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ARTICLE INFO ABSTRACT

Keywords: This work presents a comprehensive Density Functional Theory (DFT) investigation of the adsorption behavior of

DFT two pyrrole derivatives (PYI and PYII) on Al;5Np, and Aly,Pq; fullerene-like nanocages, aiming to evaluate their

Pgmles suitability for sensing and drug-delivery applications. Geometry optimization, adsorption energy calculations,
E G electronic structure analysis, molecular descriptors, and solvent effects were examined using the wB97XD/SDD
anocages

level of theory. Both PYI and PYII exhibit spontaneous, exothermic, and chemisorptive binding onto the
nanocages, with the presence of a strong adsorption observed for PYII and for Al;5P;9, particularly in aqueous
media. Adsorption induces pronounced charge distribution, reduction of HOMO-LUMO gaps, increase in dipole
moment and polarizability, and significant modulation of frontier orbital distribution, all indicating enhanced
electronic reactivity and stronger surface interactions. UV-Vis and Raman analyses further reveal marked red
shifts, reduced absorption intensities, and surface-enhanced Raman scattering (SERS)-active vibrational en-
hancements, confirming strong coupling between the pyrroles and the nanocages. Natural Bond Orbital (NBO)
and Reduced Density Gradient (RDG) analyses highlight dominant hyperconjugative interactions and mixed
attractive/van der Waals contributions stabilizing the adsorbed complexes. Molecular docking with acetylcho-
linesterase (1EVE) demonstrates substantially improved binding affinities for the adsorbed systems compared to
the isolated pyrroles, suggesting potential for targeted therapeutic delivery. Collectively, these findings, identify
Al-based nanocages as promising candidates for pyrrole sensing, photocatalytic enhancement, and drug-carrier
applications.

1. Introduction investigated CPs [10]. The photo catalyst PY has been specifically
employed for the purpose of removing and degrading environment
contaminants due to its exceptional redox, ion exchange, and

cost-effectiveness [11]. Environmental factors can cause PY to lose some

Due to their applications in wide sectors, including bioelectronics,
biomedicine, shielding technologies and display materials conducting

polymers (CPs) had been recently attracted increasing attention [1-7].
Their special mechanical and electrical qualities-such as their high
mobility, excellent stability, optical clarity, low processing temperature
have sparked interest [8,9]. These materials’ conducting nature results
from the delocalized pi-electrons, which offer an easy avenue for elec-
tron mobility. Because of its non-toxicity, high conductivity, band gap
and ease of synthesis, polypyrrole is one of the most thoroughly
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of its electrical conductivity, which limits its use in a variety of appli-
cations [12]. Consequently, increasing its adsorption efficiency is
required. Adding nanostructures to polymers is one of the promising
ways to get around this problem and increase the surface area of PY. This
makes polymers a better adsorbent for the photo-catalytic degradation
of different pollutants and medications [12]. Because of their special
physical characteristics, nano materials can be used as dopants to
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improve the conductivity of polymers. They can also increase the
adsorption capacity, solubility, and hydrophobicity of the polymers,
which can results an increased potential photo-catalytic activity [13,
14]. The ability to absorb the greatest number of photons and as an
effective catalyst is characteristics of appropriate nanomaterials for
photo catalytic applications. Because of this, a semiconductor needed for
photo catalytic applications needs to have a band gap between 1.8 and
2.2 eV [15,16]. TizO or ZnO are used as coating materials to PY to in-
crease its conductivity and crystalline nature [17]. Furthermore, it has
been claimed that several strategies, including composites, and band gap
minimization, improve PY performance [18].

The Al;5Nj2 and AljoP;o fullerene-like nanocages were chosen for
this study because of their special combination of strong interaction
potential with molecular adsorbates, tunable electronic properties, and
structural stability, which makes them especially appealing for
biomedical and sensing applications. Previous theoretical studies have
demonstrated that Al-based nanocages frequently display stronger
adsorption properties in comparison to analogous boron-based cages; for
instance Alj5Np2 has been found to adsorb different gas molecules
strongly than B;5Njs, indicating increased reactivity and sensitivity
potential [19]. Phosphorus incorporation tends to decrease the
HOMO-LUMO gap and increase polarizability, which can improve
electronic response upon adsorption, as demonstrated in Al;sP15 in
comparison to other group III-V cages, according to comparative studies
across heteronuclear X;5Y12 nanocages [20]. Additonally, recent DFT
research has shown significant electronic perturbations and efficient
chemisorption for medication and pollutant molecules on Al-containing
cages, underscoring their potential in sensing and delivery contexts
[21]. While other nanocages like B;oN75 or Bej2012 have been investi-
gated for gas sensing and adsorption, Al;sNy2 and AljoP15 are particu-
larly good candidates for the systems under study due to their unique
combination of stronger adsorption energetics, favorable electronic
modulation, and potential for significant spectroscopic response.
Notably, the current work expands on this well-established framework
to investigate adsorption, electrical, and spectroscopic signals pertinent
to pyrrole derivatives, offering a targeted but widely applicable contri-
bution to the design of nanocage-based sensors and carriers.

The findings demonstrate that metal-doped B;sNj2 nanoclusters
have substantial affinity for p-lapachone and tunable electronic struc-
tures, highlighting their potential as stable and effective nanocarriers for
drug administration and related biological applications [22]. Identifi-
cation of Fe- and Mn-doped systems as viable possibilities for sensitive
and quick detection of the drug penicillamine, especially under biolog-
ically relevant solvent conditions, and provided a theoretical basis for
developing effective Si;2Cj2-based metal-doped nanocage sensors [23].
Through DFT calculations, it was reported that Ga,, Bej3013 and
GaBe;1015 clusters show strong to moderate chemisorption and high
sensitivity toward phenytoin; Gaz and GaBe; 201, emerge as particularly
promising regeneragable nanosensors because of their short recovery
times in aqueous environments [24]. The crucial significance of metal
doping in adjusting cluster reactivity and sensing performance was
highlighted by Derdare et al.,’s DFT calculations, which showed that
both pure and metal-doped Cyg clusters (Ru, Ir, and Au) exhibit strong
and selective adsorption toward NOs, N2O,, and NH3 molecules [25].
The results demonstrate that B1oNj2 nanocages doped with Cu and Rh
have significantly improved gas sensing and catalytic performance,
facilitating effective NO detection by chemisorption and encouraging
H,S dissociation via strong surface-adsorbate interactions [26]. The
adsorption behavior of neural and zwitterionic serine on pristine and
Pt-decorated B;oNjo fullerenes is clarified in literatue. Amine-driven
chemisorption on Pt-B1sNj5 is found to be the most stable interaction,
and adsorption-induced band-gap changes pertinent to biomolecular
applications are highlighted [27]. MCp3 clusters, especially those con-
taining Mn, Ru, Rh, and Pd, have low energy barriers and easy Oy
desorption, which makes them highly active and regenerable nano-
catalysts for effective N2O breakdown [28].
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These days, the pharmaceutical industry relies heavily on nano-
technology to treat cancer and other diseases with targeted medicines
[29,30]. One of the most difficult issues in treatment of cancer is the use
of nano structures for medicine delivery to the impacted bodily sections.
Additionally, the therapy of intracellular disorders has greatly advanced
because to nano structured medicinal carriers. Due to their improved
surface/volume ratio over conventional micro sensors, researches are
focussing on the properties of nanomaterials as sensors [31,32]. Many
nanostructures, including cages, fullerene, carbon nanotubes, and vari-
ants of graphene, have been extensively documented for use in biolog-
ical, drug delivery, bio-sensing, cell targeting and bio-imaging [33,34].
Because of their remarkable mechanical and electrical qualities as well
as their extraordinary chemical stabilities, inorganic boron and
aluminum nitride nanosheets, chains, cones, clusters and nanotubes
have garnered a lot of attention recently [35-37]. Previous in-
vestigations on various (XY)12 (X =B, Al,... and Y=N,P...) revealed that
the most stable structure is an X;5Y15 fullerene like nanocluster [38,39].
The study and publication of the energy and structure of AIN nano-
clusters showed that AIN is the most thermodynamically stable one [40].

A recent study provides essential insights for the logical design of
next generation Ny sensors and metal-free catalytic platforms for sus-
tainable nitrogen fixation by elucidating a strong, polarization-driven
mechanism for Ny activation and conversion to the NH3 on B13Nj, in
aquatic conditions [41]. By showing how their tunable electronic
structure and varied adsorption interactions with DNA nucleobases
enable improved sensitivity, stability, solubility, and charge-transport
properties necessary for effective biosensors and drug delivery sys-
tems, boron nitride fullerenes are important in biomedical and sensing
applications [42]. In order to address a crucial issue in the remediation
of pharmaceutical pollution, a molecular-level theoretical framework is
presented to demonstrate how metal-encapsulated Al;oNj2 nanocages
can be logically engineered to improve the adsorption and controlled
removal of fluoroquinolone antibiotics from aqueous environments
[43].

Heteroatom engineering and doping techniques have become effec-
tive methods in recent years for adjusting the structural, electrical, and
sensing characteristics of nanomaterials in a variety of applications. For
instance, due to the formation of active sites and altered electronic
structure, heteroatom-doped graphene and related carbon nano-
architectures have shown improved adsorption, charge transfer, and
sensitivity toward a variety of analytes, highlighting the importance of
dopant selection in sensor design [44]. Similarly, first-principles
research on phosphide nanocages, such as Al;oP;o, has demonstrated
their promise as efficient sensing platforms for volatile organic chem-
icals with notable adsorption energies and electronic perturbations upon
binding, exceeding their Al;5Nj, counterparts [45]. These results imply
that heteroatom incorporation and structural modulation can improve
interaction strength, electronic response, and biological affinity in both
0D and 2D nanostructures, which may explain the superior performance
of Al19P15 seen in this study. Specifically, customized 2D materials and
nanocages have been studied more and more for biosensing and
biomedical applications, where sensitivity, selectivity, and biocompat-
ibility are maximized through heteroatom doping and surface func-
tionalization [46]. These more general examples from literature
highlight that heteroatom and structural tuning represent a promising
design paradigm for the development of next generation
aluminum-based and related nanomaterials for sensing and biomedical
applications, and they encourage future system-specific studies to vali-
date and extend these trends, even though the current work focuses on
comparing AljoNj2 and AljoPq2 as prototypical systems. In order to
determine whether Al;5Nj2 and AljoP15 nanocages are appropriate for
use in the adsorption and detection of PYs, the current work attempts to
investigate the interaction and adsorption behavior of these nanocages
toward the drug. Also to research the adsorption and sensitivity, DFT
techniques were used to investigate various characteristics as well as
binding energies.
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2. Methods

The DFT calculations were performed with Gaussian16 and Gauss-
view programs [47,48]. With the SDD basis set, wB97XD was employed
in the investigation [49]. Drug-nanocage complexes and adsorption
phenomena are examples of systems where noncovalent interactions,
dispersion forces, charge transfer, and polarization effects are signifi-
cant. The wB97XD functional is a range separated hybrid functional
with built-in long range dispersion corrections. As evidenced by recent
work on nanosheet-drug systems and adsorption studies using wB97XD
to accurately describe noncovalent binding, this functional has been
widely used in studies of molecular adsorption and drug-material in-
teractions. It is known for its reliability in capturing dispersion and long
range charge transfer with reasonable computational cost [50].
Although quantitative accuracy can be further validated by bench-
marking against higher level methods or additionally hybrid/meta
hybrid functional (e.g., MO6 2X, CAM B3LYP), such comparisons are
frequently computationally prohibitive for large complexes and are not
anticipated to alter the qualitative trends observed in binding affinities
and interaction characteristics. In order to accurately describe non-
covalent interactions, long-range transfer, and n-n interactions — all of
which are essential to nanocage-pyrrole adsorption systems — the
wB97XD functional was chosen. For systems where dispersion and
electronic delocalization are important, long-range corrected functional
like wB97XD have been demonstrated to perform better than traditional
hybrid functionals, especially in adsorption and surface-molecule
interaction studies [51-53]. The SDD basis set maintains consistent ac-
curacy for computations of electronic structure and adsorption energy
while utilizing effective core potentials to treat larger atoms in a
balanced and computationally efficient manner. Numerous in-
vestigations using nanoclusters and adsorption processes have effec-
tively used this basis set [54,55]. While B3LYP-D3 is a well-known
functional for dispersion-corrected calculations, wB97XD is particularly
useful for predicting adsorption energies, frontier molecular orbitals,
and charge-transfer characteristics in extended nanostructures because
it naturally includes long-range correction in addition to dispersion ef-
fects. For dispersion-dominated and long-range interaction systems,
comparative benchmarks have demonstrated that wB97XD produces
findings more in line with advanced techniques [52,53].

Every complex under study was optimized without any limitations.
For each system, a single initial geometric interaction configuration was
considered, in which the drug molecule was placed parallel to the
nanocage surface with a separation less than 3 A for maximum inter-
action and subsequently fully optimized to locate the minimum-energy
complex In order to verify the minima structure for every geometric,
frequency calculations were carried out and the structures were ener-
getically minima. This concept was successfully applied in earlier
research to explain the electrical characteristics and interactions of
drugs and bio-molecules with these kinds of nanocages [56,57]. Eping
= Ecomplex —E PY - Enanocage i the formula used to compute the binding
energy of each complex, where Ecomplex, Epy, and Enanocge is total en-
ergies of complexes, PY and nanocages. The complexes are simulated at
geometric gCP, which can treat both inter- and intra-molecular BSSE
[58]. The wB97XD-gCP-D3/SDD energy corrections are also made from
Gimme’s web service [59-61]. Binding energies in aqueous phase were
determined via the application of solvent model density (SMD) [62].
Aqueous-phase adsorption energies were calculated using the SMD
continuum solvation model, which efficiently accounts for bulk solvent
effects while providing reliable trends in binding energetics. Every
analyzed compound’s quantum molecular characteristics were exam-
ined [63,64]. The RDG isosurfaces and scatter plots were drawn using
Multiwfn [65] and VMD [66] software.
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3. Results
3.1. Adsorption and chemical properties

Figures 1 and S1 displays geometries, FMOs and MEP plots of PYI,
PYII and AIN and AIP nanocages. The optimized geometries of AIN-PYI,
AlIP-PYI, AIN-PYII and AIP-PYII are shown in Fig. 2. Fig. 1c show that
there is a positive zone in the H atoms, particularly for the NH group and
a significant negative density region along the ring of PYI and PYII (red
and yellow). An intermediate negative electron density zone can be seen
along the AIN/P, based on MEP plots (Figure S1c). When the nanocages
are optimized in the aqueous phase, no appreciable alterations take
place.

In complex AIN-PYI the interactions with PYI through the C28/29,
N25 and H33 atoms of PYI, with Al7-C28/29 = 2.33/2.93, N21-
C28 = 3.54, Al7-N25 = 3.43, N9-C28 = 3.28 A and Al7-H33 while in
AIP-PYI, the interaction is through C28, C26, H33 and H31, with Al9-
C28/26 = 2.41/2.81, Al9-H33/31 = 2.64/3.19 A. For AIN-PYI the
interaction is through C33, N38, H40, H43 with Al7-N38 = 2.12, Al7-
H40 = 2.52, Al7-C33 =3.08, N9-H30 = 1.86, Al4-H30 = 3.10, Al7-
H43 = 3.02 and N9-H40 = 3.19 A while in AIP-PYII, the interaction is
through C26, N25, H31, H30, and H40 with Al11-C26 = 2.18, All1-
H31 = 2.63, Al11-H30 = 3.09, Al11-N25 = 2.90 and P23-
H40 = 3.08 A. The adsorption energies (BSSE corrected) are in vacuum/
water phases are —25.62, —27.19 (-23.98, —25.23)/-33.94, —36.17
(-32.22, —35.64) kcal mol~! for PYI and —32.07, —34.03(-31.73,
—33.19)/-38.94, —39.42 (-37.38, —38.85) kcal mol ™! for PYII with AIN
and AIP nanocages, respectively. Highest energy is found to with AIP
adsorption and is also it increases in the solvent phase (Table 1). The
drugs always take on an oblique orientation in relation to the cages
during adsorption (Fig. 2) [67].

In PYI, both FMOs are over PYI, except NH in HOMO and for PYII,
FMOs (Fig. 1b) are distributed on entire regions, except for H atoms in
HOMO and LUMO; also there is no LUMO concentration on CH as in
Fig. 1b. The distribution of FMOs was roughly distributed on eletcro-
negative, N, P and electropositive, Al (Figure S1) [68].

In AIN-PYI/PYII, HOMO is over drugs while LUMO is over the cages
(Fig. 3a and c). In AIP-PYI, both FMOs are in the cage (Fig. 3b) and in
AIP-PYII, HOMO is over the cage and LUMO is over PYIL. The redistri-
bution of electron densities suggests charge transfer in all systems during
adsorption [69].

The HOMO/LUMO energies of AIN, AlP, PYI and PYII are —6.47,
—6.82, —5.58, —4.66/-2.54, —3.432, —1.27, —0.16 eV (Table 2). The
Fermi level energies for AIN/P, and PYI/ PYIl are —4.51/-5.12 and
—3.42/-2.41 eV. The Eg for AIN/P, PYI/PYII are 3.93/3.39 and 4.31/
4.51 eV, suggesting that AIP has highly conductive than AIN. The Eg
values may also be used to study the kinetic stability of nanocages. AIP
was therefore more reactive than AIN due its poorer kinetic consistency.
In both the vacuum and water phases, the band gap for all compounds
reduces upon adsorption when compared to their pristine values. The
hardness exhibits the same band gap variation trend. The electrophi-
licity values of PYI and PYII increases after adsorption with nanocages
revealing the biological activity (Table 2) [70].

Fig. 4 shows the Molecular Electrostatic Potential (MEP) maps of all
adsorbed complexes in which there is modification for the reactive zones
in comparison with that of pristine ones, which indicate charge transfer
within the components [71,72]. The DOS spectra of PY systems clearly
give new energy levels after adsorption (Figures S2 and S3).

The values of DM of nanocages are nearly zero while that of PYI and
PYII are 1.90 and 2.60 Debye. After adsorption dipole moment rises and
high for adsorption with AIP both in vacuum and aqueous media
(Table 1). The dipole moments are 6.89 and 8.26 for PYI and 4.35 and
10.47 for PYII when they interact with AIN and AlP cages. The polar-
izability of all adsorbed complexes are high in comparison with that of
pristine values (Table 1) which produces increase in Raman intensity for
different modes in the complexes due to SERS enhancement [73,74].



J.S. Al-Otaibi et al.

Nano-Structures & Nano-Objects 46 (2026) 101676

LUMO
PYII
9‘0"
w‘J’ ﬁ d 9 j‘i JJ ;
’“a/“ @ nomo P & P
\ = \ Vi
H’? j 9 J. 9
T % o
(a) (b) (¢)
PYI

HOMO

H?

(a) (b)

> .

J/k

J

(c)

Fig. 1. PY’s (a) optimized geometry, (b) FMOs (c) MEP plots.

Table 1
Energies, dipole moments, polarizability and adsorption energies.

Systems Energy Dipole Polarizability Adsorption  Egcp-
(Hartree) moments (A.w) energy D3
(Debye) (keal (kcal
mol 1) mol 1)

PYI -210.11 1.90 39.68 -

PYIL -627.97 2.60 144.73 -

AIN -3567.24 0.01 287.85 -

AlP -7006.80 0.00 613.56 -

Vacuum

AIN-PYI -3777.40 6.89 336.42 -25.62 -23.98

AlP-PYI -7216.96 8.26 639.61 -27.19 -25.23

AIN-PYII  -4195.26 4.35 456.21 -32.07 -31.73

AIP-PYII -7636.82 10.47 775.22 -34.03 -33.19

Water

AIN-PYI -3777.41 8.32 504.14 -33.94 -32.22

AlP-PYI -7216.97 10.61 416.28 -36.17 -35.64

AIN-PYIL -4195.27 5.69 655.00 -38.94 -37.38

AIP-PYII -7636.83 13.07 479.82 -39.42 -38.85

Significant variations in contact strength and spontaneity are
revealed by the computed thermodynamic parameters for the adsorp-
tion of PYI and PYII on AIN and AlP nanocages. Stronger binding to both
nanocages is indicated by PYII's much higher adsorption energies in
vacuum as opposed to PYI. AIP consistently exhibits somewhat higher
binding energies than AIN among the two nanocages, especially for PYII,
where AG reaches —177.50 kcalmol ! indicating that phosphide-based
cage offers more advantageous adsorption (Table 3). Adsorption en-
ergies for both PYI and PYII continue to rise in aqueous conditions,
indicating improved interactions in the presence of solvent. Signifi-
cantly, PYII complexes exhibit stronger negative entropy shifts (AS),
particularly in water (-54.62 kcal mol™! K for AIN-PYII), suggesting a
greater degree of structural ordering upon adsorption. AIP nanocages

exhibit better stability in both vacuum and aqueous settings, and over-
all, PYII exhibits stronger, more spontaneous adsorption than PYI. This
highlights the impact of both molecular structure and nanocage
composition on thermodynamic favourability.Table 3

In the current study, the calculated adsorption energies for pyrrole
on nanocages in the liquid phase (ranging from -33.94 to
—39.42 kcal mol) suggest the presence of a strong interactions that are
often classified as chemisorption in DFT-based investigations (typical
chemisorption energies span similar magnitudes when compared with
nanomaterial-drug systems in recent literature) [75]. Strong adsorption
energies can enhance the stability of drug—carrier complexes, ensuring
that the payload remains associated with the delivery vehicle during
circulation in physiological environments, which is especially relevant
given the dynamic nature of solvent and biomolecule interactions in
biological fluids [76]. Moreover, recent reviews underscore that tailored
surface interactions, including the presence of a strong binding at select
active sites, can be advantageous for maintaining drug integrity and
preventing premature release prior to reaching target tissues [75].
However, in the context of a drug delivery system, excessively the
presence of strong binding at all available surface sites could theoreti-
cally reduce the capacity for additional payload loading or hinder
controlled release. It is therefore important to contextualize these
adsorption energies with respect to environmental triggers (e.g., pH,
ionic strength) that modulate binding strength under physiological
conditions. Stimuli-responsive release strategies exploit variations in the
local biological milieu-such as lower pH in  tumor
microenvironments-which have been demonstrated in mesoporous and
functionalized nanoparticle systems to weaken adsorption sufficiently to
facilitate drug release while preserving the presence of a strong binding
during systemic transport [77]. This balance between adsorption
strength for transport stability and controlled release in targeted envi-
ronments must be carefully considered when evaluating nanocage per-
formance for biomedical applications.
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Fig. 2. Optimized geometries of (a) AIN-PYI (b) AIP-PYI (c) AIN-PYII (d) AIP-PYIL
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Fig. 3. FMOs of (a) AIN-PYI (b) AIP-PYI (c) AIN-PYII (d) AIP-PYIIL

Table 2

Chemical descriptors.
Systems EH (eV) EL(eV) Energy gap (eV) Hardness (eV) Chemical Potential (eV) Electrophilicity index (eV)
PYI -5.58 -1.27 4.31 2.16 -3.42 2.71
PYIL -4.66 -0.16 4.51 2.25 -2.41 1.29
AIN -6.47 -2.54 3.93 1.97 -4.51 5.17
AlP -6.82 -3.43 3.39 1.69 -5.12 7.74
Vacuum
AIN-PYI -5.92 -2.06 3.86 1.93 -3.99 4.12
AIP-PYI -6.23 -2.94 3.29 1.65 -4.59 6.38
AIN-PYIL -4.84 -2.28 2.57 1.28 -3.56 4.94
AIP-PYII -6.01 -2.83 3.18 1.59 -4.42 6.14
Water
AIN-PYI -6.19 -2.22 3.97 1.99 -4.20 4.45
AIP-PYI -6.15 -2.70 3.45 1.72 -4.42 5.67
AIN-PYII -4.92 -2.27 2.65 1.33 -3.59 4.87
AIP-PYII -5.76 -2.68 3.08 1.54 -4.22 5.78
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Fig. 4. MEP plots of (a) AIN-PYI (b) AIP-PYI (c) AIN-PYII (d) AIP-PYIL

Table 3
Changes in thermodynamic parameters.

Systems AE (kcal AH(kcal AG (kcal AS (kcal mol !
mol 1) mol™1) mol™?) K1
Vacuum
AIN-PYI -48.26 -47.75 -36.70 -37.057
AIP-PYI -53.13 -52.73 -41.48 -37.737
AIN-PYII  -122.97 -122.49 -109.82 -42.482
AIP-PYII -139.80 -189.42 -177.50 -40.000
Water
AIN-PYI -74.10 -73.44 -62.84 -35.547
AIP-PYI -71.93 -71.39 -66.90 -36.115
AIN-PYII  -150.48 -150.95 -134.73 -54.619
AIP-PYII -161.17 -211.22 -198.05 -44.180

3.2. NBO analysis

Strong hyper conjugative interactions due to lone pairs of N atom in
PYI and complexes are: for PYI, N1 to C2-C4 and C3-C5 with energies
34.26 keal mol ™!, while in AIN-PYI, N1 to C3-C5 and C2-C4 with en-
ergies 52.19 and 41.25 and in AIP-PYI, N1 to C2-C4 and C3-C5 with
energies 51.97 and 48.12 kcal mol!. For PYII, the interactions are N3 to
C10-C11 and C18-C21 with energies, 36.46 and 34.42, N1 to C2-C4 with
energy 32.45 kcal mol 1. In AIN-PYII, N14 has interaction energy with
C9-C12 and C17-C22 with energies 39.38 kcal mol . In AIP-PYII, N13
has energies of 38.75 and 38.37 with C10-C11 and C18-C21, while N14
has an energy of 42.15 kcal mol ! with C9-C12 [78,79]. All these energy
values show the interaction after adsorption with nanocages.

The charges (Table S1) obtained from NBO analysis for PYI are
—0.56, —0.33 and —0.33 for N1, C4 and C5 while these values become
—0.52, —0.53, —0.28 for AIN-PYI and —0.53, —0.50 and —0.28e for AlP-
PYII. Other charges also show variations in values due to the adsorption
with nanocages. For PYII, the charges of N atoms are —0.55 (N1), —0.56
(N14) while the corresponding values are —0.54 and —0.76e for AIN-
PYIL. The C atoms have charges —0.06 (C2), 0.10 (C3), —0.14 (C4),
0.09 (C9), —0.30e (C12) and the corresponding charge values are —0.02,
0.07, —0.15, 0.14 and —0.26e for AIN-PYII and —0.46, 0.23, 0.01, 0.07
and —0.25e for AIP-PYIL. The changes in charge values suggest the
charge transfer between PYI and PYII with nanocages and the process is
hence chemisorptions [80].

The Mulliken charges on the drugs following adsorption over the
nanoclusters are 0.11 and 0.18e for the PYI complexes and 0.08 and
0.23e for PYII with AIN and AIP cages, respectively [81]. Charge transfer
from PYI and PYII to the appropriate nanocluster is indicated by a
positive value [82]. Higher charge transfer between adsorbents and
adsorbates will lead to the presence of a strong interaction since charge
transfer and the presence of a strong interaction are related, and vice
versa [83]. In this instance, the quantity of charge transfer causes PYI,
PYII, and nanoclusters to interact. Because of the increased charge
transfer between PYI and PYII and nanoclusters, this phenomenon
confirms the chemisorption.
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3.3. Spectral analysis

To analyze the effect of PYs on nanocages, this investigation also
used TD-DFT to assist in predicting the UV spectra of all systems. Our
goal in this investigation was to examine the PY and produced com-
plexes’ UV spectra (Figure S4 and Table S2). PYI's UV-vis shows peak at
182 nm, while in AIN-PYI and AIP-PYI the corresponding peaks are 379
and 426 nm. When nanocages absorb PYI, the power of peak decreased
dramatically and shifts to a higher wavelength in all configurations. For
PYII there are two peaks in UV at 246 and 281 nm. After adsorption with
AN, these peaks are shifted to 373 and 539 nm while in AIP adsorption,
only one peak is observed at 463 nm. In all cases after adsorption with
nanocages, there is a reduction in intensity which means the adsorption
process is chemisorption [84].

While PYII adsorptions at 246 nm (f=0.9817) and 281 nm
(f=0.1634), primarily from mixed H-1—-L and H-L+ 1 transitions and a
dominant H—L excitation, respectively, the free PYI molecule displays
the presence of a strong adsorption at 182 nm with an oscillator strength
of 0.1584, dominated by a HOMO—LUMO transition (96%). Strong
electronic interaction between the adsorbate and substrate is indicated
by noticeable red shifts toward the visible region and a significant
decrease in oscillator strength upon adsorption on AIN and AlIP surfaces.
New absorption bands for AIN-PYI and AIP-PYI emerge at 379 and
426 nm respectively. These bands mostly include deeper occupied or-
bitals (H-1 or H-2) near the LUMO, indicating a substantial disruption of
the frontier molecular orbitals. For PYII complexes, a similar pattern is
seen: AIP-PYII displays visible-region absorption at 463 nm with a
comparatively greater oscillator intensity (f=0.0284), while AIN dis-
plays absorptions at 373 and 539 nm, the latter of which corresponds to
a practically pure HOMO—LUMO transition. The suggested sensing and
detecting capabilities of the AIN and AIP substrates is supported by these
adsorption-induced red shifts and changes in transition character, which
offer distinct theoretical spectroscopic fingerprints that may be acces-
sible to practical UV-Vis measurements.

The optimized structures’ lack of imaginary frequencies in IR spec-
trum, are guaranteed vibrational stability, and Raman spectra were used
to clarify the SERS augmentation mechanism. The Raman spectra of PYI,
PYII and its complexes are given in Figures S5 and S6. The important
vibrations modes of AIN are at 902, 427, 351, 188 and 154 and for AlP,
the modes are at 518, 490, 454, 437, 301, 216, 198, 112 and 89 cm ™.
For PYI, the NH mode is at 3554, which shifts to 3508 cm ! in AIN-PYI
and 3500 cm ™! in AIP-PYI and the red shift suggest interaction between
PYI and nanocage. The CH modes of PYI at 3179 and 3138 appear at
3171 and 3176 cm ™" for AIN-PYI and AIP-PYI. The ring modes of PYI are
at 1455, 1378, 1130 and 1061 cm ! while in AIN-PYIL, these appear at
1463, 1149/1463, 1140 cm~ L. In addition peaks are observed at 1522
and 1103 cm ! in AIN-PYI and AIP-PYI which are absent for PYI. Cor-
responding to the mode at 874 of PYI, modes are found at 899 for AIN-
PYI and 849 cm™! for AIP-PYI In AIN/P-PYI, the nanocage vibrations
are found at 422, 353, 185, 145/490, 435, 300, 203, 90 cm™ ' which
agrees with the values of pristine cages.
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For PYII, the NH mode is at 3545, which shifts to 3518, 3335 in AIN-
PYII and 3515, 3426 cm ™! in AIP-PYII and the redshift suggest inter-
action between PYII and nanocage. In PYII, only one mode corre-
sponding to NH is present while, in AIN/P complexes, the inactive
modes of PYII are present due to SERS effect. The CH modes of PYII at
3167 and 3145 appear at 3152, 3000 for AIN-PYII and 3157, 3136,
3030 cm ! in AIP-PYII and here also after adsorption inactive modes of
PYII are present in the complexes’ spectra. The ring modes of PYII are at
1591, 1499, 1463, 1381, 1340, 1126 em ™! while in AIN-PYII, these
appear at 1583, 1561, 1504, 1425, 1330, 1130 em ! and at 1593, 1509,
1447, 1399, 1362, 1283, 1073 cm ! in AIP-PYIL In addition peaks are
observed at 1561, 1362, 867 cm ™" in AIN-PYII and 1362, 820, 804 cm ™!
in AIP-PYII which are absent for PYIL In AIN/P-PYII, the nanocage vi-
brations are found at 425, 325, 147/530, 310, 205, 95 em~! which
agrees with the values of pristine cages. The presence of inactive modes
of PYI and PYII in the complexes after adsorption is due to polarizability
changes and SERS effect [85-88].

3.4. Docking analysis

While DFT-based adsorption energies offer a quantitative assessment
of binding strength and electrical effects for certain geometries, docking
is a configurational and screening approach that finds likely binding
orientations, interaction locations, and dominant noncovalent contacts.
Particularly for flexible molecules or complex surfaces, adsorption cal-
culations by themselves do not guarantee that the optimized structure
corresponds to a physically accessible or likely binding position.
Therefore, docking aids in the creation of realistic initial configuration,
which DFT then refines and validates. Due to anti-Alzheimer activity of
PY’s, the protein 1EVE is docked with the title compounds using HDOCK
software [89]. The purpose of the HDOCK server is to use a hybrid
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technique to predict binding complexes between two molecules, such as
proteins and nucleic acids. In order to forecast the binding complexes
between two molecules, the HDOCK carries out global docking. For
docking job, therefore, no information regarding the binding point is
required. To increase the accuracy of projected models, the server now
provides the ability to produce the binding site residues, should such
information be available. When the confidence level is more than 0.7,
there is a substantial probability that the two molecules will bind; they
would be possible to bind when the score is between 0.5 and 07; and
they would be unlikely to bind when the confidence score is below 0.5
[90,91]. The docking scores are —57.35, —183.33, —99.21 for PYI,
AIN-PYI, AIP-PYI and —153.80, —216.87, —166.22 for PYII, AIN-PYII,
AIP-PYII complexes. In complexes the docking scores are high which
indicate the drug delivery carrier effects of nanocages (Table S3). Also
the confidence scores are high for complexes in comparison with that of
PYI and PYII which support the above argument. The 2D plot of inter-
action is given in Figure S7.

4. RDG analysis

The RDG isosurface and scatter plots serve to elucidate the nature of
interaction between the substrate and analyte, providing visual aid for
identification of precise interaction site. The scatter plot highlights the
relationship between the RDG function, S(r) and p(r)sign(Az), where p(r)
represents the electron density. The sign of Ay serves as a pivotal indi-
cator distinguishing the nature of interactions: it is positive for steric
interactions and negative for both covalent and noncovalent in-
teractions. Color code for strength of interactions: red/green/ greenish-
yellow/blue signifies strong steric repulsion/van der Waals/weak/
strong attraction. The existence of sharp green spikes near low p(r) and
low S(r) in RDG scatter plots as shown in Figs. 5a,c and 6a,c emphasize
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Fig. 5. RDG isosurface (a) (b) and RDG scatter plot (c) (d) for AIP-PYI (AIP-PYII).
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Fig. 6. RDG isosurface (a) (b) and RDG scatter plot (c) (d) for AIN-PYI (AIN-PYID).

the presence of noncovalent interaction. The isosurface plots (Figs. 5b,
d and 6b,d) highlights coexistence presence of the strong attraction and
VDW kind of interaction between PY’s and nanocages, with the domi-
nant influence arising from this strong attraction. For AIP-PYI and AlP-
PYII, the carbon atom of pyrrole experiences the predominant attractive
force. Furthermore, the presence of a blue disc between the nitrogen
atom of the AIN nanocage and the hydrogen of PYII (Fig. 6d) emphasizes
the presence of a strong electronic attraction between them [92,93].

4.1. Recovery time

The equation for the conduction electron population is N = AT>/2
exp(-Eg/kT) [73]. This method’s results often consistent with the ex-
periment’s conclusions [94]. When N rises exponentially and Eg de-
clines, an electrical signal is often produced. Nanocages can identify PY
by its electrical noise. Additionally, the primary elements of the work
function (¢) sensors were examined. A sample’s ¢ is measured before
and after PY is adsorbed on nanocages using a Kelvin oscillator. When
PY adsorption significantly affects the adsorbent’s ¢, the gate voltage
changes and an electrical signal that aids in PY identification is gener-
ated [95]. In sensor-related research, the formula ¢ =EF is frequently
used to express the minimum energy needed to extract one electron from
a Fermi level across an indefinite interval. For complexes, the work-
function of PY adsorbed varies from 3.42 to 3.99 and 4.59 for AIN/P-PYI
and 2.41-3.56 and 4.42 eV for AIN/P-PYII after adsorption. Changes in
the workfunction of the nanocages following PY adsorption imply that
the nanocages are not more securely bonded to the electrons. The
Richardson Dushman equation explains why the Fermi level varies as a
function of workfunction and is connected to changes in the field
emission. It asserts that j = AT2(exp- ¢/kT), and ¢ value are related to
the electron current densities [72]. As a result, there is a notable change

in the current density released from nanocages, and nanocages can be
thought of as a PY adsorption sensor. Strong chemical interactions are
not suitable for sensors since a functional sensor required rapid
desorption. Technically speaking, adsorption typically results in lengthy
recovery times, which are undesirable for sensor applications (Table 4).

The energy gap (Eg) is one of the key factors determining a material’s
the electrical conductivity and their relationship is expressed as ¢ = exp
(-Eg/2kT) where ¢ and K are the electrical conductivity and Boltzmann’s
constant [96]. Thus, the conduction-electron population rises expo-
nentially, and a smaller Eg at a given temperature leads to higher con-
ductivity. Thus, drug adsorption alters the electrical conductivity. Thus,
we propose that these nanocages have strong potential as carriers in
drug-delivery systems and as components in drug-sensing applications.
Recovery time (1) is a crucial metric in sensor applications and should be
determined for both the adsorption and desorption behaviors of the

Table 4
Recovery time (second) for the recovery of PYI & PYII from the nanocage sur-
faces at 400 K.

Complex  Binding Attempt frequency (Hz)
energy (keal 5 1016 75x 10" 43x10°  1x10®
mol ™)
Vacuum
AIN-PYI -25.62 3.32E-03 1.33E-01 2.32E+ 03 9.96E-05
AIP-PYI -27.19 2.39E-02 9.58E-01 1.67E+ 04 7.18E-04
AIN-PYIL -32.07 1.11E+ 01 4.44E+ 02 7.75E+ 06 3.33E-01
AlP-PYII -34.03 1.31E+ 02 5.23E+ 03 9.12E+ 07 3.92E+ 00
Water
AIN-PYI -33.94 1.17E+ 02 4.67E+ 03 8.14E+ 07 3.50E+ 00
AlP-PYI -36.17 1.93E+ 03 7.72E+ 04 1.35E+ 09 5.79E+ 01
AIN-PYII -38.94 6.30E+ 04 2.52E+ 06 4.39E+ 10 1.89E+ 03
AIP-PYII -39.42 1.15E+ 05 4.61E+ 06 8.04E+ 10 3.46E+ 03
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system. The recovery time is defined as T = v-! exp (-Eads/kT), with T
representing the temperature and v the attempt frequency [96]. Ac-
cording to this equation, higher Eads values result in longer recovery
times (t) because stronger adsorbate-surface interactions hinder
desorption, indicating that the system may required extended recovery
periods (Table 4). Although long recovery times can restrict their reuse
as sensor, the recovery time remains strongly dependent on the attempt
frequency and release (desorption) temperature. As shown in the table,
the recovery times are within a permissible range, supporting both
efficient drug desorption and reusability of the system.

For PYI and PYII adsorbed on AIN and AIP surfaces in vacuum and
aqueous media at 400 K, Table 4 shows a considerable reliance of the
recovery time on both the binding strength and the estimated attempt
frequency. Even for firmly bound PYII species, all complexes show ul-
trafast recovery (10~* —10° s) at the highest attempt frequency (1 x
10'® Hz), suggesting rapid desorption under highly activated conditions.
Recovery time increases systematically when the attempt frequency is
lowered to 4.3 x 10'° and 7.5 x 10 Hz; the effect is more noticeable
for PYII than PYI because of their higher binding energies. In vacuum,
PYI complexes on AIN and AIP recover in milliseconds to seconds at
3.0 x 10'® Hz, while PYII complexes take seconds to minutes, especially
in water. Stronger adsorption energies in solution are compatible with
the aqueous environment’s dramatic prolongation of recovery across all
frequencies; for instance recovery periods increases from ~ 1073 - 10% s
in vacuum to ~ 10 - 10! s in water at 3.0 x 10 ! © Hz. Because of its
higher interaction with both PYI and PYII, AIP consistently exhibits
longer recovery durations than AIN among the substrates. Overall, the
findings show that by varying the attempt frequency, sensor reusability
may be adjusted over several orders of magnitude, with moderate fre-
quencies (10** - 101® Hz) providing a workable balance between enough
adsorption strength and reasonable recovery durations [97,98].

5. Conclusion

This theoretical study provides detailed insight into the adsorption
mechanisms of PYI and PYII on Al;sNj, and AljoPi2 nanocages and
highlights their strong potential for sensing and biomedical applications.
Both pyrrole derivatives bind exothermally to the nanocages and with
negative Gibbs free energies, confirming spontaneous chemisorption in
vacuum and aqueous environments. Adsorption leads to substantial
reorganization of the frontier molecular orbitals, reduced band gaps,
increase dipole moments, and enhanced polarizability features that
collectively support improved charge transfer and electronic respon-
siveness of the nanocages upon interaction with the drugs. Spectroscopic
analyses reveal notable red shifts in UV-Vis absorption and the
appearance of SERS-active Raman modes in the complexes, confirming
strong coupling between pyrroles and the cage framework. NBO and
RDG analyses identify significant hyperconjugation and mixed non-
covalent interactions that contribute to the stability of the adsorbed
systems. Docking simulations against the acetylcholinesterase (1EVE)
enzyme show markedly enhanced docking and confidence scores for the
nanocage drug complexes, indicating improved bioaffinity and the
feasibility of these nanocages as drug delivery carriers. Overall, the
combined energetic, electronic, spectroscopic, and docking results
demonstrated that Alj5N;5 and especially AljoP12 nanocages are effi-
cient platforms for pyrrole adsorption, sensing, and targeted photo-
catalytic technologies.
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