Frontiers in Health Informatics

Electronic and structural

properties of

www.ijmi.ir

core-shell amino-silica

nanoparticles: DFT and SCC-DFTB calculation

Fatemeh Houshmand*=, Jeremy Schofield?

, Zahra Moafi?

1Department of Industrial Chemistry Engineering, Technical and Vocational University (TVU), Tehran, Iran
2Chemical Physics Theory Group, Department of Chemistry, University of Toronto, Toronto, Ontario, Canada

Article Info

ABSTRACT

Article type:
Research

Article History:
Received: 2023-07-24
Accepted: 2023-08-07
Published: 2023-08-16

* Corresponding author:
Fatemeh Houshmand

Department of Industrial Chemistry
Engineering, Technical and
Vocational University (TVU), Tehran,
Iran

Email: fhoushmand@tvu.ac.ir

Keywords:
Amino Decorated Silica
Nanoparticles
Silicon Dioxide Clusters
Electronic Band Structure
Density of States

Introduction: Silica nanoparticles (SNP) are extremely promising tools in
nanotechnology and nano medicine. In most of applications such as capture
and release of bacteriophage viruses the nano-structures of silica are coated
by bio-compatible groups such as amine compounds. The presence of amino
groups on the surface of the biosensors enables the installation of analyte
receptors and antifouling agents such as oligo (ethylene oxide). Therefore,
in this study, the electronic and structural properties of Core-Shell amino-
Silica Nanoparticles are investigated.

Material and Methods: In this investigation, we aim at obtaining the
optimized structures and evaluate the geometries of the ground state for
(Si02) n (n=16, 20) nanoclusters. The electronic properties computed by
density functional theory with GGA approximation and SCC-DFTB with
hybrid Slater-Koster files are investigated and the effect of functionalization
on such properties is discussed.

Results: Solvolysis of studied structures is examined and it is shown that
the highest occupied and lowest unoccupied molecular orbital states shift to
obviously higher energy levels, which lead to more stable hydrogenated
nanoclusters. The stability of nanoclusters rises by functionalization with
amino and methylamine groups. Charge analysis of functionalized systems
indicates the reactivity of nanoclusters. The results obtained in this paper
are useful for chemical and biochemical applications of silica
nanostructures.

Conclusion: Results show that the length of amine hydrocarbon chain can
control the electronic and magnetic properties of studied silica nanocluster
(SNP) with different number of SiO2 unit. Pure ultra-small nanocluster
shows the impressive spin splitting around the Fermi level, which is due to
the spin splitting of outer silicon atoms. This feature of silica nanoclusters
may be notable for applications in electronics.

Cite this paper as:

Houshmand F, Schofield ], Moafi Z. Electronic and structural properties of core-shell amino-silica nanoparticles: DFT and

SCC-DFTB calculation. Front Health Inform. 2023; 12: 153. DOI: 10.30699/fhi.v12i0.481

INTRODUCTION

Silica is an important material with outstanding
properties in various areas of scientific and
engineering interest. In the past decades, significant
progress has been made to investigate various
properties of silica nanoparticles. Recently, low-
dimensional silica has attracted much attention in
experimental [1] and computational studies [2],
because of the potential applications in electronics,
optics [3], diagnostic sensors and biosensors [4, 5],
chemical nanodevices and theragnostic agent [6] and
in therapeutic drug delivery and nanomedicine [7-9].

Comparing to bulk silica, highly stable nano-sized
silica has a number of novel properties including light
adsorption, ion exchange, and light emitting [4, 10-
12].

Most of the properties of silica nanoclusters can be
provoked using proper functionalization. For
instance, in nano-medicine, functionalized silica
nanoparticles have been used for plasma DNA
transport [13], capture and release of bacteriophage
viruses [14] and synthesis of silica-polypeptide
composite particles [15]. In most of these
applications, biocompatible groups such as amine
compounds coat the nano-structures of silica. The
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presence of amino groups on the surface of the
biosensors enables the installation of analyte
receptors and antifouling agents such as oligo
(ethylene oxide) [16]. Most of these properties of
silica nanostructures can be related to the
combination of their orbitals. It has been found that
not only the 3s and 3p orbitals but also the 3d orbitals
of silicon contribute to the formation of the top of the
valence band of SiOz [17].

The structure of SiO2 clusters in different size’ has
been intensively investigated experimentally and
theoretically [18-29]. Nonetheless, some features of
the electronic structure of SiOz remain unclear.
Extensive efforts have been devoted to determining
the stable structures and investigate various
properties of silica nanoparticles with ultra-small
structures .The literatures have explored the
properties of isomers of small stoichiometric silica
clusters by using one of these methods; density
functional theory (DFT) minimization energy using
bulk-parametrized interatomic potentials , using
repeated subunits with structures energy-minimized
using DFT, annealing of bulk silica fragments using
classical molecular dynamics with bulk-parametrized
interatomic potentials, followed by DFT energy
minimization or ,in some of investigations ,
combining interatomic potentials with the Basin
Hopping (BH) global optimization algorithm to
search for low-lying minima on the silica nanocluster
energy landscape [18, 19].

In the present research, we want to evaluate the
optimized geometrical structures of the ground state
of (Si02) n (n=16, 20) clusters, functionalized with
amine and amino groups. In addition, the electronic
properties of these structures are investigated in
detail.

MATERIAL AND METHODS

DFT calculations were carried out using plane-wave
basis set and ultra-soft pseudo-potentials as
implemented in the QUANTUM ESPRESSO package
[30]. The generalized-gradient approximation (GGA)
with the Perdew-Burke-Ernzerhof (PBE) functional
[31] and a cutoff of 600 eV for the plane-wave basis
set were used in all computations.

Two different sizes of silicon dioxide (SiO2)
nanoclusters with n=16 and 20 were considered as
gl and g2 models, respectively (Fig 1). Their
structures are optimized through variable cell-shape
relaxation method by damped (Beeman) dynamics of
the Parrinello-Rahman extended lagrangian are
obtained and then energy minimization done by DFT
method. The geometries of the nano-clusters with

and without adsorbed species were optimized using
the gamma point, with convergence thresholds of
1x1075 eV in energy and 0.001 eV/A in force. A 3x3x3
grid of k-points generated by Monkhorst-Pack [32]
scheme was used to calculate energy and other
properties.

Self-consistence charge density functional tight
binding implemented in DFTB+ package [33] is
performed for calculating the density of states. The
pbc-0-3 parameter sets are considered for Slater-
Koster files. The pbc set is developed with a focus on
solid state systems. All parameters for solving
Hamiltonian are used as same as DFT calculations.

A cubic super cell with the edge length of 21.33 A was
used and repeated periodically along x, y and z
directions, which had a vacuum region of 10 A was
applied in all directions to exclude the mirror
interactions between adjacent images.

In order to compare the electronic properties of
nanostructures with those of a single layer of silica, a
(0, 0, 0, 1) surface of silica was selected. The
dimensions of hexagonal supercell of silica were
a=bh=9.83 A and c=20 A.

RESULTS

Structural parameters for the optimized q1 and q2
nanoclusters are shown in Fig 1. As can be seen, upon
optimization, q1 loses the structural symmetry and
forms a twisted shape. In q2 on the other hand, three
Si04 tetrahedra form a closed triangle, which is the
basic structural unit of quartz. The cohesive energy
for these structures is evaluated from

Econ = E[(Si02)x] — n E[Si] — 2n E[O] (1)

where E[(Si02)x], E[Si] and E[O] are the total energies
of the nanocluster and isolated silicon and oxygen
atoms in a same supercell, respectively. Table 1
contains the cohesive energies per atom for q1 and qz.
The cohesive energy is lower for qz, which means that
g2 is more stable than q1.

The density of states (DOS) plots is shown for q1 and
g2 structures. The computed DOS data are in good
agreement with previous studies [34]. As can be seen,
DOS for q1 shows different spin-up and spin-down
densities, while q2 has almost similar characteristics
for up and down states. This is more obvious near the
Fermi level. For g2, there is a strong spin-up peak
below the Fermi level and a similar spin-down peak
above it. Fig 2 illustrates the highest occupied and
lowest unoccupied molecular orbitals (HOMO and
LUMO) for q2. The LUMO state is mainly spin-down,
while the HOMO is mainly spin-up.
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Table 1: Magnetic moment (p), total force (Ftot), binding energy (Eb), Fermi energy (Ef) from DFT (from DFTB+) and charge
transfer (AQ) for bare and functionalized nanoclusters

system p(bohr/cell) Ftot (Ry/au) E» (eV/atom) Et (eV) AQsi () AQo (e) A(S)H AQn (€)
ql 14.82 2.615 -5.573" -7.53 0.147 -0.214

qlH 0.77 0.740 -5.990 —5.59 —0.238 0.345 0.238 0.238
q2 20.57 0.066 —6.158" —6.83 0.213 -0.176

q2-NHz 19.96 2.775 +5.321 —6.67 —0.116 0.153 0.116
q2H -0.29 0.024 -7.670 —4.35 -0.015 0.338 0.015 0.015
q2H-NH: —0.20 (-0.32) 0.957(0.95) -7.87 —4.33(-5.54) -0.105 0.023 0.154 0.105
q2H-CH.NH, 0.24(-042) | 1.159(0.95) —6.734 —458(-5.54) | 0.107 | —0.008 | 0.065 | -0.107
qQ2H-C;H:NH, | 0.24(-035) | 1.223(0.95) —6.806 —4.44(-554) | 0102 | —0.003 | 0.069 | -0.102
qQ2H-CsHeNH, | 0.01(-0.55) | 1.264(0.95) —6.810 —2.82(-554) | 0122 | —0109 | 0.069 | -0.122

* Cohesive energy per atom form (1).

The spin splitting near the Fermi level means
different spin-up and spin-down transmissions along
the structure in low bias voltages. Such splitting and
different transmissions are favorable as fundamental
characteristics in spintronics. Despite different
values of band gaps, both nanoclusters are
semiconductor. However, bulk silicon dioxide is an
insulator. This feature has been already observed in
metal oxide clusters [35]. In the calculated DOS for
bulk silica by DFT the peak in the top of the valence
band is not present [36].

Fig 1: Optimized structures of (a) q1 (b) q2. The
silicon and oxygen atoms are shown in blue and red,
respectively

Density of states

Energy(eV)

Fig 2: Density of states for q1 and 2. Spin-polarized charge
density plots for HOMO (up) and LUMO (bottom) are also
shown for q2 for an isodensity value of 2x10—4 pB/bohr3.
Cyan (dark) and yellow (light) regions correspond to
positive and negative polarization, respectively. Fermi level
of energy is set to zero and dashed lines are for minority
spin states

Fig 3 shows the spin-up and spin-down projected
DOS (PDOS) plots of q2 along the z direction in
different energies. In both plots, three main areas
exist between 0.15 and 0.3 A (place of outer atoms).
These areas show that the main part of spin
characteristics is due to the outer silicon atoms and
are near the Fermi level, and about the energies of
—0.25 and -0.75 eV. Despite edge Si atoms, inner Si
atoms and oxygen atoms have not a major role in the
DOS.

s b)
po0S ) ( PDOS

EnergyleV)
Energy(eV)

Fig 3: The DOS projected onto the Si atoms along the z
direction for (a) majority spin and (b) minority spin states of
q2

Fig 4 illustrates the effect of solvolysis on DOS of bulk
surface silica and q1 and g2 nanoclusters. In solvent,
because of high activity of the dendrite oxygen atoms,
these atoms have a high tendency to bond to
hydrogen. In fact, oxygen atoms are replaced by
hydroxyl groups. Here, for ease of use, we denote fully
hydroxyl terminated nanoclusters as qH. The
hydroxyl terminated surface may change the
electronic and magnetic properties of nanoclusters.
Here, a sharp drop in the value of magnetization is
observed and the DOS spectrum shifts to lower
energies. This shift is larger for q2 than for ql.
Moreover, the addition of hydrogen atoms to pristine
silicon dioxide nanoclusters can convert them from p-
type to n-type semiconductors.

The electron distribution of hydrogenated and bare
g2 structures are illustrated in Fig 5. The electrons
are localized on oxygen atoms. This confirms that
these atoms are favorable sites for electron-accepting
functional groups. In fact, the electron-donating
functional groups such as amino groups attract to
silicon atoms and cause stress in nanoclusters.
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Fig 4: Density of states for bare and hydrogenated
nanosurface (a) and hydrogenated nanoclusters (b)
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Fig 5: Diagrams of charge density for q2 and q2—H for an
isodensity value of 0.1 e

After the evaluation of the active bonding sites for
amine group, the next step was to find the activation
energy along that path, so that kinetics of the
recombination reaction could be forcasted. An initial
path was constructed and represented by a discrete
set of images of the system connecting the initial and
final states. To calculate the activation energy barrier
the nudged elastic band (NEB) method implemented
in the Quantum ESPRESSO package is used. Results of
activation energy for reaction between q2H and
water molecule indicates that are suitable process.
Functionalization of silica nano-cluster in an
exothermic reaction occurs where a water molecule
is released (Fig 6).

Energy (eV)

. @t

5 F 5
Reaction coordinate (A)

Fig 6: Calculated energy profile involved in the adsorption of
NH2- on q2H. The optimized structures of initial, excited
state and final images along the energy path are plotted in
the inset

Based on a previous work, the most favorable
situation is to replace one of the edge oxygen atoms
by amino groups [37]. Fig 7 shows the optimized
structures for amine group functionalization of q2.

< ®
€O+ Cr2 cracHaSH $_~.~$ ."#‘Q “

Fig 7: Schematic of functionalized q2. Number reflect the net
value of charge for each atoms

As can be seen, these functional groups can deform
the cluster structure. Recently, the amino-
functionalized silica nanoparticles have been
successfully fabricated [38]. In this work, the amino
functional groups are added to the nanocluster along
the (0, 0, 1) surface.

All terminated O-H groups have a potential to
replacing by amino groups and making silica core-
shell. Core-shell particles with different ranges of
pore sizes in the shell are used in many applications
such as chromatography and drug delivery. The
productivity of manufacturing core-shell silica
particles is low because high tendency of silica
fragments to aggregation. Silica spheres are
employed to prepare various inorganic/composite
core-shell structures although silica can also be
removed by acid etching or alkaline washing to
produce hollow structures. Core-shell silica particles
further coated with a layer of carbon because carbon
is chemically inert and highly stable. Therefore,
coating silica nano particle by carbon shell is
desirable. According to results of this investigation,
silica nano structure functionalized with amide chain
due to homogenous charge density around amide
chain can be stable. In next step, the core-shell
particle of silica nano structure coated with amide
shell is investigated. In next we investigate the stable
structure of core silica nanostructure coated by
amine rings.

DISCUSSION

Table 1 shows the binding energies for the
functionalized g2 clusters. Functionalization of q2
with amino group is an endothermic process. In
addition, as data shows, the amino group has no
significant effect on magnetic moments of pristine
and hydrogenated nanoclusters.

On the other hand, as Table 1 shows, the
functionalized nanoclusters with amine groups are
energetically more stable than the pristine ones. In
addition, these processes are exothermic and the
stability of the system increases by increasing the
number of carbon atoms in the hydrocarbon chain of
amine. Amine-group functionalization causes charge
transfer from Si to amine group. In fact, the resonance
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electron affinity of nitrogen atom overcomes the
electronegativity. Because of that, electron density on
nitrogen atom becomes higher and the reactivity of
nanocluster for binding to other groups increases.
However, in biosystems, the free electron pair on
nitrogen can covalently bind to other electron
acceptors and form a strong chemical bond. These
strong bonds can affect or even damage the structure
of the group which is bonded to the N atom.
Therefore, in these applications, such as in drug
delivery, a modest bond is more favorable [7, 8] and
the amine groups connect to silica nanocluster via a
hydrocarbon link. According to the value of charge
transfer between N and Si atoms for q2ZH-CH2NH?2
(Table 1) the presence of a hydrocarbon interface
between amino group and silica nanostructure
causes a balanced electron distribution on N-C bond
at the interface.

The projected density of states plots for q2H-amine
systems are shown in Fig 8 to 11.

total

Fig 8: Projected density of states for Q2H-C3H6NH2. In each
part, the panels from up to down are total DOS, and PDOS for
hydrocarbon chain, amino group and nearest neighbor Si
and O atoms
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Fig 9: Projected density of states for 2H-C2H4NH2. In each
part, the panels from up to down are total DOS, and PDOS for
hydrocarbon chain, amino group and nearest neighbor Si
and O atoms
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Fig 10: Projected density of states for Q2H-CH2NH2. In each
part, the panels from up to down are total DOS, and PDOS for
hydrocarbon chain, amino group and nearest neighbor Si
and O atoms
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Fig 11: Projected density of states for Q2H-NH2. In each part,
the panels from up to down are total DOS, and PDOS for
hydrocarbon chain, amino group and nearest neighbor Si
and O atoms

By increasing the length of the amine hydrocarbon
chain, the occupation of energy states near the Fermi
level gradually becomes less. PDOS results show that
this effect is due to amine group. It seems that in
amine-functionalized silica nanoparticles the
distance of functional group from silicone atoms
affects the occupation of energy states of nanocluster.

Density functional theory and self-consistence charge
density functional tight bonding are employed for
calculating density of sates. According to Fig 8, results
of these two methods are dramatically different. As
density of states for carbon atoms shows, the main
source of such difference is in calculating the energy
occupation for carbon atoms. This nonconformity
determines that generalized gradient approximation
in interpretation of orbitals combination is weak. In
self-consistence charge density functional tight
bonding method, the hybrid Slater-Koster files are
employed. Results of SCC-DFTB reflects that density
functional theory and self-consistence charge density
functional tight bonding calculate the occupation of
each state of this nano-cluster totally different.

CONCLUSION

In this theoretical study spin-polarized DFT
calculations with GGA approximation and also SCC-
DFTB with hybrid Slater-Koster files have been used
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to investigate the electronic and structural properties
of functionalized silica nanoclusters. Findings show
that silica nanoclusters with amine group are more
stable whereas amino group causes instability in
silica nano-structures. In addition, it is shown that the
electronic and magnetic properties of studied silica
nanocluster (SNP) with different number of SiO2 unit
can be controlled by the length of amine hydrocarbon
chain. This can be shown in future studies by
investigating the electronic and magnetic properties
of silica nanoclusters coated by amine chains on any
active sits of silica nanocluster. Pure nanocluster
shows the impressive spin splitting around the Fermi
level which is due to the spin splitting of outer silicon
atoms. This feature of silica nanoclusters may be
notable for applications in electronics.
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