroxyl groups are indicated by a prominent spike in the negative
sign(hy)p region (=~ —0.035 to —0.010 a.u.) with RDG values < ~1.2.
Weak van der Waals interactions are represented by a dense distribution
of points with RDG < 1.0 about sign(Az)p ~ —0.010 to +0.010 a.u.,
which forms the distinctive green region in the NCI depiction. On the
other hand, steric repulsion inside the molecular framework is reflected
in the positive region (=~ +0.010 to +0.050 a.u.), which exhibits a wide
spread with RDG values between ~0.5 and 1.5. The coexistence of sta-
bilizing and destabilizing intra molecular contacts that affect dopamine's
conformational behaviour is confirmed by the occurrence of a promi-
nent low-RDG trough near sign(A2)p ~ +0.020 a.u. (RDG = 0.2-0.4),
which further highlights discrete interaction zones [61].

3.4.2. CNT

The carbon nanotube's Noncovalent Interaction (NCI) figure shows
that weak dispersive and steric interactions predominate in the extended
n-conjugated framework (Fig. S5a). Red isosurfaces scattered along the
inner and outer walls of the nanotube, which represent areas of intense
steric repulsion resulting from the near proximity of neighbouring car-
bon atoms in the bent lattice, are the main characteristics of the image.
The underlying symmetry and repeating bonding pattern of the nano-
tube structure are reflected in the periodic arrangement of these repul-
sive zones along the tube axis. Furthermore, weak van der Waals
interactions between nearby carbon atoms can be seen as small, diffuse
green isosurfaces that support the system's overall stabilization. Strong
attractive interactions, such as hydrogen bonding, may not exist in this
exclusively carbon-based system, as indicated by the lack of notable blue
regions. Overall, the NCI analysis shows that a balance between delo-
calised n-r interactions within the conjugated network and steric limi-
tations imposed by curvature governs the stability of the carbon
nanotube.

The CC nanotube's reduced density gradient (RDG) analysis offers
quantitative information on the type and intensity of noncovalent in-
teractions throughout the system (Fig. S5b). The most important inter-
action regions are clustered below RDG = 1.0, with RDG values ranging
from roughly 0.1 to 2.0 a.u. Different interaction regimes are easily
distinguished by the horizontal axis, sign(\y)p, which varies from
approximately —0.05 to +0.05 a.u. Blue coloured spikes are indicative
of relatively weak but observable attractive interactions in the negative
region (—0.05 to —0.01 a.u.), with peak density at sign(A2)p ~ —0.03 a.u.
and RDG ~ 0.8-1.2. Weak van der Waals interactions are represented by
the green region near sign(i)p =~ 0 (—0.01 to +0.01 a.u.), which
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exhibits a wide distribution with RDG values between 1.0 and 1.8,
representing dispersive forces inside the nanotube framework. On the
other hand, red coloured spots, which indicate significant steric repul-
sion, dominate the positive area (+0.01 to +0.05 a.u.), with a dense
concentration around sign(Ay)p = +0.02 to +0.04 a.u. and RDG values
falling to low as ~0.2-0.6. Areas with extremely low electron density
and no interaction are indicated by the abrupt spike around sign(iy)p ~
0 and RDG nearing 2.0. Overall, the RDG profile shows that weak
dispersive interactions and steric repulsion dominate the CC nanotube,
with attractive noncovalent forces contributing very little.

3.4.3. CNTAg

The Ag-doped CC nanotubes's noncovalent interaction (NCI) plot
reveals a distinct spatial differentiation of interaction types brought
about by the presence of silver atoms at one end of the structure
(Fig. S6a). Because of the dense packing and curvature of the carbon
network, steric repulsion predominates within the nanotube framework,
as evidenced by the primarily red isosurfaces. On the other hand, the
area surrounding the Ag atoms exhibits clear blue isosurfaces, indicating
localized stability at the doped site due to attractive interactions be-
tween the silver atoms and the nearby carbon atoms. Furthermore, weak
dispersive (van der Waals) interactions that support the system's overall
stability are represented by diffuse green isosurfaces seen in the inter-
facial regions. Ag inclusion dramatically alters the interaction pattern at
the interface, generating advantageous interactions while maintaining
the intrinsic structural properties of the carbon nanotube, as shown by
the localization of blue and green regions close to the doped end.

The Ag-doped CC nanotube's RDG figure shows a distinctive distri-
bution of interaction regions spanning the sign(Az)p range of roughly
—0.05 to +0.05 a.u., with RDG values ranging from ~0.1 up to 2.0 a.u.
(Fig. S6b). Significant attractive interactions are indicated by the dense
population of blue-coloured spots that dominate the negative region
(—0.05 to —0.01 a.u.), with the largest concentration around sign(i2)p
~ —0.03 a.u. and RDG values in the range of ~0.6-1.2. This area seems
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more populated than the pure nanotube, indicating increased interac-
tion as a result of Ag inclusion. Green-coloured spots with RDG values
between ~1.0 and 2.0 are widely scattered in the near-zero area (—0.01
to +0.01 a.u.), indicating weak van der Waals interactions at the met-
al-carbon contact and within the nanotube framework. Strong steric
repulsion is indicated by a conspicuous cluster of red-coloured spots in
the positive region (+0.01 to +0.05 a.u.), with a maximum density
around sign(A2)p ~ +0.02 to +0.04 a.u. and RDG values falling to
~0.2-0.8. Low-density non-interacting regions are represented by a
steep spike at sign(A2)p ~ 0 with RDG nearing ~2.0. Overall, the RDG
profile shows that Ag doping preserves the intrinsic steric repulsion and
dispersive properties of the carbon nanotube system while introducing a
discernible increase in attractive interactions [62].

3.4.4. CNTOH

When dopamine's OH group is present, the noncovalent interaction
(NCI) plot of the CC nanotube shows a complicated interplay of inter-
action types at the molecule-nanotube surface interface (Fig. 7a). Scat-
tered red isosurfaces in the nanotube framework show that steric
repulsion predominates in the tightly packed carbon network. On the
other hand, strong attractive contacts, especially between the hydroxyl
(OH) group and the n-electron cloud of the carbon surface, are indicated
by prominent blue isosurfaces in the area where the dopamine molecule
approaches the nanotube. These blue areas imply the existence of n-H
type interactions or hydrogen bonding that contributes to localized
stabilization. Green isosurfaces, which indicate weak van der Waals
interactions that promote adsorption, are also seen surrounding the
dopamine-nanotube contact region. These coloured isosurfaces' spatial
distribution shows that the interaction is highly localized at the func-
tional group location, where the OH group is crucial for anchoring the
molecule to the nanotube. Weaker dispersive interactions occur
throughout the rest of the structure. Overall, the NCI analysis shows that
the intrinsic steric properties of the nanotube framework are super-
imposed atop a combination of dispersive and attractive interactions
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Fig. 7. CNTOH's (a) NCI (b) RDG plots; CNTNH2's (c) NCI (d) RDG plots.
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that control dopamine adsorption on the CC nanotube.

With RDG values ranging from ~0.1 to 2.0 a.u., the RDG plot of the
CC nanotube interacting with the OH group of dopamine displays a
clearly defined distribution of noncovalent interactions across the sign
(A2)p range of roughly —0.05 to +0.05 a.u (Fig. 7b). Significant attrac-
tive interactions are indicated by a dense cluster of blue-coloured spots
in the negative region (—0.05 to —0.01 a.u.) with the largest concen-
tration around sign(A2)p &~ —0.03 a.u. and RDG values in the range of
~0.6-1.2. Strong localized contacts between the hydroxyl group and the
nanotube surface are suggested by this increased density in the negative
area. Green-coloured spots with RDG values between ~1.0 and 2.0 are
widely dispersed in the near zero area (—0.01 to +0.01 a.u.), indicating
weak van der Waals interactions that sustain the adsorption configura-
tion. Red-coloured dots, which indicate steric repulsion, predominate in
the positive area (+0.01 to +0.05 a.u.), with a high density surrounding
sign(A2)p ~ +0.02 to +0.04 a.u. and RDG values falling to ~0.2-0.8.
Regions with very low electron density and no interaction are shown by
a steep vertical spike at sign(A2)p ~ 0 with RDG nearing ~2.0. Overall,
the RDG profile demonstrates that a mix of dispersion and steric con-
tributions from the carbon framework and localized attractive forces,
mostly related to the OH group, control the interaction between dopa-
mine and the nanotube.

3.4.5. CNTNH;

Dopamine adsorption on the carbon nanotube surface is mostly
controlled by weak, dispersive interactions with a localized contribution
from the amine functionality, according to the noncovalent interaction
(NCI) analysis (Fig. 7c). Significant van der Waals contacts between the
aromatic moiety of dopamine and the nanotube's n-conjugated surface
are shown by the extended green isosurfaces scattered along the sidewall
of the nanotube, which is consistent with n-n stacking stabilization. On
the other hand, the area next to the NH; group shows more concentrated

RDG
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and somewhat stronger characteristics, indicating the existence of mild
attractive contacts between the amine hydrogens and the nanotube
surface, most likely a mix of hydrogen bonding and electrostatic con-
tributions. A favourable adsorption configuration is supported by the
lack of noticeable red isosurfaces, which suggests low steric repulsion.
Overall, the NCI profile shows that dispersion forces are the primary
driver of dopamine binding, with the amine group contributing extra
stability and orientational preference at the interface.

The noncovalent interactions between the carbon nanotube and
dopamine with the NH, group oriented toward the surface are further
quantified by the RDG study. Around sign(Ap)p =~ —0.01 to —0.02 a.u.,
the RDG scatter plot shows a prominent spike in the low-density, low-
gradient region (RDG < 0.5) (Fig. 7d). This is indicative of weak but
attractive interactions, compatible with hydrogen bonding and n-n
contributions. Dominant van der Waals interactions across the interface
are indicated by a wide array of locations centered near sign(A2)p =~ 0.00
a.u. with RDG values extending up to ~2.0. On the other hand, the
repulsive regime (sign(A2)p ~ +0.01 to +0.04 a.u.) is mostly limited to
larger RDG values (>0.8) and is quite diffuse, indicating negligible steric
hindrance. While the modest skew toward negative values indicate
further stability resulting from the amine group's closeness to the
nanotube surface, the overall symmetric spread from —0.05 to +0.05 a.
u., reveals that dispersion interactions are prominent.

3.4.6. CNTAgOH

Significant intermolecular contacts between dopamine and the Ag-
decorated carbon nanotube surface are revealed by the non-covalent
interaction (NCI) study of the dopamine/CNT-Ag system, especially
when the hydroxyl (—OH) group of dopamine is directed toward the Ag
atom (Fig. 8a). While the localized blue areas surrounding the Ag...OH
interface show attractive contacts with attractive intermolecular in-
teractions and enhanced interfacial stabilization, the green isosurfaces
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seen in the NCI plot indicate dominant weak van der Waals interactions.
These findings suggest that the silver atom provides a favourable
adsorption site, increasing dopamine's affinity for the CNT surface via
cooperative metal-molecule interactions. Additionally, the CNT's
expanded n-framework stabilizes the adsorption complex by generating
more n-1 and dispersive interactions. Such behaviour is in line with
recent research showing that the combined electrostatic, dispersive, and
orbital interactions of the functionalized CNT- and graphene-based
nanostructures lead to improved adsorption and sensing performance
toward dopamine and other organic compounds. Ag decoration plays a
crucial role in adjusting the electrical environment of CNT-based
nanomaterials for biosensing and catalytic applications, as shown by
the observed interaction pattern [63-65].

Strong attractive non-covalent interactions at the adsorption inter-
face are confirmed by the reduced density gradient (RDG) study of the
dopamine/CNT-Ag complex, in which the hydroxyl (-OH) group of
dopamine is oriented toward the Ag atom (Fig. 8b). The RDG scatter
plot's notable spike in the negative sign(Ap)p area, about between
—0.035 and — 0.010 a.u., is indicative of weak hydrogen-bond like in-
teractions and attractive interactions related to the Ag---O(H) contact.
Van der Waals interactions between dopamine and the carbon nanotube
surface are indicated by the green-coloured region centered near sign
(A2)p = 0.000 a.u., while steric repulsion resulting from close-contact
electron cloud overlap is represented by the red regions at positive
sign(Ay)p values (= +0.015 to +0.050 a.u.). Additionally, a compara-
tively stable adsorption configuration with improved electronic
coupling between dopamine and the Ag-decorated CNT surface is sug-
gested by the low RDG values (<0.5) in the attractive region. In the
optimized shape, attractive interactions outweigh repulsive contribu-
tions, as evidence by the asymmetry of the RDG distribution toward
negative sign(Ay)p values. These results are in good agreement with
recent theoretical and spectroscopic research showing that dopamine
adsorption is greatly increased by silver-functionalized carbon nano-
structures through metal-assisted hydroxyl binding, charge transfer, and
synergistic van der Waals interactions, which improves sensing and
catalytic performance [11,66,67].

3.4.7. CNTAgNH,

In contrast to the pristine system, the NCI study of the Ag-doped
carbon nanotube interacting with dopamine, with the hydroxyl
(—OH) group facing the Ag sites, shows a different interaction pattern
(Fig. 8c). Strong attractive contacts, consistent with coordination-type
bonding and hydrogen bonding between the oxygen lone pairs and the
Ag atoms, are shown by prominent blue isosurfaces centered at Ag—OH
interface. Green isosurfaces are dispersed between the dopamine aro-
matic ring and the nanotube surface surrounding these areas, indicating
further stabilization through van der Waals and n—surface interactions.
Interestingly, tiny, localized red isosurfaces show up close to the
Ag-dopamine contact zone, indicating slight steric repulsion brought on
by close-range interactions. In comparison to the interactions on the
undoped nanotube, the hydroxyl group functions as a primary anchoring
site and contributes to a more direct and stronger binding. The increased
intensity and localization of the attractive regions surrounding the Ag
dopants show that metal incorporation considerably strengthens
adsorption [68].

Different noncovalent interaction features are revealed throughout
the sign(A2)p range from —0.05 to +0.05 a.u., by the reduced density
gradient (RDG) analysis of the Ag-doped carbon nanotube interacting
with the NH; group of dopamine (Fig. 8d). Blue-coloured spikes in the
negative region (—0.05 to —0.01 a.u.) indicate strong attractive in-
teractions. RDG values are mostly distributed between 0.6 and 1.2,
suggesting the presence of moderate to strong stabilizing interactions,
which are probably related to hydrogen bonding and N—H---Ag coor-
dination. A dense concentration of green spots with RDG values up to
~2.0 around the near-zero area (—0.01 to +0.01 a.u.) indicates that
weak van der Waals interactions dominate the interfacial region
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between the NH; group and the nanotube surface. The red-coloured
scatter with RDG values between ~0.3 to 1.0 in the positive region
(+0.01 to +0.05 a.u.) indicates spatial congestion around the Ag
adsorption site and the adjacent functional group, which is indicative of
steric repulsion. While weaker dispersive forces and localized steric ef-
fects collectively affect the overall interaction landscape, the symmetric
distribution and intensity of spikes, especially the strong concentration
near sign(A2)p ~ —0.02 a.u., confirm that attractive interactions play a
significant role in stabilizing the adsorption configuration [69].

It should be mentioned that NCI and RDG analyses, which offer
qualitative and semi-quantitative data about the spatial distribution and
strength of attractive, dispersive, and repulsive interactions, are the
main sources of the current interpretation of the adsorption mechanism.
Dopamine and the Ag-doped CNT surface exhibit enhanced attractive
interactions, as shown by the observed blue NCI isosurfaces and negative
sign(Ap)p areas. However, these investigations do not allow for an un-
ambiguous assessment of bond type. Therefore, rather than providing
conclusive evidence of chemisorption or coordination bonding, the
revealed interaction features should be viewed as proof of enhanced
adsorption and advantageous intermolecular interactions. Future
research would benefit from more thorough characterization using
QTAIM, ELF, bond-order, or charge-partitioning techniques.

3.5. Recovery periods

The calculated recovery times at 400 K reveal substantial differences
in the desorption behaviour of dopamine from pristine and Ag-doped
CNT surfaces, providing important insight into the sensing and recy-
clability characteristics of the proposed SERS substrates (Table S3)
[70,71]. The CNTOH complex, with a binding energy of —13.05 kcal
mol !, exhibited ultrafast recovery times of 4.50 x 1071, 1.80 x 10798,
3.14 x 10" % s for attempt frequencies of 3.0 x 10'6,7.5 x 10'%, and 4.3
x 10'2 Hz, respectively. Similarly, CNTNH, showed even shorter re-
covery times of 4.85 x 10711, 1.94 x 1079, 3.39 x 1077, corresponding
to its relatively weaker adsorption energy of —11.28 kcal mol~'. These
very short desorption times indicate physisorption-dominated in-
teractions and rapid regeneration capability of pristine CNT-based sen-
sors. In contrast, the Ag-doped systems displayed markedly longer
recovery times due to stronger dopamine adsorption. CNTAgOH, having
a binding energy of —27.03 kcal mol~!, showed recovery times
increasing from 1.96 x 107%2 s to 1.37 x 10% s depending on the
attempt frequency, indicating moderate chemisorption and improved
analyte retention on the SERS-active surface. The strongest interaction
was observed for CNTAgNH,, where the binding energy reached
—45.25 keal mol ™, producing exceptionally long recovery times of 1.77
x 108, 7.06 x 10% and 1.23 x 10'? s. This behaviour confirms the
dominant role of Ag-mediated charge transfer between dopamine NHy
and doped CNT surface, resulting in highly stable adsorption complexes.
Such enhanced adsorption is advantageous for ultrasensitive SERS
detection because stronger molecule-substrate coupling increases
Raman enhancement and signal stability, although excessively long re-
covery times may limit sensor reusability. Similar adsorption-controlled
SERS enhancement mechanisms for dopamine on Ag-based nano-
structures and CNT hybrid substrates have been reported in recent
experimental and theoretical studies [72,73]. Adsorption strength and
recovery capacity should be balanced in an ideal sensing substrate; too
high adsorption results in longer recovery durations, while too weak
adsorption may reduce detection sensitivity. Recovery time is therefore
a crucial criterion for evaluating the usefulness of CNT-based sensing
materials.

3.6. Spectral analysis
Dopamine, pure carbon nanotubes (CNTs), and Ag-doped CNT sys-

tems exhibit distinct differences in the computed density of states (DOS)
spectra. A distinct gap develops around the Fermi level (0 eV), indicating
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molecular-like semiconducting activity, while the DOS for the isolated
dopamine molecule is highly discrete with sharp peaks centered mostly
in the valence regions (—20 to —5 eV), reaching maximum intensities of
~2.0-2.2 states eV ! (Fig. S7a). The pristine CNT, on the other hand,
has a nearly zero DOS at the Fermi level, which is compatible with
semiconducting nanotubes, and a wider, quasi-continuous DOS with
distinctive van Hove singularities and peak amplitudes rising up to
~10-12 states eV~! (Fig. S7b) [74].

The DOS around the Fermi level is significantly enhanced with Ag
doping at one end, with new states appearing between —2 and + 2 eV
and peak intensities rising to ~11-12 states eV~ !, indicating charge
transfer and partial metallization (Fig. S7c). This result is in line with
recent research that demonstrates how metal doping increases conduc-
tivity and decreases the band gap by shifting the Fermi level and adding
new electronic states [75]. Quantitatively, n-type properties and
increased electrical activity are reflected in the Fermi level of CNT
systems, which normally resides about —4.8 eV relative to vacuum and
shifts toward the conduction band upon doping [76]. Overall, there is a
steady rise in DOS magnitude and continuity from discrete molecular
states (dopamine) to quasi-one-dimensional band features (CNT) and
finally to dopant-induced metallic states (CNTAg). This is important for
charge transport and sensing applications.

When the molecule interacts through distinct functional groups
(—OH vs —NH;) and when Ag doping is present the DOS spectra of CNT-
dopamine complexes clearly demonstrate configuration-dependent
electronic changes. The valence band region (—18 to —8 eV) displays
several peaks with intensities up to ~10-11 states eV, while the DOS
displays a semiconducting profile with a prominent gap around the
Fermi level (0 eV) of roughly 1.5-2.0 eV for the pristine CNT-dopamine
system with the hydroxyl (—OH) group oriented toward the nanotube
(Fig. S8a). By contrast, the —NH> configuration results in a minor shift
of spectral weight toward the Fermi level and a somewhat greater DOS
intensity around the conduction region (+2 to +10 eV), reaching ~11
states eV ™!, suggesting stronger electronic coupling and potential
charge transfer (Fig. S8b). These variations align with first-principles
research demonstrating that dopamine can change the electrical struc-
ture of CNTs by donating electrons without necessarily creating deep
mid-gap states [77].

The DOS spectra undergo dramatic changes upon Ag doping; for the
CNTAg with dopamine (-OH) configuration, peak intensities in the
valence region remain high (~11-12 states eV !), while the band gap
narrows to ~1.0 eV and new states appear near —2 to 0 eV (Fig. S8c).
The impacts is much more noticeable in the —NHj; configuration, where
increased states between —1 and +3 eV and a nearly continuous DOS
across the Fermi level show quasi-metallic behaviour and stronger hy-
bridization between Ag, CNT, and dopamine orbitals (Fig. S8d). Ac-
cording to recent reports, CNT-based dopamine systems exhibit charge
transfer interactions and adsorption energies on the order of ~0.6-0.75
eV, which are sufficient to perturb the electronic structure while
maintaining structural stability. This enhancement in DOS near the
Fermi level suggests improved conductivity and sensing capability [77].
Overall, the findings show that metal doping and molecule orientation
both affect the band gap (from ~1.0 eV to ~1.0 eV or less) and DOS
magnitude (from ~6 up to ~12 states eV 1), underscoring their crucial
role in fine-tuning CNT-based nanosensors for neurotransmitter
detection.

The theoretically predicted frequencies of dopamine are: 3720,
3665, 1202, (OH), 3472, 3384 (NH2), 3096, 1655, 1302, 1164, 782
(phenyl ring), 2977, 2934, 1462, 1364 (CH2), 1091 (CN), 1015 em ™!
(CC) in Raman spectrum and at 3723, 3659, 1333, 1199 (OH), 3389,
1633 (NHy), 3096, 3080, 1533, 1485, 1165, 1119, 855, 786, 629
(phenyl ring), 3007, 2955, 2928, 1364, 1085, 966, 745 (CH2), 1320
(CO), 1017 em ! (CQ) in the IR spectrum (Fig. S9) [78,79].

The enhancement factor (EF in %) was calculated using the formula
EF = (Icomplex-Idopamine)/Idopamine (Where I represents Raman intensity
values) and given in brackets in the following discussion [71,80]. The
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modes appear at 3635 (1516%), 3586 (1699%) (OH), 1651 (1953%),
779 (2564%) (phenyl ring) in CNTOH (Fig. S10a); 3465 (305%), 3375
(434%) (NHy), 2949 (707%) (CH3), 785 (1952%) (phenyl ring) for
CNTNHj, (Fig. S10b); 3515 (177%), 3463 (303%) (OH), 1083 (42089%)
(CN), 945 (59689%), 896 (48872%), 812 (12449%) (phenyl ring) in
CNTAgOH (Fig. S10c); 3714 (127%), 3616 (171%) (OH), 3475 (310%),
3399 (125%), 938 (NHy), 3059 (47%), 791(2928%) (phenyl ring), 2974
(344%) (CH2) for CNTAgNH, (Fig. S10d) in the theoretical Raman
spectrum. It should be noted that the finite nanotube cluster model
adopted in this work is mainly capable of describing the chemical
enhancement contribution to SERS, arising from charge-transfer in-
teractions between dopamine and the nanotube surface. As shown in
Figs. 10a-10d, several vibrational modes display enhanced Raman in-
tensities upon adsorption, accompanied by shifts relative to the corre-
sponding modes of isolated dopamine. These spectral changes indicate
alterations in molecular polarizability and electronic structure caused
by adsorbate-substrate interactions [60,81,82].

The dopamine/CNT and dopamine/Ag-CNT complexes' adsorption-
induced vibrational frequency shifts offer important insights into mol-
ecule-substrate interactions that could affect Raman spectrum. How-
ever, it should be noted that SERS enhancement factors, Raman
activities, polarizability derivatives, plasmonic responses, and electro-
magnetic field enhancements are not specifically assessed in this study.
Therefore, rather than being direct proof of SERS performance, the
computed frequency shifts should be viewed as markers of spectrum
disturbances caused by adsorption and possible chemical contributions
to SERS. Although specific Raman and optical-response calculations
would be necessary to establish quantitative SERS enhancement, the
stronger adsorption affinity and altered vibrational characteristics
observed for the Ag-doped CNT systems suggest that these materials may
serve as promising candidates for future SERS substrate development.

These modes appear at 3638, 3584 (OH), 1636 (NHy), 3083, 1521,
1476, 1150, 849, (phenyl ring), 3008, 2957, 962 (CH2), 1299 (CO),
1012 (CC) in CNTOH (Fig. S11a); 3722, 3659, 1198 (OH), 3458, 3373,
1636, 1050 (NHy), 3071, 1530, 1476, 1160, 869, 786 (phenyl ring),
3008, 2948, 1294, 962, (CH;) for CNTNH, (Fig. S11b); 3520, 3462,
1168, 639 (OH), 3003, 2953, 1274, 742 (CH3), 1649 (NHy), 894 (phenyl
ring) in CNTAgOH (Fig. S11c); 3714, 3613 (OH), 3474, 3395, 1631,
1269 (NHy), 3096, 734 (phenyl ring), 3024, 2991, 2944, 941 (CHy) for
CNTAgNH, (Fig. S11d) in the theoretical IR spectrum.

The calculated vibrational spectra clearly demonstrate that adsorp-
tion of dopamine on CNT and Ag-doped CNT substrates induces signif-
icant shifts in the OH and NH; stretching modes, confirming strong
interfacial interactions relevant to the SERS enhancement mechanism.
For isolated dopamine, the OH stretching vibrations appeared at 3720,
3665 cm — 1 in Raman and 3723, 3659 cm ™! in IR spectra, while the
NH, stretching modes were observed near 3472-3384 cm ! (Raman)
and 3389 cm ™! (IR). Upon interaction with pristine CNTs, these bands
shifted to lower frequencies, particularly in CNTOH where the OH
modes moved to 3635 and 3586 cm ™, indicating hydrogen-bonding and
charge-transfer interactions between the catechol hydroxyl groups and
the nanotube surface. Similarly in CNTNHy, the NHj stretching vibration
shifted to 3375 cm ™!, suggesting adsorption through the amine func-
tionality. More pronounced spectral perturbations were observed for Ag-
doped CNT systems, where CNTAgOH exhibited OH vibrations at 3515
and 3463 cm™ L, and CNTAgNH, showed NH; bands at 3475 and 3399
em™!. The larger red shifts in the Ag-containing complexes indicate
stronger adsorption and enhanced electronic coupling arising from Ag-
mediated charge transfer, which is known to contribute substantially
to the chemical enhancement component of SERS. In addition, shifts in
the phenyl ring and CHj vibrational modes further support modification
of the dopamine electronic environment upon adsorption. These results
suggest that dopamine preferentially interacts with Ag-doped CNT
substrates through both hydroxyl and amine groups, leading to
increased molecular polarizability and stronger Raman enhancement,
consistent with current understanding of molecule-metal interfacial
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interactions in SERS-active nanostructures [83-86].

4. Conclusion

This DFT study demonstrates that Ag doping significantly improves
the adsorption and sensing performance of carbon nanotubes toward
dopamine. Pristine CNTs interact mainly through weak physisorption,
while Ag-doped CNTs show stronger binding due to enhanced charge
transfer, electrostatic polarization, and metal-molecule coordination.
The CNTAgNH; complex was identified as the most stable and strongly
interacting system, with the most favourable adsorption and thermo-
dynamic parameters. NCI and RDG analyses confirmed that van der
Waals forces, hydrogen bonding, and Ag-assisted attractive interactions
collectively stabilize the adsorbed dopamine molecule. DOS and FMO
results further showed that Ag doping improves electronic conductivity
and facilitates charge-transfer pathways. The enhanced adsorption af-
finity and adsorption-induced vibrational perturbations observed for
Ag-doped CNTs suggest their potential relevance as candidate materials
for dopamine sensing and motivate future investigations involving
explicit Raman and SERS calculations.
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