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Abstract

Resumen
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This work examines the structural and
electrical characteristics of pristine
AlN,, and X-doped Al;;N,, nanoclus-
ters (X = Co, Ni, or Si) in their interaction
with o-D-glucose molecules. Utilizing
B3LYP/6-311+G(d,p) computational me-
thods, we examine the optimal geome-
tries, binding energies, cohesive energies,
and electrical properties of these
nanoclusters. Our results indicate that
SiAl23N,, has the maximum binding
energy, whereas CoAl;N,, presents just
a marginal positive binding energy. The
adsorption energies of glucose on these
nanoclusters suggest a chemisorption
mechanism. The study found that hexa-
gonal SiAl;3N», and tetrahedral NiAly;Ny,
exhibited the most promising characte-
ristics for glucose sensing due to signi-
ficant bandgap changes, charge transfer,
and high sensitivity. Additionally, octago-
nal AlsN,, showed potential as a ¢-type
glucose sensor.

Este trabajo examina las caracteristicas
estructurales y eléctricas de nanoagru-
paciones de Al,N,4 virgen y Aly;N,, do-
pado con X (X = Co, Ni o Si) en su inte-
raccion con moléculas de a-D-glucosa.
Utilizando métodos computacionales
B3LYP/6-311+G(d,p), examinamos las
geometrias Optimas, las energias de
enlace, las energias de cohesion y las
propiedades eléctricas de estas nanoa-
grupaciones. Nuestros resultados indican
que SiAly3Ny, tiene la maxima energia
de enlace, mientras que CoAly;N,, pre-
senta solo una energia de enlace positi-
va marginal. Las energias de adsorcion
de glucosa en estas nanoagrupaciones
sugieren un mecanismo de quimisorcion.
El estudio encontroé que SiAl;N,4 hexago-
nal y NiAl,3N,, tetraédrico exhibieron las
caracteristicas mas prometedoras para
la deteccion de glucosa debido a cam-
bios significativos de banda prohibida,
transferencia de carga y alta sensibilidad.
Ademas, Al,4N,, octagonal mostro poten-
cial como un sensor de glucosa de tipo ¢.

Este trabalho examina as caracteristicas
estruturais e elétricas de nanoaglomera-
dos virgens de Al,N,, e Al;3N,, dopados
com X (X = Co, Ni, Si) em relacdo a sua
interacdo com moléculas de a-D-glico-
se. Utilizando métodos computacionais
B3LYP/6-311+G(d,p), examindamos as
geometrias otimas, as energias de ligacdo,
as energias coesivas e as propriedades
elétricas  destes  nanoaglomerados.
Os nossos resultados indicam que o
SiAl;3N,, apresenta a energia de ligagdo
maxima, enquanto que o CoAl,;N,, apre-
senta apenas uma energia de ligacdo po-
sitiva marginal. As energias de adsorciao
da glicose nestes nanoaglomerados su-
gerem um mecanismo de quimissor¢do.
o estudo descobriu que o SiAl,3N,, hexa-
gonal e o NiAl,;Ny, tetraédrico exibiram
as caracteristicas mais promissoras para
a detecdo de glicose devido a altera¢des
significativas no bandgap, transferéncia
de carga e alta sensibilidade. Além disso,
0 Al4N,4 octogonal apresentou potencial
como sensor de glicose do tipo ¢.
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Introduction

The increase in diabetes prevalence and associated metabolic pro-
blems has heightened the necessity for efficient glucose monitoring
devices. These systems are vital for regulating blood glucose levels
and supplying critical information to avert issues related to diabe-
tes. Conventional glucose monitoring methods, such as electroche-
mical sensors, have considerable limitations, including sensitivity,
selectivity, and vulnerability to interference from other biomole-
cules. Consequently, there is an increasing interest in testing new
materials and techniques to improve sensor efficacy.

Nanoclusters have emerged as particularly interesting options
among these materials because of their distinctive electrical charac-
teristics, elevated surface area, and capacity to promote improved
interactions with glucose molecules [1]. Nanoclusters are defined
as collections of atoms or molecules that exhibit unique electrical,
optical, and chemical capabilities relative to their bulk equivalents.
Recently, nanoclusters made of aluminium nitride (AIN) and its
doped derivatives have attracted significant interest in biosensing
applications. The capacity of these nanoclusters to establish stable
complexes with biomolecules, along with their adjustable electrical
properties, renders them outstanding candidates for glucose detec-
tion [2, 3]. The introduction of transition metal dopants, including
cobalt (Co), nickel (Ni), and silicon (Si), into ALN nanoclusters can
markedly modify their electrical structures and functional proper-
ties [4]. These adjustments increase the adsorption of energy and
facilitate efficient charge transfer mechanisms, which are essential
for enhancing sensor sensitivity and selectivity.

The adsorption of glucose onto nanoclusters is influenced by seve-
ral parameters, including the geometric configuration of the nano-
cluster, the characteristics of the dopant, and the electrical interac-
tions between the glucose molecule and the nanocluster surface.
Prior research indicates that distinct adsorption configurations
—namely, tetrahedral, hexagonal, and octagonal arrangements—
result in differing contact strengths and electronic reactions [5].
Comprehending these arrangements and their related energetic
properties is crucial for enhancing sensor design and efficacy. Theo-
retical simulations, especially those using density functional theory
(DFT), offer significant insights into the adsorption energies and
electrical characteristics of glucose-nanocluster complexes. These
computational methods enable researchers to determine the opti-
mal configurations for sensing applications, improving the design of
next-generation glucose sensors [6].

The interaction between glucose and nanoclusters goes beyond sim-
ple physical adsorption; it includes intricate chemical interactions
that can profoundly influence the electrical characteristics of the
materials involved. For example, glucose may function as an elec-
tron donor, while the nanocluster surface could work as an electron
acceptor. This interaction is essential for the design of efficient bio-
sensors, as it directly influences the sensor’s sensitivity and respon-
se time. Research has demonstrated that optimizing the orientation
and position of the glucose molecules in relation to the nanocluster
surfaces can enhance charge transfer efficiency [7]. This highlights
the need to investigate multiple dopant combinations and struc-
tural topologies to improve the overall efficacy of glucose sensors.

Recent improvements in computational techniques have facilitated
an extensive investigation of the interactions between glucose and
nanoclusters, leading to novel sensor designs. The computation of
Gibbs free energy changes (AG) throughout the adsorption process
is essential, as it signifies the spontaneity and stability of the re-
sultant complexes-critical criteria for sensor dependability [8]. Fur-
thermore, examining the density of states (DOS) and variations in
the highest occupied molecular orbital (HOMO) and lowest unoc-
cupied molecular orbital (LUMO) energy gap (Eg) provides insights
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into the electrical properties of glucose-nanocluster systems. These
findings clarify the mechanisms underlying electron transport and
conductivity alterations following glucose adsorption [9]. Ther-
modynamic evaluations are essential for comprehending the ener-
getics of the adsorption process. Configurations exhibiting lower
AG values signify greater stability of adsorption complexes. This
stability is essential in sensing applications, as it guarantees that
the sensor can reliably respond to glucose levels without frequent
recalibration or deterioration. Furthermore, the alterations in work
function (A¢) due to glucose adsorption can offer insights into the
sensor’s efficacy.

A notable A¢ may signify a robust connection between the glucose
molecule and the nanocluster surface, thereby increasing the sen-
sor’s sensitivity [10]. The electrical characteristics of glucose-nano-
cluster systems are similarly affected by the presence of dopants.
Doping with transition metals can alter the electronic structure,
resulting in variations in conductivity and reactivity. Research in-
dicates that Ni doping in ALN nanoclusters increases their electron
transfer efficiency and enhances their interaction with glucose mo-
lecules [11]. This improvement is due to the formation of localized
states in the band structure, which promote charge transfer proces-
ses. Comprehending these alterations is essential for the develop-
ment of sensitive glucose sensors.

Furthermore, the examination of the DOS and the Eg is crucial for
evaluating the sensitivity of these systems. A reduced Eg often sig-
nifies that a molecule is more readily excited, indicating alterations
in the system’s conductivity. Studies demonstrate that glucose ad-
sorption can substantially reduce the Eg, thus improving the sen-
sor’s sensitivity [12]. The correlation between electronic structure
and sensor efficacy highlights the necessity of optimizing nano-
cluster architecture and dopant selection for efficient glucose de-
tection. This investigation of glucose sensing by nanoclusters also
includes the development of hybrid materials that integrate the
benefits of nanostructures with alternative sensing methods. Inte-
grating nanoclusters with optical sensors or using them with micro-
fluidic systems could facilitate the development of multifunctional
glucose monitoring platforms [13]. These developments may pro-
vide real-time monitoring of glucose levels with improved precision
and faster reaction times.

This work examines the adsorption of a-D-glucose on both pristine
and transition metal-doped ALN nanoclusters (Al,N,, and Al;;N,,)
to determine the most advantageous configurations and evaluate
their potential as glucose sensors. Furthermore, this study inves-
tigates the stability of different adsorption patterns and their in-
fluence on electrical properties to enhance the sensitivity and re-
liability of glucose detection systems. Our research will explain the
complex interactions between glucose molecules and nanocluster
surfaces, establishing a basis for future sensor development.

Materials and Methods

A popular exchange-correlation functional in DFT is the Becke
Three-Parameter Hybrid Functional (B3), introduced by Becke in
1993. This functional, commonly referred to as B3LYP, integra-
tes three components: Exact exchange energy from Hartree-Fock
theory, exchange energy from a generalized gradient approximation,
and correlation energy from methods such as the Lee-Yang-Parr
(LYP) approach [14, 15]. B3LYP has proven to be effective for cal-
culations involving 111-V semiconductors [16]. The weak long-ran-
ge interaction was corrected by adopting the empirical dispersion
correction (DFT-D3(BJ)): Grimme’s D3 correction with Becke-Jo-
hnson damping [17]. A popular basis set used is 6-311+G(d,p),
which is a split-valence basis set enhanced with polarization func-
tions, frequently applied in computational quantum chemistry
[18-20]. Complete optimization was conducted using the B3LYP
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functional with the 6-311+G(d,p) basis set, utilizing the Gaussian
09 program package (energy convergence = 107 a.u., force toleran-
ce =0.00045 a.u./A) for all theoretical computations [21, 22]. Input
files and output interpretation were managed using Gauss View 5.0
[23]. The DOS for all studied structures was plotted using the Gauss
Sum 3.0 program [24]. The binding energy (Egg) for the X (Co, Si, and
Ni) doped Al,;N,, nanocluster is defined in Eq. (1) [25]:

EBE = EX-nanocluster - (Enanocluster + EX) (1)

Where Ex-nanoctuster and Enanoctuster represent the total energies of the
X-doped Aly;N,, and Aly;N,,, respectively, and Ex denotes the ener-
gy of an isolated X atom.

To evaluate the sensing ability, the adsorption energy (Eads) of the
glucose molecule on the nanoclusters was calculated with Eq. (2):

Eads = Eclucose + X-nanocluster — (EX-nanocluster + EGlucose) (2)

A negative Eads indicates spontaneous adsorption, with more negati-
ve values suggesting greater stability [26-28]. If the absolute value
of negative adsorption energy Ex¢s > 0.5 eV, the adsorption process
can be judged as chemical adsorption; otherwise, it is physical ad-
sorption [29, 30].

In this work, the adsorption behavior of glucose molecules on nano-
clusters and X-doped nanoclusters was calculated at room tempe-
rature (298.15 K). Also, the band gap energy (Eg), the global hard-
ness (1), and the electrophilicity index (w) were calculated.

Eg = [ELUMO—EHOMO] (3)
N = [Ewumo—Enomo] /2 4)
® = [Ewmo-Eromo]2/8n (5)

Here, Ewumo and Ewowo refer to the lowest unoccupied molecular or-
bital and highest occupied molecular orbital, respectively [14, 15,
31]. Furthermore, we evaluated the sensitivity of the pristine and
X-doped nanoclusters for glucose detection by calculating the per-
centage change in the band gap energy with Eq. (6):

AEg% = [(Eg: — Eg1)/Eg1] x 100% (6)

Where Eg: and Eg» are the Eg values before and after the adsorption
of the glucose molecule, respectively. To investigate the interaction
between the nanoclusters and glucose molecules, we calculated the
Hirshfeld charge to determine the corresponding charge transfer
(Qcr) using the Eq. (7) [28]:

Qcr = Q(Glucose)a - Q(Glucose)s )

Where Q(Glucose)a and Q(Glucose)s represent the charge numbers
of the target molecules after and before adsorption, respectively. A
positive charge transfer (Qcr > 0) indicates that electrons are trans-
ferred from the glucose molecule to the nanocluster, while a nega-
tive value suggests that electrons are transferred from nanoclusters
to the glucose molecule.

Results and Discussion

Structure and geometry of pristine Al,sN,4, CoAl;3N>,,
NiAl;3N,4, SiAly3N2, nanoclusters and «a-D-glucose
molecule

Figure 1 presents the optimized geometries of the pristine Al,4No,,
CoAl,;5N,4, NiAl;;Ny,, and SiAl;;N,, nanoclusters, as well as the
a-D-glucose molecule, using the B3LYP/6-311+G(d,p) method.
Each nanocluster consists of twelve tetragons, eight hexagons, and
six octagons, differing from the football shape of fullerene C60.
Among these, SiAl,;;N,, exhibits the largest Eg; with the Si atom,
accompanied by shorter bond lengths. In contrast, CoAl,;N,, shows
a slightly positive Egg, while NiAl;N,, has a small negative Egg with
the Al;sN,, nanocluster (refer to figure 1). Additionally, the aggre-
gation potential of the X atom (where X = Co, Ni, or Si) within the
X-Al;N,, nanocluster was investigated by calculating the cohesive
energy (Ecn), using Eq. (8):

Ecoh = (EX-doped nanocluster ~ Eiso-X)/N (8)

Where Eisox is the energy of a single atom and N is the number of
atoms in the volume [32]. All four nanoclusters exhibit similar ne-
gative cohesive energies. Notably, NiAl,;N,, and SiAl,;N,, have EBE
values exceeding the cohesive energy (Ecn) of their respective nano-
clusters, indicating a relatively stable configuration. Overall, there
are no significant differences in the cohesive energies of CoAl;;3N,,,
NiAl;;3N,4, SiAL;3N,,, and the pristine AlN,,. The diffusion activation
barrier (Eac) on the Al;;N,, nanocluster characterizes the stability of
Co, Ni, and Si-doped atoms. Machine learning calculations indicate
that, for single atoms of various species, their energy barriers are
proportional to Egz and (Ewn). This relationship can be estimated
using Eq. (9) [33]:

Eact = 0.637 [Egg?/Econ] - 0.203 9)

It is essential for Egg to be higher than En to prevent the formation
of doping clusters within the nanocluster, as such clusters could di-
minish the ability to interact with other molecules by reducing the
number of available adsorption sites. The trend observed for Euc is
as follows: SiAl,;3N,, > NiAly;;N,, > CoAly3N,,, though the differences
among these values are not significant. Additionally, all the doped

CoAl:sNay
AluNoy Ese=0.603(kcalmol)  di=1.757(A°)

Ecot= -5.909(kcal/mol) ¢h=1.857(A°)

Econ=-5.970(keal/mol) d1=1.778(A°) Eae= -0.242(keal/mol)  ds=1.816(A%)

Eg=4.09(cV) d=1.866(A°) Eg=3.30(cV)
1= 0.018(Debye) d=1.831(A°) 1= 0.934(Debye)
© = 4.804(eV) ©=75.176(eV)
1=2.046(eV) 1= 1.654(eV)

NiALsN24 SiAlsNoy

Ege=-0.677(kcal/mol) di=1.774(A°)
Econ= -5.936(kcal/mol) d>=1.877(A°)
Eoq= -0.252(kcal/mol)  d5=1.846(A°)

Eg=2.59(eV) E=2.16(eV)
p=1.288(Debye) 1= 1.488(Debye)
o=8.70(cV) ®=15.367(eV)
n=1.17(eV) n=1.084(eV)

Epe=-1.022(kcal/mol) 1=1.725(A°)
Econ=-5.943(kcal/mol)  c>=1.818(A°)
E.=-0.315(kcal/mol)  c5=1.782(A°)

Figure 1. Geometrically optimized models. A: Al:sN2s, B: CoAl23N2s, C: NiAlsN24, and D: SiAlxsNas nanocluster.
These models were generated using the B3LYP/6-311+G(d,p) method. In the visualization, the colours represent
different atoms: white for aluminium, blue for nitrogen, brown for silicon, green for cobalt, and yellow for nickel.
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atoms exhibit binding energies equal to or smaller than 1 eV, indica-
ting weak interactions between the doped atoms and the nanoclus-
ter [34]. In addition, substitutions can alter the electronic structu-
re, including the band gap, where Aly,N,4, CoAly3N,,, NiAly;N,,4, and
SiAly;3N,, have gotten 4.09, 3.30, 2.59, and 2.38 eV, respectively,
which affects charge transfer and reactivity. Changes in the electro-
nic properties can enhance or diminish stability depending on the
specific interactions with surrounding molecules. Typically, Al,sN,,
exhibits uniform bond lengths due to its symmetrical structure.
Due to silicon’s different atomic size and electronegativity, the pre-
sence of silicon in SiAl,;N,, may lead to shorter Si-N bond lengths
than Al-N bonds in AlyN,,. Transition metal binding (Co and Ni),
in CoAl,;3N,, and NiAl,;N,,, often results in variable bond lengths
due to d-orbital participation, which can cause slight elongation or
contraction in Al-N bonds compared to Al,Ny,.

The a-D-glucose molecule adsorption on the pristine
Al,,N,, and X-Al;N,,

Figure 2 presents the most favorable adsorption configurations of
a-D-glucose on pristine Al,N,, and X-doped Al,;N,, nanoclusters
(where X = Co, Ni, and Si). The most stable complexes were identi-
fied from various initial configurations, with the glucose molecule
positioned to have its surface parallel to the tetrahedral, hexagonal,
and octagonal sides of the nanoclusters. The calculated adsorption
energies (E,4) for glucose on the nanoclusters show that the tetra-
hedral NiAl,;N,,, hexagonal AlyN,,, tetrahedral Al,,N,,, and octa-
gonal NiAl,;N,, configurations yielded the highest values: -55.514,
-44.441, -42.292, and -40.325 kcal/mol, respectively. These va-
lues indicate a chemisorption process.

Additionally, figure 2 illustrates that glucose adsorption on octa-
gonal AlyN,,, octagonal CoAl,;N,,, hexagonal AlyN,, octagonal
SiAl,3N,,, hexagonal CoAl,:N,4, and hexagonal SiAl,;N,, substra-
tes resulted in minimal deformation. The corresponding adsorp-
tion distances (charge transfer QCT) for these configurations are
1.995A (-0.5091e), 1.990A (-0.499¢), 2.009A (-0.483e), 2.055A
(-0.4513e), 2.007A (-0.437e), and 2.080A (0.3944e), respectively,
indicating that glucose acts as an electron donor while the nano-
clusters serve as electron acceptors. Furthermore, the thermodyna-
mic parameters, specifically the Gibbs free energy (AG) for adsorbed
glucose, were calculated.

As illustrated in figure 2, the negative AG values indicate sponta-
neous glucose adsorption. Notably, the tetrahedral NiAl;N,,-glu-
cose, hexagonal Aly,N,4-glucose, octagonal CoAl,;N,,-glucose, and
hexagonal SiAl,;N,,-glucose configurations exhibit the highest
spontaneous adsorption tendencies. This means that, under the gi-
ven conditions, the system can move to the adsorbed state without
additional energy.

Overall, tetrahedral NiAl,;N,,, hexagonal AlyN,, and tetrahedral
AluN,, got the highest negative AG values, which are crucial for
understanding the energetics of adsorption and the stability of
adsorbed complexes. They provide insights into the feasibility and
efficiency of the interactions between a-D-glucose and the various
nanocluster configurations. When a-D-glucose approaches the na-
nocluster, an initial interaction occurs due to electrostatic forces,
van der Waals forces, or hydrogen bonding. This proximity is critical
for electron transfer to take place.

The DOS at the Fermi level can indicate how readily electrons are
transferred between glucose and the nanocluster. Higher resonan-
ce peaks in the DOS suggests stronger interactions. The DOS for

the lowest-energy configuration of glucose on pristine Al,,No, is
illustrated in figure 3. The DOS of glucose exhibits localized states,
with resonance peaks observed between glucose and both hexago-
nal-Al,,N, and tetrahedral-Al,N,4; however, these peaks diminish
with octagonal-Aly,No,.

¢ d=2.008(A° d=1,995(A°
d=2.075(A°) a9 ¢ 34

tetra-Al4Nas (TAIG)
Eaas= -42.29 (kcal/mol)

hexa-Al4Nas (HAIG)
- Eaa= -44.44 (kcal/mol)
Qer=-0.38 ¢ Qcr=-0.48 ¢ Oer=-0.50 ¢

octa-ALNas (OAIG)
Eaas=-33.50 (keal/mol)

AG=-52.23 (keal/mol) AG=-57.57 (kcal/mol) AG=-32.00 (kcal/mol)

tetra-CoAlysNa (TCoG) hexa-CoAly3Nas (HCoG) octa-CoAlxNay (OCoG)
Eaas=-32.61 (kcal/mol) Eqq= -34.02 (keal/mol) Eaas= -34.90 (kcal/mol)
QOcr=-0.17¢ Ocr=-043 ¢ Ocr=-0.49 ¢

AG=-38.62 (kcal/mol) AG=-20.09 (kcal/mol) AG=-50.22 (kcal/mol)

d=1.981 (A°)

tetra-NiAL:Ny (TNiG) hexa-NiAlNy (HNiG) octa-NiALsNa (ONiG)
Eag=-55.51 (kcal/mol) Eaa=-37.89 (kcal/mol) Eas= -40.32 (keal/mol)
QOc=025¢ Qcr=-0.167¢ Q=030 ¢
AG=-59.01 (kcal/mol) AG=-35.31 (kcal/mol) AG=-23.65 (kcal/mol)

tetra-SiAl;sNos (T5iG)
Eqgs=-30.52 (kcal/mol)
Ocr=-022¢ Oc=-039¢ Oz 045 ¢

hexa-SiAl;sNas (HSIG)
Eqs=-34.89 (kcal/mol)

octa-SiAlsNas (OSiG)
Eaas=-32.08 (kcal/mol)

AG=-19.55 (keal/mol) AG=-30.75 (keal/mol) AG=-25.71 (kcal/mol)

Figure 2. Geometrically optimized models. A: hexagonal-Al.sN2s-glucose, tetrahe-
dral-Al:sN2s-glucose, octagonal-AlsNa4-glucose; B: hexagonal-CoAlsN24-glucose,
tetrahedral-CoAlysN2s-glucose,octagonal-CoAlsNaa-glucose;C:hexagonal-NiAlx;Nos-glu-
cose, tetrahedral-NiAl;3N2s-glucose, octagonal-NiAl,3Nas-glucose; D:  hexago-
nal-SiAlsN2s-glucose, tetrahedral-SiAl,3N2s-glucose, and octagonal-SiAlysNaa-glu-
cose, respectively. These models were generated using the B3LYP/6-311+G(d,p)
method. In the visualization, the colors represent different atoms: white for alumi-
nium, grey for carbon, red for oxygen, white for hydrogen, blue for nitrogen, brown
for silicon, green for cobalt, and yellow for nickel.

22

Rev. Colomb. Quim., vol. 53, no. 2, pp. 19-28, 2024




o-D-Glucose Adsorption on Al2sN.4 and Transition Metal-Doped Al,;N.s Nanoclusters: New Insights for Biodetection

Density of States{electronsfev)

; | ||
| \ |
y L'
“ 0 5 10 15
Energy (eV)
15
B

= !
T |
z
o
£
LA
)
n
@
m
i
e =
5 5
=
&
o
1]
A

"_15 -10 -5 0 5 10 15

Energy (eV)
15
c

=
o
s ﬁ
5 |
S . | '
50 ' |
@ ' || (
a | (|
8 | | A
= [ | | |
3 | |
5 5 | | \AT
= Vil
F | U\
g .
A v

U-JE -10 -5 0 5 10 15

Energy (eV)

Figure 3. DOS of glucose and Al.aN.s with A: tetrahedral-Al.sN.s-glucose, B: hexa-
gonal-Al.sNas-glucose, and C: octagonal-Al.sNas-glucose. The orange, blue, and grey
lines represent the levels of glucose, nanocluster, and glucose-nanocluster, respecti-
vely. The Fermi level is set to zero.

Figure 5A highlights a strong resonance peak between the glu-
cose molecule and tetrahedral-NiAl,;N,,, indicating a significant
interaction in the tetrahedral-NiAl;;Ny,-glucose adsorption sys-
tem. Conversely, the octagonal-NiAl;Ny,-glucose and hexago-
nal-NiAl;;N,4-glucose configurations exhibit reduced resonance, as
shown in figures 5B and 5C. In contrast, the CoAl,;N,-glucose and
SiAl3N,,-glucose systems (figures 4 and 6) demonstrate only mini-
mal interaction with glucose as compared to tetrahedral-NiAl,;3N,,.

Generally, the type of dopant (e.g., Ni, Co, Si) affects electronic pro-
perties, influencing how the nanocluster interacts with glucose. For
instance, Ni may enhance electron transfer and strengthen inte-
ractions. This suggests that the Ni-doped atom acts as an effective
electron bridge, enhancing interactions between glucose and the ad-
sorbent. Consequently, the NiAl,;N,, nanocluster emerges as a pro-
mising candidate for glucose adsorption in biosensor applications.

These findings illustrate that the interactions between glucose and
the four nanoclusters are not weak and mainly do not rely on van der
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Waals forces [35]. Thus, these nanoclusters are good bio-sensing
materials for glucose due to their adsorption capacity. The orien-
tation and position of the glucose molecule relative to the nano-
cluster (e.g., tetrahedral, octagonal, hexahedral arrangements) can
lead to varying interaction strengths. Optimal alignment facilitates
better overlap of electron orbitals. Overall, while all configurations
perform well, NiAl;;N,, and Al,N,, stand out as the most effective.
A smaller gap indicates that the molecule can more easily undergo
oxidation (donate electrons) or reduction (accept electrons).

The adsorption of glucose molecules on pristine tetrahedral-Al,,N,,
and hexagonal-Al,N,, had minimal impact on its electronic proper-
ties, as evidenced by the insignificant change in HOMO-LUMO gap
(Eg) with the increasing rate (AEg) 2.7 and 5.8%, respectively, while
octagonal-Al,4N,, was increased (AEg = 10.5%), see table 1. This
suggests that pristine octagonal-Al,N,, exhibits high sensitivity
towards glucose adsorption and detection. Doped with Si, Co, and
Ni atoms, however, significantly alter the electronic structure. The
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Figure 5. DOS of glucose and NiAl:sN,s with A: tetrahedral-NiAl:sN24-glucose, B:
hexagonal-NiAl:;N»4-glucose, and C: octagonal-NiAlx;N»4-glucose. The orange, blue,
and grey lines represent the levels of glucose, nanocluster, and glucose-nanocluster,
respectively. The Fermi level is set to zero.

HOMO and LUMO levels undergo a substantial shift towards higher
energies (table 1), leading to a concomitant narrowing of the Eg.
These modifications potentially enhance the interaction between
the X-doped Al,;N,, and glucose molecules, suggesting an impro-
ved sensitivity for glucose detection, where tetrahedral-SiAl;;N,g,
tetrahedral-NiAl,;N,,, and hexagonal-SiAl,;N,, have insignificant
change ratios in HOMO-LUMO gap (AEg) equal to 10.8, 15.7, and
32.4%, respectively. Generally, hexagonal-SiAl,;3N,, is favored.

The global hardness (1) of a material is defined as its intrinsic re-
sistance to the transmission of electric charge. A positive corre-
lation exists between a higher Eg value and reduced chemical re-
activity, which leads to enhanced chemical stability. As shown in
figures 1 and 2, 1 of Si, Co, and Ni-doped Al;;N,, systems shows
minimal variation before and after the presence of the glucose
molecule. Notably, the highest difference (An = 0.32) occurs in
the hexagonal-SiAl,;N,4-glucose complex, followed by tetrahe-
dral-NiAl,;N,,-glucose (An = 0.20). In contrast, the electrophilicity
index (w) of these systems exhibits more significant fluctuations
before and after glucose adsorption, particularly in the octago-
nal-NiAl;N,,-glucose complex. These findings suggest that the

Density of States{electrons/ev)
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Figure 6. DOS of glucose and SiAl2;N2s with A: tetrahedral-SiAl:sN2s-glucose, B: hexa-
gonal-SiAl,3N2s-glucose, and C: octagonal-SiAl:sNas-glucose. The orange, blue, and
grey lines represent the levels of glucose, nanocluster, and glucose-nanocluster, res-
pectively. The Fermi level is set to zero.

NiAl;;N,4 nanocluster demonstrates a more pronounced affinity for
the glucose molecule compared to the other adsorbents.

Analysis of the Sensing Mechanism

The preceding sections highlight the strong stability and adsorption
capacity of tetrahedral-NiAl;;N,,, hexagonal-Al,N,,, and tetrahe-
dral-Al,,N,, nanoclusters, making them suitable candidates for
glucose sensing materials. In this section, we further analyze the
sensitivity and desorption time of these nanoclusters to gain insight
into the microscopic sensing mechanism. Generally, the Eg serves as
an evaluation criterion for the excitability of a molecule; a smaller
Eg typically indicates a molecule that is easier to excite, reflecting
changes in the system’s conductivity. According to figure 3, all na-
noclusters exhibit a predominantly nonmetallic character, with the
electronic Eg showing minimal variation after glucose adsorption,
except for five specific nanoclusters. This suggests that the conduc-
tive behavior between the glucose molecule and these nonmeta-
llic nanoclusters remains relatively stable, indicating poor glucose
sensitivity. It is well-established that sensitivity can be assessed by
examining the variation in electrical conductivity of the glucose-na-
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Table 1. The energy Gap (Eg), energy gap change ratio (AEg%), work function (A¢), global hardness (), electrophilicity index (w), electric dipole moment (i), the desorption time
(1), and sensitivity (S).

Structure Eg(eV) AEg% Ad% 1 (eV) w (eV) |t (Debye) T(s) S
tetrahedral-Al,,N,,-glucose 3.98 -2.72 -9.74 1.99 4.02 9.91 6.34 x 10" 7.77
hexagonal-Al,4N,-glucose 3.85 -5.80 -12.33 1.92 3.91 11.21 2.33 X 10*"¢ 1.018 X 10*?
octagonal-Al,,N,,-glucose 3.66 -10.54 -16.30 1.83 3.76 15.62 2.52 X 10*8 4.45 x 103

tetrahedral-SiAl,;N,,-glucose 1.93 -10.85 -0.48 0.96 4.80 7.59 1.69 X 10*® 9.64 x 10"
hexagonal-SiAl,;N,,-glucose 1.46 -32.47 -11.67 0.73 4.99 11.63 2.60 X 10*° 8.87 X 10
octagonal-SiAl,3N,,-glucose 1.95 -9.79 -6.95 0.97 4.14 13.85 2.33 X 10*7 6.11 X 10*!
tetrahedral-CoAl;N,,-glucose 3.31 0.12 -7.44 1.65 4.42 7.56 5.68 X 10" 1.71 X 10
hexagonal-CoAl,;N,-glucose 3.15 -4.64 -15.37 1.57 3.88 14.16 6.08 X 10*8 3.81 X 10*2
octagonal-CoAl,;N,,-glucose 3.23 -2.28 -13.41 1.61 3.97 14.85 2.66 X 10*° 1.76 X 10*"
tetrahedral-NiAl,;N,4-glucose 2.18 -15.8 -1.08 1.09 10.49 7.21 2.70 X 10%% 7.47 X 10%¢
hexagonal-NiAl;N,4-glucose 2.63 1.65 -3.68 1.31 8.24 6.08 3.95 X 10*" 4.27
octagonal-NiAl,;N,-glucose 2.86 10.63 -5.29 1.43 7.32 8.01 2.34 X 10*"3 4.21 X 10*

nocluster adsorption system. The variation in sensitivity (S) can be
calculated with Eq. (10) [36, 37]:

S = exp[(Eg: - Eg1)/kBT] - 1 (10)

In this equation, ks is the Boltzmann constant (8.62 X 107> eV/K)
and T is the working temperature of the molecular sensor. According
to Eq. (10), sensor sensitivity is dependent on the variation of the Eg
after glucose adsorption. Therefore, the hexagonal-SiAl,3N,-gluco-
se, tetrahedral-NiAl,;N,4-glucose, octagonal-NiAl,;N,4-glucose, and
octagonal-Al,,N,,-glucose systems could exhibit high sensitivity as
glucose sensors. Generally, if the energy gaps remain unchanged,
it indicates minimal effects on the resistivity when glucose is ad-
sorbed onto the nanoclusters, suggesting that the sensitivity of the-
se nanoclusters to glucose molecules is poor.

The present study investigated the impact of glucose molecu-
les on the Fermi levels (EF) and the work function (¢), where
¢ = -EF = [Ewwmo-Enomo]/2 denotes the energy required to remove
an electron from the Fermi level. The A¢ measured by the Kelvin
oscillator influences the gate voltage in the sensor. This variation
generates an electrical signal that can be correlated with the con-
centration of the adsorbed glucose, facilitating quantitative analy-
sis [38, 39]. The A¢ resulting from the adsorption of a substance
affects the gate voltage and generates an electrical signal that aids
in recognizing the chemical [40, 41]. The A¢ values for pristine and
Co, Si, and Ni-doped nanoclusters after glucose adsorption are pre-
sented in figure 3. The A¢% values for the nanoclusters upon gluco-
se adsorption are as follows:

-16.3% for octagonal-Al,,N,,-glucose
-15.3% for hexagonal-CoAl,;N,,-glucose
-13.4% for octagonal-CoAl,;N,-glucose
-12.3% for hexagonal-Al,,N,-glucose
-11.6% for hexagonal-SiAl,;N,,-glucose

These results indicate that the most significant A¢ occurs in the oc-
tagonal-Al,,N,, upon interaction with glucose, followed closely by
the hexagonal-CoAl,;N,, system. The ¢ serves as a valuable metric
for assessing the effectiveness of the sensor. In summary, “octa” and
“hexa” are crucial for understanding the structural characteristics
and potential performance of nanoclusters in sensing applications.

The dipole moment, resulting from unequal charge distribution in
nanostructures, is crucial for comprehending the interaction be-
tween glucose and Al,4N,,. We calculated dipole moments for both
the adsorbent and substrate before and after contact (figure 1,
table 1). A notable discovery is the substantial increase in dipole
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moment after glucose adsorption. The dipole moments of the glu-
cose-nanocluster complexes produced were much more significant
than those of the isolated glucose molecules or nanocages. This en-
hancement indicates a substantial alteration in the distribution of
charges post-adsorption due to the charge exchange between the
glucose molecule and the nanocage. The following dipole moments
for the glucose-nanocluster complexes were documented:

15.62 D for octagonal-Al,,N,,-glucose
14.85 D for octagonal-CoAl,;N,4-glucose
14.16 D for hexagonal-CoAl,;N,-glucose
13.85 D for hexagonal-SiAl,;N,,-glucose
11.63 D for hexagonal-Al,;N,,-glucose

These findings show that glucose and the Al,,N,, nanocluster have
a strong interaction that is mediated by charge transfer. The consi-
derable rise in dipole moment upon glucose adsorption suggests
that the interaction is not just happening on the surface but also
involves a significant change in where the electrons are distributed.
This charge transfer and the increased dipole moment that follows
are probably crucial for the binding affinity that was seen and could
be used for sensing purposes. It’s also worth noting that the dipole
moment changes between doped and undoped nanocluster struc-
tures, as well as between hexagonal and octagonal structures. This
suggests that the composition and shape of the nanocluster can
affect how strongly it interacts with glucose [42].

Furthermore, the desorption property (1) is crucial for assessing the
repeatability of a sensor. Moderate interactions between nanoclus-
ters and molecules facilitate the desorption of the adsorbate in a
short time, allowing for sustainable device utilization. Based on the
transition state theory, we calculated thedesorption time (1) using
Eq. (11) [43]:

T =fo" exp[-Eabs/kBT] an

Where f, is the attempt frequency, Eabs is the adsorption energy, ks
is the Boltzmann constant (8.62 X 107 eV/K), and T is the tem-
perature. In this study, we adopted an attempt frequency value of
1 X 107" s, as reported in the literature [44, 45]. The desorption
times for glucose over the nanoclusters at the working tempera-
ture of 298 K are shown for hexagonal-SiAl,;N,,-glucose, octago-
nal-SiAl;N,,-glucose, and tetrahedral-NiAl,;N,,-glucose, as illus-
trated in figure 3.

Conclusions

This study demonstrates how nanoclusters shape and doping co-
Llaboratively influence glucose sensing efficacy, providing design
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principles for advanced sensors. These findings reveal that doping
plays a critical role in determining sensing mechanisms. Ni-doped
clusters exhibit strong chemisorption (-55.51 kcal/mol) due to Ni’s
high d-electron affinity, which facilitates charge transfer from glu-
cose (Qcr = 0.25e). This suggests that Ni sites act as electron sinks,
making them well-suited for redox-based detection. In contrast,
silicon-doped clusters demonstrate substantial bandgap modula-
tion (-32.4%), which is attributed to silicon’s capacity to disrupt the
delocalized w-electron networks within AIN frameworks, a proper-
ty advantageous for electronic (Eg-type) sensors. Additionally, the
work function change (A¢) in pristine Al,N,, (-16.3%) highlights
the importance of surface dipole effects in field-effect transistor
(FET) sensing platforms.

The study also establishes clear topology-property relationships:
structural geometry impacts sensor performance. The hexagonal
SiAl3N,, cluster exhibits exceptional sensitivity (8.87 x 10°) due
to its open framework, which enhances glucose accessibility to ac-
tive silicon sites. Conversely, the compact tetrahedral structure of
NiAl,;N,, improves adsorption stability but restricts bandgap res-
ponse, emphasizing the trade-offs between steric constraints and
electronic effects. These insights underscore the necessity of balan-
cing dopant-induced electronic modulation with geometric accessi-
bility in sensor design.

For practical implementation, further research should assess po-
tential interference from biomolecules such as fructose to validate
clinical applicability. Additionally, the distinct work function varia-
tions in Al,,N,, suggest its compatibility with FET-based platforms,
while Ni-doped clusters may be better suited for electrochemical
strips. Overall, this work identifies Ni/Si-doped AIN nanoclusters
as promising candidates for glucose sensing and establishes a fra-
mework for optimizing doping strategies and nanostructure design
in next-generation detectors.
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