A\BINGOL

UNIVERSITY

TurkISh J Oumal Of l Research Article )

Volume 15, Issue 1, Page 202-212, 2026

Nature and Science

Received: 20.01.2026
e-ISSN: 2149-6366 Accepted: 13.03.2026
www.dergipark.gov.tr/tdfd Published: 30.03.2026

DOI: https://doi.org/10.46810/tdfd. 1867831

Tuning Cisplatin—Graphene Interactions: The Impact of Dopant Identity and
Concentration

Cabhit (")REKI*®

! Kastamonu Univ, Res & Applicat Ctr, TR37150 Kastamonu, Turkey

*Corresponding author. cahitorek@gmail.com

Abstract Keywords
Cisplatin remains a cornerstone of cancer therapy, yet its efficacy is compromised by severe Cisplatin,
toxicity and off-target uptake, driving the search for targeted delivery systems such as Graphene
graphene-based nanocarriers. Despite the promise of heteroatom doping to enhance drug nanocarriers,
loading, a detailed mechanistic understanding of how dopant identity and concentration alter Heteroatom
the delicate balance of noncovalent forces is lacking. This study aims to elucidate the atomic- doping,

level drivers of cisplatin physisorption on boron- and nitrogen-doped graphene nano- Drug delivery,
fragments. Using dispersion-corrected density functional theory (PBE-D3(BJ)) coupled with Noncoyalent
energy decomposition analysis via DFT-SAPT, this study reveals that moderate doping Interactions

significantly strengthens adsorption. Specifically, boron dopants enhance binding through
electrostatic complementarity, whereas nitrogen dopants primarily increase polarization and
induction effects. However, a key finding is that higher dopant loadings lead to an "electronic
smoothing" of the surface potential, unexpectedly weakening the binding affinity. These
results suggest a practical "doping window" of 5-8% as an optimal design strategy for
engineering graphene carriers with strong yet controlled drug retention.
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Ozet Anahtar kelimeler
Sisplatin, kanser tedavisinin temel taslarindan biri olma ozelligini korumakla birlikte; Sisplatin,

etkinligi, ciddi toksisite ve hedef dis1 etki sorunlar1 nedeniyle golgelenmektedir. Bu durum, Grafen

grafen tabanli nanotastyicilar gibi hedeflendirilmis iletim sistemlerine yonelik arayisi nanotasiyicilar,
tetiklemektedir. Heteroatom katkilama iglemi grafenin ila¢ tasinim potansiyelini artirmasina Heteroatom
ragmen; katki maddesinin kimligi ve konsantrasyonunun, kovalent olmayan kuvvetlerin katkilama,
dengesini ne yonde degistirdigi heniiz tam olarak anlasilamamistir. Bu ¢aligsma, sisplatinin bor Ilag Taginimy,

ve azot katkili grafen nano-pargaciklari ile etkilesimini atomik diizeyde yonlendiren etkileri Kovalent olmayan
aydinlatmay1 amaglamaktadir. DFT-SAPT analizleri ile desteklenen ve dispersiyon diizeltmeli etkilesimler

yogunluk fonksiyonel teorisi (PBE-D3(BJ)) kullanilarak gergeklestirilen bu ¢alisma, %5-8
oranindaki 1limli katkilamanm adsorpsiyonu belirgin sekilde gii¢lendirdigini ortaya
koymaktadir. Ozellikle bor katkisi elektrostatik cekim kuvveti {izerinden baglanmayi
artirirken, azot katkisi agirlikli olarak polarizasyon ve indiiksiyon etkilerini yiikseltmektedir.
Bununla birlikte ¢alismanin en g¢arpici bulgusu, yiiksek dopant oranlarinin grafen yiizey
potansiyelinde bir 'elektronik piiriizsiizlesmeye' (electronic smoothing) yol acarak, baglanma
afinitesini beklenmedik bir sekilde zayiflatmasidir. Elde edilen sonuglar, giiclii ve kontrollii
ila¢ tutulumuna sahip grafen tasiyicilarin tasarlanmasinda, %5-8 araligindaki bir 'katkilama
penceresinin' en uygun strateji oldugunu gostermektedir.
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1. INTRODUCTION

Graphene, composed of sp?-hybridized carbon atoms
arranged in a two-dimensional honeycomb lattice, has
attracted considerable attention due to its exceptional
physicochemical properties, including high mechanical
strength, excellent electrical and thermal conductivity,
chemical stability, and a large specific surface area [1-5].
In addition, many of graphene's inherent optical properties
and the potential for electronically modifying those
properties through the synthesis of quantum dots (GQDs)
position  graphene-derived materials as possible
candidates for a wide range of biomedical applications [6—
8]. Among them, drug delivery systems (DDS) are among
the most notable because the nanometer size of graphene
allows for more efficient loading of drugs onto graphene
than into conventional vehicles, enhanced solubility of
drugs, and improved pharmacokinetic profiles [9—11].
Moreover, the capacity to modify the surface functionality
of graphene facilitates targeted drug delivery and limits
systemic toxicity, providing unique benefits when
compared to traditional drug delivery vehicles, especially
in the delivery of drugs with narrow therapeutic windows
[12—-14]. However, pristine graphene's lack of polarity and
low surface energy severely limit the ability of graphene
to interact with biological fluids. Graphene doped with
boron (B) or nitrogen (N) can be used to solve these
problems, as doping creates polar functional groups on
graphene, which can enhance the interaction of graphene
with therapeutic agents via increased electrostatic
attractions and hydrogen bonding attractions between
molecules, as well as facilitate molecular dispersion
stacking interactions [15]. The versatility in surface
chemistry that results from doped graphene nanostructure
makes them highly attractive to use in developing DDSs,
which are both biologically compatible and capable of
selectively delivering drugs to target cancer cells. [16,17]

Nitrogen-doped graphene quantum dots (N-GQDs) are
also capable of serving as multifunctional nanocarriers
due to their high aqueous solubility, low toxicity, and
ability to bind strongly to aromatic drugs [18,19]. Boron
doping similarly enhances binding affinity by generating
electron-deficient sites that serve as active adsorption
centers [20,21]. Experimental evidence shows that doped
graphene systems are indeed useful. Doping of graphene
with boron was shown to increase the adsorption rate of
amphetamine-like compounds. Additionally, N-GQDs
were able to selectively kill cancer cells when loaded with
methotrexate. The use of functionalized GQDs to deliver
doxorubicin showed increased specificity and uptake in
vitro [22,23]. Since its discovery by Rosenberg et al. [24],
cisplatin has played a pivotal role in the treatment of
several malignancies, including testicular, ovarian, lung,
and bladder cancers [25-27]. However, the utility of
cisplatin as a therapeutic agent is limited by the toxicity
associated with it at higher doses and the development of
drug-resistant tumors. Recent studies indicate that the
delivery of cisplatin using nanocarriers (such as carbon-
based systems) may help alleviate these problems [28,29].
Graphene-based carriers have shown improved
intracellular uptake and therapeutic efficacy of cisplatin
using either covalent attachment or non-covalent
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physisorption mechanisms to cisplatin. Specifically, the
non-covalent adsorption of cisplatin onto m-rich graphene
surfaces is energetically favored; therefore, doped
graphene-based platforms may represent viable options
for the delivery of cisplatin with lower systemic toxicity
[30-32].

The aim of this study is to elucidate the noncovalent
forces that govern cisplatin binding on doped carbon
frameworks wusing a validated, dispersion-aware
electronic-structure strategy. Within a single, internally
consistent protocol that directly extends our prior
collaborative research, PBE-D3(BJ) applied to both B-
and N-doped graphene nano-prototypes provides reliable
physisorption energetics and equilibrated geometries
[30,32-34], while density-functional symmetry-adapted
perturbation theory (DFT-SAPT) resolves the interaction
into  physically meaningful components.  This
combination maps how dopant identity reshapes the
balance among dispersion, electrostatics, induction, and
charge transfer in cisplatin—graphene complexes and
relates these changes to concise geometric descriptors
such as equilibrium contact distances and local contact
motifs around the Pt center. The resulting mechanistic
picture offers practical guidance for engineering doped-
graphene carriers with stronger yet controlled binding to
Pt-based drugs, highlighting dopant chemistry as a direct
handle for tuning drug—surface interactions.

2. MATERIAL AND METHOD

Quantum chemical calculations were employed to
systematically investigate the adsorption characteristics
of cisplatin (CP) on a set of nitrogen— and boron—doped
graphene nanofragments designed as potential drug
delivery platforms. Initial geometry optimizations and
interaction energy evaluations were performed within the
framework of density functional theory (DFT), using the
PBE exchange—correlation functional augmented with
Grimme’s D3 dispersion correction and Becke—Johnson
damping [PBE-D3(BJ)] [35,36]. This level of theory has
been validated for accurately modeling noncovalent
interactions between CP and extended n-conjugated
systems [30,32,33]. In these DFT calculations, the
platinum center in the CP molecule was modeled using
the Stuttgart—Dresden (SDD) [37] effective core potential,
which incorporates scalar relativistic effects and
efficiently treats core electrons. For all remaining atoms,
the 6-311++G(2d,2p) [38] basis set was employed to
ensure an accurate representation of valence electron
distributions and polarization effects. All pristine and
doped graphene prototypes (GPs) were first fully
optimized at the PBE-D3(BJ) level without any
geometrical constraints to obtain relaxed reference
structures for each composition. Subsequently, CP—GP
adsorption complexes were generated and optimized
under the rigid monomer approximation [39]: during
these complex optimizations, the GP framework was kept
fixed at its pre-optimized geometry, while the cisplatin
molecule was allowed to relax. The rigid monomer
approximation was employed after noting that adsorption
enthalpies on graphene are predominantly influenced by
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interaction energies rather than structural deformations.
This is in line with systems where London dispersion is
the main force that draws things together.

To construct the doped graphene nanofragments, a
pristine Ci37His cluster cut as a hydrogen-terminated
graphene patch with mixed armchair/zigzag edges was
used as the starting structure. Nitrogen and boron doping
was systematically carried out by substituting one to six
carbon atoms with N or B atoms, respectively, restricted
to basal sp? carbon sites. This approach yielded twelve
unique doped clusters: six nitrogen-doped structures
(CssHisN, CssHisN2, C3aHisNs, Cs3HieNa, C32HisNs, and
C31Hi6Ne) and six boron-doped counterparts (Cs3sHisB,
CssHi6B2, C34HisBs, CssHieBa, C32HisBs, and Cs1Hi6Be).
Optimization of all undoped and doped fragments was
done to the PBE-D3(BJ) level in an unconstrained manner
with no restrictions, thus establishing a consistent basis
for comparison among compositions.

Energy decomposition analyses were conducted to
provide a detailed understanding of the basic elements
that determine CP — surface interaction using symmetry-
adapted perturbation theory based on DFT (DFT-SAPT).
[40,41]. These post-DFT computations were applied to
five representative complexes: CP—Cs7H 16, CP—C3sH6N>,
CP—C}sH](,Bz, CP—C31H16N(,, and CP—C31H16B6. CP-
Cs7His represents the undoped reference system, CP—
CssHigN, and CP-CssHi6B> exhibit the strongest
adsorption energies among the doped structures, while
CP-C31H6Ng and CP—C31H6Bs correspond to the highest
dopant concentrations (16%) within the cluster set. The
atomic ratio of substituents (N or B) to the total lattice
sites in the C37His model was used to figure these out. By
changing the number of dopants from 1 to 6, a systematic
concentration gradient (about 3% to 16%) was created to
see how the electronics affected adsorption. In the case of
DFT-SAPT, the PBEO hybrid functional [42] was used to
approximate the exchange—correlation energy
contributions. Moreover, the 6(HF) (43) contribution has
also been added to the DFT-SAPT energies as part of the
induction term. The aug-cc-pVDZ-PP [44] basis set was
employed for the platinum (Pt) atom, while the aug-cc-
pVDZ (45) basis set was used for all other atoms in the
system. To approximate the complete basis set (CBS)
limit, the computed dispersion energy component was
scaled by a factor of 1.1931, following the extrapolation
protocol proposed in the literature [46]. Boys and
Bernardi's counterpoise method [47] was employed to
correct the Basis Set Superposition Error (BSSE) in
interaction energies calculated using both DFT and DFT-
SAPT methods. This made sure that noncovalent binding
strengths were measured consistently and accurately.

The Gaussian 09 software suite [48] was used to do the
geometry optimizations and all the DFT-level
calculations. After that, the quantum chemistry program
Molpro 2012 [49] was used to do the DFT-SAPT energy
decomposition analyses. The software GaussView 5.0
[50] was used solely to visualize the results.
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3. RESULTS

3.1 Structure and Energetics of Cisplatin Adsorption

For the initial modeling of the graphene-based
nanocarrier, was selected the planar polycyclic aromatic
hydrocarbon Cs7His due to its favorable balance between
computational tractability and structural
representativeness. This molecule is small enough for
high-level quantum chemical calculations, which are
necessary to accurately describe weak non-covalent
interactions, such as stacking interactions and dispersion
forces. It is also big enough to effectively mimic the
extended m-conjugated surface of graphene and reduce
edge effects from hydrogen atoms on the outside. Its flat
shape makes interactions that are physically meaningful
and stable possible, especially when the adsorbed
molecule is lined up parallel to the graphene surface. This
is a configuration that is known to increase van der Waals
contributions. Cs7His was successfully used in our
previous work [33] as a model graphene to study how
gold(I) monocarbene complexes stick to it. In modeling
the adsorption behavior of cisplatin on the graphene
prototype, it was considered that several spatial
arrangements between the drug and the nanocarrier
surface are possible, including both parallel and
perpendicular configurations. A preliminary
conformational search was performed by initializing the
cisplatin molecule in various horizontal orientations
relative to the dopant sites to identify the energy minima.
A systematic exploration of perpendicular or tilted
configurations was not prioritized, as maximizing the
ligand-surface contact area is expected to be critical for
dispersion-driven adsorption. Furthermore, previous
high-level computational investigations consistently
demonstrate that parallel configurations of cisplatin on
graphene-like surfaces lead to the most favorable
noncovalent interactions [32,51].

To evaluate how heteroatom doping modulates the
interaction between cisplatin (CP) and graphene-based
carriers, adsorption energies and equilibrium distances
were computed for a series of nitrogen- and boron-doped
graphene fragments, alongside the undoped Cj7His
reference. As summarized in Table 1, doping significantly
enhances the binding affinity of cisplatin in most cases,
with boron-doped systems generally exhibiting stronger
interactions than their nitrogen-doped counterparts at
comparable doping levels. The undoped graphene model
(Cs7H16), which exhibits an interaction energy of —701.2
meV and an equilibrium distance of 3.50 A, serves as a
valid and computationally efficient prototype. This cluster
lies in size between ovalene (Cs,H4) and circumcoronene
(CssHig), two representative polycyclic aromatic
hydrocarbons (PAHs) employed in the benchmark study
by Cuevas-Flores et al. [32]. As a result, the computed
interaction energy for CP-Cs;His falls reasonably
between those obtained for these two systems, reinforcing
the physical relevance of the chosen model. Specifically,
the CP—ovalene complex was reported to exhibit a BSSE-
corrected interaction energy of -664.9 meV (—778.9 meV
uncorrected) with an equilibrium distance around 3.5 A,
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which is in excellent agreement with the results obtained
herein results for CP—Cs7Hje.

Table 1: Equilibrium interaction distances, doping percentages, and

BSSE-corrected interaction energies calculated at the PBE-D3(BJ)/6-

311++G(2d,2p) + SDD level of theory for undoped and N/B-doped
raphene systems.

Structures % Doping d@d) Energy (meV)

CP - CyHis 0 3.5 -701.20
CP — C5¢HsN 3 3.37 -899.81
CP — C35H N, 5 3.50 -1085.84
CP — C3HisN; 8 3.33 -961.82
CP — C33H 6Ny 11 3.36 -898.50
CP — C5H5N; 13 3.38 -859.48
CP — C5;H;6Ng 16 3.56 -934.50
CP — C5H,sB 3 3.35 -992.17
CP — C55H6B> 5 3.51 -1221.57
CP — C34H;5Bs 8 3.21 -1113.16
CP — C53H 6By 11 3.27 -1074.13
CP — C5H,5Bs 13 3.22 -921.05
CP — C3H6Bs 16 3.25 -986.96

When comparing the current results to other DFT-based
approaches, such as the study by Munny et al. [51],
distinct methodological differences emerge. In their work,
the authors employed the GGA/PBE functional combined
with Tkatchenko—Scheffler (TS) dispersion corrections
and a double numerical plus polarization (DNP) basis set
within the DMol® framework. While BSSE corrections
were applied in their study, the variations in results may
be attributed to the specific choice of computational
parameters; the present work utilizes the PBE-D3(BJ)
functional and the 6-311++G(2d,2p) + SDD basis set.
These methodological distinctions are reflected in the
reported adsorption energy for cisplatin onto pristine
graphene of —0.85 eV (-850 meV), illustrating the
sensitivity of such energetic values to the treatment of
dispersion and basis set selection. The reported adsorption
energy exceeds the BSSE-corrected interaction energy
found by Cuevas-Flores et al. (-749.0 meV) for CP-
Cis0Hso. This system is nearly four times larger in surface
area than the graphene prototype used by them. Therefore,
it appears that their large reported adsorption energy may
be indicative of an overestimation caused by the lower-
level functional and limited basis set. Also, this shows
how important it is to select good-quality theoretical
models and basis sets when simulating physical
adsorption processes that depend on a balance between
dispersion forces and electrostatics.

The optimized adsorption geometries of the nitrogen-
doped graphene complexes investigated in this study are
depicted in Figure 1, illustrating the relative spatial
arrangement of cisplatin with respect to the dopant sites.
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For nitrogen doping, the minimum adsorption distance
varies modestly between 3.33 and 3.56 A depending on
the doping level. At relatively low to moderately high
dopant concentrations (3-8%), a slight reduction in the
distance is observed, which decreases to 3.33 A at 8% N-
doping. The trend indicates that localized enhancement of
either electrostatic or polarization interactions due to
moderate nitrogen incorporation can allow the cisplatin
molecule to be closer to the graphene surface. At the
maximum doping concentration (16%), a greater
separation of 3.56 A appears, suggesting some form of
structural distortions or a decrease in the available
surface—ligand contact arca as a result of electronic
repulsion or too much disruption to the conjugation of the
carbon framework.

3 3
i
2% &

Figure 1. Top views of the nitrogen-doped graphene complexes
optimized using DFT calculations at the PBE-D3(BJ)/6-311++G(2d,2p)
+ SDD level of theory. The structures are presented in order of
increasing nitrogen doping concentration.

Figure 2 shows the optimized geometries of the boron-
doped  graphene  complexes, highlighting the
characteristic positioning of cisplatin relative to the
electron-deficient boron sites. In contrast, boron-doped
systems display a more pronounced and consistent
reduction in adsorption distance across doping levels.
Even at 3% B-doping, the distance decreases to 3.35 A,
reaching a minimum of 3.21 A at 8% doping.

5 L
2

2 45

Figure 2. Top views of the boron-doped graphene complexes optimized
using DFT calculations at the PBE-D3(BJ)/6-311++G(2d,2p) + SDD
level of theory. The structures are presented in order of increasing boron

doping concentration.
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Notably, the distance remains below 3.30 A at all higher
B-doping levels (except at 5%, where it briefly increases
to 3.51 A), indicating a consistent trend in structural
proximity despite minor deviations.

To further evaluate the preservation of the intrinsic
geometry of cisplatin upon adsorption, critical bond
lengths and angles were compared between the gas-phase
monomer and surface-bound complexes. At the PBE-
D3(BJ)/6-311++G(2d,2p) + SDD level of theory,
geometry optimizations reproduce the experimental
structural parameters of cisplatin with great accuracy.
Table 2 shows the bond distances and angular deviations
that are important for both the isolated and adsorbed
species. This makes it easy to compare the structural
integrity of the two species in different environments. In

particular, the computed Pt—-N and Pt—Cl bond lengths in
the gas-phase monomer deviate by only ~0.06 A and
~0.01 A, respectively, from crystallographic values (52),
while key angular descriptors such as N-Pt—Cl and Cl-
Pt—Cl differ by less than 3°, underscoring the reliability of
the chosen computational method. Notably, the internal
geometry of cisplatin remains essentially unaltered upon
physisorption onto both pristine (Cs7His) and doped
(Cs5Hi6Na, C35Hi6B2) graphene models. The Pt-N, Pt—Cl,
and N-H bond distances exhibit negligible variations
across all adsorbed complexes compared to the isolated
monomer, suggesting that the adsorption process does not
significantly distort the coordination environment of the
platinum center.

Table 2: Selected bond lengths (A) and bond angles (°) of cisplatin in the experimental crystal structure, as an isolated monomer, and in complexes
with pristine (C37H;6) and doped graphene models (C;sH;6N, and C;sH;6B,), optimized at the PBE-D3(BJ)/6-311++G(2d,2p) + SDD level of theory.

Experimental X-ray data [52] are included for comparison

Monomer Complex
Geometric parameters
Crystal Structure [52] Calculated CP—-C37H;6 CP-C3sH 6N, CP-C3sH 6B,
Pt-N 2.03 2.09 2.09 2.09 2.09
Pt-Cl 231 2.32 2.32 2.39 2.39
N-H 091 1.03 1.03 1.04 1.03
N-Pt-N 91.8 99.4 97.8 95.6 96.4
N-Pt-Cll1 178.9 178.3 178.8 178.8 179.1
N-Pt-CI2 87.6 82.3 83.1 84.9 84.4
CI-Pt-Cl 92.6 95.9 95.8 94.6 94.8
Pt-N-H 109.5 114.2 113.8 110.4 111.2

The only appreciable structural difference among the
complexes appears in the N—Pt—N bond angle, which
shows a slight contraction (from 99.4° to as low as 95.6°)
depending on the nature of the underlying graphene
substrate. This subtle variation may be attributed to the
electrostatic sensitivity of the cisplatin nitrogen atoms,
which carry a partial positive charge and are therefore
more responsive to local electronic perturbations induced
by heteroatom doping in the graphene sheet. In particular,
nitrogen or boron dopants can locally polarize the -
system of graphene, leading to asymmetric noncovalent
interactions that slightly modulate the bite angle at the
platinum  center. Importantly, these geometric
perturbations remain minor and do not compromise the
structural integrity of the drug molecule upon surface
adsorption.

Interestingly, the structures exhibiting the strongest
interaction energies in each doping class—mnamely the
undoped system (CssHig), the 2N-doped system
(C35sHi6N2), and the 2B-doped system (CssHjsB2)—all
share a common feature: the equilibrium adsorption
distance is approximately 3.50 A in all three cases. This
convergence suggests that the optimal spatial alignment
between cisplatin and the graphene surface is largely
governed by molecular shape and a parallel, dispersion-
favorable contact geometry, rather than purely electronic
effects. Remarkably, this same equilibrium distance (3.50
A) was also observed in our previous work [33] involving
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the physisorption of gold(I) monocarbene complexes on
the Cs7H;6 prototype. There too, high-level DFT-SAPT
and MP2C calculations confirmed that 3.5 A represented
the optimal van der Waals contact distance for parallel
orientations.

3.2 Energy Decomposition and Electronic Charge
Topography

To establish both the reliability and the physical makeup
of the cisplatin—graphene interaction, density functional
symmetry adapted perturbation theory (DFT-SAPT)
calculations were carried out for five representative
adsorption complexes. The set comprises the undoped
C37Hie fragment and four doped structures, namely
C3sHi6N2 and C3sH 6B as the strongest binders within the
N and B series, and C3;HsNs and C3;H16Bg as the highest
dopant loadings considered. DFT-SAPT serves two goals
in this study. First, it provides an independent interaction-
energy framework that was used to cross validate the
adsorption energies obtained with PBE-D3(BJ) and to
verify that the observed stability trends are not tied to a
single electronic-structure model. Second, it supplies a
component resolved description of the interaction as a
function of dopant identity and concentration, separating
electrostatics, exchange repulsion, induction
(polarization), and dispersion. All SAPT calculations
were performed on the PBE-D3(BJ) optimized geometries
with a consistent monomer partition between cisplatin and



Tr. J. Nature Sci. Volume 15, Issue 1, Page 202-212, 2026

the graphene fragment, which enables direct comparison
of SAPT totals and decompositions across the selected
complexes. The resulting totals and component partitions

Table 3: DFT-SAPT/CBS ener,

are collected in Table 3 and form the methodological basis
for the analysis developed in the subsequent sections.

y decomposition of the interaction between cisplatin and undoped or N/B-doped Cs;H,¢ graphene models (in meV).

CP-C37Hie CP-C3sHi6N2 CP-C3Hi6Ng CP-C3sHy6B, CP-C3Hy6Bs
Electrostatic -362.4 -652.1 -605.2 -934.1 -789.8
Exchange repulsion 903.7 1325.8 1322.4 13113 1587.3
Induction -259.2 -781.4 -485.7 -547.2 -476.2
Dispersion * -1069.8 -1258.6 -1210.3 -1234.1 -1349.5
Total -787.7 -1366.3 -978.8 -1404.1 -1028.2

* E4 value was multiplied by 1.1931 for the extrapolation to the CBS limit [46]

For the CP-C;;His complex, which represents the
undoped graphene prototype, the total interaction energy
was calculated to be —787.7 meV. Among the contributing
terms, dispersion dominates the attractive interactions (—
1069.8 meV), consistent with the large m-electron cloud
of the extended sp-carbon framework. Electrostatic (—
362.4 meV) and induction (—259.2 meV) contributions are
both present but significantly smaller, while the exchange
repulsion (+903.7 meV) partially offsets the attractive
terms. This dispersion-dominated, weakly electrostatic
profile is typical of van der Waals physisorption on
neutral, nonpolar n-conjugated surfaces.

In contrast to the pristine graphene model, heteroatom
doping significantly alters the energetic balance of
noncovalent interactions. For the nitrogen-doped complex
(CP-CssHi6N2), the total SAPT interaction energy
increases substantially to —1366.3 meV. This
enhancement is primarily driven by a marked increase in
the induction component (-781.4 meV), along with a
strengthened dispersion contribution (—1258.6 meV).

Interestingly, despite nitrogen’s higher electronegativity
and the presence of an extra valence electron compared to
carbon, the electrostatic component exhibits only a
moderate increase (—652.1 meV). Examining the
molecular electrostatic potential (MEP) maps makes this
initially surprising result more understandable. Despite
adding an additional electron to the system, nitrogen
atoms withdraw m-electron density from the surrounding
conjugated graphene ring due to their higher
electronegativity. The MEP surfaces of cisplatin, undoped
Cs7Hi6, and nitrogen-doped systems are shown in Figure
3. The redistribution of electrons leads to an increase in
partial positive charge in the vicinity of carbon atoms that
are close to the dopants, as well as the opposite effect for
more remote regions, which become electron-rich through
the process of delocalization. The redistribution of charge
creates a non-uniform electrostatic environment (as
observed by MEP), where areas closest to the dopant are
positively charged, and areas further from the dopant
become negatively charged.

Figure 3: MEP maps on the 0.0004 ¢ -Bohr isodensity surface for isolated cisplatin, pristine C3;H;6, and N-doped graphene substrates ordered by
increasing N content. (Color scale: —0.03 to +0.03 a.u; red = electron-rich, blue = electron-deficient)

In the optimized geometry of the CP—C3sH¢N2 complex,
this asymmetric charge distribution governs the
orientation of cisplatin. The electron-rich Cl™ ligands align
with the electropositive carbon atoms adjacent to
nitrogen, while the NH; groups, which are relatively
electron-poor, orient toward the distant, electron-rich
areas of the graphene surface. This arrangement favors
polarization effects over static electrostatic attraction. As
a result, the induction term is the most important part of
the increased interaction energy. Induction is the
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stabilization that occurs when two molecules interact with
each other, and their electron clouds respond to each
other's electric fields. In this case, the polarizable =-
system of nitrogen-doped graphene changes in response
to the fields created by the dipolar NH3 and CI° groups in
cisplatin. This causes strong second-order polarization
effects, which means that induction, not just charge
complementarity, is what makes the binding stronger.
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The total SAPT interaction energy for the boron-doped
system (CP—CssH¢B2) was —1404.1 meV, which was the
best binding of all the complexes we looked at. The
electrostatic part of the CP—CjsH¢B2 complex is much
stronger than the nitrogen-doped part, adding —-934.1 meV
to the total interaction energy. This is accompanied by
significant dispersion (—1234.1 meV) and moderate
induction (-547.2 meV) terms, indicating a balanced
interaction of noncovalent forces. As a result of boron
having fewer valence electrons than carbon and being less
electronegative, when boron is substituted into the
graphene structure, it creates local areas of electron
deficiency inside the m-conjugated system. The nt-electron
density is redistributed to satisfy the electron deficiency
created by boron; thus, m-electrons are attracted to the
region of the graphene lattice where the boron is located,
resulting in localized areas of higher electron density at
the boron sites. Conversely, the carbon atoms located
further away from the boron atom will have lost some
electron density and become relatively electropositive.
These changes can be visualized with MEP (molecular
electrostatic potential) maps that show the potential to be
significantly negative near each boron atom and positive
in the outer periphery of the graphene fragment, as seen
in Figure 4.

Figure 4: MEP maps on the 0.0004 e~ Bohr? isodensity surface for
isolated cisplatin and B-doped Cs7H 6 substrates at increasing B content,
showing how p-type doping redistributes the surface potential. Color
scale: —0.03 to +0.03 a.u.; red = electron-rich, blue = electron-deficient

Consequently, this polarization drives the orientation of
cisplatin within the CP—C3sH6B> complex. As the NH3
ligands have a partial positive character compared to the
rest of the cisplatin molecule, they are positioned for
optimal electrostatic attraction towards electron-rich
zones surrounding the boron dopants on the C3sH¢B>. In
contrast, the electron-rich chloride ligands are placed for
electrostatic attraction toward the electron-deficient zones
on the graphene surface, which are located at a greater
distance from the boron atoms. The spatial compatibility
of the polarized graphene surface with respect to the
dipole moments of cisplatin facilitates an enhanced
bonding interaction. The energy decomposition profile
confirms this behavior: among all systems studied, the
CP-CssHi6B> complex has the highest electrostatic
contribution of all the systems studied, which is clearly
higher than that of both the undoped and N-doped
analogues. The electron density around the boron sites
was also smooth and localized, which made the exchange
repulsion (1311.3 meV) a little less strong and helped to
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stabilize the complex even more. These findings
underscore the essential function of p-type doping in
modifying the electronic environment of graphene to
enhance drug—carrier interactions through improved
electrostatic complementarity.

Moderate levels of heteroatom doping enhance the
interaction between cisplatin and graphene derivatives;
however, elevated concentrations of dopants (six
substituents or 16% doping) markedly diminish the total
binding energy. This effect happens whether the system
has boron or nitrogen as dopants. You can look at the
distribution of electrostatic potential, SAPT energy
components, and the equilibrium geometry to see what
happens. In the highly boron-doped system (CP-
C31H16Bs), the total SAPT interaction energy decreases to
—1021.4 meV. Although this structure corresponds to the
highest boron doping level (six B atoms, 16%), it does not
exhibit the weakest binding affinity. As shown in Table 1,
the lowest adsorption energy among the boron-doped
complexes is observed for CP—C3;HsBs (-921.1 meV),
which contains five boron atoms, corresponding to
approximately 13% doping. Thus, the introduction of an
excess of B-dopant atoms reduces the local electrostatic
difference at the graphene surface due to the
delocalization of m-electrons over the entire graphene
surface. The individual effects of all boron atoms,
inducing a localized polarization effect in their vicinity by
removing electrons from their adjacent carbon atoms, are
collectively merged and thus neutralized as a result of the
presence of five or more dopants. These collective effects
reduce the total electrostatic energy (—789.8 meV) and
make the molecular electrostatic potential (MEP) surface
more uniform. The reduction of electrostatic interaction
between the complexes is apparent when examining the
MEP image of the CP—C3,H,5Bs complex; the latter does
not exhibit the typical electropositive and electronegative
areas required for high non-covalent interaction strength.
Although the dispersion contribution is very large (—
1349.5 meV), it cannot counteract the decreased
electrostatic contributions and therefore results in a global
decrease in the interaction strengths.

A similar trend is observed in nitrogen-doped systems.
The CP—C31H 6N complex, which features six nitrogen
atoms (16% doping), yields a total SAPT interaction
energy of —978.7 meV. However, the weakest DFT-
calculated adsorption energy is obtained for the CP—
CsHisNs complex (—859.5 meV), which incorporates five
nitrogen dopants (13% doping). This result shows that
adding a lot of nitrogen makes the graphene surface less
polarizable. At low concentrations, nitrogen, which is
more electronegative and has an extra valence electron
compared to carbon, increases charge asymmetry and
induction interactions. However, as the number of
dopants increases, the surface becomes uniformly
electron-deficient. This reduces local polarization effects
and lowers induction energy contributions from —781.4
meV in the 2N system to —485.7 meV in the 6N system.
The MEP surface of CP—C3HisNs clearly shows how
electrostatic variation has flattened and polarizable
regions have disappeared. The charge inhomogeneity that
is typical of this surface is much less noticeable.
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When combined with the results from the SAPT and MEP
analyses, the findings herein demonstrate that although
the use of heteroatoms is an efficient method to increase
interaction between drugs and the surface, there is a
specific concentration at which heteroatom doping
becomes ineffective. In particular, the high doping levels
of either boron or nitrogen into the graphene structure
reduce the heterogeneity of the surface's electronic
environment, resulting in decreased electrostatic and
inductive forces and therefore reduced surface adsorption.
Thus, the optimal amount of doping required to maximize
non-covalent binding of the adsorbate to the substrate
must be determined based on maximizing the charge
difference between the substrate and the adsorbate, and
therefore the greatest degree of non-covalent binding

4. DISCUSSION AND CONCLUSION

The physisorption mechanism of cisplatin on pristine and
heteroatom-doped graphene nano fragments was studied
through the use of dispersion corrected (PBE-D3(BJ))
calculations as well as through a DFT-SAPT component
resolved analysis of structural and energetic results. The
results demonstrate that doping with heteroatoms can be
used to modulate the interaction between drugs and
surface material, and the magnitude of the modulation is
dependent upon the type of dopant and the level of doping.
More specifically, it was demonstrated that the boron-
doped surfaces have a higher level of interaction with
cisplatin than the nitrogen-doped surfaces because of
increased electrostatic complementarity in addition to an
increase in induction effects from nitrogen doping.
Although dispersion is still the primary driving force for
adsorption onto the surface, the localized electronic
perturbation caused by the dopant increases the total
binding energy.

A crucial insight from the analysis is the existence of a
saturation point for the doping benefit. Moderate doping
levels (approx. 3—8%) strengthen adsorption by inducing
surface charge heterogeneity, whereas higher loadings
(13-16%) result in an "electronic smoothing" of the
surface potential. This smoothing happens when the
electrostatic potential across the lattice becomes more
uniform because overlapping electronic clouds from
nearby dopant sites reduce the localized gradients that
make strong interaction energies possible. As a result, this
effect makes the London dispersive forces that keep
things stable weaker. Consequently, an optimal design
window of approximately 5-8% heteroatom content is
proposed to maximize noncovalent binding. Since the
data presented herein are limited to gas-phase interactions
to isolate intrinsic electronic effects, future studies should
focus on comprehensive thermodynamic profiling,
including solvation and entropy effects, to accurately
predict bioavailability and drug release dynamics in
biological environments.
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