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implications for environmental pollutant
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Parabens, widely used as a preservative in personal care products, have emerged as environmental
micropollutants due to their persistence and endocrine disrupting potential. Insights into their
interactions with nanomaterials are crucial for the rational design of effective adsorbents. In the current
study, we investigated the adsorption behaviour of various paraben derivatives on carbon-based two-
dimensional nanomaterials by employing a density functional theory approach. We evaluated the
interactions of paraben and its alkyl derivatives with graphene and graphane, two representative carbon-
based 2D nanomaterials. These substrates which differ significantly in their electronic structure and
surface chemistry were used to examine the adsorption mechanisms. Our results reveal that while
graphene exhibits stronger -1 interactions due to its delocalized electronic system, graphane, despite
being a saturated hydrocarbon, also forms stable complexes. The strength of the binding increases as
the size of the alkyl chain increases in the paraben derivatives, indicating the role of molecular size in
adsorption enhancement. We also employed charge transfer calculations, topological analysis, energy
decomposition analysis to further understand the nature of the interactions. This study offers molecular-
level insight into paraben adsorption on nanomaterials and provides a theoretical basis for designing
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1. Introduction

Personal care products have been used for centuries for
cosmetic and hygiene purposes. Synthetic chemical-based
personal care products, preservatives, agricultural products
and pharmaceutical products are increasing day by day as the
science advances rapidly in this area. Excessive production and
release of emerging contaminants by the chemical and phar-
maceutical industries endanger human and other living
organisms by contaminating the water resources.® Organic
micropollutants originating from personal care and pharma-
ceutical products have raised increasing concern owing to their
persistence in aquatic environments and potential adverse
effects on ecosystems and human health.>? Parabens are a class
of synthetic preservatives that are most frequently used in
personal care products, cosmetics and pharmaceuticals. Para-
bens are structurally defined as esters of p-hydroxybenzoic acid,
consisting of an aromatic ring and variable alkyl chain lengths.
They are effective at preventing microbial growth and extending
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two-dimensional materials for selective detection and removal of organic pollutants.

the shelf life of products, however their widespread use have led
to their frequent detection in various environmental sources
such as surface water, groundwater etc.** They have the poten-
tial to interfere with hormonal systems and are classified as
a group of endocrine disrupting chemicals, with the potential to
cause reproductive, developmental and metabolic disorders
even at trace concentrations.*” Conventional wastewater treat-
ment plants are often ineffective in completely removing para-
bens and related micropollutants. This ineffectiveness prompts
the need for alternative remediation technologies.® Conse-
quently, adsorption-based technologies using various advanced
nanomaterials offer a potential approach for removing persis-
tent organic pollutants.™ Hence there is an increasing
demand for effective materials for the detection of paraben
contamination.

Nanotechnology offers an effective and modern approach to
address the limitations of conventional treatment techniques
for the removal of pollutants through efficient adsorption
techniques. Nanomaterials exist in various dimensions such as
zero-dimensional structures like quantum dots, one dimen-
sional systems like nanotubes, two-dimensional structures like
Mxenes and all those types were explored for adsorption
studies.’*® Among these, two-dimensional nanomaterials have
emerged as promising detection platforms owing to their thin

© 2026 The Author(s). Published by the Royal Society of Chemistry
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architecture, exceptionally high surface area, tunable surface
chemistry, intrinsic porosity and unique electronic proper-
ties."”*® These exceptional features contribute to their superior
adsorption capabilities through various mechanisms such as
weak bond interactions and making them attractive for detec-
tion technologies.” Among the various two-dimensional nano-
materials, the carbon-based two-dimensional nanomaterials
(C2DNs) such as graphene and graphane exhibit distinct
advantages like high surface area, low toxicity, excellent
tunability, facile functionalization and greater environmental
compatibility.”***

Graphene is a two-dimensional material composed of
a hexagonal network of carbon atoms in sp® hybridization,
forming a delocalized m-electron system, while graphane is the
fully hydrogenated form of graphene with sp® hybridized
carbon atoms resulting in a saturated and non-conjugated
system.”** The stark difference in bonding and geometry
make comparing and contrasting their structural and electronic
behavior scientifically interesting.*® Graphene-based materials
have been reported to be effective substrates to strongly adsorb
various substrates such as gas molecules, nucleobases, amino-
acids due to their unique structural features.”’”* Graphene
and its derivatives were extensively studied for the adsorptive
removal of pollutants from water.**** A new cellulose
nanocrystal-reduced graphene oxide nanocomposite was used
for electrochemical sensing of methyl paraben.** Despite
extensive literature on graphene-based systems for pollution
adsorption, comparative studies on graphane remain scarce,
particularly in the context of emerging pollutants like parabens.
Furthermore, the effect of alkyl chain length in parabens on
their adsorption behavior towards 2D materials is not well
understood. A molecular level understanding of these interac-
tions is essential for rational material selection and design in
pollutant sensing and remediation. Computational modelling
serves as an important tool for elucidating the mechanism of
interaction between the pollutant molecules and the
nanomaterials.**” Among various computational approaches,
density functional theory (DFT) calculations stand out as
a particularly effective method for quantitatively analyzing these
interactions.***' Computational modelling studies enable the
identification of the key factors that contribute to the stability
and specificity of adsorption processes in 2D nanomaterials.**~**
By offering detailed molecular-level insights, these studies not
only enhance our fundamental understanding of pollutant-
material interactions but also provide valuable guidelines for
the rational design of advanced materials tailored for desired
applications.

In the current manuscript, we employed DFT to investigate
the adsorption behavior of four paraben derivatives on model
graphane and graphene surfaces. While previous studies have
predominantly focused on the m-m interactions of pollutants
with graphene like materials, our work uniquely compares the
interaction profiles on both saturated and unsaturated surfaces
of C2DNs. We systematically explore the binding energies,
charge transfer characteristics, frontier molecular orbitals,
topological descriptors and energy decomposition analysis of
the systems studied which reveal key differences in interaction
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mechanism. Our findings provide fresh molecular-level insight
into pollutant-substrate interactions and offer a theoretical
foundation for the rational design of next-generation nano-
materials for environmental monitoring and water purification.

2. Computational methods and
models
We modeled the C2DNs as shown in Fig. 1 and employed

density functional theory (DFT) to understand their structure
and properties. We used a fixed finite hydrogen-terminated
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Fig.1 Model systems to represent the carbon based 2D nanomaterials
and their frontier molecular orbitals. (a) Optimized geometry of
graphane (GA) (@) Optimized geometry of graphene (GE), (b) HOMO of
graphane (b’) HOMO of graphene (c) LUMO of graphane (c’) LUMO of
graphene.

RSC Adv, 2026, 16, 2732-2742 | 2733


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08208k

Open Access Article. Published on 13 January 2026. Downloaded on 4/5/2026 12:32:19 AM.

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

(cc)

RSC Advances

cluster as a representative model of the 2D material. This
ensured consistent comparisons across all systems and avoided
variations arising from size or edge effects. The unsaturated
structure (GE) represents graphene and the saturated structure
(GA) represents graphane. We added hydrogen atoms at the
ends to passivate the dangling bonds in both the model systems
to prevent spurious end effects. As observed in cyclohexane,
graphane can also form both chair and boat shaped structures
and we considered the more stable chair conformation of
graphane for the current study.? All the geometry optimizations
were carried out using the M06-2X hybrid functional of Truhlar
and Zhao** with 6-31G (d,p) basis set as implemented in
Gaussian 16 suite of programs.*® This methodological choice
was made based on the excellent performance of the M06-2X
functional for noncovalent interactions, including dispersion-
driven forces, w- stacking, and CH- interactions, which are
central to the adsorption behavior of parabens on graphene and
graphane. The functional has been systematically benchmarked
for weak intermolecular interactions and has shown reliable
accuracy for carbon nanomaterials in previous theoretical
studies.*®* The 6-31G(d,p) basis set provides an optimal
balance between computational efficiency and accurate repre-
sentation of polarization effects, making it suitable for the
relatively large surface models examined here. All stationary
points were characterized as minima after verifying the pres-
ence of all real frequencies. We calculated the binding energy
(BE) of all the complexes studied by using eqn (1),

BE = (Ecopn + Epa) — Ecapn-pa (1)

where, Ec,py is the total energy of the carbon based 2D nano-
materials (GA, GE) and Ep, is the total energy of the parabens
(PA) and Ecypnepa is the total energy of the carbon based 2D
nanomaterials-paraben complex. We applied the counterpoise
correction scheme proposed by Boys and Bernardi®* to account
for the basis set super position error (BSSE) in the binding
energies calculations. We evaluated the charge transfer during
the complex formation using the natural population analysis
(NPA) method. In order to examine the electron density distri-
butions, we mapped the densities at the bond critical points
(BCPs) in all reported structures with the AIM2000 program.®
We also performed energy decomposition analysis (EDA) to
elucidate the nature and origin of interactions between the 2D
materials and parabens, employing the Amsterdam Modeling
Suite (AMS) program. EDA calculations were performed at BP86-
D3(BJ)/TZ2P level using the geometries optimized at the M06-
2X/6-31G (d,p) level.® In this approach, the total interaction
energy (E;g) between two interacting fragments is partitioned
into four physically meaningful components, as described in

eqn (2)
AElE = AEPauli + AE‘Disp + AEEle(z + AEOrb (2)

where, AEp,y; is the Pauli repulsion term, AEp;gp, is the disper-
sion component obtained as we used Grimme's D3 dispersion
correction with Becke-Johnson damping, AEg.. represents the
classical electrostatic interaction between the wunrelaxed
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fragment densities, whereas AEq,, describes the quantum
mechanical stabilization associated with orbital interaction,
including polarization and charge transfer effects that occur
upon relaxation of the fragment densities.>*

3. Results and discussion

In this study, two distinct carbon-based structures were selected
to model two-dimensional carbon materials (Fig. 1). The first
one is a saturated hydrocarbon framework representing
a graphane sheet, while the second model is an unsaturated
structure mimicking a graphene sheet. DFT calculations were
employed to investigate the interactions of these substrates
with a series of paraben molecules, namely paraben, methyl
paraben, ethyl paraben, and propyl paraben (Fig. 2). These
paraben molecules were chosen due to their structural simi-
larity, which allows for a systematic evaluation of how alkyl
chain length influences adsorption behavior, binding energies,
and electronic structure modifications induced by their
adsorption on the surface of C2DNs. We optimized the geom-
etries C2DNs model systems and visualized their frontier
molecular orbitals (FMOs), namely the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO), as shown in Fig. 1. In graphane, the HOMO
is uniformly distributed across the sheet, while the LUMO is
localized predominantly at the center. In contrast, both the
HOMO and LUMO orbitals of graphene are delocalized
uniformly across the surface. The calculated HOMO-LUMO
energy gap is significantly larger for graphane model (9.87 eV)
than for graphene model (4.04 eV), indicating higher electronic
stability and lower reactivity of graphane. We further computed
the ionisation potentials and electron affinities of both systems.
Graphane exhibits a higher ionization potential (7.59 eV) and
a negative electron affinity (—2.28 eV), whereas graphene shows
a lower ionization potential (5.77 eV) and a positive electron
affinity (1.73 eV). These results imply that graphene is more
susceptible to both electron donation and acceptance, making
it more chemically reactive than graphane. The distinct elec-
tronic properties of graphane and graphene arise from differ-
ences in their orbital distribution, band gap, and charge
transfer behavior. Graphene, with its delocalized frontier
molecular orbitals (FMOs) and efficient charge transfer
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Fig. 2 Optimised structure of parabens (a) paraben, (b) methyl para-
ben (c) ethyl paraben and (d) propyl paraben.
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Fig.3 Optimised structures of the complexes of graphane with various parabens with distances (A), (a and a’) paraben, (b and b’) methyl paraben
(cand c’) ethyl paraben and (d and d’) propyl paraben. The first row corresponds to the top view and the second row corresponds to the side view

of the structure.

capability, readily engages in strong m-m stacking type of
interactions with adsorbates such as paraben derivatives. In
contrast, graphane exhibits a wider band gap and higher ioni-
zation potential indicating lower reactivity and fewer available
interaction sites. These characteristics offer a theoretical basis
for the observed variation in paraben adsorption on graphane
and graphene, which is discussed in detail in the following
sections.

3.1 Structure and geometry

In order to explore the interaction mechanisms of parabens
with C2DNs, we considered various plausible orientations of the
paraben molecules on both graphane and graphene model
systems. To ensure a comprehensive sampling of the adsorp-
tion landscape, each paraben derivative was initially positioned
in multiple geometries, including parallel, tilted, and perpen-
dicular arrangements relative to the surface. However, during
geometry optimization, all these starting orientations consis-
tently relaxed into the same face-on stacked configuration re-
ported in Fig. 3 and 4. No other stationary points corresponding

to alternative orientations could be located, indicating that the
parallel stacked geometry represents the true minimum-energy
adsorption mode for all paraben derivatives on both graphane
and graphene surfaces. For graphane, the optimized geometries
suggest a CH- type of interaction between the C-H moieties of
the saturated graphane surface and the m-system of the
aromatic ring in the paraben molecules. In the case of gra-
phene, the optimized geometries reveal a parallel alignment
between the aromatic ring of the paraben molecules and the
graphene surface, indicative of classical m-m stacking. The
intermolecular distances between the centroid of the aromatic
ring in the paraben derivatives and the surface of the 2D
nanomaterials are shown in the Fig. 3 and 4. For the graphane
complexes, the centroid of the aromatic ring lies closer to the
surface (~2.5 A), which is characteristic of interactions gov-
erned by short-range dispersion contacts.”® In contrast, the
graphene complexes exhibit larger centroid-surface separations
(~3.2 to 3.3 A), consistent with typical - stacking geometries
where the aromatic rings align parallel to the extended -
conjugated plane.”® Thus, the relatively shorter centroid

Fig.4 Optimised structures of the complexes of graphene with various parabens with distances (A), (a and a’) paraben, (b and b’) methyl paraben
(cand c’) ethyl paraben and (d and d’) propyl paraben. The first row corresponds to the top view and the second row corresponds to the side view

of the structure.
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distance in graphane reflects adsorption driven by close-contact
van der Waals stabilization with the hydrocarbon surface, while
the larger centroid distance in graphene corresponds to -7
stacking stabilization. These structural differences reinforce
that the two materials interact with parabens via fundamentally
different noncovalent mechanisms despite adopting similar
face-on orientations. The extensive delocalization of electrons
in graphene allows the stacking interaction to be distributed
over the entire aromatic plane rather than localized at specific
atomic contacts, which contributes to the higher binding
energies and stronger adsorption relative to the graphane
systems. The differences in the mode of interactions and the
interacting distances in the paraben's complexes with the
graphane and graphene surfaces highlight the influence of
surface electronic properties on adsorption behavior. In
graphane, interactions mainly occur through CH-m contacts
due to its saturated, sp>-hybridised carbon atoms, which create
more localized binding spots. In contrast, the sp>-hybridised
conjugated structure of graphene allows for broader, more
delocalized -7 stacking interactions. These differences show
how the surface chemistry of a material plays a key role in their
interactions with the organic molecules. It also implies that,
while both materials can bind with parabens, the type and
strength of the interaction may vary depending on the elec-
tronic nature of the surface. These observations are corrobo-
rated by the binding energy calculations.

3.2 Binding energy and charge transfer

We evaluated the adsorption strength of different paraben
molecules by calculating their binding energies (BEs) on both
graphane and graphene surfaces. Our results reveal the across
all systems, the binding energy increase with the length of the
alkyl chain (propyl paraben > ethyl paraben > methyl paraben >
paraben) as shown in Table 1. This indicates that bulkier
parabens exhibit stronger interactions, likely due to enhanced
weak interactions from greater surface contact. On graphane,
the BEs range from 8.51 kcal mol™' for paraben to
11.07 kecal mol ! for propyl paraben. This moderate binding
energy can be attributed to the CH-7t type of interactions as
depicted in Fig. 3.>° Graphene shows noticeably stronger inter-
action with parabens ranging from 10.96 to 14.64 kcal mol .
This enhancement in binding energy can be attributed to the
delocalized m-electron system in graphene, which promotes
effective -7 stacking interaction with the aromatic rings of the
parabens. In addition to improving adsorption energetics, this
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points to a higher degree of electronic interaction between the
molecule and the surface. Our results also suggest that subtle
variation in molecular chain such as alkyl chain length can
significantly modulate adsorption behavior, offering potential
pathways for designing more selective and efficient adsorbent
materials.

To further probe the nature of these interactions, we per-
formed charge transfer analysis by summing the charges of all
the atoms of the parabens in the adsorbed state. A positive
charge transfer values indicate the transfer of charge from
parabens to C2DNs while a negative charge transfer value
implies the transfer of charge from C2DNs to the parabens. On
graphane, all paraben derivatives exhibit a small partial positive
charge indicating the charge transfer from the paraben deriva-
tives to graphane. This behavior aligns with the saturated and
insulating character of graphane, which allows it to act as a mild
electron acceptor. In contrast, adsorption on graphene results
in partial negative charge on paraben derivatives implies charge
transfer from graphene to the paraben derivatives. This can be
attributed to the semi-metallic nature of graphene. Although
the overall magnitude of charge transfer is relatively small in
both cases, the clear reversal in direction highlights the
fundamentally different electronic properties of graphane and
graphene. Moreover, the charge transfer values remain nearly
constant across the series of paraben derivatives, suggesting
that variations in alkyl chain length have minimal impact on
charge redistribution during adsorption.

3.3 Shapes and energies of frontier orbitals

We analyzed the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) energy
levels and their spatial distributions for the adsorbed systems to
understand the electronic interactions between paraben and
the C2DNs. The HOMO-LUMO energy gap (Table S3 in the SI)
serves as a useful descriptor for assessing electronic stability
and reactivity, while the spatial distribution of HOMO and
LUMO (Fig. 5 and Fig. 6) provides insights into the nature of
interactions. The HOMO-LUMO gap of the finite hydrogen-
terminated clusters of graphene and graphane are larger than
the bandgap of their extended system, which is a known
consequence of using small molecular fragments to model 2D
materials. For all graphane-paraben complexes, the HOMO is
primarily localized on the graphane framework, while the
LUMO is centered on the paraben molecule (Fig. 5). This indi-
cates that the apparent reduction in the HOMO-LUMO gap of

Table 1 Binding energy (kcal mol™) and charge transfer (amu) of graphene and graphane complexes with small molecules

Graphane

Graphene

Binding energy

Charge transfer

Binding energy Charge transfer

Paraben 8.51 0.025
Methyl paraben 9.43 0.023
Ethyl paraben 10.11 0.018
Propyl paraben 11.07 0.018

2736 | RSC Adv, 2026, 16, 2732-2742

10.96 —0.004
12.14 —0.006
13.17 —0.006
14.64 —-0.007

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Frontier molecular orbitals of the graphane complexes with (a)
paraben, (b) methyl paraben, (c) ethyl paraben, and (d) propy! paraben.
Panels (a—d) show the HOMO distributions, while (a’-d’) depict the
corresponding LUMO distributions.

the graphane complexes arises from orbital alignment within
the large gap of the finite graphane cluster, rather than from
strong electronic coupling between the adsorbate and the
surface. In contrast, for all graphene-paraben complexes, both
the HOMO and LUMO remain delocalized over the graphene
surface, with only negligible contribution from the paraben
molecules (Fig. 6). This preservation of graphene-like frontier
orbitals explains why the HOMO-LUMO gap of graphene
complexes remains essentially unchanged and confirms that
paraben adsorption induces only weak electronic perturbation,
consistent with physisorption. The contrasting spatial distri-
bution of the frontier molecular orbitals clearly highlights the
electronic distinction between graphane and graphene as
adsorption platforms.

3.4 Topological analysis of the electron density

We performed AIM analysis to understand the noncovalent
interactions between the C2DNs and the paraben derivatives. In
this framework, bond critical points, which lie along the bond
path between two nuclei, were identified and analyzed as they
represent the most chemically meaningful locations to charac-
terize interactions. A key descriptor used in this analysis is the
Laplacian of the electron density (>p) which provides insight

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Frontier molecular orbitals of the graphene complexes with (a)
paraben, (b) methyl paraben, (c) ethyl paraben, and (d) propyl paraben.
Panels (a—d) show the HOMO distributions, while (a’—d’) depict the
corresponding LUMO distributions.

into the nature of interaction. The sign of ?p is widely used to
distinguish between shared shell (covalent) and closed shell
(noncovalent or ionic) interactions. A positive Laplacian at the
bond critical points (BCPs) indicates a closed shell interaction
between the two centers, which may correspond to noncovalent
forces or polar covalent bonding.***” In all the systems studied
in this work, the Laplacian values at the BCP's are positive,
confirming that the interactions between the C2DNs and the
paraben derivatives are predominantly of noncovalent interac-
tions. The topology of electron density of the graphane and
graphene complexes are shown in Fig. 7 and 8 respectively. As
seen in Fig. 7, all the bond critical points in the graphane-
paraben derivative complexes, originate from the hydrogen
atoms of graphane. In contrast, in the graphene-paraben
derivative complexes, the bond critical points originate from the
carbon atoms of the graphene surface. This distinct difference
highlights the contrasting interaction patterns of the C2DNs, as
revealed by the AIM analysis. Table 2 summarizes the repre-
sentative BCPs for all complexes, and the full BCP listings are
provided in Tables S1 and S2 of the SI. Graphane-based systems
show a larger number of BCPs with p values in the 0.004-0.009
a.u. range, consistent with multiple weak H---C contacts arising
from its hydrogen-terminated surface. In contrast, graphene
complexes exhibit fewer BCPs with slightly higher p values
(0.005-0.009 a.u.), reflecting localized C---C(m) contacts char-
acteristic of w-m interactions. These differences highlight the
distinct interaction patterns of graphane and graphene and
support the conclusion that all complexes are stabilized
predominantly by weak, dispersion driven interaction.

RSC Adv, 2026, 16, 2732-2742 | 2737


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra08208k

Open Access Article. Published on 13 January 2026. Downloaded on 4/5/2026 12:32:19 AM.

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

(cc)

RSC Advances

P."':‘.“::?'.S’<

e ¢
R3:- 20 MR- 2211 8-

o .
0.8 %950,
ARSI A T AR <
doef gVl & uIT il
© . ¢ e = %ty © .
© P & "{ ol ¢ ¢
g P a
G0 v g « GnB
g 3 -M‘O—M e s O
/N SN\ A O S S8 4 N
o ; g ll oWy Fo b
104 o s ‘..c RIS
".(‘ oTan . e ! ’.‘k ,L'k
e 'ﬁ‘.gn..ﬁ - . o o"'.’e& s
o . . K £ ¢
(Ghe S S &MY
< o P
"0 o "
¢ i < P ¢
C

View Article Online

Paper

* o . LR Y
© 99 Lo \
. 09t ofF Weelte e
o5 R0 ) «
Lt‘“.;‘.'...‘”:’“ P ;i = S .s't
% oyt [ o> «€
,‘“‘S DRSS S ot R
s 09 . « (.0 '} 1
« e
© S P C pe ¢
© b ©
B e e = o e
b1 . !
(95 ©
JINS AL\ 7 . . Js »5.\ L
© ¢d odde eum ¢ e d b AR 4R ¢
$ % ot 3 te 0 . :
e Y = R
@u,";'g e = i Sl
.ty B -3 .\ 2 .
+ e 20 by ¢ el Tv & ¢
[P 19 L o » [ 34 ¢ ¢
* & ¢ . [ L3 ©
© 10 © €
© d ©

Fig. 7 Atomic positions and AIM bond critical points of graphane complexes with (a) paraben, (b) methyl paraben, (c) ethyl paraben, (d) propyl

paraben.
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Fig. 8 Atomic positions and AIM bond critical points of graphene complexes with (a) paraben, (b) methyl paraben, (c) ethyl paraben, (d) propyl

paraben.

3.5 Energy decomposition analysis

We performed energy decomposition analysis to understand
the nature and origin of interactions between the C2DNs and
the parabens. EDA allows us to break down the total interaction
energy into physically meaningful components such as Pauli's
repulsion, dispersion energy, electrostatic interaction and
orbital interactions. These components provide a detailed
picture of balance between stabilizing and destabilizing forces
in the weak bonded complex formation. The energy compo-
nents for the paraben derivatives complexes with C2DNs are
given in Table 3. It is important to note that, the EDA results
define the total interaction energy as negative for stabilizing
interactions, hence a more negative total interaction energy
indicates a stronger interaction between the C2DNs and the
parabens. For graphane based systems, the total interaction
energy becomes progressively more negative with increasing
alkyl chain length and that confirms our observation that alkyl
chains enhance the overall stabilization of the complex,

2738 | RSC Adv, 2026, 16, 2732-2742

primarily through weak bonded interactions. The predominant
attractive contribution comes from the dispersion forces which
became more pronounced with increasing molecular size. We
anticipated this trend as the extended alkyl chains increase
their contact area with graphane surface, amplifying London
dispersion forces. The next attractive contribution comes from
the electrostatic interactions but to a lesser extent. The Pauli
repulsion increases slightly with molecular size, reflecting
increased steric interaction between the paraben derivatives
and graphane, but it is effectively countered by the increasing
stabilizing components.

In the case of graphene, a similar trend of increasing total
stabilization with molecular size is observed, but the magnitude
of the interaction energies is significantly larger and thus
consistent with our energy calculations. The dispersion energy
is the dominant attractive force as observed with graphane, with
larger magnitude of stabilization. The electrostatic and orbital
interactions also contribute significantly, with stronger values

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Summary of representative AIM bond critical points (BCPs) for paraben adsorption on graphane (GA) and graphene (GE)*

Complex No. of BCPs p(BCP) range (a.u.) Complex No. of BCPs p(BCP) range (a.u.)
GA-paraben 16 0.004-0.007 GE-paraben 8 0.006-0.008
GA-methyl paraben 16 0.004-0.008 GE-methyl paraben 7 0.006-0.009
GA-ethyl paraben 18 0.004-0.009 GE-ethyl paraben 8 0.005-0.008
GA-propyl paraben 20 0.004-0.009 GE-propyl paraben 10 0.006-0.008

% Full BCP listings are provided in the SL.

Table 3 Energy decomposition analysis (EDA) of paraben adsorption
on graphane (GA) and graphene (GE), showing the contributions from
electrostatic, Pauli repulsion, orbital, and dispersion terms to the total
interaction energy (kcal mol™)

Epauii EDisp Egjec Eor Ex
GA-paraben 24.75  —22.72 —10.37 —6.09 —14.44
GA-methyl paraben  26.74  —25.05 —11.22 —6.71 —16.24
GA-ethyl paraben 28.61 —27.06 —11.99 —7.42 —17.86
GA-propyl paraben 30.65 —29.09 —12.84 —8.08 —19.36
GE-paraben 30.60 —31.42 —14.07 —6.63 —21.51
GE-methyl paraben  32.96 —34.77 —14.71 —6.99 —23.51
GE-ethyl paraben 35.00 —37.38 —15.30 —7.63 —25.31
GE-propyl paraben 37.98 —40.30 —16.63 —8.37 —27.32

in graphene complexes indicating enhanced electronic
coupling. Although Pauli repulsion is higher due to closer
contact, the overall interaction remains favorable due to strong
stabilizing forces. Moreover, the steady increase in stabilizing
interaction energies with alkyl chain length across both C2DNs
reiterates the role of molecular size and flexibility in enhancing
absorption through van der Waals contact, which is an impor-
tant consideration for designing surface selective adsorbents.

Although graphene exhibits stronger adsorption owing to its
delocalized m-electron network, the binding energy results
clearly indicate that graphane also forms remarkably stable
complexes with the paraben derivatives. The underlying reason
for this stability, as revealed by energy decomposition analysis
(EDA), lies in the significant contributions from dispersion and
electrostatic interactions, with dispersion emerging as the
dominant stabilizing force, particularly enhanced by the longer
alkyl chains in the parabens. These findings demonstrate that
graphane, despite the absence of 7t-conjugation in its geometry,
can effectively engage in noncovalent interactions through van
der Waals and electrostatic forces. Such intrinsic stabilization
highlights the potential of saturated carbon frameworks like
graphane as viable and tunable materials for the adsorption of
organic pollutants.

4. Conclusion

In this study, we explored the adsorption behavior of paraben
derivatives on two distinct C2DNs such as graphane and gra-
phene by employing DFT approach. Parabens, a class of widely
used personal care derivatives and emerging environmental
pollutants, were selected to understand how molecular

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

structure and substrate properties influence adsorption mech-
anisms. Our DFT results demonstrate that both graphane and
graphene can engage in noncovalent interactions with paraben
derivatives, though the nature and strength of these interac-
tions differ significantly due to their distinct surface
chemistries.

Graphane, characterized by saturated hydrocarbon network
and wide energy gap, interacts via CH-7t type of interactions
with modest but meaningful binding energies. In contrast,
graphene with its delocalized w-electron system and quasi
metallic nature, involves in stronger 7—7 stacking interactions.
As the length of the alkyl chain increases in the paraben
derivatives, the binding energies of both the C2DNs increase.
Topological analysis using AIM theory confirms the non-
covalent nature of all the interactions with distinct bonding
patterns for graphane and graphene.

Energy decomposition analysis further substantiates these
findings by identifying dispersion as the dominant attractive
force in all the systems. The ability of graphane to form stable
complexes with organic pollutants via noncovalent interactions
challenges the conventional assumption that only 7t-conjugated
systems are suitable for environmental molecule detection.
These insights not only advance our understanding of the
molecule-surface interactions of C2DNs but also offer valuable
guidelines for developing carbon-based adsorbents or sensing
platforms for the detection and removal of emerging organic
pollutants like parabens. These findings also provide a useful
basis for future studies aimed at improving the understanding
and design of carbon-based materials for pollutant adsorption
and detection. The distinct interaction patterns identified for
graphene and graphane indicate that variations in surface
chemistry may be exploited to tune adsorption behavior for
different classes of organic contaminants. Although further
computational and experimental work will be necessary to
validate and extend these observations, the present results offer
a helpful starting point for such investigations.
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