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A B S T R A C T

Clusters of (ZnO)n (n ¼ 2–4) have been shown to play a central role in the detection of glucose entity based on the
existence of photo-induced electrons (PE), which facilitates the interaction between (ZnO)n clusters and glucose
entity guests. The electrochemistry experiment has confirmed the detection of glucose by the title clusters. The
optimization, energetic parameters, and vibrational frequency calculations have indicated that the Cu-Znn�1On-
glucose are more stable than the (ZnO)n-glucose complexes. It has been demonstrated that the Cu doping
enhanced the chemical behavior of the clusters and formed a high intramolecular charge transfer (ICT) in the
system. The glucose sensing by all the forms of Cu-Znn�1On clusters showed that the Cu–Zn3O4, Cu-Wurtzite, and
Cu-Rocksalt clusters are the most suitable for adsorbing the glucose guest. The HOMO/LUMO iso-surfaces of the
complexes showed that the electron concentrations are localized in the d orbitals and mainly in the form of the d10

orbitals around Zn atoms. The molecular electrostatic potential (MEP) has clearly indicated that a high charge
transfer occurs between the copper and the oxygen atoms, which facilitate the adsorption of glucose. The reac-
tivity parameters also indicated that the Wurtzite-glucose complex has a high electrophilicity index (ω), which
means a good acceptor behavior to interact with glucose. Additionally, the bond between the (ZnO)n clusters and
the glucose polar element has been studied in detail by using QTAIM theory. Finally, the theoretical and
experimental studies prove that the Cu-Znn�1On clusters are very suitable and competent compounds for detecting
glucose.
1. Introduction

Nanomedicine is an area based on the use of new powerful technol-
ogies for the treatment of human diseases [1, 2, 3, 4]. The clustering
behavior arising from their small size gives birth to using these entities
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instead of proteins and biomolecules in human cells against specific
diseases [5, 6, 7, 8, 9]. The clusters (for example, ZnS, CdS, CdSe, etc.)
have a beneficial characteristic; they can alter their morphological,
magnetic, and chemical properties in interaction with biomolecular
systems [10, 11, 12, 13, 14, 15]. Also, the clusters are reorganized by
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well-defined structures and specified by a precise quantum confinement's
model [16, 17]. Therefore, the variation of the sizes of the structures of
the clusters regulates the efficiency of the opto-electronic behavior of the
compounds [18, 19]. ZnO is a non-toxic semiconductor material. ZnO is
preferred to bind with nitrogen N atoms, which have three lone electron
pairs free to form other bonds. Among them, (ZnO)n clusters continue
attracting the attention of physicists, chemists, and doctors to use them in
several applications because of their high exciton binding energy (60
meV), wide band gap, and cost effective synthesis methods [20, 21, 22].
The ZnO material can be used in a variety of applications, such as photo
detectors [23], antibacterial activity [24], adsorption of polluting gases
[25], and environmental sensors [26]. All these advantages are defined in
the pure ZnO material, but now, we have focused on the Cu doping of
(ZnO)n. The Cu2þ cation is of the sp2 latent positive type on the nano-
scale. Its properties are important factors that enhance the electronic
properties of (ZnO)n. The doping of such a copper cation is an efficient
way to obtain a good glucose sensor (there are two electron-hole pairs
due to the presence of this ion in ZnO). It is important to mention that the
majority of the reported studies have done experimental analyses, but a
good explication of the adsorption and chemical sensing processes for all
the possible configurations of ZnO to glucose has not yet been reported
[27, 28, 29, 30]. Recently, the enzymatic and non-enzymatic electro-
chemical [31], neuron fibers [32], nitrogen-doped graphene quantum
dots [33], and plasmonic [34] systems have been experimentally tested
for glucose sensing in the literature. Also, theoretically, the CDs nano-
particules [35], boronic acid decorated graphene nanoflakes [36],
nanocages [37] are complexed with the glucose entity for adsorption
application. In our paper, we have turned to other interesting sensor
systems (ZnO clusters). In this work, the interaction mechanism between
the (ZnO)n before and after Cu doping, and glucose is studied and visu-
alized for understanding the interactions and forces stabilizing the
complexes and the chemical groups that favor the donor–acceptor pro-
cess during the adsorption.

The (ZnO)n and Cu-Znn�1On compounds were synthesized, and the
morphological characterization was studied using the TEM and XRD
analyses. The calculation of the energetic and structural parameters using
the B3LYP-D3/Lanl2DZmethod shows that the Cu–Zn3O4 systems for the
ring, rocksalt, and wurtzite forms are more stable in comparison with the
other clusters. The vibrational modes of the most stable systems after Cu
doping confirmed the stability of the clusters. The theoretical FT-IR study
was done in detail to understand the dynamic stability of the Cu-
Znn�1On-glucose complexes. From HOMO/LUMO and MEP plots, it is
indicated that the doping Cu reinforces the appearance of an intra-atomic
charge transfer. The electronic properties and the chemical reactivity
parameters have demonstrated that the doping clusters (Cu–Zn3O4-
Figure 1. (a): Molecular geometry, (b): Compact representatio
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glucose, Cu-Wurtzite-glucose, and Cu-Rocksalt-glucose) are more suit-
able to adsorb glucose entities more than the non-doping ones. Bader's
analysis indicated that the glucose is stabilized with Cu-Znn�1–On by
hydrogen bonding interactions. The electrochemical analyses confirmed
the detection of the glucose by Cu-Znn�1On clusters.

2. Experimental method

2.1. Preparation of doped Cu-(ZnO)n clusters

The synthetic pathway to obtain the ZnO and the Cu–ZnO compounds
is described by Omri et al. [38]. These materials were prepared by the
sol-gel process under supercritical conditions in ethyl alcohol (EtOH).
The molecular structure of the single Zn2O2 compound is given in
Figure 1 (molecular geometry (a), compact model (b) and 2D chemical
structure(c)).

2.2. TEM and XRD characterizations

The ZnO and Cu–ZnO clusters were characterized by XRD and TEM
(Figure 2). It is shown from the XRD diagrams (see Figure 2c) of the ZnO
and Cu–ZnO clusters that there appears a sharp and intense diffraction
peak, which proves the high crystalline nature of the samples. No peaks
of impurities can be detected, indicating that the product ZnO has a pure
structure. The absence of Cu-related phase diffraction peaks indicated
that the Cu2þ ions have replaced the Zn2þ ions without modifying the
lattice crystal structure. Furthermore, it is clearly observed for the non-
doped ZnO that the diffraction intensities of all the peaks are higher;
this result indicates that the incorporation of Cu dopants increases the
crystallographic defects in the ZnO structure and therefore degrades the
crystal quality. Accurate 3D graphs by TEM characterization for ZnO and
Cu–ZnO samples have been investigated (see Figure 2(a)–(b)). From the
micrographs, it is observed that the non-doped ZnO is composed of large
aggregates, indicating that the ZnO clusters grew at a high density. It is
found that these clusters exhibit a spherical shape with a narrow size
distribution. In addition, Cu–ZnO clusters are observed to have a clear
change in the surface morphology. According to the TEM findings, the
average cluster size of the ZnO is about 35 nm, and the Cu–ZnO is found
at 46 nm. Finally, the growths of the ZnO samples tend to develop
segregation according to the revitalization of the Cu substitutions.

3. Computational methodology

The density functional theory with dispersion correction method
(DFT-D3) [39,40] was performed to find steady states of the complexes
n and, (c): the chemical structure of the Zn2O2 compound.



Figure 2. (a) and (b): TEM characterization, and (c): X-ray diffraction analysis of ZnO and Cu–ZnO cluster.
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and to examine the electronic properties of the compounds. The DFT-D3
was carried out using the Gaussian 09 software [41], and the results were
visualized with the GaussView 5.0 program [42]. The stability and en-
ergy parameters of the clusters before complexation are discussed.
(ZnO)n and Cu-Znn�1On structures for n ¼ 2–4 were proved to interact
with glucose in three different positions named pos1, pos2, and pos3,
shown in Figure 3. Complexes were calculated using the B3LYP-D3 [43]
method with 6-311G(d,p) and the LanL2DZ-D3 [44] basis set. The (ZnO)n
and Cu-Znn�1On clusters geometries for n ¼ 2–4 after optimization stage
of the complexes were compared in detail with their initial geometries.
The minimized structures of these complexes are shown in Figure 3. The
optimized geometries of all structures correspond to the true global
minima since no imaginary frequencies were observed in the vibrational
frequency investigation. The optimization energies are listed in Table 2
and minimum energies are boldly highlighted. The chemical reactivity
and the possible charge transfer phenomenon in each compound, passing
from n ¼ 2–4 before complexation, are examined by the molecular
orbital analysis. The nucleophilicity and hydrophibicity of these com-
pounds are studied by MEP-MK analysis at the same level of theory. The
3

band gap energies, ionization potential, electron affinity, electronega-
tivity, chemical hardness, chemical softness, chemical potential, and
electrophilic index were calculated from the HOMO and LUMO energies.
The nature and type of interaction in all the active sites between the
(ZnO)n and the Cu-Znn�1On clusters, and the glucose have been inter-
preted via the QTAIM theory [45]. The topological parameters have been
carried out by using the Multiwfn package [46].

4. Results and discussion

4.1. Stability and energetic analyses of ZnnOn/Cu-Znn�1On clusters

The optimized structures of the (ZnO)n clusters, such as (ZnO)2,
(ZnO)3, (ZnO)4 (R for rocksalt), and (ZnO)4 (W for wurtzite), have been
calculated using two different methods: B3LYP-D3/6-311G(d,p) and
B3LYP-D3/LanL2DZ level of theory. The structural parameters (distances
(Å) and angles (�)) are indicated on each Figure (see Figure 3a). The
calculated parameters are compared with those in the literature [47, 48,
49, 50, 51]. The relaxation energies (in a.u.) correlated to the dipole



Figure 3. Stable structures of (ZnO)n (a), and Cu-(Znn�1On) clusters.
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Table 2. The optimization energies (in a.u.) of (ZnO)n-glucose and Cu-Znn�1On-
glucose complexes for n ¼ 2–4 at the B3LYP-D3/LanL2DZ level of theory.
Wurtzite (W) and Rocksalt (R) structures are isomers of Zn4O4.

Complex (1–2) Positions Zn2O2-glucose Cu–ZnO2-glucose

Pos1 �968.7904752 �1099.3310759

Pos2 ¡968.8593631 �1099.3235732

Pos3 �968.8284332 ¡1099.35427

Complex (3–4) Zn3O3-glucose Cu–Zn2O3-glucose

Pos1 �1109.6991483 �1240.195328

Pos2 �1109.6949069 �1240.2138359

Pos3 ¡1109.723559 ¡1240.2197666

Complex (5–6) Zn4O4-glucose Cu–Zn3O4-glucose

Pos1 �1250.5874469 �1381.103446

Pos2 �1250.5846408 ¡1381.1409701

Pos3 ¡1250.6024025 �1381.1029298

Complex (7–8) Wurtzite-glucose Cu-Wurtsite-glucose

Pos1 �1250.578372 �1381.1007473

Pos2 ¡1250.6707559 �1381.162543

Pos3 �1250.612641 ¡1381.1807028

Complex (9–10) Rocksalt-glucose Cu-Rocksalt-glucose

Pos1 ¡1250.6314779 �1381.1007491

Pos2 �1250.6190392 �1381.122466

Pos3 �1250.6133778 ¡1381.1328698
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moment (in Debye) are summarized in Table 1. It is shown that the Zn–O
contact is 1.89 Å using the 6-311G(d,p) and 1.93 Å calculated with the
Lanl2DZ basis sets. The Zn–O–Zn angles calculated by the two methods
are equal to 77 and 80�, respectively. The symmetry group is C1. The
experimental values of the bond length and valence angle are 1.92 Å and
81�, respectively. It was found that the values obtained with the Lanl2DZ
basis set are close to the experimental results [47]. For (ZnO)3, it is ob-
tained that the Zn is distant from O by 1.81 Å (6-311G(d,p)) and 1.86 Å
(Lanl2DZ), respectively. At the 6-311G(d,p) basis set, the values of the
angles Zn–O–Zn are around 98, and 141�, while using the Lanl2DZ basis
set, the angle values are 102�, and 137�, respectively. It is obtained that
the distances between Zn and O are in the range of 1.79 and 1.83 Å,
calculated by the two methods. The valence angles are in the range of
111�–159�. It indicates that the symmetry group is Cs. Concerning the
wurtzite shape of the (ZnO)4 cluster, it is found that the Zn–O distances
are equal to 1.78 and 1.91 Å calculated by 6-311G(d,p), and 1.82 and
1.92 Å using the Lanl2DZ basis set. The valence angles calculated by the
two methods are almost the same, with values at 101�, 111�, and 128�,
respectively. For the rocksalt cluster, it is clearly observed that the
structural parameters are very close. A shift of 4 Å between the Zn and O
atoms is found, and the angles are shifted only by 0.06�. The experi-
mental results show that the Zn–O distance is on the order of 1.94 Å and
the Zn–O–Zn angle is around 96� [48]. This analysis proves that the
second method (B3LYP-D3/Lanl2DZ) produces results very close to the
experimental ones. Based on the theoretical parameters compared to the
experimental values, the B3LYP-D3/Lanl2DZ method is more accurate
for the energetic study of the clusters. In Table 1, it is shown that the total
energy of the studied systems varies from �270.95 a.u. ((ZnO)2) to
�521.12 a.u. ((ZnO)4-pos.3).

For B3LYP-D3/6-311G(d,p), it is remarkably evident that the systems
(ZnO)4 are more stable than the other clusters. This result is well verified
by the low dipole moment values observed for these compounds. It is
demonstrated that the system is energetically enhanced when the Zn–O
groups are added. The total energy calculated at the B3LYP-D3/Lanl2DZ
level of theory for the ZnO clusters is around �563 a.u. for the ((ZnO)4)
complexes. The values of the dipole moments are equal to 0.004 Debye.
The energetic analysis confirmed that the B3LYP-D3/Lanl2DZ gave the
most stable clusters. In Table 1, it is also shown that the rotational con-
stant (RC/A) values of the three stable systems present the lowest values,
proving that these clusters have the most stable kinetic energy, and are
therefore the most stable clusters. The values of RC/A vary from 0.60 to
0.85 a.u. Considering the structural and energetic interpretations in
comparison with the experimental studies, it is concluded that B3LYP-
D3/Lanl2DZ is the suitable method to study the doping clusters. The
doped (ZnO)n systems are shown in Figure 3b. Herein, the compound
(ZnO)2 doped Cu has an O–Cu distance equal to 1.97 Å and the Zn–O–Cu
angle is approximately 80�. In comparison with the two systems (ZnO)2
before and after doping, it is observed that the metal Cu disturbs the
system for stabilization. Cu–ZnO2 has an energy value of around�412.11
a.u. There is a charge transfer phenomenon taking place during doping,
which it is explained by the breaking of the bonds between the cation and
the nearby atom. All the valence electrons are localized surrounding the
Table 1. Total energies ET (in a.u.), dipole moment μ (in Debye), and the rota-
tional constants RC (in GHZ) of the (ZnO)n¼2–4 clusters using the different basis
sets.

Structure B3LYP-D3/6-311G(d,p) B3LYP-D3/LanL2DZ

ET RC/A М ET RC/A М

(ZnO)n¼2 �270.95 7.23 0.01 �281.57 7.23 0.008

(ZnO)n¼3 �403.58 1.54 0.02 �422.49 1.54 0.016

(ZnO)n¼4–1 �521.19 0.60 0.003 �563.38 0.60 0.003

(ZnO)n¼4–2 �521.08 0.81 0.004 �563.30 0.81 0.004

(ZnO)n¼4–3 �521.12 0.85 0.004 �563.36 0.85 0.004
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Cu cation, and the bond remains with the same values. So maybe this
doped compound can be applied as a sensitive element to sensor tech-
nology. Also, it is observed that the symmetry group (C1) is conserved.
For n ¼ 3, the distance between Zn and O is not symmetrical enough like
that of the non-doped cluster. Also, the total energy is equal to �553.03
a.u. The (ZnO)4 cluster shows that the Zn–O contact varies from 1.83 to
1.79 Å, symmetrically. The Zn–O–Zn angle is equal to 153�. It is observed
that the angle Zn–O–Cu is around 144�. The doping almost does not
modify the structural organization of the compound. The symmetry
group (Cs) has been preserved. The total energy of this system is�693.91
a.u. From Figure 3b, for the wurtzite cluster, the relaxation energy is
around �693.86 a.u. The breaking bond between the cation and the
nearby atoms proves that a charge transfer phenomenon takes place
during the doping. The same interpretation is found for the rocksalt
cluster. It is concluded that the doping improves the structural stability of
the studied clusters. The breakage of the bonds after doping indicates
that the valence electrons of the Cu cation exert rather strong forces on
the close atoms, which proves that all the electrons are torn off by the
metal. This phenomenon will be explained in detail in the next section.
So, the doped clusters are very suitable for sensor applications.

4.2. Raman analysis

Figure 4(a–d) show the calculated and the experimental Raman
spectra of the (ZnO)4 clusters. It is detected in a high absorption band at
763 (Cu-ring), 653 (Cu-wurtzite), and 443 cm�1 (Cu-rocksalt), respec-
tively. These strong absorptions for stretching modes are assigned to the
vibration of the ZnO groups. The experimental signal is located around
751 cm�1. The experimental value is much closer to that of the Cu ring
shape than that of other systems. This result proves that the compound
experimentally formed is one with a ring shape and not wurtzite or
rocksalt. This idea is well confirmed by the energetic interpretation
section. In addition, absorption bands of medium intensity were obtained
in the three clusters, which are equal to 475, 459, and 485 cm�1,
respectively. The experimental value is approximately 481 cm�1. It is
concluded that the Cu-ring and Cu-rocksalt values are close to the
experimental one. A breaking of the Cu–O group is found (see Figure 4),
so, it was concluded that the phonon of the Cu atom forced the shift of
this frequency in the wurtzite shape. Additionally, the Raman spectra



Figure 4. Theoretical Raman spectra of Cu-ring (a), Cu-wurtzite (b), and Cu-rocksalt (c) and the experimental spectrum of Cu-(ZnO)4 cluster.
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show frequency bands located at 184 (Cu-ring), 186 (Cu-wurtzite), and
(189) cm�1, respectively. It is obtained a small shift beyond 0.3 cm�1.
Herein, the experimental value is equal to 191 cm�1. Therefore, there is a
good agreement between all the DFT values for all systems with the
experimental measurements. The strain vibration out of the plane of the
O atom is also assigned. It shows a low intensity frequency located at 141,
139, and 142 cm�1 for all compounds, respectively, while the experi-
mental value is about 148 cm�1. The Cu atom retains the frequency
bands. So, there is a good agreement between the DFT results and the
experimental ones. In the Cu-wurtzite, the theoretical frequency is
located between 300 and 400 cm�1. These absorption peaks correspond
to the elongation vibration of the O atom connected to the Cu metal. It is
shown that these two peaks are absent in the experimental spectrum. It
clearly shows an absorption band with medium intensity in the Cu-
rocksalt shape at 258 cm�1. This low frequency corresponds to the
–Zn–O–Zn and –O–Cu–O– coupled modes. This frequency is not observed
in the experimental Raman spectrum.
6

4.3. HOMO-LUMO and MEP-MK iso-surface

The Highest Occupied Molecular Orbital (HOMO) and the Lowest
Unoccupied Molecular Orbital (LUMO) iso-surfaces characterize the
electronic absorption from the ground state to an excited state in the
studied compounds. The localization of the molecular orbitals gives quite
clear information on the chemical reactivity of the clusters and indicates
the characteristics of the donor-acceptor groups, which favor the exis-
tence of inter- or intra-molecular charge transfer phenomena in such
materials (Figures 5 and 6). The location of molecular orbitals has been
discussed before and after doping to understand the effect of Cu-doping
on the charge transfer phenomenon and on the chemical reactivity of the
clusters. To better understand, the distributions of the electronic charges
before and after doping, the molecular electrostatic potential (MEP)
analysis andMulliken charges of all stable (ZnO)4, and Cu–Zn3O4 systems
are interpreted (see Figures 5 and 6). The electron density of the HOMO
orbital is localized on all the atoms (O and Zn) forming the ring of the



Figure 5. (a): Frontier molecular orbital, (b): MEP analyses, and Mulliken charge population of (ZnO)4 (Ring, wurtzite, and rocksalt shape) calculated at the B3LYP-
D3/Lanl2DZ level of theory.
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Figure 6. (a): Frontier molecular orbitals, and (b): MEP surfaces, and Mulliken charge populations of the Cu–Zn3O4 clusters (Cu-Ring, Cu-wurtzite, and Cu-rocksalt
shapes) calculated at the B3LYP-D3/Lanl2DZ level of theory.
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(ZnO)4. The valence electrons are excited toward the LUMO with energy
of 2.27 eV. The LUMO orbital for the ring shape shows that the electron
concentrations are localized practically on the entire cavity surface. This
compound easily forms a donor-acceptor cross with a guest. The (ZnO)4 is
suitable for use as a sensible sensor element. From Figure 5(a), it is
observed that the orbital HOMO-1 with the ring shape is localized sur-
rounding the O and Zn atoms, almost having the same form as the HOMO
iso-surface. Concerning the LUMOþ1, the electrons are split symmetri-
cally on the surface level of the cavity. The ΔEL-H energy value is equal to
3.62 eV. For the wurtzite shape, the valence electrons (HOMO) are
mostly localized on the Zn–O groups, after excitation, these electrons
cross a forbidden band of energy equal to 1.81 eV to be localized on the
above Zn–O group. This idea explains that the localized electronic con-
centration surrounding the Zn–O group can be strongly linked to an
acceptor element located in front of this group. Therefore, the wurtrzite
cluster can be a good sensor of chemical entities. The HOMO-1/LUMOþ1
energy is equal to 3.12 eV. According to the proportionality between the
wavelength (nm) and the energy in eV of λ (nm)¼ 1240/E(eV), the Zn–O
ring presents a wavelength of 546 nm, and the wurtzite form has a
wavelength equal to 343 nm. The ring shape absorbs in the blue ray while
the wurtzite absorbs an excitation wavelength in the ultra-violet region.
From Figure 5, the rocksalt shape shows that the electrons located around
of all the O and Zn atoms (HOMO plot) are migrated to the excited state
(LUMO plot), which is located around the entire rocksalt cluster. This
system clearly appears as a reddish ball, so it is practically an acceptor
system. So, this compound can be very useful in chemical sensor appli-
cations. The gap energy is equal to 1.54 eV. From this energy, the
wavelength is roughly 800 nm. So, the rocksalt form is capable of
absorbing the red rays. According to the relationship between the con-
ductivity parameter and the gap energy (σ ∝ exp(Eg/kBT)), it is indicated
that the ring shape of (ZnO)4 has a σ equal to 9.67 eV. The wurtrzite
cluster presents a conductivity around 6.11 eV, and the rocksalt shape
has the lowest conductivity (4.66 eV). It is concluded that the (ZnO)4 is
the most conductive material. In Figure 5(b), from 3D-MEP, it is clearly
obtained that the acceptor sites (red spots) are located surrounding the O
atoms or the electron donor sites (blue spots) are located around the Zn
atoms. The charge atomic populations given by the Mulliken charges
show that the ring, wurtzite, and rocksalt clusters are characterized by O
atomic charges of �1.24, �1.22, and �1.10 a.u., respectively. Moreover,
this result confirmed that these clusters could form a couple of donor-
acceptor electrons with the guest.

From Figure 6(a), it is observed that the HOMO orbital of the Cu-ring
cluster is mainly located on the O and Zn atoms. The valence electrons are
absorbed with energy of 3.90 eV to make the transition towards the
LUMO band. The λ of the Cu-ring is equal to 317.94 eV. In comparison
between the ring shape before and after doping, there is a shift from the
blue light to the ultra-violet region of 228.31 nm. So, it is concluded that
the Cu doping totally modifies the chemical behavior of these materials.
It is shown that the distribution of the LUMO is mainly located sur-
rounding the Cu cation. From the solid and transparent MEP iso-surfaces
depicted in Figure 6(b), it is shown that the Cu-ring has the electrophilic
sites (electron acceptors/red spot) located in the non-doped region, and,
the nucleophilic sites (electron donors/blue spot) are located surround-
ing to Cu atom. From the MK charges, it can be observed that the charges
of the Zn atoms are positive and those of the O atoms are negative before
doping, but are totally modified to negative after doping. The values of
the charges of Zn and O atoms vary from �0.822 |e| to �1.51 |e|,
respectively. These results concluded that the ring shape of (ZnO)4 is a
suitable system for sensor applications. The HOMO-1 plot appears to be
located on the Cu atom and the two symmetrical O atoms. The LUMOþ1
orbital is mainly located in the center of the ring. The HOMO-LUMO
energy is equal to 4.38 eV. Concerning the Cu-wurtzite, it is found that
the HOMO isosurface is located around the Cu atom and the ZnO group.
The gap energy is about 2.91 eV. From, Figure 6(a), it is indicated that the
LUMO plot is mainly located surrounding the Cu cation. The HOMO-
–LUMO energy is equal to 2.91 eV. In comparison between the two
9

systems, before and after doping, it is concluded that there is a shift in the
gap energy of 1.10 eV. So, the doping Cu enriches the chemical reactivity
of the material, making it harder and more stable. The λ of the Cu-
wurtzite is 426 eV. It has been concluded that this compound absorbs
blue rays. As shown in MEP, it can be seen that the attraction sites (red
color) coexist around the cyclic base. The repulsive sites are located on
the CuO group. TheMK population charges show that the Cu atom charge
is about 8.01|e|. The charge of Zn and O atoms appears to vary from
�0.63 to �1.49 |e|. Again, the Mulliken charges demonstrated that after
doping, the system will be more reactive. These findings concluded that
Cu-wurtzite is very suitable for use as a sensible element in sensors. In
addition, it is shown that the HOMO-1 and LUMOþ1 orbitals are located
around the Cu atom. The gap energy is equal to 4.32 eV. Finally, the same
interpretation is found for the Cu-rocksalt system. The HOMO-LUMO
energy of this cluster is about 4.18 eV. The λCu-rocksalt is equal to 442
nm. After Cu-doping, it has a blue shift of 363 nm. The Cu-rocksalt be-
comes harder, more polar, and more reactive than before the doping. It is
concluded that the Cu-ring is more conductive than the Cu-wurtzite, and
Cu-rocksalt.

A deep discussion of the frontier molecular orbital, MEP-MK analysis,
and conductivity parameters demonstrated that the doping clusters are
more sensitive to interacting with the glucose.

4.4. Glucose sensing with the optimized Cu-Znn�1On clusters

All the possible conformations of the ZnnOn and the Cu-Znn�1On (n ¼
2–4) clusters before complexation with glucose were optimized (see
Figure 7 (a) and (b)). These stable conformations are applied for glucose
detection (see Figure 8). The optimized geometry of the glucose entity is
depicted in Figure 7 c).

In the complex formation of the (ZnO)n metal oxides with glucose, it
is observed that the (ZnO)n crown ring structure converts to a practically
planar or hooked structure [52]. On the other hand, in the formation of
the stable Cu-Znn�1On complexes, it is observed that the clusters are
coordinated with the electrophilic Cu atom, which is more active and has
a d9 configuration, compared to the Zn atom with a d10 configuration. It
is observed that the Zn atom is more electropositive, and therefore the Cu
atom is attracted towards the glucose ring. In Cu-Wurtzite-glucose and
Cu-Rocksalt-glucose complexes, the glucose is coordinated over the
copper atom, and the cubic structure is turned into a basket-like struc-
ture, and the missing edges are bonded with coordinated covalent bonds
between metal and O atoms, and hydrogen bonds (C–O….H⋯O) [53]. In
the complex formation, the unpaired 2p electrons of the O atoms are
attracted by the positively charged Zn and/or Cu atoms [53]. For the
classical hydrogen bonding, the angle between them is between 135� and
225� and the distance D⋅⋅⋅A is around 2.5 Å [54]. Figure 9 shows that the
structure of complexes has hydrogen bonds between OH groups and
adjacent O atoms. The analysis of the H-bonds is given in Table 3. Two
H-bonds are formed in the Zn3O3-glucose and the Zn4O4-glucose com-
plexes, and one H-bond is observed in the Cu–ZnO2-glucose and Cu–Z-
n2O3-glucose complexes. Due to the radius of the Cu atom being larger
than that of the Zn atom and therefore having a larger steric effect, the O
atoms in the metal oxide cannot get close enough to the glucose unit to
form one H-bond through OH group. An energy diagram that summarizes
the order of stabilities of the Cu-Znn�1On-glucose complexes has been
shown in Figure 10.

4.4.1. FT-IR analysis
The IR spectra of complexes are given in Figure 11(a-e) in the range of

4000–0 cm�1. The peaks in the range of 3750–3626 cm�1 and 3840 cm�1

(weak) are attributed to O–H stretching modes in the glucose ring of the
Zn2O2-glucose complex, while this peak (Zn–O–H) drastically decreases
to 3367 cm�1 (strong) in the Cu–ZnO2-glucose complex due to the
hydrogen bonding with the carbonyl group (Zn–O–H⋯O¼CH-)
(Figure 9) [55, 56]. In the IR spectra of the complexes, the observation of
non-hydrogen bonding OH stretching peaks at higher frequencies and



Figure 7. (a) ZnnOn and (b) Cu-Znn�1On structures, obtained from crystal information (left side), and the corresponding optimized structures (right side) for n ¼ 2–4
calculated at the B3LYP-D3/LanL2DZ level of theory. Wurtzite (W) and Rocksalt (R) structures are isomers of Zn4O4. (c): glucose entity.
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hydrogen bonding OH stretching peaks at lower frequencies is also
consistent with the literature [55, 56]. Unlike the Zn2O2-glucose com-
plex, the peak, which was detected at 1647 cm�1, is attributed to the
stretching vibration of the carbonyl group in the Cu–ZnO2-glucose
complex [55]. In Figure 8, it is observed that the Cu atom forms a stable
complex in square plane geometry with four O atoms, two of which are in
the glucose ring and the other two come from the CuZnO2 cluster [56,
57]. Aliphatic C–H symmetrical and asymmetric stretching vibrations in
Zn2O2-glucose complex were detected as weak peaks at 3116–2977 cm�1

[58], while these weak peaks widen up and down field and shift to
3147–2924 cm�1 in Cu–ZnO2-glucose complex. The C–O stretching sig-
nals shifted to the lower frequencies and weakened in the Cu–ZnO2--
glucose complex due to the coordination of the O atoms of the glucose
ring (O1, O7) and the Cu–ZnO2 cluster with the Cu atom in the square
planar geometry [58]. The peaks observed between 600-500 cm�1 are
attributed to Zn(II)–O and Cu(II)–O stretching modes, according to the
literature [59, 60]. O–H, C–H, C–O, Zn–O and Cu–O stretching peaks
were detected in similar regions in all complexes, as seen in Table 4. The
IR spectrum of the Cu–Zn2O3-glucose complex (4) (Figure 11(b)) showed
10
strong peaks at 2604 cm�1, which are observed in the theoretical spec-
trum, are caused by hydrogen bond formation (C–O⋯H⋯O–Zn) (see
Figure 9) and Fermi resonance [56] The presence of O–H bending signals,
detected as medium peaks at 1232 cm�1, 937 cm�1 and 875 cm�1 [61],
respectively, in the Zn3O3-glucose complex, confirms the coordination of
the Zn atom and glucose O atom. Due to the lack of coordination in the
Cu–Zn2O3-glucose complex, the Cu–O stretching vibrational modes were
detected at 702 cm�1, 601 cm�1 454 cm�1 (Figure 11(b)), respectively, at
higher frequencies than for the Cu–ZnO2-glucose complex [56, 59].
Similar to IR spectrum of the Cu–Zn2O3-glucose complex (4), the IR
spectrum of the Zn4O4-glucose complex (5) (Figure 11(c)) presents
strong peaks at 2928 cm�1 and 2258 cm�1 due to the hydrogen bond
formation (C–O⋯H⋯O–Zn) and Fermi resonance [56]. For Cu–Zn3O4--
Glu complex (6), it is observed that the Cu–O stretching peak, located
between 763 and 549 cm�1, shifts to higher frequencies, compared to
complexes Cu–Zn2O3-Glu (4) and Cu–ZnO2-Glu (2) [59]. The IR spec-
trum of the Wurtzite-glucose (7) complex (Figure 11(d)), As expected,
the two Zn–O–H stretching signals were observed, formed as result of the
complexation and located in the (Zn4O4) cluster structure; they were



Figure 8. (ZnO)n-glucose and Cu-Znn�1On-glucose optimized structures for n ¼ 2–4 were calculated at the B3LYP-D3/LanL2DZ level of theory. Wurtzite (W) and
Rocksalt (R) structures are isomers of Zn4O4.
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detected between 3861 - 3604 cm�1, respectively [55, 59]. The signals
observed at 3861 cm�1 belong to the non-hydrogen bonding OH groups,
and another peak observed at 3604 cm�1 belongs to H-bonded [55].
Compared to Wurtzite-glucose with the effect of the Cu atom, Zn–O
stretching peaks in Cu-Wurtzite-glucose (8) were detected at higher
frequencies [55, 59]. In the structure of the Rocksalt-glucose complex
(9), it is seen that the cubic structure of the metal oxides (Zn4O4) turns
11
into an s-shaped structure [62]. However, in the Cu-Rocksalt-glucose
complex (10), it is observed that the Cu–Zn3O4 metal oxide cubic
structure is not completely destroyed, but the O atom (Zn2O–H) in the
cubic structure forms three bonds. Due to the weakening of the bond
between this positively charged O atom and H, the Zn2O–H stretching
vibrational mode shifted to lower frequencies and was detected at 3643
cm�1. The Cu atom is not bonded in the stable structure of



Figure 9. H-bonding interactions form between the stable clusters and the glucose.

Table 3. Hydrogen-bonding analysis of the relevant complexes (Å, �).

Complexes D–H⋅⋅⋅A D–H H⋅⋅⋅A D ⋅⋅⋅ A D–H⋅⋅⋅A

Cu–ZnO2-Glu-Pos3 (2) O–H⋯O 0,99 1,73 2,65 152

Zn3O3-Glu-Pos3 (3) O–H⋯O 1,01 1,73 2,55 135

O–H⋯O 1,01 1,63 2,58 153

Cu–Zn2O3-Glu-Pos3 (4) O–H⋯O 1,04 1,49 2,52 170

Zn4O4-Glu-Pos3 (5) O–H⋯O 1,02 1,60 2,59 161

O–H⋯O 1,06 1,47 2,46 153
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Cu-Rocksalt-glucose complexes (see Figure 11(e)). Since the Cu atom in
the bulky cubic structure cannot fully approach the glucose ring in the
pos3 region due to its steric effect, coordinated covalent bond formation
Figure 10. The total energy representation
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occurs between the Cu and O atoms instead of the covalent bonds in the
formation of the stable complexes. In other compounds (8, 6, 4, and 2)
with the effect of Cu atom, the Zn–O bond shifted to higher frequencies
when it was compared with non-copper complexes (7, 5, 3, and 1),
respectively. Table 4 summarizes the calculated vibrational frequencies
of the complexes.
4.4.2. HOMO–LUMO iso-surface
HOMO and LUMO analyses were performed to examine the electronic

properties of the compounds [63, 64]. The HOMO–LUMO gap energies,
ionization potential, electron affinity, and the global reactivity parame-
ters, such as electronegativity, chemical hardness, chemical softness,
chemical potential, and electrophilic index, are given in Table 5 and
calculated from the HOMO and LUMO energies.
for the Cu-Znn�1On-glucose complexes.



Figure 11. (a–e): IR spectra of the (ZnO)n-glucose and Cu-Zn-1-On-glucose complexes calculated at the B3LYP-D3/LanL2DZ level in the gas phase.
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Table 4. Vibrational frequencies (cm�1) of the complexes at B3LYP-D3/LanL2DZ level of theory.

Complex υO–H υC–H υC¼O υC–O υZn–O υCu–O
1
Zn2O2-Glu

3840 w
3750-3626 w

3116-2977 w – 1120 m
955 s

522 m –

2
Cu–ZnO2-Glu

3726-3634 w
3367 s

3147-2924 w 1647 m 1066 m
1047 m
951 w

588 w
547 m

658 w
615 w
474 w

3
Zn3O3-Glu

3659-3638 w
3131-3097 s

3046-2955 w 1618 m 1127 m
937 m

713 m
539 m
432 w

–

4
Cu–Zn2O3-Glu

3731-3663 w 3130-3001 w – 1063 w
1011 m
967 m

702 s
601 m

702 m
601 w
454 m

5
Zn4O4-Glu

3676-3658 w 3128-2999 w – 1107 s
1085 m
966 m

766 s
746 m
465 m

–

6
CuZn3O4-Glu

3728-3721 w
3689-3659 w

3219-2948 w – 1121 w
1090 w
967 w

741 m
481m

763 m
549 m

7
Wurtsite-Glu

3861-3858 w
3688-3604 w

3109-2961 m – 1117 m
1014 s
962 m

593 m
525 w
420 m

–

8
Cu-Wurtsite-Glu

3843 w
3700-3636 w

3201-2982 m – 1220-932 m 677 m
638 m

532 m
475 m

9
Rocksalt-Glu

3835 w
3717-3646 w

3208-2995 w – 1117-974 m 541 m
480 m
443 s

–

10
Cu-Rocksalt-Glu

3672-3659 w
3643 w

3127-2997 w – 1186 w
1070 m
963 m

559 w
486-467 m

–

w: weak; m: medium; s: strong.

B. Gassoumi et al. Heliyon 8 (2022) e12387
The magnitude of the difference between LUMO-HOMO (ΔE) in-
dicates the electronic stability of the molecule. The complexes present
the following chemical stability in the following order: Zn2O2-glucose >

Zn4O4-Glu > Zn3O4-glucose > Rocksalt-glucose > Wurtzite-glucose. The
high values of ΔE and η for the Zn2O2-glucose complex point out that it is
more stable and less polarizable than the others. The low electrophilicity
index (ω) and low |μ| values of Zn2O2-glucose complex compared to
others infer good nucleophilic behavior. Conversely, the Wurtzite-
glucose complex has the highest electrophilicity index (ω) which
means good electrophile behavior.

In the iso-surfaces of the HOMO and LUMO (see Figures 12, 13, and
14 and S6–S7), it can be seen that the HOMO distribution consists
Table 5. HOMO-LUMO energies (eV) and the calculated global reactivity parameters o

Compound LUMO HOMO ΔE (eV) IP (eV)

Zn2O2-Glu (1) �1,683 �6,932 5,249 6,932

Cu–ZnO2-Glu (2)-α �3.392 �6,380 2,988 6,380

Cu–ZnO2-Glu (2)-β �3,372 �6,208 2,836 6,208

Zn3O3-Glu (3) �3,100 �6,821 3,721 6,821

Cu–Zn2O3-Glu (4)-α �2,270 �6,312 4,042 6,312

Cu–Zn2O3 (4)-β �2,973 �6,072 3,099 6,072

Zn4O4-Glu (5) �2,697 �6,898 4.201 6,898

Cu–Zn3O4-Glu (6)-α �2,453 �6,510 4,057 6,510

Cu–Zn3O4-Glu (6)-β �3,692 �6,301 2,609 6,301

Wurtsite-Glu (7) �3,152 �6,240 3,088 6,240

Cu-Wurtsite-Glu (8)-α �1,613 �5,973 4,360 5,973

Cu-Wurtsite-Glu (8)-β �3,552 �5,950 2,398 5,950

Rocksalt-Glu (9) �2,992 �6,273 3,281 6,273

Cu-Rocksalt-Glu (10)-α �3,438 �6,539 3,101 6,539

Cu-Rocksalt-Glu (10)-β �3,426 �6,453 3,027 6,453

Gap ΔE: (ELUMO–EHOMO), IP (¡HOMO): Ionization potential, EA (¡LUMO): Electron a
2ἠἠ): chemical softness, μ ¡(IP þ EA)/2: Chemical potential, ω (μ2/2η): Electrophilic

14
mainly of the metal oxide cluster, besides the glucose ring formed by
the π electrons of the O atoms. On the other hand, it is seen that the
LUMO distribution of the complexes consists mainly of the d electrons
of the Cu(II) and Zn(II) atoms of the metal oxide clusters. The charge
distribution in LUMO is concentrated on the d orbitals and mostly on
the Zn atoms with the d10 full configuration. The blue color in the MEP
maps (see Figure 15) indicates that the charge distribution in LUMO is
mainly concentrated on the d orbitals and mostly on the Zn atoms with
the d10 configuration. HOMO is mainly located around the O atoms of
the complexes, whereas LUMO is located around the metal atoms. The
electronegative O atoms are given a red color in MEP iso-surfaces,
while the green color indicates a neutral region because of the
f the most stable complexes calculated at the B3LYP-D3/LanL2DZ level of theory.

EA (eV) X (eV) Н (eV) S (eV)�1 М (eV) Ω (eV)

1,683 4,308 2,625 0,190 �4,308 3,535

3.392 4,886 1,494 0,335 �4,886 7,989

3,372 4,790 1,418 0,352 �4,790 8,090

3,100 4,961 1,860 0,269 �4,961 6,614

2,270 4,291 2,021 0,247 �4,291 4,555

2,973 4,523 1,550 0,323 �4,523 6,599

2,697 4,798 2,100 0,238 �4,798 5,480

2,453 4,482 2,029 0,246 �4,482 4,951

3,692 4,997 1,305 0,383 �4,997 9,569

3,152 4,696 1,544 0,324 �4,696 7,141

1,613 3,793 2,180 0,229 �3,793 3,300

3,552 4,752 1,199 0,417 �4,752 9,415

2,992 4,632 1,641 0,305 �4,632 6,540

3,438 4,988 1,550 0,322 �4,988 8,025

3,426 4,940 1,513 0,330 �4,940 8,062

ffinity, X (IPþ EA)/2: Electronegativity, η (IP¡EA)/2: Chemical hardness, S (1/
index.



Figure 12. HOMO-LUMO plots of Zn4O4-glu. (5) and Cu–Zn3O4-glu. (6) Complexes.

B. Gassoumi et al. Heliyon 8 (2022) e12387
electron transfer from O atoms towards the vacant d orbitals of the Cu
atom in the complexation of Cu and glucose (Compounds 2, 4, 6, 8 and
10). As seen in Table 5, the energy difference between the HOMO and
LUMO orbitals of the compound 2 is smaller than that of the com-
pound 1, which facilitates the electronic transition between orbitals
15
and increases the reactivity of the compounds. This is thought to be
due to the electrophilic behavior of the Cu atom. Similarly, the elec-
trophilic index in beta compounds (2, 4, 6, 8, 10) containing Cu atoms
increases compared to the complexes containing only Zn atoms (1, 3,
5, 7, 9).



Figure 13. HOMO-LUMO plots of Wurtzite-glu. (7) and Cu-Wurtzite-glu. (8) Complexes.
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4.4.3. Glucose detection with electrochemistry
The cyclic voltammetry (CV) responses of ZnO and Cu-ZO in the 0.1M

NaOH in function to the glucose concentrations are presented in
Figure 16(a–b). It is obtained a slight increase in ZnO current as a
16
function of glucose concentrations. This increase indicates the onset of
oxidation peak currents. This idea indicated an excellent electrochemical
detection linked to the catalytic effect of the electro-oxidation process of
the CuOOH/Cu(OH)2 couple of glucose into gluconolactone. In addition,



Figure 14. HOMO-LUMO plots of the Rocksalt-glu. (9) and Cu-Rocksalt-glu. (10) Complexes.
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it is found that the copper doping plays an important role in glucose
oxidation. This result proves that the addition of Cu provided high sur-
face energy and increased surface area. It is concluded that the copper
forces the existence of a large number of active sites, which facilitate the
catalytic oxidation of glucose and provide a high enough conductivity to
improve the transfer of electrons. From Figure 16(c), The ZnO exhibited a
17
linear region from 0.001 to 1 μM with an equation of ΔI/I0 ¼ (0.11) �
[Glu] (μM) þ (0.12) (R2 ¼ 0.93), where the slope is 0.11 of the response
of sensors. According to the formula LOD ¼ (3 standard deviations)/
slope, the limit of detection of the optical sensor, was found to be 9.5 �
10�4 μM. Concerning the Cu–ZnO plot, a linear region is obtained from
0.001 to 1 μM, with an equation of ΔI/I0 ¼ (0.25) � [Glu] (μM) þ (0.1)



Figure 15. MEPs diagrams of the (ZnO)n-glucose and Cu-Znn�1On-glucose complexes calculated at the B3LYP-D3/LanL2DZ level of theory for n ¼ 2–4.
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(R2 ¼ 0.92), where the slope is 0.25 of the response of sensors. It is noted
that the LOD was found to be 8 � 10�4 μM. In healthy people, blood
glucose concentration is 0.8–1.2 mg/cm3 (8.0–1.2 � 10�7 g/L) as a
standard, while this value can be maximum 1.7 mg/cm3 (1.7� 10�6 g/L)
and minimum 0.7 mg/cm3 (7 � 10�7 g/L) [65]. LOD values in the
literature were determined as 0.084–300 μM (8.4 � 10�8

–3 � 10�4 M)
for glucose sensors [66]. From these data, we found that the Cu-Znn�1On
is a good candidate for glucose detection.

4.4.4. QTAIM analysis
The nature and type of interaction among (ZnnOn), Cu-(Znn�1 On) and

glucose is characterized and interpreted via the topological (QTAIM) and
NCI-RDG analyses [67, 68]. The Bader's theory is the most prevalent
technique for understanding the adsorption and the bonding interaction
sites between guests and host species. This powerful approach, when
interpreted deeply, encompasses all the interaction types that can be
formed between the synthesized compounds and the adsorbent
(hydrogen or van der Waals interactions). The electrochemical analysis is
18
confirmed by bonding interaction mechanisms using the topological
parameters and NCI-RDG analysis. The results of QTAIM parameters are
provided in Table 6. The QTAIM and the NCI graphs are plotted in
Figure 17(a, b).

From Figure 17(a), it is shown that the Zn4O4-glucose (Cyc.) complex
has a positive value of the Laplacian indicating the presence of non-
covalent interactions. The electronic density values vary from 0.0600
to 0.0835 a.u. It is obtained a positive G(r)/ρ(r) ratio, the values are less
than the unit. The calculated G(r)/ρ(r) ratio values confirmed the Lap-
lacian sign results. It is demonstrated that Zn4O4 (Cyc.) is able to detect
glucose through a strong hydrogen bond formed between the O atom of
the Zn4O4 and the H atom of the glucose, with a value of approximately
�62.74 kJ mol�1 (BCP3). From the NCI index analysis, a blue spot is
observed between these atoms, which explain that the glucose forms a
strong hydrogen bonding interaction with the studied compounds. It is
shown that the BCP3 specified by a lower ellipticity value equal to 0.01
a.u. justifies the stability of this interaction. The interplay of the glucose
with the Zn4O4 (W) molecule forms clearly two interactions bonds. The



Figure 16. Electrochemistry characterization of ZnO and Cu–ZnO in the presence of increasing concentrations of glucose.

Table 6. The topological parameters (in a.u.): Electron density ρ(r), Laplacian of electron density r2ρ(r), Lagrangian kinetic energy density G(r), potential energy
density V(r), ellipticity of electron density ε(r), and the estimated interaction energy EH⋅⋅⋅O in kJ.mol�1 at the selected BCPs.

Complexes BCP ρ(r) r2ρ(r) G(r) G(r)/ρ(r) V(r) ε(r) EH⋅⋅⋅O

Zn4O4-Glu 1 0.0600 0.1809 0.0535 0.89 �0.0617 0.007 �21.52

2 0.0659 0.3821 0.0854 1.29 �0.0957 0.08 �26.25

3 0.0835 0.1783 0.0684 0.81 �0.0923 0.01 �62.74

Zn4O4-Glu (W) 1 0.0913 0.5326 0.1178 1.29 �0.5326 0.08 �47.78

2 0.2232 �0.3214 0.1360 0.60 �0.3524 0.01 �551.35

Zn4O4-Glu (R) 1 0.0126 0.0493 0.0104 0.82 �0.0085 0.16 4.98

2 0.0573 0.3073 0.0705 1.23 �0.0797 0.06 �23.89

3 0.0915 0.5525 0.1209 1.32 �0.0172 0.06 �45.15

4 0.0236 0.0963 0.0216 0.91 �0.0201 0.04 3.93

Cu–Zn3O4-Glu 1 0.0984 0.6774 0.1847 1.87 �0.2000 0.04 �39.38

2 0.0127 0.0558 0.0114 0.89 �0.0089 0.17 6.30

3 0.0655 0.3819 0.0849 1.25 �0.0949 0.06 �26.25

Cu–Zn3O4-Glu(W) 1 0.1029 0.6740 0.1871 1.81 �0.2058 0.04 �48.83

2 0.0200 0.0751 0.0172 0.86 �0.0156 0.05 3.93

3 0.0523 0.2578 0.0616 1.17 �0.0711 0.07 �24.67

4 0.0236 0.1286 0.0277 1.17 �0.0232 1.59 11.55

5 0.2185 �0.4079 0.5300 2.42 �0.2079 0.08 �404.32

Cu–Zn3O4-Glu (R) 1 0.3130 �0.0138 0.0629 2.00 �0.4721 0.007 �750.22

2 0.0727 0.4581 0.1163 1.59 �0.1182 0.07 �4.83

3 0.0647 0.4685 0.1148 1.77 �0.1125 0.06 5.77

4 0.0618 0.1858 0.0555 0.89 �0.0645 0.01 �23.62
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Figure 17. QTAIM molecular graphs and NCI-RDG iso-surfaces of the most stable complexes. (a) (ZnO)4-glucose (Cyc., R, and W), and (b) Cu–Zn3O4-glucose (Cyc., R,
and W). W: Wurtzite and R: Rocksalt are the cyclic forms.
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strong hydrogen bonding interaction in the Zn4O4-glucose (W) complex
is characterized by a higher electronic density (BCP2) than that of BCP3.
In the BCP2, a negative value of r2ρ(r) ¼ �0.3214 a.u. is observed. This
result indicated that an ionic interaction is formed between the two
systems. It is found that Zn4O4 (W) is bonded with the glucose by a strong
hydrogen bonding equal to an interaction energy of �551.35 kJ mol�1.
The strong hydrogen bonding interaction formed between the Zn28 atom
of W and the O3 of glucose is shown with blue spots in the NCI graph (see
Figure 17(a)). The low value of the ellipticity (0.01 a.u.) for this bond
indicates the stability of this interaction.

It can be concluded that the Wurtzite shape is more suitable to adsorb
glucose than the cyclic form. Before doping; the rocksalt structure is sta-
bilized by four interactions, two hydrogen bonds and two van der Waals
interactions. From Table 6, it is shown that the Zn4O4-glucose (R) is
characterized by its electronic density, ranging from 0.0126 to 0.0915 a.u.
Positive values of the Laplacian indicate the presence of non-covalent in-
teractions between the two systems. BCP1 and BCP4 are specified by van
der Waals interactions. These low and strong interactions that favor the
adsorption of glucose by the R shape are indicated in green (van der Waals
forces) and blue spots (hydrogen forces) (see NCI index plot). The BCP3 is
characterized by its interaction energy of�45.15 kJ mol�1. These findings
concluded that the glucose entity is well adsorbed via Rocksalt shape. After
doping, the topological parameters and the visualization of the interaction
forces formed between glucose and the title compounds were performed
with a comparison of adsorption efficiency before Cu doping. From
Table 6, it is shown that the electronic density of the Cu–Zn4O4-glucose
(Cyc.) complex varies from 0.0127 a.u. to 0.0984 a.u. Positive values of
r2ρ(r) were found. This result indicated the presence of a covalent bond
formed between the two systems. In the BCP1, the G(r)/ρ(r) ratio is equal
to 1.87 a.u., explaining that the interaction between Cu32 and O2 is of the
covalent type. It is characterized by a high interaction energy of �39.38
a.u. Also, the Cu–Zn4O4 is bonded with glucose by other hydrogen forces
localized between the Zn23 of the cyclic shape and the O6 of the guest
(Figure 17 (b)). These results are confirmed by the 3DNCI Figures, where a
blue spot appears in the BCP1 and BCP3. All these findings show that this
synthesized compound is adequate for glucose adsorption. In the com-
parison between the two doped complexes, Zn4O4 (W) and Zn4O4 (R), it is
clearly obtained that these two complexes are detecting glucose by strong
hydrogen and weak van der Waals interactions. The Cu–W-glucose com-
plex shows strong hydrogen bonding interactions formed between the Cu32
(W) and O5 (glucose). This interaction specified by EH⋅⋅⋅O energy is equal to
�48.83 kJ mol�1. The second hydrogen bonding interaction coexists be-
tween Zn31 (W) and O1 (glucose). The value of this bonding is�404.32 kJ
mol�1 of interaction energy. Also, a green spot in the BCP2 and BCP4
confirmed the presence of van der Waals interactions. In addition, in the
BCP5, the G(r)/ρ(r) ratio is bigger than the unit (G(r)/ρ(r) ¼ 2.42 a.u.>1).
This result indicates that this interaction is a covalent bond. Concerning
the Zn4O4 (R), it is obtained that the cluster bond with the glucose by a
strong hydrogen bonding has an interaction energy of�750.22 a.u. located
between the H23 of glucose and O25 of R. In this complex, for the BCP1, it is
found to have a low ellipticity of electron density, which confirms a high
chemical stability from this interaction. Also, the cation Cu is interacting
with the O atom of glucose via van der Waals interactions. It shows the
formation of hydrogen bonding between O30 (R) and H24 (glucose). It is
concluded that the R shape adsorbed the glucose via hydrogen bond
interaction.

Finally, a deeply QTAIM-NCI analysis concluded that the doped Cu
enhanced the detection and adsorption of glucose by Znn�1On clusters.
The results are well confirmed by the electrochemistry characterization.
It is found that the doped Cu-Rocksalt is very suitable for the detection of
glucose.

5. Conclusion

The computational DFT-D3 has been used to relax all the possible
conformations of the ZnnOn,Cu-(Znn�1 On), (ZnnOn)-glucose,and Cu-
21
(Znn�1 On)-glucose complexes. The TEM and XRD characterizations of
the ZnO and Cu–ZnO compounds have been experimentally interpreted.
The investigation of the chemical properties and the charge transfer
between the stable clusters and glucose using frontiers molecular orbital
and MEP isosurfaces aided in the prediction of the mechanism of
adsorption of the glucose guest. The sensibility of Cu-(Zn�1 On) to the
glucose has been discussed in terms of the electrophilicity or nucleo-
philicity behavior of the cluster. A through infrared study was done for
the most stable complexes, confirming the dynamic stability of the title
compounds. The chemical reactivity and the active acceptor sites for the
glucose in the studied clusters are deeply discussed. Energetically, it is
demonstrated that the doping compounds Cu-(Zn3O4)-glucose, Cu-
Wurtzite-glucose, and Cu-Rocksalt-glucose are very suitable for adsorb-
ing and detecting the glucose entity. The theoretical results are well
confirmed by an experimental electrochemical analysis. The QTAIM and
NCI-RDG analyses have demonstrated that the glucose adsorption is done
by strong hydrogen bonds.
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