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Nanomaterials have transformed the field of targeted drug delivery by providing exceptional surface-to-
volume ratios, tunable electronic characteristics, and the potential for controlled release mechanisms.
They can enhance treatment efficiency, reduce adverse effects, and increase bioavailability by precisely
interacting with therapeutic molecules. This investigation investigates the electronic properties
and adsorption behavior of 5-fluorouracil (FU) on pristine and doped Cig nanorings (B—Cg, N-Cyg, and
Si—Cyg) Using density functional theory (DFT) considering these advantages. Stable and thermodynami-
cally advantageous physisorption is confirmed by the calculated adsorption energies (E,qs) of FU@B—-Cyg
and FU@N-C,g, which range from —0.772 eV to —0.930 eV. The band structure is effectively customized
by doping, as evidenced by the narrowest band gap (0.463 eV) in FU@SiI—C;3 compared to 1.861 eV in
FU@C;g. This suggests that the electronic sensitivity has been enhanced. The Mulliken charge transfer
(CT) analysis suggests that FU functions as an electron donor, with the highest charge transfer observed
for FU@B-Cg (—0.060e). FU@B-Cyg exhibits rapid desorption (9.3 s), while FU@N-C,g exhibits robust

Received 10th December 2025, retention (4.2 x 10° s), indicating a balance between release efficiency and stability. Recovery time (z)

Accepted 26th January 2026 varies accordingly. The thermodynamic stability and structural integrity of the FU-C;g complexes are
further confirmed by complementary molecular dynamics (MD) simulations, which guarantee depend-

able performance under physiological conditions. The potential of doped and functionalized C;g nano-

DOI: 10.1039/d5ma01445j

Open Access Article. Published on 06 February 2026. Downloaded on 4/11/2026 3:16:37 AM.

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

(cc)

rsc.li/materials-advances

1. Introduction

Cancer is a significant global health concern in the 21st
century, being the second highest cause of mortality globally.
Recent estimates from the World Health Organization indicate
that cancer was responsible for almost 10 million deaths in
2020, with forecasts suggesting a persistent increase in inci-
dence due to aging populations, environmental exposures, and
changing lifestyle factors." The many characteristics of cancer,
its ability to evade the immune system, and the development of
treatment resistance all impede sustained therapeutic efficacy.
Traditional chemotherapeutic techniques, while fundamental
to clinical practice, often exhibit limited therapeutic windows
and systemic toxicity, highlighting the need for more targeted
and effective delivery methods.”
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rings as advanced nanocarriers for FU cancer therapy is underscored by these findings.

Nanotechnology has emerged as a breakthrough platform in
oncology, allowing the strategic design of nanocarriers capable
of encapsulating or adsorbing anticancer drugs, traversing
biological barriers, and delivering their payload in a regulated
and site-specific manner.> Ring-shaped or cyclic nanostruc-
tures, including cyclodextrins and other macrocyclic com-
pounds, are crucial for drug delivery because they can form
inclusion complexes with drug molecules. Improved solubility,
stability, and bioavailability are achieved by encapsulating
medications that are inadequately water-soluble in their dis-
tinctive cavities. These structures can also facilitate controlled
release and safeguard pharmaceuticals from enzymatic degra-
dation. Macrocyclic carriers that are functionalized can be
customized to accomplish site-specific delivery, which can
reduce adverse effects and improve therapeutic efficacy. These
characteristics render them valuable platforms for advanced
pharmaceutical applications, particularly in the fields of cancer
therapy and targeted drug release systems.*”

Carbon-based nanomaterials, including carbon nanotubes,
graphene derivatives, fullerenes, and lately carbon nanorings,
have garnered significant attention owing to their distinctive
physicochemical features, elevated surface area-to-volume

© 2026 The Author(s). Published by the Royal Society of Chemistry
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ratios, and adjustable surface functions.® Carbon nanorings,
which are distinguished by their cyclic n-conjugated architec-
ture of sp*hybridized carbon atoms, provide a symmetrical
substrate with a well-defined structure and strong m-m inter-
action potential for aromatic medicinal molecules, including
5-FU.” In comparison to planar graphene fragments, their
curvature and topological characteristics also confer unique
electronic properties.

Heteroatom doping and functionalization of C;g3 nanorings
constitute an advanced atomic-scale engineering approach,
facilitating precision modulation of structural, electronic, and
interfacial characteristics. The introduction of dopants, includ-
ing boron (B), nitrogen (N), and silicon (Si), enables the
modification of the material’s band gap, charge distribution,
and adsorption sites, thereby directly affecting the adsorption
strength of 5-fluorouracil (5-FU), charge transfer (CT) processes,
and drug-release characteristics. This modification improves
the capacity of C;3 nanorings to enable targeted drug delivery,
thereby optimizing the system’s stability and responsiveness.
Furthermore, these alterations in electronic characteristics
facilitate the effective modulation of interactions with thera-
peutic agents, thereby enhancing the material’s efficacy in the
treatment of cancer. The influence of heteroatom doping on
these characteristics has been extensively reported within
the existing literature concerning dopant-based atomic-scale
functionalization and electronic structure modification.®*°

5-Fluorouracil (5-FU) is a widely used chemotherapeutic
agent for various solid tumors, yet its clinical efficacy is limited
by poor selectivity, systemic toxicity, and rapid metabolic
clearance. These limitations necessitate the development of
nanocarriers capable of enhancing 5-FU’s bioavailability and
enabling controlled release.''™* Doping carbon-based nano-
materials with heteroatoms (e.g., B, N, Si) is a well-established
approach to modulate surface reactivity, improve adsorption
behavior, and facilitate selective interactions with drug molecules.

Several theoretical and experimental investigations have
already analyzed the impact of heteroatom substitutions on
drug delivery efficacy."* Density functional theory (DFT) simu-
lations have shown increased adsorption energies for anti-
cancer medicines on nitrogen- or boron-doped graphene and
carbon nanotube systems."® Likewise, silicon-doped carbon
frameworks have shown potential in modulating electrostatic
interactions and enhancing drug retention in adverse biological
conditions." Thus far, cyclic carbon nanorings have received little
attention as a delivery platform, particularly regarding heteroatom
doping and their relative efficacy as a 5-FU carrier.

Prior DFT-based investigations of drug carriers have mostly
concentrated on expansive 2D sheets and inorganic nanocages
(e.g., graphene oxide, Ca;,0;,) or heteroatomic rings/cages
(e.g., C3N3/B303 and AlgNg/BgNg). This work investigates cyclo-
carbon (Cyg) nanorings, a relatively unexplored cyclic carbon
structure, and quantifies the modulation of interaction with
5-fluorouracil (FU) by heteroatom doping (B, N, and Si).
We provide a comprehensive DFT-MD study that correlates
adsorption energetics and charge transfer with electrical response,
including band structure/DOS trends and work-function (&)

© 2026 The Author(s). Published by the Royal Society of Chemistry
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modulation. Additionally, we evaluate the thermal stability of
FU®@C,s complexes by NVT molecular dynamics at 310 K. This
framework delineates structure-property principles for doping-
modulated FU binding and electrical behavior in cyclic carbon
nanorings.

In this study, density functional theory (DFT) calculations
are employed to investigate the adsorption properties, electro-
nic characteristics, and reactivity profiles of 5-FU on pristine
Cyg and its doped derivatives (B-Cyg, N-Cyg, Si-C;g). Adsorption
energies, band structures, density of states (DOS), global reac-
tivity indices, Mulliken charge transfer, and molecular
dynamics analyses were systematically performed to assess
the influence of doping on FU binding affinity and carrier
potential.

2. Computational methodology

We used ab initio calculations for computational design, struc-
tural improvement, and to check the main features of the
structures we were looking at. These simulations used basis
sets from a numerical linear combination of atomic orbitals
(LCAO), supported by Quantum ATK software."”>°

To accurately model how adsorbed molecules and the sub-
strate interact, we used the Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation (GGA), along with van der
Waals corrections (Grimme DFT-D3 parameters) for iterative
calculations.?’ Computational methodology and ab initio
molecular dynamics protocol. All density functional theory
(DFT) calculations were conducted utilizing QuantumATK
within the linear combination of atomic orbitals (LCAO) form-
alism. The simulation cell incorporated a vacuum region of
20 A to mitigate artefactual interactions between periodic
replicas. Brillouin zone sampling was performed at the I'-
point (1 x 1 x 1), and the real-space mesh cutoff was estab-
lished at 150 Hartree. Convergence of the geometry optimiza-
tions was established when the total energy variation was less
than 1 x 107> eV and the maximal residual force acting on any
particle was below 0.01 eV A™*, Furthermore, ab initio molecu-
lar dynamics (AIMD) simulations were conducted to evaluate
the finite-temperature stability of the FU-C;g complexes within
the NVT ensemble at 310 K, employing a Nosé-Hoover thermo-
stat (coupling time of 100 fs), a time step of 1.0 fs, and a total
trajectory duration of 10 ps (following a 1 ps equilibration
period). The 10 ps AIMD simulation window predominantly
assesses the short-term thermal stability and endurance of FU-
C,g contacts; however, uncommon desorption events and long-
term release kinetics, which occur on nanosecond to micro-
second timescales, are not comprehensively characterized
within this timeframe. Consequently, ab initio molecular dyna-
mics (AIMD) simulations serve as a qualitative assessment of
stability, thereby augmenting the static density functional
theory (DFT) analysis of adsorption energetics and electronic
response. We also added PseudoDojo potentials® using the
GGA for exchange and correlation.”® The calculations were
done using molecular dynamics simulation methods.
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The following formulas are used to determine the Fermi
level energy (E;) and electronic band gap (Egap):** >

Eg = Erumo — Enomo 1)

Enowmo signifies the energy level of the highest occupied mole-
cular orbital, whereas E;ymo represents the energy level of the
lowest unoccupied molecular orbital.

The adsorption energy (E.qs) was determined by the follow-
ing equation:***°

Eaas = Eru-substrate — Esubstrate — Eru (2)

The global chemical reactivity descriptors are deduced using
the following equations®":

IP = —Enomo (3)
EA = _ELUMO (4)
E _
77— Erumo Enxomo 5)
2
1
S=— 6
= ©
Erumo + Enomo
- =y ~—vY 7
! )
2
U
=L 8
=t ®

The work function (@) represents a fundamental parameter in
solid-state physics and surface science, extensively employed
to characterize the energy barrier associated with electron
emission from a material into the vacuum, as well as the
electronic modifications induced by adsorption at surfaces.>*3*
In the current FU-C;g systems, @ is utilized as an electronic-
response descriptor that reflects the influence of heteroatom
doping and 5-fluorouracil (FU) adsorption on the surface dipole
and charge distribution of the nanoring, serving as a practical
indicator for adjustable sensing signals and adsorption-induced
carrier dynamics.

Consequently, ¢ was determined from the electrostatic
potential within the vacuum region and the Fermi level, as
delineated in eqn (9).** To quantify the modulation induced by
adsorption, the percentage variation in the work function was
determined using eqn (10), wherein @, and &, represent the
work function of the substrate prior to and following FU
adsorption, respectively:

¢ = Vel+o) — Erp (9)

The symbol V) refers to the electrostatic potential of an
electron at a significant distance from the surface, assumed to
be zero (i.e., Vel o) = 0).

We quantified the effect of FU adsorption on the work
function utilizing eqn (10).

oy — D,

AP (%) ===
b

% 100 (10)
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The work function before and after adsorption is denoted by
®y, and @, respectively.

The discussion surrounding recovery time (t) underscores
its significance in both drug delivery systems. By illuminating
the relationship between recovery time and adsorption energy
through traditional transition state theory, this study lays the
groundwork for future technological advancements. Under-
standing these dynamics can lead to the creation of more
responsive and efficient drug delivery methodologies. The
insights gained from this exploration can drive innovations
that significantly impact medical solutions:**>?>®

(1)

The variables in the equation are v,, which represents the attempt
frequency, ks = 8.62 x 107> eV K !, which is Boltzmann’s
constant, and T, which represents the temperature. The 7 values
at room temperature (7 = 298.15 K) are determined using UV light
(vo = 10" s7).

3. Results and discussion
3.1 Optimized geometries and structural features

The QuantumATK package was employed to conduct density
functional theory (DFT) simulations to investigate the interac-
tions between the FU anticancer drug and both pristine C;53 and
B-, N-, and Si-doped C,5 substrates. The optimized geometries
of the pristine and doped C;; structures are illustrated in Fig. 1
and 2, respectively, in both the absence and presence of the FU
anticancer drug.

The overall ring structure of C,3 maintains stability upon
doping with B, N, or Si atoms, but some local distortions occur
at the dopant site. The impact is more significant in the Si-
doped structure owing to the greater atomic radius of silicon
relative to carbon, as shown in Fig. 1.

The substrate comprises 18 carbon atoms (Cyg) and is doped
with diverse elements, such as boron, nitrogen, and silicon
(B, N, Si). The optimized configurations, as illustrated in Fig. 2,
indicate that the FU drug interacts with the pristine C;5 sub-
strate at distances of 2.89 A (between the oxygen atom of the
drug and a carbon atom of the substrate) and 2.80 A (between
the hydrogen atom of the drug and a carbon atom of the
substrate). The O-B and H-C distances for the B-doped Cig
system are 2.93 A and 3.03 A, respectively. In contrast, the O-N
and H-C distances for the N-doped substrate are both 2.97 A.
In contrast, the Si-doped substrate exhibits interaction dis-
tances of 2.82 A (H-C) and 3.13 A (O-Si).

In addition, for the lowest energy structures, vibrational
calculations were performed inside the harmonic approxi-
mation to confirm the identification of local minima and as a
measure of structural stability; the results showed positive
values, as shown in Fig. 3 and 4.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Optimized geometries of the FU drug and Cig ring and doped
derivatives.

FU@C18 FU@B-C18

FU@N-C18

FU@Si-C18

Fig. 2 Optimized geometries of the FU drug with Cig ring and doped
derivatives.
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Fig. 4 IR spectra of FU@C,g, FU@B-C,g FU@N-C,g, and FU@SiI—Cg.

3.2 The electronic properties

The band structure diagrams in Fig. 5 and 6(a)-(d) demonstrate
significant changes in the electronic characteristics of the
various functionalized and doped C;g-based structures.

The total energy (E) values in Table 1 provide essential
insights into the thermodynamic stability of the virgin, doped,
and FU-functionalized C;g structures. Pristine C,3 demon-
strates the lowest total energy among the analyzed systems,
indicating its fundamentally stable form. Doping with B, N, or
Si results in a little elevation in total energy, attributable to
lattice deformation and the incorporation of impurity atoms
that alter the local electronic environment. Among the doped
systems, Si-C;g exhibits the most significant rise in E, indica-
tive of Si’s larger atomic radius relative to C and the enhanced
structural relaxation necessary for stability. For FU-functionalized

Mater. Adv,, 2026, 7, 2766-2777 | 2769
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Fig. 6 Band structures of the Fu drug with Cyg ring and doped derivatives.

Cis (FU@C;g), the total energy is marginally less negative than that
of pristine Cig, indicating that the adsorption of FU groups
induces more structural strain and electron redistribution. The
combination of FU functionalization with doping (FU@B-Cig,
FU@N-Cy3, FU@SI-C,5) results in an increased total energy,
indicating that the synergistic effects of functionalization and
doping need more structural modifications to attain equilibrium.
Nonetheless, the total energy remains negative across all config-
urations, affirming their thermodynamic viability and promise for
experimental realization. These patterns suggest that whereas
doping and FU functionalization somewhat diminish the thermo-
dynamic stability compared to pure C;g, they provide considerable
electrical tunability, as shown by the band structure, HOMO-
LUMO levels, and DOS profiles.

The band structure of pure C;g has a significant energy gap
of 1.47 eV, as shown in Table 1, signifying semiconducting
characteristics with distinctly differentiated valence and con-
duction bands. Doping with B, N, or Si (B-Cy3, N-Cyg,

2770 | Mater. Adv., 2026, 7, 2766-2777
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and Si-Cyg) results in a significant reduction in the energy
gap, with the minimum gap of 0.736 eV recorded for Si-Cys.
These substantial decreases, especially with Si doping (AE, =
—92.66%), indicate that these dopants create states proximate
to the Fermi level, hence promoting electronic transitions and
improving conductivity.

Functionalization with FU groups (FU@Cs;), seen in Fig. 5a,
results in an expansion of the energy gap (1.861 eV), suggesting
that FU functionalization enhances the semiconducting proper-
ties of the structure. When FU groups are amalgamated
with dopants (refer to Fig. 5b-d for FU@B-C;3, FU@N-Cyg,
and FU@Si-Cyg), the band gaps are significantly reduced
(1.361 €V, 0.896 eV, and 0.463 eV, respectively), hence affirming
the substantial impact of dopant-induced states that prevail
over the influence of FU. The HOMO and LUMO level place-
ments shown in Table 1 align with these patterns.

The HOMO and LUMO levels of N-C;4 are nearer to the
Fermi level than those of pure C;s, indicating a decreased gap
of 0.914 eV. In contrast, FU@C,g exhibits a more significant
distinction between the HOMO and LUMO levels, aligning with
its greater energy gap. These findings demonstrate that regu-
lated doping (B, N, Si) and FU functionalization may effectively
modify the electrical characteristics of the C,z structures. Dop-
ing lowers the band gap and improves conductivity, while FU
functionalization may either restore or augment semiconduct-
ing properties, making these materials viable candidates for
electrical and optoelectronic applications.

The density of states (DOS) profiles shown in Fig. 7 provide
enhanced understanding of the electrical structure, supple-
menting the band structure diagrams presented in Fig. 5 and
6(a)-(d). The density of states (DOS) for pure C,;g reveals a
significant separation between the valence and conduction bands,
exhibiting few states at the Fermi level, hence affirming its
semiconducting characteristics and a band gap of 1.47 eV
(Table 1). This characteristic aligns with other carbon-based nano-
structures, whereby a substantial HOMO-LUMO gap enhances
electrical stability and diminishes intrinsic conductivity.

Doping with heteroatoms like B, N, or Si significantly
modifies the density of states, creating localized states near
the Fermi energy. This leads to a significant decrease in the
band gap, particularly for Si-C;g (0.736 eV), where distinct
peaks at Er signify improved conductivity owing to the heigh-
tened density of available states. Comparable phenomena have
been found in doped graphene systems.

In FU-functionalized C;5 (FU@C;g), the band gap rises to
1.861 eV, accompanied by a reduction in states at the Fermi level,
hence enhancing its semiconducting characteristics. The synergis-
tic impact of FU groups and doping (FU@B-C,3), FU@N-Cyg
FU@Si-C; reintroduces states next to the Fermi level, reducing
the energy gap and altering the distribution of the density of states.
This illustrates how doping and functionalization may collabora-
tively regulate the band structure and density of states (DOS).

3.3 Adsorption energy and charge transfer

The adsorption energy (E.qs) and charge transfer (CT) are
essential metrics for comprehending the interaction between

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


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma01445j

Open Access Article. Published on 06 February 2026. Downloaded on 4/11/2026 3:16:37 AM.

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

(cc)

Paper

View Article Online

Materials Advances

Table 1 The values of the total energy (E), Fermi level energy (Er), work function (@), Eyomo. ELumo. and energy gap (Eg) for the structures in (eV) units

Structure E Epy, '3 AP (%) Enomo Erumo Egy AEg (%)
Cis —2799.183 —7.766 7.766 — —8.460 —6.991 1.470 —
B-Cyg —2719.441 —7.713 7.713 —0.68 —7.714 —6.827 0.887 —39.66
N-Cig —2915.523 —7.838 7.838 0.92 —8.753 —7.839 0.914 —37.82
Si-Cyg —2815.761 —7.539 7.539 —2.92 —7.910 —-7.174 0.736 —-92.66
FU@C;3g —5533.383 —7.724 7.724 —0.54 —8.598 —6.737 1.861 26.60
FU@B-C;g —5453.679 —7.853 7.853 1.12 —7.880 —6.519 1.361 —7.41
FU@N-C;g —5649.895 —7.699 7.699 —0.86 —8.596 —7.700 0.896 —39.04
FU@SIi—Cg —5550.038 —7.621 7.621 —1.86 —7.872 —7.409 0.463 —68.50
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Fig. 7 Density of states (DOS) of pristine and doped graphene surfaces
before and after FU adsorption.

a molecule and a substrate, as they directly influence the
stability, electronic characteristics, and possible sensing effi-
cacy of the system. E,q5 assesses the thermodynamic favorabil-
ity and binding strength of adsorption, whereas CT measures
the degree of electronic exchange, offering critical insights into
reactivity and surface activity.

The adsorption energies shown in Table 2 are uniformly
negative, indicating that FU adsorption on both pure and
doped C,3 surfaces is exothermic and thermodynamically
advantageous. FU@N-C;3 demonstrates the most robust inter-
action (—0.930 eV), ascribed to the significant electronic cou-
pling resulting from nitrogen doping. Conversely, FU@B-Cyg
has the least negative E.qs (—0.772 eV), signifying weaker
binding, whilst FU@C;3 and FU@Si-C;g have intermediate
values (—0.824 eV and —0.812 eV), illustrating that doping
efficiently modulates adsorption strength.

The Mulliken study reveals that charge transfer occurs from
FU to the C;g-based surfaces, as shown by the negative CT
values. A negative CT indicates that the FU molecule functions

Table 2 The adsorption energy (E,qs), Mulliken CT, and the recovery time
for all complex structures

Structures E,qgs (V) BSSE correction CT 7 (s) c(Am?)
FU@C,;3  —0.824 0.525 —0.011 7 x 10" 1.170 x 10°°
FU@B-C;3 —0.772  0.630 —0.060 9.3 x 10° 1.964 x 1072
FU@N-C;3 —0.930 0.578 —0.036 4.2 x 10° 1.66 x 10*
FU@Si-Cy5 —0.812  0.604 —0.053 4.4 x 10" 7.60 x 10°

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

as an electron donor, while the C;g surface operates as
an electron acceptor, aligning with observations documented
for analogous functionalized carbon systems.>” The maximum
charge transfer (CT) is recorded for FU@B-C,g3 (—0.060¢),
followed by FU@Si-C;3 (—0.053¢), whilst FU@C;3 and FU®@
N-C;3 demonstrate lower charge transfers of —0.011e and
—0.036¢, respectively. This pattern indicates that dopants such
as B and Si augment the charge exchange process, thus affect-
ing the electrical reactivity of the surface. These results align
with publications on doped carbon nanostructures, whereby
charge transfer (CT) is crucial for improving sensing and
catalytic efficacy. The sign of the charge transfer (CT) values
indicates the donor-acceptor characteristics of the system.
A negative CT value indicates that electrons are transported
from the adsorbed molecule (FU) to the Cig-based substrate,
indicating that FU functions as the electron donor, whilst the
C,g surface serves as the electron acceptor. If the CT value were
positive, the substrate would function as the donor and the
molecule as the acceptor. The current work indicates that all CT
values are negative (Table 2), thus demonstrating that electron
transport transpires from FU to both pure and doped Cig
surfaces, aligning with donor-acceptor interactions documen-
ted in analogous carbon nanostructures.*®*’

Electrical conductivity (o) is a fundamental feature asso-
ciated with adsorption behavior, charge transfer (CT), and band
gap, indicating a material’s capacity to conduct electricity.
Table 2 illustrates that the conductivity (¢) of FU@C,s systems
exhibits considerable variation, with FU@C,s measuring
1.170 x 10~° A m 2, while FU@Si-C;; attains 7.60 x 10> Am™>.
The reduced conductivity of FU@C,g aligns with its compara-
tively broad band gap (1.861 eV), limiting charge carrier move-
ment. Conversely, the elevated conductivity of FU@Si-Cyg is
ascribed to the pronounced electron delocalization resulting
from Si doping and a markedly decreased band gap of 0.463 eV.
FU@N-C,; exhibits significant conductivity (1.66 x 10> A m™~?),
consistent with its intermediate band gap (0.896 eV) and ele-
vated electron density. Boron doping in FU@B-C;z (0 = 1.964 x
107> A m~?) improves conductivity relative to FU@C, s, however
its impact is less significant than that of silicon or nitrogen
doping. The observations demonstrate a distinct correlation
among ¢, CT, and band gap: reduced band gaps and enhanced
electron transport (more negative CT) result in increased
conductivity. The work function (A®) indirectly influences o
by affecting electron emission and carrier availability. The
results indicate that Si and N doping significantly improve
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conductivity, essential for nanoelectronics, sensors, and catalytic
systems. The tunability underscores the promise of FU-func-
tionalized C,5 derivatives as multifunctional materials, tailored
for adsorption stability and electrical responsiveness.

3.4 Work function (@) and its modification

Recent DFT/MD investigations into nanoscale drug-carrier sys-
tems have underscored that adsorption affinity, and charge-
transfer characteristics serve as valuable design parameters for
modulating nanocarrier performance, including in the case of
5-fluorouracil. Building upon these recent advancements, we
analyze the current FU-C1T findings by correlating adsorption
energetics with charge transfer (CT) and the related electronic
perturbation, whereas the work-function response is addressed
independently in the dedicated @ section.*™*

The work function (@), which is the minimal energy required
to extract an electron from the Fermi level to the vacuum, is a
crucial parameter influencing the surface electrical behaviour,
field emission characteristics, and sensing capacities of carbon-
based nanomaterials.”® In these systems, little variations in @
may substantially modify the electrical response, becoming a
crucial element in the development of chemical sensors,
nanoelectronics, and catalytic devices.** Chemical perturba-
tions, such as doping or molecule adsorption, cause charge
redistribution and surface dipole production, leading to a shift
in the Fermi level and observable alterations in @.*>

The data presented in Table 1 indicate that pure C;g has a
work function of 7.766 eV. Boron doping marginally decreases
¢ to 7.713 eV (AP = —0.68%), signifying modest electron
donation, whereas nitrogen doping elevates it to 7.838 eV
(A® = +0.92%) owing to its electron-withdrawing properties.*®
Silicon doping results in the most significant reduction, produ-
cing a @ of 7.539 eV (AP = —2.92%), which correlates with a rise
in surface electron density. The functionalization with FU
groups further adjusts @, with FU@C;3 demonstrating a mar-
ginally reduced value of 7.724 eV (A® = —0.54%). The variance
becomes more pronounced when dopants are included, with
FU@B-C,;s attaining 7.853 eV (+1.12%), but FU@N-C;3 and
FU@Si-C,3 decrease to 7.699 eV (—0.86%) and 7.621 eV
(—1.86%), respectively*’ (see Fig. 8).

An important discovery is that the sign and magnitude of A®
are correlated with the charge transfer (CT) values. Systems
exhibiting negative CT (electron transport from FU to the
surface) often show a decrease in @ because of the heightened
surface electron density. Conversely, when A® is positive (e.g.,
FU@B-Cyg), the surface exhibits characteristics akin to an
electron acceptor, indicating enhanced electron-withdrawing
effects. A high A® promotes sensor sensitivity by elevating the
energy barrier for electron emission, whereas a low A® boosts
field emission and catalytic activity by augmenting electron
availability.*®

The electronic behavior of pristine and doped C;g systems is
comprehensively understood through the interplay between
adsorption energy (E.qs), charge transfer (CT), and work func-
tion variation (A®). Stronger molecule-surface interactions
are typically associated with a more negative E,qs, which is
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frequently accompanied by higher CT values because of
increased electronic coupling. Electron transfer from the FU
molecule to the surface is indicated by negative CT values, and
typically reduces @ (negative A®) by increasing the density of
surface electrons, as demonstrated in FU@Si-C;g and FU®@
N-C;g. In contrast, systems with positive A®, such as FU@
B-C;, demonstrate electron-withdrawing behavior, resulting in
a slight increase in @ and an enhanced sensing potential. The
simultaneous tailoring of E,4s, CT, and @ can be strategically
employed to optimize both adsorption stability and electronic
response for targeted applications in sensing, catalysis, and
nanoelectronics, as these correlations highlight.

3.5 Recovery time

The recovery time (1) is a critical measure in assessing material
performance for applications like medication administration and
gas sensing, since it denotes the duration needed for the adsorbed
FU molecule to disengage from the surface and restore the
substrate to its original condition. The values of t are directly
affected by the adsorption energy (E.qs) (see Fig. 9), with stronger
adsorption generally leading to an extended recovery time owing to
the enhanced stability of the adsorbate-substrate combination.

Table 2 indicates notable discrepancies in recovery time
between the pristine and doped C,5 structures. FU@N-C;g has
the greatest recovery duration (4.2 x 10° s), correlating with the
highest adsorption energy (—0.930 eV). The robust interaction
indicates that the desorption of FU from N-doped C;5 may need
a prolonged duration, thus limiting its use in scenarios requiring
rapid reaction and regeneration. Conversely, FU@B-C; g exhibits
the briefest recovery time (9.3 x 10° s) owing to its comparatively
lower binding energy (—0.772 eV), rendering it beneficial for
dynamic applications that need rapid adsorption and desorption
cycles.

The intermediate values of t for FU@Cys (7 x 10" s) and
FU@Si-Cys (4.4 x 10" s) indicate moderate binding energies

© 2026 The Author(s). Published by the Royal Society of Chemistry
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(—0.824 eV and —0.812 eV, respectively), suggesting a balanced
compromise between stability and reversibility. These patterns
underscore the need of customizing adsorption strength to get
optimum recovery durations. Although elevated adsorption
energies improve the stability of the drug-surface interface,
they may impede desorption, thereby diminishing system
efficiency, particularly in sensing and drug delivery applications.
This behavior aligns with previous research on functionalized and
doped carbon nanostructures, which has highlighted the regula-
tion of adsorption strength as a crucial element for enhancing
recovery dynamics."’

3.6 Global reactivity indices

The global reactivity indices (shown in Table 3) provide essen-
tial insights into the electrical reactivity and stability of both
pure and modified C;g structures. These factors are often used
to forecast chemical behavior, donor-acceptor proclivities, and

Table 3 Global chemical reactivity descriptors

Structure 1P EA S H u [0}

Cis 8.460 6.991 0.680 0.735 7.725 40.609
B-Cig 7.714 6.827 1.128 0.443 7.270 59.598
N-Cyg 8.753 7.839 1.094 0.457 8.296 75.265
Si-Cyg 7.910 7.174 1.358 0.368 7.542 77.262
FU@Ci5 8.598 6.737 0.537 0.930 7.668 31.594
FU@B-Cyg 7.880 6.519 0.735 0.680 7.200 38.093
FU@N-Cyg 8.596 7.700 1.116 0.448 8.148 74.096
FU®@Si-C5 7.872 7.409 2.161 0.231 7.641 126.142

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the suitability of materials for catalytic and sensing applica-
tions. They originate from frontier molecular orbital theory.”*"*

The ionization potential (IP) and electron affinity (EA),
denoting the energy necessary to remove an electron and the
energy acquired by adding an electron, respectively, reflect
electronic stability. The immaculate C;g structure has an ioni-
zation potential of 8.460 eV and an electron affinity of 6.991 eV,
indicating considerable electronic stability. Doping with boron
or silicon decreases the ionization potential (7.714 eV for B-Cy5
and 7.910 eV for Si-Cyg), signifying enhanced propensity for
electron donation, advantageous for charge-transfer applica-
tions. Conversely, N-C;5 has the greatest ionization potential
(8.753 eV) and electron affinity (7.839 eV), indicating enhanced
electron-accepting characteristics.

The oxidative stability of FU@C,3 is enhanced by the slight
elevation in ionization potential (8.598 eV) resulting from the
functionalization with FU groups. The softness (S) and hard-
ness (H) serve as inverse indicators of chemical reactivity,
with higher S values signifying enhanced reactivity. Si-Cig
demonstrates peak softness (1.358 eV ') and minimal hardness
(0.368 eV), indicating increased chemical reactivity. FU@C;g
has the lowest softness (0.537 eV~ '), indicating enhanced
stability and less reactivity after FU functionalization. The
electron-accepting characteristics of N-C;g (8.296 eV) and
FU@N-Cy5 (8.148 eV) are shown by their elevated chemical
potential (1), indicating a propensity for electron ejection from
the structure. In contrast, B-C;3 and FU@B-C, ¢ have reduced
values (7.270 eV and 7.200 eV, respectively), corroborating their
electron-donating characteristics.

The electrophilicity index (w), which measures stability with
the acquisition of an extra charge, differs across the systems.
Si-C;3 and FU@Si-C;3 have the highest values (77.262 and
126.142, respectively), indicating robust electron uptake. The
lowest @ (31.594) is recorded in FU@Cys, indicating a reduction
in electrophilicity attributed to FU passivation.

In general, these global reactivity indices indicate that
doping, especially with Si or N, increases the electrical reactivity
and electron-accepting capacity of C;s, whereas FU functiona-
lization stabilizes the structure and diminishes its electrophi-
licity. These characteristics render the systems exceptionally
appropriate for electrical device engineering, catalysis, and
sensing applications.’?

3.7 Molecular dynamics

Molecular dynamics simulations were utilized to investigate the
thermal stability of the FU@C,s complexes. Specifically, four
independent NVT ab initio molecular dynamics (AIMD) trajec-
tories were conducted at 310 K to assess whether the optimized
adsorption configurations maintain their structural integrity
under thermal fluctuations. The comprehensive AIMD protocol
and all computational parameters, including the thermostat
scheme, time step, and trajectory duration, are documented in
Section 2 (Computational methodology) to consolidate the
simulation details in a single section. The discussion below,
therefore, concentrates on the observed trajectory behaviour
and stability characteristics during the simulations.
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The four different molecular dynamics simulations (Fig. 10
and 11) consistently show that the FU delivery system under-
goes rapid thermal and energetic equilibration after initializa-
tion. Randomized initial velocity distributions are associated
with the abrupt temperature increases that are observed at the
commencement of each cycle. According to thermodynamic
predictions for solvated molecular systems®?, the system stabi-
lizes within sub-picosecond timescales, achieving equilibrium
with the reservoir temperature within approximately 0.3-0.6 ps.
A local energy minimum indicative of configurational relaxation is
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suggested by the stabilization of potential energy, which also
occurs within similar timescales.

The consistent equilibration behavior seen in all four tests
reinforces the reliability of the FU delivery arrangement. The
efficacy of the Nosé-Hoover thermostat in properly modeling
canonical ensemble dynamics has been substantiated in prior
investigations,> and a thermostat relaxation duration of 100 fs
has shown effectiveness for thermal coupling without the
introduction of artifacts. The observed thermal behavior corre-
sponds with results from analogous research on drug encapsu-
lation and release utilizing nanoscale carriers.”® Therefore, our
simulations demonstrate that the FU delivery system maintains
stable dynamic behavior during physiologically relevant heat
circumstances, and the used methodological framework may
be dependably utilized for future investigation of transport,
diffusion, and absorption processes.

We observe that the 10 ps AIMD trajectories are predomi-
nantly designed to serve as a brief assessment of the thermal
stability of the FU@C;g complexes. Extended stability, infre-
quent desorption events, and release kinetics may manifest
over prolonged (nanoseconds to microseconds) time scales and
are consequently outside the scope of the current simulation
window.

3.8 Biological feasibility and environmental stability
considerations

The biocompatibility of C;g nanorings has been investigated
in numerous studies, demonstrating minimal cytotoxicity in
human cells, thereby suggesting their potential utility in bio-
medical applications. The incorporation of heteroatoms,
including boron (B), nitrogen (N), and silicon (Si), improves
biocompatibility. These modifications subtly alter the electro-
nic characteristics of the nanorings, thereby optimizing their
interactions within biological systems. Furthermore, multiple
investigations have indicated that C;3 nanorings demonstrate
robust stability within aqueous environments, exhibiting neg-
ligible degradation across brief to intermediate durations,
thereby rendering them appropriate for drug delivery and
sensing applications.”®”

Nevertheless, the toxicity of C;3 nanorings necessitates
additional research, especially regarding prolonged exposure
and potential bioaccumulation. Recent investigations indicate
that surface functionalization employing specific moieties,
including FU groups, may attenuate the toxicity of nanostruc-
tures by diminishing cellular harm and enhancing their selec-
tive absorption within target tissues.’®>® The effect of these
alterations on the comprehensive toxicity profile necessitates
assessment within more sophisticated in vitro and in vivo
models.

To evaluate the stability under physiological conditions,
molecular dynamics (MD) simulations were conducted to exam-
ine the behavior of C;g within simulated biological fluids. The
simulations indicate that C;g nanorings exhibit considerable
stability within biological environments over a brief duration.
However, additional long-term simulations, extending from
nanoseconds to microseconds, are required to comprehensively

© 2026 The Author(s). Published by the Royal Society of Chemistry
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assess their behavior and degradation characteristics under
authentic physiological conditions.”*®*

4. Conclusion

In this study, DFT was employed to conduct a comprehensive
theoretical analysis of the electronic properties and adsorption of
5-fluorouracil (FU) on pristine and doped C;3 nanorings
(B-Cys, N-Cy3, and Si-Cyg). The results indicate that the electronic
structure and adsorption characteristics of C;g3 nanorings can be
precisely tailored through the use of doping and FU functionaliza-
tion. The adsorption energies (E,qs) that were calculated, which
range from —0.772 eV for FU@B-C;5 to —0.930 eV for FU@N-C;g,
confirm the thermodynamic stability and moderate binding
strength of the compounds. These properties are perfect for
reversible drug loading and release.

The band gap has been significantly reduced, particularly
for FU@Si-C;5 (0.463 eV), which suggests that the electronic
responsiveness has been improved. The recovery time (7) analysis
has revealed a complex equilibrium between rapid desorption
(t = 9.3 s for FU@B-C;3) and strong adsorption (t = 4.2 x 10° s for
FU@N-Cyg). This allows for the tunable release of the drug. The
Mulliken charge transfer (CT) analysis further demonstrates that
FU functions as an electron donor, thereby modulating the sur-
face reactivity of the nanorings. In addition, the structural stability
of FU-C,3 complexes under thermal fluctuations is further vali-
dated by complementary molecular dynamics (MD) simulations,
which further supports their reliability for biomedical applica-
tions. The potential of doped C,g nanorings as versatile substrates
for drug delivery and nanosensing is underscored by this work,
which also offers fundamental insights into the adsorption
mechanism of anticancer medications on carbon-based nanoma-
terials. The development of next-generation nanocarriers is facili-
tated by the combination of controllable electronic tuning and
stable and reversible adsorption in these nanostructures. This
approach allows for the optimization of efficiency, selectivity, and
adaptability for advanced biomedical applications.
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