
 

 
Macedonian Journal of Chemistry and Chemical Engineering, Vol. 44, No. 1, pp. xx–xx (2025) 

MJCCA9 –  ISSN 1857-5552  

e-ISSN 1857-5625 

Received: March 9, 2025 DOI: 10.20450/mjcce.2025.3098 

Accepted: April 21, 2025 Original scientific paper 

 

 

 

 

 

DFT ANALYSIS OF FENETHYLLINE (CAPTAGON): INVESTIGATING  

ITS INTERACTION WITH GRAPHENE AS A POTENTIAL ADSORBENT 
 

 

Valbonë Мehmeti1, Vllaznim Мula2, Moussa Djibrilla Maiga3,4, Mahamadou Seydou3,4,  

Omar Dagdag5, Avni Berisha6*, Savaş Kaya7 

 

1Faculty of Agriculture and Veterinary, University of Prishtina, Prishtina, Republic of Kosovo 
2University "Fehmi Agani" in Gjakova, Republic of Kosovo 

3Centre de Calcul de Modélisation et de Simulation (CCMS), Université des Sciences,  

des Techniques et des Technologies de Bamako, Mali 
4Université Paris Cité, CNRS, ITODYS, 75013 Paris, France 

5Department of Mechanical Engineering, Gachon University, Seongnam 13120, Republic of Korea 
6Department of Chemistry, Faculty of Natural and Mathematics Science, University of Prishtina,  

10000 Prishtina, Republic of Kosovo 
7Sivas Cumhuriyet University, Faculty of Science, Department of Chemistry, 58140 Sivas, Turkey 

avni.berisha@uni-pr.edu 

 
Fenethylline, commonly known as Captagon, is a stimulant with amphetamine-like properties that 

has gained notoriety due to its widespread illicit use, particularly in conflict zones. Its ease of synthesis 

and environmental persistence necessitate effective remediation strategies. This study investigates the ad-

sorption potential of graphene (G) for Captagon removal using a multi-scale computational approach, in-

cluding density functional theory (DFT), Monte Carlo (MC), and molecular dynamics (MD) simulations. 

The interaction between Captagon and graphene was analyzed in both perpendicular and parallel adsorp-

tion configurations. The results indicate that the parallel orientation exhibits superior adsorption stability, 

with an adsorption energy of –51.15 kcal mol⁻1, primarily driven by π–π stacking interactions. Frontier 

molecular orbital (FMO) analysis further reveals significant alterations in graphene's electronic properties 

upon Captagon adsorption, with noticeable shifts in the Highest Occupied Molecular Orbital (HOMO) 

and Lowest Unoccupied Molecular Orbital (LUMO) energy levels and bandgap (Egap). The molecular dy-

namics simulations confirm the stability of the Captagon-graphene complex, reinforcing graphene's po-

tential as a viable adsorbent. These findings highlight graphene's efficiency in Captagon removal, sug-

gesting its broader applicability in water purification and environmental remediation strategies. 

 

Keywords: density functional theory; Monte Carlo simulation; molecular dynamics simulation;  
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DFT-АНАЛИЗА НА ФЕНЕТИЛИН (КАПТАГОН): ИСПИТУВАЊЕ  

НА НЕГОВАТА ИНТЕРАКЦИЈА СО ГРАФЕН КАКО ПОТЕНЦИЈАЛЕН АТСОРБЕНТ 

 

Фенетилин, познат и како каптагон, е стимуланс со својства слични на амфетамините, кој 

стекна лоша репутација поради неговата широка нелегална употреба, особено во конфликтни 

зони. Неговата лесна синтеза и неразградливост во животната средина бараат ефикасни стратегии 

за отстранување. Оваа студија ја испитува потенцијалната атсорпција на графен (G) за 

отстранување на каптагон користејќи повеќеслоен пристап во компјутерското моделирање, 

вклучувајќи ги теоријата на функционалот на густина (DFT), симулациите Монте Карло (MC) и 

симулацијата со молекуларна динамика (MD). Заемодејството помеѓу каптагон и графенот беше 

анализирано во перпендикуларни и паралелни конфигурации на атсорпција. Резултатите 

укажуваат дека паралелната ориентација покажува поголема стабилност на атсорпција, со енергија 
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на атсорпција од –51.15 kcal mol⁻1, главно поттикната од π–π интеракции. Анализата на 

граничните молекулски орбитали (FMO) дополнително открива значителни промени во 

електронските својства на графенот по атсорпцијата на каптагон, со забележливи поместувања на 

енергетските нивоа на највисоко пополнетата молекулска орбитала (HOMO) и најниско 

непополнетата молекулска орбитала (LUMO), како и на енергетскиот процеп (Egap). Симулациите 

со молекуларна динамика ја потврдуваат стабилноста на комплексот каптагон-графен, 

зацврстувајќи го потенцијалот на графенот како ефикасен атсорбент. Овие наоди ја истакнуваат 

ефикасноста на графенот во отстранувањето на каптагон, сугерирајќи поширока примена во 

прочистувањето на вода и во стратегиите за еколошка ремедијација. 

 

Клучни зборови: теорија на функционалот на густина; симулација Монте Карло; симулација со 

молекуларна динамика; каптагон, графен 
 

 

1. INTRODUCTION 

 

The emergence of new psychoactive sub-

stances, along with the reappearance of older ones 

when newer alternatives are scarce, presents a sig-

nificant public health challenge. These designer 

drugs are frequently used as substitutes to mimic 

the effects of traditional controlled substances dur-

ing periods of unavailability. One such substance, 

Captagon (chemically known as fenethylline, 

structure shown in Scheme 1), is a synthetic psy-

choactive stimulant that has garnered notoriety for 

its widespread abuse, particularly across the Mid-

dle East. 

Originally developed in the 1960s for medi-

cal applications, Captagon has since become a 

widely misused drug, especially in Saudi Arabia 

and conflict zones such as Syria.1–6 Captagon's 

pharmacological properties are particularly com-

plex, as it combines the stimulant effects of am-

phetamines with the bronchodilator properties of 

theophylline. This combination enhances energy 

levels, induces euphoria, and improves cognitive 

and physical performance.3–6 Users often experi-

ence heightened confidence and aggression, mak-

ing it especially appealing to individuals engaged 

in combat. Its prevalence in war-affected regions 

has raised significant concerns about its role in 

fueling violence and exacerbating instability.3,7 

 

 

 
 

Scheme 1. The structure of fenethylline (Captagon) exists as two enantiomers, (R)-fenethylline and (S)-fenethylline,  

each containing a chiral center, indicated by a pink asterisk 
 

 

The production and trafficking of Captagon 

have evolved significantly, with clandestine la-

boratories now operating in Southern Europe and 

the Middle East, particularly in countries like Syr-

ia.8 Captagon's prevalence in the region has led to 

the annual seizure of millions of tablets, highlight-

ing the scale of its misuse and the challenges faced 

by law enforcement. 

Graphene,9 a single layer of carbon atoms 

arranged in a two-dimensional honeycomb lattice, 

has garnered significant attention due to its re-

markable mechanical, thermal, and electrical prop-

erties.10 Its unique structure contributes to excep-

tional characteristics such as high electron mobili-

ty, impressive thermal conductivity, and substan-

tial mechanical strength, making it a promising 

candidate for various applications in electronics, 

materials science, and nanotechnology.10–13 Gra-

phene and its derivatives, particularly graphene 

oxide (GO), have emerged as promising materials 

for drug delivery systems14 due to their unique 

physical and chemical properties. The high surface 

area of graphene allows for significant molecule 

adsorption,15 which is crucial for enhancing the 

efficacy of therapeutic agents. 

Studies have demonstrated that graphene-

based nanocarriers can achieve high loading capac-

ities for various anticancer drugs, including doxo-



DFT analysis of fenethylline (Captagon): investigating its interaction with graphene as a potential adsorbent 

Maced. J. Chem. Chem. Eng. 44 (1), xx–xx (2025) 

3 

rubicin and cisplatin, making them effective in tar-

geted drug delivery applications.10,16,17 Graphene's 

ability to adsorb drug molecules is influenced by 

several factors, including the nature of the drug, the 

functionalization of the graphene surface, and the 

specific interactions involved. For instance, studies 

have shown that the adsorption energy of drugs var-

ies significantly depending on their molecular struc-

ture and the distance from the graphene surface. 

Gong et al.18 demonstrated that the vertical distances 

between graphene and various anticancer drug mol-

ecules correlate with their adsorption energies, indi-

cating that greater distances lead to weaker adsorp-

tion capacities.19 This finding aligns with the gen-

eral understanding that π–π interactions and hydro-

phobic effects play crucial roles in the adsorption of 

aromatic compounds on graphene.15,20 

The consequences of Captagon extend be-

yond public health and safety to serious environ-

mental hazards. The production of this drug, which 

is illegal in most countries, leads to the uncon-

trolled release of hazardous chemicals into the soil 

and waterways, thereby polluting all biodiversity. 

Moreover, discarded or degraded Captagon pills 

may leach psychoactive substances into the ecosys-

tem, threaten animal life, and further disrupting 

fragile environmental balances. These pollutants, 

though difficult to eliminate, can still be mitigated 

through methods that, while not entirely efficient, 

remain effective in preventing irreversible damage. 

One such approach is the use of graphene-based 

materials, which possess outstanding surface area 

and strong adsorption capabilities. 

Graphene's unique properties can be lever-

aged in the design of advanced filtration systems 

necessary for capturing and eliminating Captagon-

related pollutants, thereby protecting the environ-

ment from further harm. Although concerns re-

garding Captagon's environmental impact are 

growing, little is known about its adsorption effi-

ciency on graphene-based materials. The use of 

state-of-the-art computational techniques enables 

the modeling of Captagon adsorption, combining 

methods from quantum mechanics with those from 

molecular mechanics. Such advanced computa-

tional models will provide key insights into the 

interaction between Captagon and graphene sur-

faces at the atomic level, focusing on quantifying 

interaction strength, adsorption energy, and molec-

ular orientation relative to the substrate. 

In this study, we employ computational 

chemistry to examine graphene effectiveness as an 

adsorbent for Captagon removal, laying the foun-

dation for further testing and future applications in 

environmental remediation. 

2. THEORETICAL CALCULATIONS 

 

2.1. Molecular models 
 

The interaction of the Captagon molecule 

with graphene was investigated using a finite 9 × 9 

zigzag graphene nanostructure (shown in Figure 

1), carefully selected to ensure a sufficiently large 

surface area capable of accommodating the entire 

Captagon molecule without significant edge ef-

fects. This model size allows for an accurate repre-

sentation of molecular adsorption while minimiz-

ing artificial boundary constraints, thereby preserv-

ing the intrinsic electronic and structural properties 

of both the molecule and the graphene sheet. The 

structure of Captagon was downloaded from Pub-

Chem database.21 Prior to density functional theory 

(DFT) calculations, the structure underwent a con-

former search using Orca 6.0 software.22–24 

 

2.2. Conformer search 
 

The computational approach employed the 

GFN1-xTB Hamiltonian,25 as implemented in the 

ORCA 6.0 software. This tight-binding quantum 

chemical method provides an efficient balance be-

tween computational cost and accuracy, making it 

particularly suitable for optimizing geometries of 

large molecular systems and accurately capturing 

non-covalent interactions. For this calculation, the 

system was modeled as neutral with a singlet spin 

state. An integral accuracy threshold of 0.2 ensured 

robust Self-Consistent Field (SCF) convergence 

within a tolerance of 2.0 × 10–6 Eh. The computa-

tion was executed using 164 parallel threads, sig-

nificantly enhancing performance. Convergence 

stability was further improved through Broyden 

damping set at 0.4.  

 

2.3. Monte Carlo 
 

The adsorption behavior of Captagon mole-

cules was studied using the Adsorption Locator 

module in Materials Studio. A simulated annealing 

approach was employed with 100,000 loading 

steps and 30 heating cycles, each containing 

100,000 steps, resulting in a total number of 

3,000,000 randomly generated configurations. The 

Dreiding force field was used,26 with electrostatic 

interactions computed using an atom-based sum-

mation method and a cubic spline truncation meth-

od, applying a cutoff distance of 18.5 Å. The Van 

der Waals interactions were treated similarly. 

The Monte Carlo (MC) simulation was con-

ducted both in the gas phase and a simulated aque-
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ous environment. In the latter case, 250 water mol-

ecules were incorporated to ensure complete hy-

dration of the graphene surface. The number of 

water molecules was determined based on the total 

surface area of graphene, ensuring a realistic repre-

sentation of the hydration environment. 

 

2.4. Molecular dynamics (MD) 
 

The molecular dynamics (MD) simulation 
was conducted using the Forcite module in Materi-
als Studio. The initial geometry for the molecular 
dynamics (MD) simulation was selected based on 
the adsorption configuration with the highest inter-
action energy, as determined in the preceding 
Monte Carlo (MC) simulation. This approach en-
sures that the MD simulation starts from the most 
stable and energetically favorable adsorption pose, 
allowing for a more accurate assessment of system 
dynamics and interaction behavior over time. 

The simulation employed an canonical en-
semble (NVT), where the number of particles (N), 
volume (V), and temperature (T) are kept constant 
(T = 298 K), controlled via the Nose thermostat27 
with a Q ratio of 0.01. A Dreiding force field was 
used to describe intermolecular interactions, with 
electrostatic and Van der Waals interactions com-
puted using an atom-based summation method and 
a cubic spline truncation method with a cutoff dis-
tance of 18.5 Å. Hydrogen bond interactions were 
also considered, using a 4.5 Å cutoff distance. The 
simulation was performed with a time step of 1.0 fs 
over 2,000,000 steps, corresponding to a total dura-
tion of 2000 ps (2 ns). 

 

2.5. DFT calculations (DFT) 
 

Density functional theory (DFT) calcula-

tions were performed using the DMol³ module28 

within the BIOVIA Materials Studio package. The 

electronic structure calculations were conducted to 

determine the energy and electronic properties of 

the system. The computational setup and parame-

ters were chosen to ensure accuracy and conver-

gence while maintaining computational efficiency. 

The calculations were performed without 

imposing symmetry constraints, to allow full struc-

tural relaxation. A double numerical plus polariza-

tion (DNP) basis set29 was employed to provide an 

accurate representation of the wavefunction. No 

pseudopotentials were applied, meaning that all-

electron calculations were performed. The M11L 

meta-GGA functional30 was used to describe the 

exchange-correlation effects, as it offers a reliable 

balance between accuracy and computational cost 

for systems involving weak interactions. 

The self-consistent field (SCF) convergence 

criterion31 was set to 1.0 × 10–6 e Å–3 for charge 

density. To enhance SCF stability, charge and spin 

mixing parameters were set to 0.2 and 0.5, respec-

tively. Pulay direct inversion in the iterative sub-

space (DIIS) with six iterations was employed to 

accelerate convergence. The system was treated 

with unrestricted spin polarization, allowing for an 

independent treatment of alpha and beta spin elec-

trons. The total system charge was set to neutral 

(0) to reflect experimental conditions. 

The global cutoff radius for atomic orbitals 

was set to 3.7 Å, ensuring accurate representation 

of wavefunctions and interactions. A hexadecapole 

auxiliary density expansion was used for numerical 

integration. The integration grid was set to 'fine' to 

balance computational cost and accuracy. 
 

2.6. Calculations via the general utility  

lattice program (GULP) 
 

General utility lattice program (GULP)32,33 is 

a computational tool designed for simulating mate-

rials across various boundary conditions, including 

0-D (molecules and clusters), 1-D (polymers), 2-D 

(surfaces, slabs, and grain boundaries), and 3-D 

(periodic solids). Unlike molecular dynamics, 

GULP prioritizes analytical solutions through lat-

tice dynamics whenever feasible. Due to its effi-

ciency in handling large systems, GULP serves as 

a valuable alternative to density functional theory 

(DFT) when computational cost is a concern. Ge-

ometry optimization was performed using ReaxFF 

6.0 force field.34  

 
3. RESULTS AND DISCUSSION 

 

3.1. Conformer search 
 

3.1.1. Global optimization and conformer analysis 
 

The global optimization procedure identified 

178 conformers within 3 kcal mol–1 of the global 

minimum energy, which was calculated to be        

–75.879529 Eh (Figure 2). 

The conformational analysis revealed an en-

tropy contribution (Sconf) of 8.86 cal mol–1 K–1 and 

a free energy correction (Gconf) of –1.78 kcal mol–1, 

indicating moderate flexibility among the con-

formers. This range of low-energy conformers 

suggests that Captagon molecule has several acces-

sible configurations, which may influence its dy-

namic behavior and potential applications in vari-

ous environments. 
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Fig. 1. Conformer energy landscape and the lowest (a) and the highest (b) energy conformers 
 
 

3.2. Monte Carlo and molecular dynamics  

simulations 
 

Monte Carlo calculations are widely used to 

investigate and gain deeper insights into adsorption 

phenomena occurring on various surfaces. These 

simulations provide a powerful statistical approach 

to modeling adsorption processes by accounting 

for molecular interactions, surface heterogeneity, 

and thermodynamic fluctuations.35–39 In this study, 

the Monte Carlo (MC) simulation results, as de-

picted in Figure 2, demonstrate that Captagon mol-

ecules spontaneously adsorb onto the graphene 

surface. 
 

 

 
 

Fig. 2. (a) Lowest energy configurations of the Captagon on the surface obtained from Monte Carlo (MC) and molecular dynamics 

(MD) simulations under vacuum and aqueous conditions. (b) Radial distribution functions (RDF) g(r) for nitrogen and oxygen atoms 

of the Captagon relative to the surface atoms of graphene, indicating predominant interaction distances beyond 3.5 Å. 
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This spontaneous absorption is evidenced by 

the significantly negative adsorption energy values, 

which indicate a thermodynamically favorable in-

teraction between Captagon and the graphene sub-

strate. The pronounced exothermic nature of the 

adsorption process suggests strong intermolecular 

forces, likely driven by π–π interactions between 

the aromatic rings of Captagon and the delocalized 

π-electron system of graphene.  

 
                  T a b l e  1  
 

MC output values for the absorption of Captagon molecules onto the graphene surface 
 

Structures 
Adsorption  

energy 

Rigid adsorption  

energy 

Deformation  

energy 
Water: dEad/dNi 

Pose 1 (in water) –61.51 –51.15 27.32 –2.33 

Pose 1(in vacuum) –41.52 –41.45 –0.07 – 

 
The Monte Carlo (MC) simulation results re-

veal a significantly stronger adsorption of Captagon 

onto the graphene surface in an aqueous environment 

compared to vacuum conditions. The rigid adsorption 

energy – defined as the energy change upon adsorp-

tion of a molecule (Captagon) onto a surface (gra-

phene) without allowing structural relaxation of ei-

ther the adsorbate or the adsorbent – follows the same 

trend, with values of −51.15 kcal mol–1 in water and 

−41.45 kcal mol–1 in vacuum. These results further 

support the enhanced binding affinity in the presence 

of water molecules, likely due to solvation effects 

and favorable intermolecular interactions. 

Additionally, the deformation energy in wa-

ter (27.32 kcal mol–1) is substantially higher than in 

vacuum (–0.07 kcal mol–1), suggesting that Capta-

gon undergoes structural adjustments to optimize 

its interaction with graphene in an aqueous envi-

ronment. The energy contribution analysis high-

lights that Captagon itself plays a dominant role in 

adsorption, contributing –61.51 kcal mol–1 in water 

and –41.52 kcal mol–1 in vacuum, while water has 

a minor stabilizing effect (–2.33 kcal mol–1). These 

findings collectively indicate that graphene exhib-

its a significantly higher affinity for Captagon in 

aqueous environments, reinforcing its potential as 

an efficient adsorbent for Captagon detection and 

removal in water-based systems. 

Molecular dynamics (MD) simulations are 

widely regarded as a more accurate representation 

of adsorption dynamics, providing a time-resolved 

perspective on molecular interactions.35,40–42 In this 

study, MD results further confirm that the Capta-

gon molecule remains adsorbed on the graphene 

surface throughout the entire simulation trajectory, 

regardless of the presence or absence of solvent 

molecules (water). This persistent adsorption high-

lights the strong intermolecular interactions be-

tween Captagon and graphene, demonstrating the 

molecule's high surface affinity. Notably, the sta-

bility of adsorption, even in aqueous environments, 

indicates that solvation effects do not significantly 

disrupt the binding process. 

In the radial distribution function (RDF) 

graph, the presence and position of peaks at specific 

distances from the surface provide crucial insights 

into the adsorption mechanism occurring on the sur-

face.37,43–45 A peak appearing within the range of 1 to 

3.5 Å indicates chemisorption, where strong covalent 

or electrostatic interactions are dominant. Converse-

ly, RDF peaks occurring at distances greater than 3.5 

Å suggest physisorption, which is primarily governed 

by Van der Waals forces. 

In this study, RDF peaks for the oxygen (O) 

and nitrogen (N) atoms of the Captagon molecule are 

observed at distances below 3.5 Å from the graphene 

surface. This distance, combined with the significant-

ly negative adsorption energy values, strongly sug-

gests that Captagon interacts forcefully with gra-

phene. The proximity of these atoms to the surface 

indicates a pronounced interaction, potentially in-

volving charge transfer or π–π stacking, further rein-

forcing the molecule's strong affinity for graphene. 

These findings highlight graphene's potential 

as an efficient adsorbent for Captagon, with impli-

cations for its detection and removal in various 

applications. 

 

3.3. Density functional theory (DFT) 
 

In this study, the computed DFT parameters 

are presented in Table 2. The interaction energies 

of the Captagon molecule adsorbed on a 9 × 9 gra-

phene sheet were calculated using density func-

tional theory (DFT) and presented in Figure 3 

[Computational details: A comprehensive sum-

mary of all simulation settings and parameters (in-

cluding those from DFT, Monte Carlo, MD, and 

GULP optimizations) is provided in Table S1 of 

the Supporting Information]. 
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    T a b l e  2  
 

MC output values for interaction of Captagon molecule onto graphene surface 
 

System 
HOMO 

[eV] 

LUMO 

[eV] 

Dipole 

[Debye] 

ΔE 

[eV] 

Fermi Level 

[eV] 

Electroneg-

ativity [eV] 

Chemical 

Hardness 

[eV] 

Captagon –5.949 –1.871 4.4678 – –3.9100 3.9100 2.039 

G (9x9) –4.318 –4.222 0.1062 – –4.2700 4.2700 0.048 

Pose 1 –4.293 –4.198 1.4846 0.096 –4.2455 4.2455 0.0475 

Pose 2 –4.244 –4.147 6.4386 0.051 –4.1955 4.1955 0.0485 

Pose 3 –4.307 –4.213 0.9887 0.061 –4.2600 4.2600 0.0470 

Pose 4 –4.293 –4.198 2.2417 0.002 –4.2455 4.2455 0.0475 

 

 

 
 

Fig. 3.  Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) energy levels  

for the optimized structures of: (a) graphene, (b) (R)-fenethylline, and (c) (S)-fenethylline. 
 

 

The interaction energy (ΔE) was determined 

using the following equation: 
 

Einteraction = Ecomplex – (EGraphene+ECaptagon)  (1) 
 

where EComplex is the total energy of the Captagon-

graphene system for each pose (P1 to P4); EGraphene 

is the energy of the isolated graphene sheet; and 

ECaptagon is the energy of the isolated Captagon 

molecule. 

The interaction energies between graphene 

and both (R)- and (S)-enantiomers of Captagon 

were evaluated based on the lowest-energy (most 

favorable) adsorption configurations obtained from 

structural optimization. The interaction energy of 

the graphene||(R)-Captagon system was calculated 

to be −39.53 kcal mol–1, whereas the graphene||(S)-

Captagon system exhibited a slightly less favorable 

interaction energy of −37.65 kcal mol–1. This ener-

gy difference of 1.88 kcal mol–1 indicates that the 

(R)-enantiomer binds more strongly to the gra-

phene surface, potentially due to more favorable π–

π stacking interactions and steric complementarity 

with the 2D surface. 

Further insight into these interactions is pro-

vided through an analysis of the dipole moments 

and frontier molecular orbitals of the isolated and 

adsorbed species. The isolated (R)-Captagon mole-

cule possesses a dipole moment of 3.9979 D, while 

the (S)-enantiomer exhibits a higher dipole mo-

ment of 4.9707 D. Upon adsorption onto graphene, 

the dipole moments decrease to 1.4861 D for the 

graphene||(R)-Captagon system and 2.2203 D for 

the graphene||(S)-Captagon system. This decrease 

reflects partial charge delocalization into the gra-

phene surface, along with polarization-induced 

reorganization of the molecular charge distribution, 

and suggests slightly different adsorption geome-

tries for the two enantiomers. 
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In terms of electronic structure, the HOMO–

LUMO energy gap of the isolated (R)-Captagon was 

found to be 4.03 eV, compared to 4.08 eV for the 

(S)-Captagon, indicating comparable intrinsic elec-

tronic reactivity. The pristine graphene sheet exhib-

ited HOMO and LUMO levels at −4.319 eV and 

−4.317 eV, respectively, highlighting its narrow 

bandgap nature. Upon interaction with Captagon, 

notable shifts in the orbital energies were observed. 

For the graphene||(R)-Captagon system, the 

HOMO shifted to −4.293 eV and the LUMO to 

−4.198 eV, whereas in the graphene||(S)-Captagon 

system, these values were slightly higher at −4.285 

eV (HOMO) and −4.191 eV (LUMO). These shifts 

reflect enhanced electronic coupling and moderate 

charge transfer between the drug molecule and the 

graphene substrate in both cases. 

In contrast, Pose 2 and Pose 3, where (R)-

Captagon is oriented perpendicularly to the sur-

face, exhibit weaker interactions, with Pose 3 hav-

ing the weakest interaction energy of only –1.88 

kcal mol–1. These results suggest that different ad-

sorption orientations lead to varying degrees of 

interaction strength, which may be influenced by 

factors such as π–π interactions and van der Waals 

forces between the Captagon molecule and the 

graphene surface.15,46 The relatively short interac-

tion distances of Captagon ring atoms (Fig. 4), par-

ticularly in the planar geometry of the (R)-

Captagon molecule (Pose 1 and Pose 4), play a 

crucial role in enhancing the adsorption strength. 

In these configurations, the close proximity of the 

carbon to the graphene surface facilitates strong π–

π interactions, which significantly contribute to the 

stability of the adsorbed complex. This enhanced 

interaction, coupled with van der Waals forces, 

explains the higher adsorption energies observed 

for these poses (Pose 1: –39.53 kcal mol–1, Pose 4: 

–38.91 kcal mol–1). 

In contrast, the increased intermolecular dis-

tances observed in the perpendicular orientations 

(Pose 2 and Pose 3) result in reduced adsorption 

strength, primarily due to the loss of extended π–π 

conjugation between (R)-Captagon (hereafter re-

ferred to as Captagon) and the graphene surface. 

 

 

 
 

Fig. 4. Optimized geometries and selected bond distances between key interacting atoms of the (R)-Captagon  

molecule adsorbed on the graphene surface in four different configurations (Pose 1 to Pose 4) 
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Additionally, the surface area of interaction 

plays a crucial role, with planar orientations (Pose 

1 and Pose 4) exhibiting larger contact areas that 

enhance interaction strength, whereas perpendicu-

lar orientations (Pose 2 and Pose 3) result in re-

duced contact and weaker interactions.47 

Vertical adsorption of the Captagon mole-

cule (Poses 2 and 3) produces a significantly high-

er average dipole moment (3.71 Debye) compared 

to planar adsorption geometries (1.48 Debye), in-

dicating that vertical configurations lead to a more 

asymmetric charge distribution. 

Planar adsorption poses have slightly lower 

HOMO and LUMO energies compared to vertical 

poses, but the difference is minimal. The absence 

of a strong difference between planar and vertical 

poses indicates that the fundamental electronic 

properties remain largely unaffected by adsorption 

geometry. 

This slight difference suggests that molecu-

lar orbital energies are not significantly affected by 

the orientation. The atomic charge distribution in 

Captagon presented in Figure 5 highlights the role 

of electronegative atoms, particularly oxygen and 

nitrogen, as primary adsorption sites due to their 

significantly negative Mulliken charges.48,49 Spe-

cifically, oxygen atoms (O1: –0.689; O2: –0.682) 

exhibit strong electronegativity, enabling them to 

engage in robust electrostatic interactions with the 

graphene surface, potentially enhancing adsorption 

stability. Additionally, nitrogen atoms (N3: –0.637; 

N5: –0.695; N6: –0.566; N7: –0.545) contribute 

substantial electron density, making them viable 

sites for both π–π stacking interactions and charge-

transfer mechanisms with graphene.50 These inter-

actions are particularly relevant for tuning the elec-

tronic properties of the adsorbed system. 

Conversely, carbon atoms within the aro-

matic rings (C9: 0.617; C10: 0.692; C11: 1.006) 

exhibit a slightly positive charge, increasing their 

affinity for graphene's delocalized π–electron sys-

tem. The Mulliken charge distribution in graphene 

exhibits minor variations, with carbon atoms rang-

ing from –0.252 to 0.120. These fluctuations indi-

cate localized electron density differences, influ-

encing graphene's adsorption capabilities. Positive-

ly charged carbon atoms can engage in π–π interac-

tions with electron-rich regions of adsorbates, 

while negatively charged carbon sites (approxi-

mately –0.252) serve as potential interaction sites 

for electropositive species. This π–π stacking inter-

action enhances adsorption strength and promotes 

molecular stabilization on the graphene surface.51,52 

 
 

 

 
 

Fig. 5. Electrostatic potential (ESP) and Mulliken atomic charges (MAC) values for the optimized structures  

of: (a) graphene and (b) (R)-Captagon. 
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3.3.1. Non-Covalent interaction (NCI) analysis  

of Captagon on graphene: π–π interactions 

 
The NCI-RDG (reduced density gradient) 

analysis enhances our understanding of interac-

tions within a system by identifying and character-

izing non-covalent interactions, whether occurring 

within a single molecule or between multiple mol-

ecules. This approach allows for the determination 

of interaction types, shedding light on their role in 

the system's behavior. 

To visualize these interactions, we analyzed 

the RDG, which provides a spatial representation 

of where and how these forces manifest. To gener-

ate and visualize the results, we used the Multi-

wfn53 and VMD programs54 to create colored RDG 

scatter plots and 3D isosurfaces, as shown in Fig-

ure 6.  
 

 

 
 

Fig. 6. (a) Scatter plot of the reduced density gradient (RDG) versus sign(λ₂)ρ, generated to identify and classify non-covalent  

interactions present in the Captagon–graphene system. The color scale represents the electron density (ρ) values associated with  

interaction types. (b) Three-dimensional visualization of RDG isosurfaces mapped onto the Captagon–graphene complex in Pose 1. 

The colored isosurfaces (blue, green, and red) represent regions of attractive, weak van der Waals, and steric repulsive interactions, 

respectively. 
 

 

To analyze the nature and strength of non-

covalent interactions (NCIs) between the Captagon 

molecule and the graphene surface, we employed 

the reduced density gradient (RDG) method. In our 

NCI analysis, we set the isosurface value at 0.5, 

with an RDG range spanning from 0.020 to –0.035 

atomic units (a.u.). This approach enables differen-

tiation between stabilizing and destabilizing inter-

actions by evaluating the sign of the second eigen-

value (λ₂) of the Hessian matrix, multiplied by the 

electron density. Essentially, this method provides 

insight into both the curvature and electron density 

distribution of interactions, offering a quantitative 

measure of their strength and nature. 

Figure 6 presents a comprehensive visualiza-

tion of these non-covalent interactions through a 

combination of a 2D scatter plot and 3D RDG 

isosurface densities.55–58 The RDG scatter plot re-

veals multiple interaction spikes, categorized into 

three distinct regions based on the values of 

sign(λ₂)ρ and are color-coded accordingly: Highly 

Attractive Interactions (Blue Region) – This region 

corresponds to strong attractive forces, primarily 

involving hydrogen bonding, characterized by neg-

ative sign(λ₂)ρ values. Repulsive Interactions (Red 

Region) – Associated with positive sign(λ₂)ρ val-

ues, this region indicates steric repulsion. In this 

case, steric hindrance is primarily observed at the 

phenyl rings of the graphene surface. This repul-

sion arises due to overlapping electron clouds, pre-

venting excessive molecular overlap and helping to 

maintain structural integrity. The presence of these 

repulsive forces suggests that while Captagon's 

phenyl rings align with the graphene surface, they 

do not completely penetrate its electron density, 

thus preserving a balanced interaction. Weak van 

der Waals Interactions (Green Region) - The green-

colored regions highlight weak, non-covalent inter-

actions, such as van der Waals forces (London dis-

persion and dipole-dipole interactions). These inter-

actions, characterized by sign(λ₂)ρ values close to 

zero, are predominantly observed between the car-

bon-hydrogen (C–H) bonds of Captagon's phenyl 

rings and the graphene surface, as well as between 

heteroatoms in Captagon and the underlying gra-

phene sheet. Despite their relatively weak nature, 

these interactions contribute significantly to the 

overall adsorption of Captagon onto graphene, stabi-

lizing the π–π stacking arrangement. 

 

3.4. Calculations via the general utility  

lattice program (GULP) 
 

The general utility lattice program (GULP) 

software is highly efficient for studying large atomic 

systems, where DFT becomes impractical due to its 
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high computational cost. In this study, we employed 

this approach to evaluate how Captagon interacts 

when adsorbed (sandwiched) between two graphene 

layers in a large system (C158H22N5O2). 

As shown in Figure 7, the Captagon mole-

cule interacts efficiently within the layers. The in-

terlayer distance of graphene, when Captagon is 

inserted, is 7.136 Å. Additionally, the atomic dis-

tances within Captagon indicate strong interactions 

with both graphene layers, comparable to those 

observed in DFT calculations. 

 

 

 
 

Fig. 7. Optimized geometry (and some corresponding adsorption distances) for the 'sandwich' interaction  

of Captagon between two layers of graphene. 
 

 

4. CONCLUSION 

 

This study explored the adsorption potential 

of graphene for removing Captagon (fenethylline) 

from contaminated environments using computa-

tional chemistry techniques, including density 

functional theory (DFT), Monte Carlo (MC), and 

molecular dynamics (MD) simulations. The results 

indicate that graphene exhibits strong adsorption 

potential for Captagon, particularly in a parallel 

configuration, where π–π stacking interactions sig-

nificantly enhance adsorption stability. 

Monte Carlo simulations demonstrated that 

Captagon adsorption onto graphene is more favor-

able in aqueous environments than in a vacuum, 

with interaction energies suggesting thermodynam-

ically stable binding. The presence of water mole-

cules further stabilized the adsorption process. Mo-

lecular dynamics simulations confirmed the persis-

tent interaction between Captagon and graphene 

over time, reinforcing graphene's suitability as an 

adsorbent for drug removal applications. 

DFT calculations revealed significant 

changes in the electronic properties of graphene 

upon Captagon adsorption, including shifts in 

EHOMO, ELUMO, and bandgap (Egap), further high-

lighting the strong electronic interaction between 

the two systems. Analysis of atomic charge distri-

butions confirmed that electronegative atoms, par-

ticularly oxygen and nitrogen, serve as primary 

adsorption sites, strengthening graphene's adsorp-

tion capabilities. 

Moreover, general utility lattice program 

(GULP) simulations demonstrated the feasibility of 

Captagon entrapment between graphene layers, 

further expanding graphene's potential as a materi-

al for adsorption-based filtration technologies. 

These findings underscore graphene's promise as 

an effective adsorbent for Captagon removal, with 

broader implications for environmental remedia-

tion. 
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