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The persistence of industrial dyes such as Disperse Yellow 3 (DY3) dye in wastewater remains an
environmental concern due to their chemical stability and toxicity. Graphdiyne (GDY), a two-dimensional
(2D) carbon-based material, offers a promising platform for adsorption owing to its porous structure and
extended w-conjugation. However, its pristine-GDY form exhibits limited binding performance. To
enhance its interaction with pollutants, silicon (Si) and germanium (Ge) doping were introduced. This
study employs Density Functional Theory (DFT) to examine the adsorption behavior of DY3 dye on
pristine, Si-doped, and Ge-doped GDY under both vacuum and aqueous conditions. Four optimized
configurations which are parallel, side-parallel, carbonyl-linked, and carbon-linked were analyzed in both
pristine and doped models. The results show minimal changes in adsorption energy and geometry in
water, confirming the structural integrity of the systems under realistic conditions. Electronic structure
analyses including Density of States (DOS), the Natural Bond Orbital (NBO), molecular orbital studies
(HOMO-LUMO), infrared (IR) and Reduced Density Gradient—Non-Covalent Interaction (RDG-NCI)
visualizations reveal enhanced charge transfer, reduced energy gaps, and distinguishable physisorption
and chemisorption features upon doping. Among all models, Si-GDY in the carbonyl-linked
configuration exhibits the highest binding energy (—6.00 eV), indicating its superior stability. Additionally,

thermodynamic parameters were calculated, revealing improved adsorption performance in doped
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Accepted 21st September 2025 systems. Non-covalent interaction analysis further confirmed the role of electrostatic, electronic, and

charge transfer interactions in stabilizing dye adsorption. These findings demonstrate that doped GDY,
particularly Si-GDY, offers enhanced adsorption efficiency, making it a promising candidate for
environmental remediation involving persistent dye pollutants.
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the use of dispersing agents for effective application.® It is
extensively used in the textile industry to impart bright, long-
lasting coloration to materials such as polyester.” However,

1. Introduction

The removal of contaminants from industrial wastewater is

a critical environmental concern. Dyes, widely used in the
textile, leather, food, cosmetics, and paper industries, are
among the top three pollutants, with over 700000 tons
consumed annually.”” These pollutants are mutagenic, carci-
nogenic, and harmful to aquatic ecosystems.** DY3 dye is one of
the most widely used for dyeing synthetic fibers due to its
conjugated molecular structure that provides excellent thermal
and photostability, while its low water solubility necessitates
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exposure to its powdered form can lead to skin, eye, and
respiratory irritation. Moreover, animal studies have indicated
potential genotoxic and carcinogenic effects, although human
evidence remains inconclusive.® Furthermore, improper
disposal of DY3 dye may cause environmental contamination
that adversely affects aquatic ecosystems, highlighting the need
for stringent safety and waste management protocols.’ Various
removal technologies exist, including filtration, chemical
precipitation, ion exchange, adsorption, electrodeposition, and
membrane processes.>*'"  Among these, adsorption is
preferred due to its low cost, simplicity, and efficiency in
removing toxic pollutants.'>'* Adsorption is an effective method
for removing dyes from wastewater due to its ability to capture
pollutants efficiently. It relies on the interaction between dye
molecules and adsorbent surfaces, making it a promising
approach for environmental remediation.'®**
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Various adsorbents have been extensively used including
activated carbon,™ zeolites,* polymeric adsorbents,"”” metal-
organic frameworks (MOFs),'® and graphene-based materials."”
GDY, a new carbon allotrope, was used as an adsorbent for
wastewater treatment due to its unique 2D porous network that
yields an exceptionally high surface area and abundant active
sites.” It has a highly mw-conjugated structure, making it
promising for applications in gas separation, catalysis, water
remediation, sensors, and energy storage."® GDY is typically
synthesized via chemical vapor deposition (CVD) on metal
substrates followed by controlled thermal treatment to form its
well-ordered framework.>”?® It features a network of benzene
rings interconnected by triple (-C=C-) bonds, providing
excellent electronic and chemical properties.*

Doping has proven to be a pivotal strategy in tailoring the
structural and electronic properties of two-dimensional mate-
rials, thereby enhancing their adsorption and sensing capabil-
ities. For instance, Mg doping in amorphous ZnO nanoparticles
has been shown to reduce the bandgap and modify optical
properties, leading to improved performance in various appli-
cations.*® Similarly, Zn doping in CuLaSe, quantum dots has
been observed to influence photoluminescence behavior, indi-
cating alterations in the electronic structure conducive to
sensing applications.** These studies underscore the role of
atomic-scale functionalization in modulating material proper-
ties, providing a rationale for exploring doping effects in GDY-
based systems. To enhance the stability of the systems and
tailor the electronic properties of GDY, doping with hetero-
atoms such as silicon and germanium is introduced as a stra-
tegic approach. Doping not only modifies the local electronic
structure of GDY but also enhances its surface reactivity, facil-
itates charge transfer interactions, and creates active sites for
stronger adsorption. Similar strategies have been reported for
doping other carbon-based nanostructures to improve adsorp-
tion and reactivity.>**® These modifications are expected to
improve the efficiency, sensitivity, and specificity of dye removal
and sensing processes.*’** A dopant, owing to its abundance
and unique properties, plays a crucial role in enhancing the
thermal and mechanical stability of GDY.**** Silicon also
enhances optical behavior by modifying the band gap, making
GDY more sensitive to photoreactions, which is important in
applications relying on light absorption and chemical catalysis.
Additionally, silicon doping generates additional binding sites
for metal centers, increasing the capacity to interact with
molecules like dyes or pollutants,”*® and this behavior is
consistent with findings from previous DFT studies on doped
nanomaterials.>**® Furthermore, germanium, similar in chem-
ical structure to silicon but with a larger atomic mass, offers
different effects on the surface and electronic properties of
GDY. Germanium doping enhances surface activity and
increases the efficiency of chemical reactions by increasing
electron density in surrounding areas, which improves
adsorption of dyes such as DY3. Germanium also plays a vital
role in enhancing electrical conductivity, which is essential in
electronic and sensing applications.>»* Similar effects have
been explored in computational sensing studies involving Ge-
functionalized surfaces.>*"’
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In this study, DFT is employed to explore and compare the
adsorption behavior of DY3 dye on pristine GDY, silicon-doped
GDY (Si-GDY), and germanium-doped GDY (Ge-GDY). Multiple
adsorption configurations which are parallel, side-parallel,
carbonyl-linked, and carbon-linked are optimized and
analyzed. To better understand the underlying adsorption
mechanisms, advanced computational tools are utilized,
including DOS, IR spectroscopy, RDG-NCI analysis, HOMO-
LUMO and NBO analysis. Previous theoretical studies have also
used similar approaches to investigate adsorption
processes.>**®% Further insight into adsorption-induced modi-
fications was obtained through DOS and IR analysis. DOS
revealed energy level shifts, especially the changes in the
HOMO-LUMO gap,® clarifying charge transfer and adsorption
stability.®* IR spectra highlighted vibrational shifts and inten-
sity changes, indicating bond formation and distinguishing
between physisorption and chemisorption.”” These tools
collectively offered a comprehensive view of the interaction
dynamics. Additionally, the study evaluates thermodynamic
parameters (AG, AH, and AS).**** The results also showed that
introducing the water effect into the calculations did not
significantly impact the adsorption energies, as the values were
very close to those calculated in vacuum. This indicates that the
interaction between the DY3 dye and the studied GDY surfaces
is strong enough to remain stable even in an aqueous envi-
ronment, supporting the potential application of these mate-
rials in actual environment or water-based systems without loss
of adsorption efficiency. By systematically investigating both
pristine and doped GDY systems, this research provides valu-
able insights for the rational design of enhanced adsorbents
and functional sensing materials for environmental
remediation.

2. Computational methods

DFT calculations were used to investigate the adsorption
behavior of DY3 dye onto both pristine and metal-doped GDY
surfaces in gaseous and aqueous phases. These calculations
allowed for the prediction of adsorption mechanisms through
the determination of molecular descriptors and adsorption
energies, specifically by evaluating the binding energy between
the DY3 dye and GDY. Geometry optimizations and electronic
characteristics for all the studied complexes and different
binding orientations were performed using the Gaussian 16
software on both pristine GDY and metal-doped GDY,* where
the system was modeled as a finite molecular cluster.®*®” The
structure of pristine-GDY consists of a carbon-based framework
with distinctive benzene rings and acetylenic linkages (-C=C-
C=C-). GDY is composed of seven benzene rings, six of which
are each saturated with three hydrogen atoms, totaling 18
hydrogen atoms. These six benzene rings are interconnected
forming a planar network, while the seventh ring connects to
five carbon atoms and one silicon or germanium atom, repre-
senting a substitutional doping site with a ratio of one silicon or
germanium atom per 65 carbon atoms. The system was
modeled in a singlet spin state, and the optimized structure
represents a finite molecular cluster with approximate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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dimensions of 18.06 A x 17.56 A x 4.55 A along the X, Y, and Z
axes, respectively. DFT calculations were conducted using the
B3LYP hybrid functional, which effectively incorporates both
exchange and correlation effects.®®® This combination has
been successfully employed to represent various chemical
systems.”®”> The standard 6-31G(d) basis set was applied to
ensure a suitable balance between computational cost and
accuracy. To confirm the reliability of the 6-31G(d) basis set in
describing dispersion and charge transfer interactions, selected
geometries were re-optimized using the B3LYP-GD3 functional,
showing no significant geometric deviations for doping
systems. Full computational details are provided in the SI
(Fig. S6 on page 8). DFT enabled the identification of potential
adsorption sites and predicting non-covalent bonding between
GDY and DY3 dye.”*"*> Moreover, environmental effects could be
explored using either implicit®*-*” or explicit solvation models in
previous studies.®®*** In this study, all the obtained geometries
in vacuum have been re-optimized by accounting for solvent
effects implicitly by employing the Integral Equation Formalism
Polarizable Continuum Model (IEFPCM), which has been
successfully used in similar investigations.**” This approach
allowed us to evaluate the influence of the aqueous environ-
ment on the adsorption behavior and electronic properties of
the DY3 dye on pristine and doped GDY surfaces. Frequency
calculations confirmed that all optimized structures correspond
to true minima on the potential energy surface, with no imag-
inary frequencies detected. The molecular structures and the
electronic properties, including the highest occupied molecular
orbitals (HOMOs) and lowest unoccupied molecular orbitals
(LUMOSs) have been analyzed and visualized utilizing the
GaussView 6.0. To explore non-covalent interactions, visual
molecular dynamics (VMD),”® Gnuplot,” and the natural bond
orbital (NBO) analysis were performed on the obtained GDY-
DY3 dye complexes, employing the same level of theory and
basis set,'® and Multiwfn software'®* was employed for gener-
ating RDG plots and NCI iso-surfaces. DOS and IR spectra were
analyzed utilizing GaussSum software.'® The binding energy
(Ebina) is defined as follows:

Epina = EGpY\DY3 dye — (EDY3 dye T EGDY) 1)

Here, Epys-aye represents the energy of the DY3 dye, Egpy is the
energy of GDY, and Egpy\pys-dye 1S the energy of the interacting
DY3-GDY complex, with different orientations, where the
negative adsorption energies indicate that the complexation
process is exothermic.

The HOMO-LUMO energy gap (Eg.p) is estimated from the
difference between the HOMO' energy (Ey) and LUMO energy
(EL),"*® which is expressed as follows:

Egap = EL - EH (2)

where a large Eg,, signifies chemically hard molecules that
interact weakly with other systems, in contrast, a moderate Eg,p,
enhances reactivity by facilitating favorable HOMO-LUMO
interactions in chemical processes.'**

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

Initially, we have explored different optimized binding modes
for the adsorption of DY3 dye on pristine, Si-doped, and Ge-
doped GDY surfaces, considering various molecular orienta-
tions: parallel, side-parallel, carbonyl-linked, and carbon-
linked. This investigation has been further expanded using
several analytical tools, such as RDG-NCI analysis, DOS, IR
spectroscopy, NBO analysis and HOMO-LUMO gap analysis, to
gain a comprehensive understanding of molecular interactions
and behavior.

3.1. Electronic and spectroscopic analysis for the adsorption
of DY3 dye on pristine GDY

To initiate the investigation of DY3 dye adsorption, four opti-
mized configurations on pristine-GDY were examined (see
Fig. 1), including the parallel (Fig. 1a), side-parallel (Fig. 1b),
carbonyl-linked (Fig. 1c), and carbon-linked (Fig. 1d). Notably,
some binding modes observed in pristine GDY were absent in
silicon- or germanium-doped GDY systems, highlighting the
influence of doping on adsorption patterns. In the parallel-side
configuration, the molecule adopts a T-shaped orientation,
where one aromatic ring of the molecule is positioned nearly

Fig. 1 The four explored orientations of adsorption of DY3 dye on

pristine GDY: (a) parallel, (b) parallel-side, (c) carbonyl-linked, and (d)
carbon-linked.
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perpendicular to the GDY surface, facilitating T-shaped and 7t-
m interactions, with an interatomic distance of about 3.38 A
between the carbon atoms of the perpendicular ring and the
GDY surface, suggesting a moderate interaction strength. In the
carbonyl-linked configuration, the molecule is linked to the
GDY surface via its carbonyl group, leading to dipole-dipole
interactions. The oxygen atom of the carbonyl group is situated
at an interatomic distance of nearly 3.26 A from the closest
carbon atom on the GDY surface, reflecting a relatively strong
interaction. The carbon-linked configuration depicts a side-on
adsorption, where the molecule is oriented laterally relative to
the GDY surface. This setup results in van der Waals interac-
tions with interatomic distances 4.36 A between the azo group
of the molecule and the GDY surface, indicating weaker
adsorption compared to the other configurations. Amongst
these studied configurations, the parallel configuration (Fig. 1a)
is the most favorable in vacuum, exhibiting an adsorption
energy of —0.21 eV. This configuration benefits from strong m—m
stacking interactions between the aromatic rings of DY3 and the
m-conjugated system of GDY. The interatomic distances, nearly
4.49 A between the azo nitrogen atom and the nearest carbon
atom on GDY, and about 3.27 A between carbonyl carbon and
the nearest carbon atom on GDY, indicate a stable adsorption
geometry.

Electronic parameters such as the highest occupied molec-
ular orbital energy (Emomo), lowest unoccupied molecular
orbital energy (ELymo), and energy gap (Eg), alongside other
global descriptors, are summarized in Table 1. The HOMO and
LUMO in vacuum are illustrated in Fig. S1. The DOS spectra
shown in Fig. 2c reveal notable alterations in orbital configu-
rations following DY3 dye adsorption on pristine GDY, indi-
cating significant electronic interactions between the dye and
the surface. Complementing this, the IR spectra (Fig. 2d)
display shifts in vibrational modes, indicative of chemical
bonding rather than mere physical adsorption. Furthermore,
the RDG sign(4,)p plots and NCI isosurfaces presented in Fig. 2a
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and b confirm the presence of weak to moderate non-covalent
interactions, primarily van der Waals forces and m-m stacking
that stabilize the adsorption complex. The corresponding
analyses for the remaining configurations (side-parallel,
carbonyl-linked, and carbon-linked) are provided in Fig. S2,
including RDG, NCI, DOS, and IR spectra. The results depicted
in Fig. 1 and 2 provide a detailed data of DY3 dye adsorption on
pristine GDY, revealing how molecular orientation affects
binding modes, electronic structure, and vibrational properties,
which are key factors for optimizing GDY-based materials in
sensing and optoelectronic applications. To enhance the DY3
dye adsorption efficiency on the surface of GDY, Sections 3.2
and 3.3 will discuss the effects of silicon and germanium
doping on the structural and electronic properties of the
materials.

3.2. Influence of silicon doping on electronic behavior of the
complex

The optimized adsorption configurations of the DY3 dye
molecule on the Si-GDY surface are shown in Fig. 3(a-d). The
different adsorption configurations of the DY3 dye on the Si-
GDY surface are analyzed based on the interatomic distances
that range from 1.72 A to 1.96 A. The various electronic inter-
actions are also presented. In the (a) configuration, the inter-
action distance is 1.96 A, indicating the formation of a covalent
bond between the Si atom and the carbon of the DY3 dye. The
molecule is nearly perpendicular to the surface. Intermediate
adsorption strengths are observed in configuration (b), which
shows coordinate covalent bonding with Si, supported by
donor-acceptor interactions from the lone pair of the DY3 dye
to the vacant orbital of the silicon atom, and the (d) configu-
ration shows covalent bonding. The bonding distances are 1.79
A and 1.94 A, respectively, indicating weaker yet significant
covalent character compared to configuration (c). In the (c)
configuration, the interaction distance is 1.72 A, indicating
strong covalent bonding between the dye and Si atom, the

Table 1 HOMO and LUMO energies (Epomo and E ymo). HOMO-LUMO gap (Eg), ionization potential (IP), electron affinity (EA), chemical
hardness (), softness (x), chemical potential (u.p), electrophilicity index (w), and the adsorption energies (Eq4s) for systems of DY3/GDY, DY3/Si-

GDY, and DY3/Ge-GDY with different orientations in vacuum

System HOMO (eV) LUMO (eV) AE (eV) IP (eV) EA (eV) 1 (eV) x (ev)™? Uen (€V) w (eV) Eaqs. (eV)
Parallel —5.19 —2.68 —2.51 5.19 2.68 1.25 0.796 —3.93 6.16 —0.21
Side-parallel —5.25 —2.76 —2.49 5.25 2.76 1.24 0.80 —4.00 6.45 —0.20
Carbon-linked —5.14 —2.54 —2.60 5.14 2.54 1.30 0.77 —3.84 5.66 —0.15
Carbonyl-linked —5.13 —2.54 —2.59 5.13 2.54 1.29 0.77 —3.83 5.67 —0.10
Si-GDY

Parallel —13.22 —12.94 —0.28 13.22 12.94 0.14 7.26 —13.08 620.47 —4.81
Side-parallel —13.58 —13.09 —0.48 13.58 13.09 0.24 4.13 —13.33 367.11 —5.28
Carbon-linked —13.31 —12.83 —0.48 13.31 12.83 0.24 4.19 —13.07 358.59 —-5.91
Carbonyl-linked —-12.71 —12.51 —0.20 12.71 12.51 0.10 10.24 —12.61 813.76 —6.00
Ge-GDY

Parallel —13.66 —13.18 —0.48 13.66 13.18 0.24 4.14 —13.42 372.31 —4.49
Side-parallel —13.58 —-13.11 —0.47 13.58 13.11 0.24 4.24 —13.35 377.25 —5.01
Carbon-linked —13.28 —12.82 —0.46 13.28 12.82 0.23 4.34 —13.05 369.45 —5.68
Carbonyl-linked —-12.71 —12.52 —0.19 12.71 12.52 0.10 10.51 —12.61 836.52 —5.35
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Fig. 2 The Non-Covalent Interaction (NCI) (a), the Reduced Density
Gradient (RDG) (b), density of states (DOS) spectra (c), and IR spectra
(d) of parallel DY3 dye onto pristine-GDY.

highest among all the Si-GDY configurations, indicating strong
electronic interaction. The distribution of electron densities for
the HOMO and LUMO of the DY3 dye interacting with Si-GDY in
four different binding configurations—(a) parallel, (b) side-
parallel, (c) carbonyl-linked, and (d) carbon-linked—are depic-
ted in Fig. 3.

This observation illustrates that the frontier molecular
orbitals are primarily concentrated on the DY3 dye molecule
with noticeable overlap on the Si-GDY surface, indicating

© 2025 The Author(s). Published by the Royal Society of Chemistry
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significant electronic interactions between the DY3 dye and the
substrate. In the case of the parallel configuration (a), the close
proximity and planar alignment between DY3 dye and the Si-
GDY indicate favorable conditions for covalent bonding inter-
actions. In the side-parallel configuration (b), the HOMO and
LUMO densities spread over a larger area of both the DY3 dye
and the Si-GDY, suggesting strong adsorption but with
a different interaction nature compared to the direct parallel
mode. For the carbonyl-linked (c) and carbon-linked (d)
configurations, electron densities are more localized around the
bonding regions between the DY3 dye and the Si-GDY surface.
This indicates the formation of more specific chemical bonds
and possible charge transfer interactions, which can lead to
enhanced stability of the adsorption complex.

The DOS spectra for the Si-GDY surface after DY3 dye
adsorption are presented in Fig. 4(a-d). Noticeable changes in
the electronic states indicate significant electronic interactions
between the dye and the doped surface. The electronic param-
eters are listed in Table 1. The reduction in the HOMO-LUMO
gap and the appearance of new states confirm enhanced charge
transfer and adsorption stability in the system. The infrared (IR)
spectra for the same configurations shown in Fig. 4e-h reveal
shifts in vibrational frequencies after adsorption, which indi-
cate molecular interactions at the interface, including bond
formation and charge redistribution. These spectral changes
are more pronounced in the planar adsorption model, consis-
tent with the stronger adsorption and electronic coupling found
in configuration (c). The binding energy for the most stable
carbonyl-linked complex is calculated to be —6.00 eV, demon-
strating the high stability of this adsorption mode on the Si-
GDY surface. Overall, our results indicate that silicon-doping
influences the electronic interaction patterns between the DY3
dye and the GDY surface, affecting both the strength and type of
binding between the dye and the adsorbent. This influence can
directly impact the adsorption efficiency and the electronic
properties of the system.

3.3. Reactivity and interaction analysis of DY3 on the Ge-
doped GDY surface

Fig. 5(a-d) display the optimized configuration geometries of
the DY3 dye molecule adsorbed on the Ge-doped GDY surface.
In configuration (a), the molecule lies nearly parallel to the
surface with an interaction distance of 2.08 A. This parallel
arrangement enhances m-1 stacking between the aromatic
rings of the DY3 dye and the surface of GDY. The geometry is
stabilized mainly through coordination bonding, as lone pair
electrons are donated from the nitrogen atom of the dye to the
germanium dopant in the GDY surface. In contrast, configura-
tion (b) adopts a slightly angled orientation with an interaction
distance of 1.90 A. This angle allows better alignment of the
dye's coordination with the GDY, enabling coordinate interac-
tion that moderately strengthens the binding. Configuration (c)
exhibits nearly perpendicular geometry with an interacting
distance of 1.89 A. In this arrangement, the carbonyl group is
oriented directly toward the doped Ge atom. Despite the close
proximity, this interaction does not yield the most stable

Nanoscale Adv., 2025, 7, 7363-7381 | 7367
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Fig.3 The optimized models of DY3 dye onto Si-GDY (a—d) and their HOMO and LUMO with various orientations: (a) parallel, (b) side-parallel, (c)

carbonyl-linked, and (d) carbon-linked.

configuration. Configuration (d) shows a carbon-linked binding
mode, with the molecule oriented side-parallel at an interacting
distance of 2.01 A. This configuration enables significant -
orbital coupling and enhanced electronic interactions, yielding
the highest adsorption energy among all configurations. These
results confirm that configuration (d) represents the most
thermodynamically favorable adsorption geometry on the Ge-
GDY surface. The calculated binding energy for the most
stable configuration (d), featuring a carbon-linked dye, is
—5.68 eV. This value confirms the strongest interaction and
highest thermodynamic stability among the examined geome-
tries. To assess the impact of the DY3 dye binding on the elec-
tron density distribution in Ge-GDY, we analyzed the HOMO
and LUMO of the Ge-GDY/DY3 system (see Fig. 5). Notably,
under aqueous conditions, the adsorption behavior of DY3 on
Ge-GDY shows a significant stability shift compared to vacuum
conditions.

The DOS plots (Fig. 6a-d) show shifts in electronic states and
a narrowed HOMO-LUMO gap, confirming charge redistribu-
tion and orbital hybridization upon adsorption. Furthermore,

7368 | Nanoscale Adv,, 2025, 7, 7363-7381

the IR spectra (Fig. 6e-h) display altered vibrational modes,
including red shifts of C=O0 stretching frequencies, which
corroborate the formation of chemical interactions beyond
simple physisorption.

3.4. Exploring non-covalent interactions: insights from
reduced density gradient analysis

To elucidate the adsorption mechanism, we performed Non-
Covalent Interaction (NCI) analysis and Reduced Density
Gradient (RDG) mapping for the DY3 dye adsorbed on pristine-
GDY, Si-GDY, and Ge-GDY under vacuum conditions. These
visual tools clearly differentiate weak interactions—including
hydrogen bonding, van der Waals forces (vdW), and steric
repulsions—providing critical insights into the stability and
nature of the dye-surface interactions.'*>'* The RDG is derived
from the electron density (p) and its gradient, as defined by
eqn (3):

s ol ®)

PO 2y
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Fig. 5 The optimized models of DY3 dye onto Ge-GDY (a—d) and their HOMO and LUMO with various orientations: (a) parallel, (b) side-parallel,

(c) carbonyl-linked, and (d) carbon-linked.

Analysis of RDG versus sign(4,)p plots enables identification
of interaction types:

- Negative sign(4,)p values (green-blue regions) correspond
to attractive forces (e.g., hydrogen bonding and w-w
interactions).

- Positive values (red regions) indicate steric repulsion.

- When p approaches zero, the interactions are characteristic
of van der Waals forces.

The RDG plots serve as a powerful tool for analyzing both
attractive and repulsive molecular interactions and quantifying
their strength.'” Fig. 7 and 8 present the RDG-NCI analysis for
the DY3 dye on Si-GDY and Ge-GDY systems, respectively. All
configurations show green RDG iso-surfaces, confirming van der
Waals dominance between the dye molecules and the GDY
surfaces. Notably, parallel configurations in both systems exhibit
more intense blue regions in NCI plots, indicating stronger
attractive forces and significant orbital overlap—characteristics
consistent with localized chemisorption behavior. These findings
confirm that both adsorption geometry and molecular
orientation critically determine the interaction mechanism:
while parallel alignments favor van der Waals forces, specific
directional interactions (e.g., carbonyl linkages) promote charge
transfer characteristic of chemisorption. Collectively, NCI-RDG

7370 | Nanoscale Adv., 2025, 7, 7363-7381

analysis offers profound insights into molecular interactions and
adsorption behavior on doped GDY surfaces.

3.5. Global index parameters

We calculated global reactivity descriptors, including electron
affinity (EA), ionization potential (IP), electrophilicity index (w),
chemical potential (u.p), chemical hardness (), and softness (x)
to assess the electronic reactivity and stability of the system.
These global indices provide essential insights into the nature
of molecular interactions and reactivity of DY3 dye with GDY.
Their respective expressions are given below:'*"*®

Electron affinity (EA) indicates a molecule's ability to accept
electrons (LUMO energy):

EA = —E; (4)

The ionization potential (IP) indicates a molecule's ability to
donate electrons (HOMO energy):

IP = —Ey (5)
The electrophilicity index (w) reflects a molecule’s tendency

to accept electrons to form bonds with nucleophilic molecules:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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GDY with various configurations: (a) parallel, (b) side-parallel, (c) carbonyl-linked, and (d) carbon-linked.
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Additionally, the HOMO and LUMO, along with the molec-
ular electrostatic potential (MESP), are sometimes used to
enhance the prediction of the adsorption mechanism.'****

. . IP + EA
Chemical potential(ue,): pen = % (7)
Chemical hardness(n): 7 = @ (8)
1
Softness(x): x = b 9

3.6. Thermodynamic parameters: understanding stability
and energy changes

The thermodynamic parameters of the optimized complexes
were determined through harmonic frequency analysis under
standard conditions (298.15 K and 1 atm). Gibbs free energy
(AG), enthalpy (AH) and entropy (AS) values for all three
orientationally distinct complexes are summarized in Table 2.
The relative stability of the inclusion complexes was assessed by
comparing the Gibbs free energy of each complex to the
combined Gibbs free energies of its adsorbent and adsorbate.
Negative AG values confirm spontaneous complex formation at
25 °C, whereas positive AG values for pristine-GDY complexes
indicate non-spontaneous processes. To drive spontaneous
complexation and improve efficiency, strategic doping (e.g,
with Si or Ge) is proposed.

The negative values of both enthalpy (AH) and entropy (AS)
suggest an enthalpy-driven inclusion process. The observed AH
likely arises from van der Waals interaction between the host
and guest molecules. Meanwhile, the negative AS reflects

Table 2 The calculated thermodynamic parameters, enthalpy (AH),
Gibbs free energy (AG), and entropy (AS), of the studied complexes
DY3/GDY, DY3/Si-GDY, and DY3/Ge-GDY with different orientations
in vacuum

System AH (KJ mol™)  AG (kf mol™")  AS (k] mol™?)
Parallel —15.09 29.45 —-0.15
Side-parallel —14.03 21.90 —0.12
Carbon-linked -9.11 27.46 —0.12
Carbonyl-linked —4.62 26.24 —0.10
Si-GDY

Parallel —444.98 —409.68 —0.12
Side-parallel —485.24 —448.56 —0.12
Carbon-linked —547.17 —503.99 —0.14
Carbonyl-linked —563.75 —518.43 —0.15
Ge-GDY

Parallel —415.24 —370.37 —0.15
Side-parallel —462.64 —426.96 —0.12
Carbon-linked —527.87 —492.30 —0.12
Carbonyl-linked —503.71 —459.21 —0.13
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restricted mobility of the encapsulated guest molecule due to
the constrained cavity of the host framework.

AG = Gcom - (Ghost + Gguest) (10)
AH = Hcom - (Hhost + ngest) (11)
AS = Scom - (Shosl + Sguesl) (12)

3.7. The natural bond orbital analysis for the complexes

Natural Bond Orbital (NBO) charge analysis serves as a vital tool
for gaining comprehension of the molecule-molecule interac-
tions between the GDY nanosheet and the DY3 dye molecules in
their optimized geometries during the binding process. The
NBO analysis was performed to offer detailed insights into the
interactions between the localized Lewis-type structures
(donors) and the corresponding unoccupied non-Lewis orbitals
(acceptors) within the drug-sensor complexes. The interaction
parameters, including the second-order perturbation stabiliza-
tion energy (E®), the energy difference between donor and
acceptor orbitals (Ej) — E(;), and the Fock matrix element (F(; ),
were computed using the DFT/B3LYP/6-31G(d) method. These
parameters for each model of complexes are summarized in
Table 3. The second-order stabilization energy (E®)), estimated
from the Fock matrix, quantifies the delocalization energy
associated with donor (7) to acceptor (j) orbital interactions and
is calculated using the following expression:

E® — g EF(i,i>;
g — L

(13)

In the above equation, g; presents the occupancy of the donor
orbital, E; and E; are the diagonal elements corresponding to
the acceptor and donor orbitals, respectively, and F; ;) denotes
the off-diagonal NBO Fock matrix element. The second-order
perturbation stabilization energy (E?) is directly proportional
to the intensity of the donor-acceptor interaction. A stronger
donor-acceptor interaction leads to a larger E® value, thereby
increasing the overall stability of the GDY-dye complexes.
Consequently, larger £ values indicate stronger orbital mixing
and charge transfer (chemically significant coordination) while
very small E® values are consistent with weak, physisorption-
like interactions. The stabilization energies E® indicate that
pristine GDY exhibits only very weak orbital interactions, with
the smallest the side-parallel geometry
(0.16 keal mol ™), consistent with physisorption. In contrast, Si-
and Ge-doped GDY show much stronger donor-acceptor inter-
actions, especially when lone pairs (LP) on O or N atoms of the
DY3 dye molecules act as the donor and interact with empty
orbitals on Si or Ge atoms on GDY. The strongest stabilization is
observed for the Si-GDY carbonyl-linked complex (LP(O) —
LP*(Si), 173.99 kecal mol™"), indicating strong covalent coordi-
nation, while Ge-GDY parallel and side-parallel geometries also
display large values (122.88 and 136.98 kcal mol *, respectively).
Some geometries, such as Ge-GDY carbon-linked
(8.63 kcal mol '), remain relatively weak. Overall, the results
reveal a clear trend: pristine GDY favors weak physisorption,

value in
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Table 3 The results of the donor and acceptor NBOs, as well as the second-order perturbation stabilization energies (E® kcal mol™), cor-
responding to the charge transfer between GDY and the DY3 dye molecules in vacuum

System Donor NBO (i) Acceptor NBO () E®) (kcal mol™) Ej — B (au) Fuy ) (au.)
Parallel BD (3) C 34-C 80 BD*(1) O 118-H 119 0.90 0.023 0.007
Side-parallel BD (2) C3-C 4 BD*(1) C 99-H 101 0.16 0.71 0.010
Carbon-linked LP (1) N 104 BD*(1) C 5-H 9 0.96 0.91 0.027
Carbonyl-linked BD (3) C 68-C 92 BD*(1) N 11-H 12 1.06 0.73 0.026
Si-GDY

Parallel LP*(1) Si 84 BD*(1) Si 84-C 110 11.98 0.03 0.032
Side-parallel LP (2) N 102 LP*(1) i 119 18.70 0.33 0.072
Carbon-linked LP*(1) Si 84 BD*(1) Si 84-C 111 74.29 0.03 0.073
Carbonyl-linked LP (3) O 13 LP*(1) Si 119 173.99 0.72 0.319
Ge-GDY

Parallel LP (1) N 102 LP*(Z) Ge 119 122.88 0.44 0.213
Side-parallel LP (1) N 102 LP*(1) Ge 119 136.98 0.44 0.221
Carbon-linked BD (1) Ge 84-C 111 BD*(1) C 25-Ge 84 8.63 0.66 0.069
Carbonyl-linked LP (3) O 13 LP*(2) Ge 119 95.21 0.48 0.193

whereas silicon and germanium doping enables much stronger
chemisorption when orbital alignment and donor lone pairs are
available.

3.7.1 Solvent effect. To evaluate the sensing performance of
pristine GDY, Si-GDY, and Ge-GDY in an aqueous environment,
we investigated the binding energies (E.qs) of DY3 dye
complexes in water. The geometries of DY3-GDY, DY3-SiGDY,
and DY3-GeGDY complexes were re-optimized using the
IEFPCM solvation model, the hybrid B3LYP functional and the
6-31G(d) basis set. Additionally, global reactivity index param-
eters (Table S1) were computed to further elucidate the elec-
tronic properties of the systems. When water effects are
considered, the side-parallel configuration for the pristine GDY
surface becomes the most stable, with an adsorption energy of
—0.10 eV. Compared to vacuum, the aqueous environment
slightly weakens the adsorption strength but still preserves
sufficient stability, indicating that dye-surface interactions
remain strong and persistent under realistic solvent conditions.

For the Si-doped GDY system, considering implicit water
significantly alters the adsorption behavior and the carbonyl-
linked configuration becomes the most thermodynamically
favorable, with a binding energy of —3.87 eV. These findings
underline the role of silicon doping in modifying the interac-
tion landscape between the DY3 dye and the GDY surface,
thereby influencing both the strength and nature of adsorption.
Similarly, in the case of Ge-doped GDY, the side-parallel
configuration becomes the most stable, exhibiting an adsorp-
tion energy of —3.38 eV. This is in contrast to the vacuum phase,
where the carbon-linked mode was more stable. The observed
stabilization in water arises from enhanced dipolar alignment
and favorable electrostatic interactions between the dye and the
doped surface.

Overall, the stability trends observed in vacuum generally
align with adsorption energy preferences, such as the domi-
nance of the carbonyl-linked mode in Si-GDY. Upon solvation,
particularly in water, noticeable shifts in the thermodynamic

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

preference of the adsorption configurations are observed. This
indicates that the solvent influences the relative stability of the
complexes by modifying specific interaction mechanisms, such
as dipole-dipole interactions and charge-transfer effects.
However, the influence of implicit water on the overall
adsorption strength remains limited, as it does not drastically
weaken the dye-surface interactions but rather induces a reor-
dering of the thermodynamic stability among the possible
configurations. The thermodynamic parameter (AH) calculated
for the carbonyl-linked configurations of Si-GDY and Ge-GDY in
the solvent phase exhibit unusually high positive values (Table
S1). Such positive enthalpies clearly indicate that this binding
mode is thermodynamically unfavorable in implicit water. This
result highlights the strong environmental sensitivity of the
doped systems, where solvation effects destabilize the carbonyl-
linked interactions compared to their gas-phase counterparts.
The findings underscore the critical role of the solvent in
modulating adsorption behavior and provide valuable insight
into the selective stability of different binding modes under
realistic conditions.

The comparative analysis between vacuum and aqueous
conditions (Fig. S3-S5 for pristine GDY, Si-GDY, and Ge-GDY,
respectively) further confirms that water modulates the
stability trends without significantly diminishing the adsorp-
tion strength. Thus, the adsorption configurations remain
stable across different environments, with solvation exerting
a qualitative influence on the relative energetic ordering rather
than a substantial reduction in interaction strength.

3.8. Comparison of adsorption energy (E,q5) and adsorption
distance (d) of disperse yellow 3 dye adsorbed on pristine
GDY, Si-GDY and Ge-GDY with previously reported materials

A comprehensive comparison of the adsorption energies (Eping)
and adsorption distances (d) for various dyes, drugs, and gas
molecules on a range of nanomaterials, with particular focus on
pristine and doped-GDY systems is shown in Table 4. For dyes

Nanoscale Adv., 2025, 7, 7363-7381 | 7375
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Table 4 Comparison of adsorption energy (E,gs) and adsorption
distance (d) for dyes or drugs adsorbed on pristine or doped-GDY with
those reported for other nanomaterials

System Epina (€V) d (&) References
DY3 dye

GDY —0.21 4.49 This work
Si-GDY —6.00 1.72 This work
Ge-GDY —5.68 1.89 This work
Reduced graphene oxide (rGO)

Methylene blue (MB) dye —1.94 — 115
Indigo carmine (IC) dye —1.62 — 115
Graphene oxide (GO)

Methylene blue —2.25 — 116
Methyl orange —1.45 — 116
Mn-N-GDY

Methane (CH,) —0.16 1.53 117
Temozolomide (TMZ) drug

Boron-doped GDY (BGDY) —0.95 1.98 41
GDY —0.50 2.06 41
5-Fluorouracil (FU) drug

GDY —0.42 2.10 118
BNGDY —0.60 1.68 118
Hydroxyurea (HU) drug

GDY —0.60 2.30 118
BNGDY —1.29 0.16 118
Thioguanine (TG) drug

Graphyne (GY) —0.19 1.70 97
BN-analog of GY (BNY) —5.4 1.67 97
A-series CWAs on GDY nanoflakes

A-230 —0.59 2.59 119
A-232 -0.71 2.66 119
A-234 —0.75 2.97 119
Thiotepa (TPA) drug

GDY —0.42 — 96
Si-GDY —0.81 — 96
Letrozole (LET) drug

GDY —-0.33 — 120
Si-GDY —0.83 — 120
Graphene quantum dots (GQDs)

CO, —0.54 3.81 121
H,S —0.53 5.31 121
Cr-doped GQDs

CO, —3.81 2.03 121
H,S —3.56 2.36 121
Ni- doped GQDs

CO, —0.08 3.22 121
H,S —0.10 2.84 121

such as DY3, pristine GDY exhibits weak interaction with a low
adsorption energy of —0.21 eV. In contrast, Si-GDY and Ge-GDY
demonstrate significantly enhanced adsorption energies of

7376 | Nanoscale Adv., 2025, 7, 7363-7381

View Article Online

Paper

—6.00 and —5.68 eV, respectively, coupled with shorter
adsorption distances, indicating stronger binding due to
doping. Graphene oxide (GO) and reduced graphene oxide
(rGO) display moderate adsorption energies with dyes like
methylene blue (MB) and indigo carmine (IC), at —1.94 and
—1.62 eV, respectively, reflecting weaker interactions compared
to doped GDY. Mn-N-GDY shows weak physical adsorption of
methane with an energy of —0.16 eV and a short adsorption
distance of 1.53 A. Regarding drug adsorption, significant
differences are noted across materials. Temozolomide (TMZ)
adsorbs moderately on boron-doped GDY (BGDY) with an
adsorption energy of —0.95 eV and a distance of 1.98 A,
compared to much lower adsorption on pristine GDY (—0.50
eV), highlighting the effect of doping. Similarly, 5-fluorouracil
(FU) shows improved adsorption from —0.42 eV on GDY to
—0.60 eV on boron-nitrogen-doped GDY (BNGDY), with
a decreased adsorption distance from 2.10 to 1.68 A, indicating
enhanced interaction. Hydroxyurea (HU) exhibits a strong
enhancement with doping: the adsorption energy increases
from —0.60 eV on GDY to —1.29 eV on BNGDY, while the
adsorption distance significantly decreases from 2.30 to 0.16 A,
reflecting stronger chemical interaction. Extending the
comparison, thioguanine (TG) shows an increase in adsorption
energy from —0.19 eV on graphyne (GY) to —5.4 €V on boron-
nitrogen-doped GDY (BNY).

The adsorption energies (E,q) for the A-series CWAs on GDY
nanoflake are all negative, indicating thermodynamically
favorable interactions. Among them, A-234 exhibits the stron-
gest interaction with an E,q of —0.75 eV, followed by A-232 and
A-230. This trend suggests an increasing adsorption strength
across the series. For the drug thiotepa (TPA), its adsorption on
pristine GDY shows an E,4 of —0.42 eV, whereas doping Si-GDY
significantly enhances the adsorption strength to —0.81 eV.
Letrozole (LET) demonstrates a significant increase in binding
strength from —0.33 eV on GDY to —0.83 €V on Si-GDY, further
confirming the role of doping in improving surface reactivity.
For gas molecules, chromium-doped graphene quantum dots
(Cr-GQDs) exhibit very high adsorption energies, such as
—3.81 eV for CO,, far exceeding those on undoped GQDs (—0.54
eV). Similarly, nickel-doped graphene quantum dots (Ni-GQDs)
show strong adsorption with energies up to —0.10 eV, empha-
sizing the effectiveness of transition metal doping in enhancing
adsorption capacity. Overall, Si-GDY, Cr-GQDs, and Ni-GQDs
demonstrate the highest adsorption energies among the
studied systems, indicating superior thermodynamic stability
and strong binding affinity. These findings highlight the critical
role of doping and surface modification as effective strategies to
enhance adsorption performance, positioning these materials
as excellent candidates for applications in sensing, drug
delivery, and environmental remediation.

4. Conclusion

This study investigated the adsorption behavior of DY3 dye on
pristine-GDY and its silicon and germanium doped variants
using DFT calculations. Various adsorption models, including
parallel, side-parallel, carbon-linked, and carbonyl-linked

© 2025 The Author(s). Published by the Royal Society of Chemistry
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configurations, were optimized to identify the most stable
structures. The results demonstrated that doping significantly
enhanced electronic interactions between the DY3 dye and the
surface of GDY, increasing adsorption energy and reducing the
HOMO-LUMO gap, which indicates improved electronic
performance. For DY3/pristine-GDY, the parallel configuration
was found to be the most stable, with an adsorption energy of
—0.21 eV. The DY3/Si-GDY with carbonyl linked configuration
showed the highest adsorption energy of —6.00 eV, suggesting
a strong chemisorption interaction. This configuration exhibi-
ted stronger electronic interactions and broader orbital delo-
calization. DY3/Ge-GDY showed that the carbon-linked
configuration is more stable and favorable with a binding
energy of —5.68 eV. Comparison across all systems revealed that
doping not only strengthens adsorption but also modifies the
electronic structure of GDY, promoting better charge transfer
and molecular reactivity. HOMO-LUMO distributions showed
significant orbital overlap between the DY3 dye and the surface,
supported by clear changes in DOS spectra and IR vibrational
shifts. RDG-NCI analysis further revealed strong attractive
regions and van der Waals interactions. Based on the computed
results, silicon doping was found to be more effective than
germanium doping, as Si-GDY exhibited stronger electronic
interactions, broader orbital distributions, and higher adsorp-
tion energy, particularly in the carbonyl-linked configuration,
indicating better dye stabilization and enhanced adsorption
behavior. Moreover, simulations conducted in an aqueous
phase using the IEFPCM model showed minimal changes in
geometry and adsorption energy, confirming the environmental
stability and reliability of the studied systems under realistic
conditions. The study also examined thermodynamic parame-
ters, including changes in Gibbs free energy, enthalpy, and
entropy, which supported the spontaneous and stable nature of
the adsorption process in most stable configurations. The
results indicated that doping significantly enhanced the
sensing performance, suggesting potential applications in
environmental monitoring. Overall, this study confirms that
doping GDY with Si or Ge effectively enhances its physical and
chemical properties, making it a promising candidate for
environmental remediation applications, especially for the
removal of stable and toxic industrial dyes from wastewater. The
findings provide a theoretical foundation for the design of
advanced adsorbent and sensor materials that are efficient,
selective, and environment friendly.
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