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ABSTRACT
Redox-type charge exchange between Si nanoparticles and aqueous metal ions mx+ was recently used to synthesize core–shell nanocomposites
in which their functionalities have been integrated. The process requires the electron (hole) affinities of the two to be different, with the
efficiency of the charge exchange being strongly dependent on their difference. In this paper, we examine the interaction of Fe ions and red
luminescent Si nanoparticles where the metal ion has comparable electron affinity to that of the Si nanoparticle. Scanning electron microscopy
and fluorescent spectroscopy imaging show the formation of red luminescent core-shell clusters ranging from 100 nm to 500 nm. A permanent
magnet is found to pull the structures indicating the formation of a magnetic phase. We use first principle atomistic computations at the
unrestricted Hartree–Fock-DFT (density functional theory) level to obtain the charging energies and affinities of various ions of Fe and the
Si nanoparticle. The computations indicate that Fe2+ cannot be oxidized to Fe3+ by the nanoparticle and it cannot strip one or two electrons
from the nanoparticle and freely separate, resulting in bound complexes. Our analysis shows that a magnetic phase of iron oxide results
from charge delocalization over the complex and a simultaneous interaction of the iron d-orbitals with the oxygen’s lone electrons and the
nanoparticle’s reconstruction dimer-like defects. The core-shell integration at the nanoscale affords double functionality of luminescence and
magnetism enhancing sensing, tracking, and delivery and enabling a variety of applications, including controlled drug delivery, underground
oil and water exploration, and recovery.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5144880., s

INTRODUCTION

Charge exchange has been widely known in the context of
collisions between a singly or multiply charged ion and an atom.
In such collisions, a reduction–oxidation (Redox) electron capture

may occur.1 Recently, the charge exchange process has been applied
to nanoparticle–ion collisions, a system involving multiple atoms,
with the aim of integration of different materials and functional-
ities. In this case, a redox charge (electron or hole) transfer takes
place provided the electron affinities of the ion and the nanoparticle
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are significantly different.2,3 In specific, the collisions of silicon
nanoparticles and metal ions mx+ have attracted great interest4–6

because of potential to produce composite structures with a silicon
nanoparticle core and a metal-based shell.7–9 In this nano core-shell
configuration, the luminescence functionality of the nanoparticles
is integrated with that of a metal (or a metal-based material). For
example, using erbium, magnesium, and gold metals, infrared7 and
visible fluorescence8 and plasmonic9 functionalities were integrated,
respectively, with the Si nanoparticle luminescence.

Another metal of interest for charge exchange with silicon
nanoparticles is the metal iron, which has the potential to inte-
grate luminescence with magnetism. Magnetic nanoparticles have
been offering great potential in a variety of applications, includ-
ing magnetic energy storage, information storage and spintronic,
magnetic fluids, catalysts, and biomedicine.10,11 The importance to
biomedicine stems from the fact that the magnetic material can be
directed with a magnetic field, which enables smart drug delivery
and enhances medical imaging. Ferrite nanoparticles, based on iron
oxide compounds, such as ferromagnetic (Fe3O4) and maghemite
(γ-Fe2O3) are the most explored for biomedical applications. How-
ever, the integration of silicon and iron may not be amenable to
the charge exchange process as the iron ion has an electron affinity
comparable to that of silicon. In fact, the electron affinities of Fe2+

and hydrogen-terminated silicon are nearly equal, being −0.45 and
−0.43, respectively.12 Even if a redox type reaction proceeds for this
system, the process may result in two separated free charged species
without integration. Moreover, it is not clear if the interaction would
fully reduce (neutralize) the ion and deposit the metal as well as allow
a follow-up oxidation process to produce the magnetic oxide phase.
In addition, it is not clear if the polarizability of silicon nanoparticles
compares well to that of the water solvent to allow joint binding to
the ion to form a stable hydrated silicon nanoparticle–ion charged
complex.

In this paper, we examine experimentally and theoretically,
the charge exchange process for the comparable affinity case of the
iron and silicon nanoparticle binary system. We monitor the opti-
cal, topographical, and magnetic characteristics of a mixture of an
iron salt (FeCl2) in water and Si nanoparticle colloid suspension in
isopropyl alcohol. The luminescence intensity of the colloid and its
spectral distribution under UV excitation as well as its optical char-
acteristics in room light are monitored. The magnetic response of
the mixture to external magnets is carried out. Thin films prepared
from the colloids are imaged and analyzed for material composi-
tion and size distribution by scanning electron microscopy (SEM)
and energy dispersive x-ray spectroscopy (EDS) to check for inte-
grated architectures (for example core–shell nanostructures). To
evaluate the conditions for redox charge exchange processes, we
carry out, at the UHF-DFT level, first principle atomistic calcula-
tions of the charging energies and electron affinities of various ions
of the nanoparticle and the Fe ions as well as the energy potential
surfaces with the interparticle–ion distance and the binding energy
of different complexes of the binary system.13 We also calculate
the effect of the solvent (water) medium polarization screening as
well as the interaction of the lone electron pairs of solvent oxy-
gen with the iron d-orbitals (weak “dangling bonds” of unfilled
orbitals) on the binding and stability of the complex. The calcula-
tions point to the formation of a bound (0.49 eV binding) charged
complex (hydride Sinp–Fe)2+ with no charge exchange, rather than

its total charge delocalized over the entire complex. Strong d-orbitals
interaction with the lone electrons in the water oxygen allows for
the subsequent formation of “Sinp–Fe2O3” composite structures,
integrating the magnetic iron oxide with the luminescent silicon
nanoparticle core, providing optical, luminescence, and magnetic
functionality.

EXPERIMENTAL

The nanoparticles are prepared from Si wafers by chemical
etching in HF/H2O2 using an electric field or a hexachloroplatinic
acid catalyst.14 Generally, we produce a set of H-terminated silicon
nanoparticles with discrete size SinHx particles of 1.0 (Si29H24), 1.67
(Si123), 2.15, and 3.0-nm diameter with confinement bandgaps of
3.44 eV, 2.65 eV, 2.39 eV, and 2.2 eV.15 The particles have hydro-
genated reconstructed surfaces consisting of a network of bulk-like
(2 × 1) reconstruction Si–Si dimers on (001) facets.16 Quantum
Monte Carlo (QMC) calculations,17 which employ Hartree–Fock
pseudopotentials, confirm the movement of the surface Si atoms
(0.75 Å each) from the next nearest spacing of 5.4 Å to the tetrahe-
dral spacing of 2.36 Å reconstructing to form dimer-like H–Si–Si–
H. Those dimers have been known to behave as non-bulk intrinsic
silicon-based defects.18 The 3-nm can be easily seen using a trans-
mission electron microscope (TEM) resolving the atomic planes.
Aqueous ions of iron Fe2+ and Fe3+ were prepared by dissolving cer-
tain amounts of iron salts ferrous chloride (FeCl2) and ferric chloride
(FeCl3), respectively, in deionized water. Absorbance measurements
were recorded with a Varian Cary 5 G spectrophotometer. The mag-
netic response of the structures in solution was examined using a
stack of permanent magnets. A set of eight neodymium–iron–boron
(NdFeB) permanent magnets are set into a configuration, in which
we stack 8 of them on top of each other which produces a dipole
field.

Thin films of the structures were prepared by drop-drying
under ambient conditions on a device-quality silicon wafer. Thin
films were also prepared by propelling the solution using a con-
ducting stainless biased nozzle. The topography of the films was
imaged and observed by scanning electron microscopy (SEM) in
a back scattering mode, and the material is analyzed by energy
dispersive x-ray spectroscopy (EDS or EDX), which is a chemical
microanalysis technique used in conjunction with scanning elec-
tron microscopy (SEM). The intensity and spectral distribution of
photoluminescence of the solutions as well as of the films in the
range of 350 nm–800 nm were monitored using a holographic
grating in association with a fiber optic system that collects the
luminescence.

The theoretical analysis and calculations of the charging ener-
gies of Si29H24 and Fe were done at the UHF-DFT level using the
B3LYP functional with the TURBOMOLE quantum computational
package. We use the conductor-like screening model (COSMO) to
calculate and analyze the electrostatic interaction of the Fe ion and
the nanoparticles with the water solvent.

RESULTS

Solutions of salts were prepared for absorption measurements.
We prepared 1.1 mM solutions of ferrous chloride (FeCl2) and

AIP Advances 10, 055221 (2020); doi: 10.1063/1.5144880 10, 055221-2

© Author(s) 2020

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

ferric chloride (FeCl3) by adding the corresponding salt to de-
ionized water. Samples were placed in a fused quartz cuvette, and
the absorbance measurements were recorded with a Varian Cary
5 G spectrophotometer. After the absorbance of an iron solution
was measured, it was mixed in the ratio 9:1 with the stock silicon
nanoparticles in isopropyl alcohol (10 μM) and the absorbance of
the resulting mixture was measured. A solution containing 9:1 de-
ionized water to nanoparticle solution was also prepared to provide
a solution with the same amount of water and silicon nanopar-
ticle solution as the previous mixture. While the proposed struc-
ture of the nanoparticles is non-polar, the 9:1 mixture of water
and isopropanol resulted in no precipitation and appeared stable.
Water was chosen to be the predominant solvent for the ease in
obtaining solutions of metallic ions. The iron chlorides separate
into iron and chloride ions with solvation shells in water19 because
iron interactions with isopropanol are comparatively weak requir-
ing strong anhydrous conditions for isopropanol coordination with
iron.20

Absorption measurements

The background absorption was corrected for dark counts and
the spectra from a cuvette with de-ionized water was subtracted as
a blank. The result is shown in Fig. 1. The concentrations of sil-
icon nanoparticles are the same in the three solutions containing

FIG. 1. Absorbance of mixtures of Fe2+/Fe3+ and silicon nanoparticles placed
in a fused quartz cuvette and recorded with a spectrophotometer in the range
200 nm–340 nm. (a) (solid green) 1.1 mM FeCl3, (b) (dotted green) 1 mM FeCl3
+ Si nanoparticles, (c) (dotted red) 1 mM FeCl2 + Si nanoparticles, (d) (solid red)
1.1 mM FeCl2 and (e) (solid blue) Si nanoparticles. The FeCl2 solution containing
Fe2+ ions is relatively featureless in this range, while FeCl3 (Fe+3 ions) absorbs
strongly with a broad peak at 290 nm. Neither ion nor particle mixture is a linear
combination of the absorbance of the parts.

them. The dilute silicon nanoparticles absorb very little [Fig. 1(e)],
although features at 225 nm and 275 nm can still be seen. These
correspond to the 4.5 eV and 5.5 eV peaks seen in the measure-
ments previously reported using more concentrated samples.21 The
FeCl2 solution containing Fe+2 ions is relatively featureless in this
range [Fig. 1(d)], while the FeCl3 (Fe+3 ions) absorbs strongly with
a broad peak at 290 nm [Fig. 1(a)]. For both ions, mixing with
the silicon nanoparticle solution significantly affects the absorption
spectra [Figs. 1(b) and 1(c)]. Neither ion nor particle mixture is a lin-
ear combination of the absorbance of the parts indicating a strong
interaction and possibly the formation of a charged complex. Fur-
thermore, the features of both mixtures are same. As the wavelength
decreases, the absorbance slowly increases until about 270 nm where
a bend occurs in the spectra with a faster increase in absorbance at
lower wavelengths. This may indicate that the resulting structures
are similar in each case.

Luminescence

We then monitored the photoluminescence of mixtures of Fe
ions with silicon nanoparticles. Particle solutions are prepared by
dissolving the nanoparticles in an appropriate solvent, such as iso-
propyl alcohol (IPA). We use a salt of iron to provide the metal
ions of Fe2+ in water. Si nanoparticle colloid in isopropyl alcohol
(10 μM) is added to 0.5 ml of 1.65 × 10−3 M of FeCl2–water solu-
tion while monitoring the luminescence intensity and the spectral
distribution. The mixture is then homogenized for 15 min using a
1 cm bore homogenizer at a speed of 16 000 rpm. For the long-term
storage and to avoid further reactions with the excess reactants, the
samples were centrifuged and the clusters were recovered. They were
re-dissolved in isopropyl alcohol.

The reaction shows in room light brown/orange color, as
shown in Fig. 2(a). We show in Fig. 2(b) and the inset the devel-
opment of luminescence from the sample with time under UV
irradiation. The colloid is observed to give orange/red lumines-
cence; however, with time, we observe some precipitation as well as
some quenching in the luminescence. Figures 2(c) and 2(d) give the
luminescence spectrum taken before and after mixing the reagents,
respectively, using holographic grating and a CCD detector; the
spectra show a luminescence band over 550 nm–750 nm.

We placed a stack of permanent magnets to the side of a glass
container. A set of eight neodymium–iron–boron (NdFeB) perma-
nent magnets are set into a configuration in which we stack 8 of them
on top of each other which produces a dipole field. With the time on
the order of minutes, the material gets pulled by the magnet and gets
pinned down at the inner wall, as shown in Fig. 3(a). Upon irradia-
tion with UV light, the drawn material shows red luminescence, as
shown in Fig. 3(b).

We dispensed some of the material on a Si wafer using drop
evaporation (casting), dried them under ambient conditions, and
observed them with a scanning electron microscope in a back scat-
tering mode. Figure 4 shows that the material consists of spherical
particles of a diameter in the range of 100 nm–400 nm. The variance
points to a process in which clusters of the Si particles act as nucle-
ation sites that form spherical structures. Figure 4 shows that there
is a good fraction of the clusters that appears to consist of a dark
core, associated with a Si core, surrounded by a lighter shell, asso-
ciated with iron. The Si core is estimated to be 20 nm in diameter,
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FIG. 2. Mixture of Fe2+ and silicon nanoparticles (a) in room light showing
brown/orange color. (b) The peak intensity of the luminescence at a point near
the top of bottle with time under UV irradiation. Inset Three photoluminescent
photos of a sample taken at consecutive time (from top to bottom) showing the
progress of precipitation and some quenching. The luminescence spectrum taken
using holographic grating and a CCD detector (c) before and (d) after mixing the
nanoparticles with the iron salt.

corresponding to a Si nanoparticle cluster of 100 nanoparticles (each
of a diameter of 2.9 nm).

Stability propulsion measurements

To examine the charging and stability of the structures, we pro-
pelled the structures via an electric field. Particle solution is placed in
a reservoir that feeds into a conducting stainless biased nozzle.22–27 A
grounded conducting plate is placed at a distance of ∼3 cm from the
opening of the nozzle [see Fig. 5(a)]. The nozzle is electrically biased
with respect to the ground plate, which establishes a non-uniform
electric field between them. A target substrate (typically a silicon
wafer) is placed in front of the grounded plate to collect the parti-
cles. At a positive threshold voltage bias of 2.26 kV with respect to
the counter grounded conducting plate, the colloid is propelled and
the material gets pinned down on the substrate, resulting in the for-
mation of a thin film. This indicates that the structures get charged
in the process. The image in room light of the substrate shows a gray
stain film shown in Fig. 5(b). A line profile through the gray scale
image showing a stronger stain on a central disc is shown in Fig. 5(c).
Figure 5(d) shows a photo of the film on exposure to UV radiation
at a wavelength of 254 nm; it shows that the film is luminescent,
observable by the naked eye. The corresponding luminescence spec-
trum of the deposited film (not shown) displays the characteristic
red luminescence of the Si nanoparticles. A closer look would show
that the luminescent image has a similar line profile to the gray stain

FIG. 3. Effect of an external magnet on the colloid. A stack of permanent magnets
placed to the side of a glass container. With time on the order of minutes, the
material gets pulled by the magnet and gets pinned down at the wall (a) imaged in
room light and (b) imaged under irradiation by UV light, where the drawn material
shows red luminescence.

FIG. 4. Scanning electron microscope imaging of the core-shell. A good fraction
of the clusters appear to consist of a dark core, associated with a Si core, sur-
rounded by a lighter shell, associated with iron-based material. The Si core is
estimated to be 20 nm in diameter corresponding to a Si nanoparticle cluster of
100 nanoparticles (each of a diameter of 2.9 nm).
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FIG. 5. Electrospray of a thin film of the colloid of the Fe2+–silicon nanoparticles.
(a) Layout of the spray setup. (b) The gray image in room light of the film. (c) A line
profile through the gray scale image. (d) The corresponding luminescent image of
the film under exposure to UV radiation at a wavelength of 254 nm.

indicating more intense deposition over an inner disc. The gray stain
is related to the effect of ions landing on the substrate at a high speed
due to electric field acceleration.

Controlled samples of Si nanoparticles in isopropyl alcohol
without mixing with the Fe ions were also propelled toward a sub-
strate on which they were deposited.28,29 The particles are found
on the substrate exhibiting their characteristic luminescence. How-
ever, the propulsion occurs for both positive and negative bias with
respect to the grounded plate; in the case of the mixture of parti-
cles and ions, propulsion is found to occur only for positive bias.
When the biasing is reversed from positive to negative, we find the
insignificant deposition of silicon nanoparticles, while the nozzle
becomes readily clogged. This is consistent with the fact that the ions
act as a carrier (complexing) of the nanoparticles and that there are
insignificant amounts of unreacted nanoparticles with the positive
ions.

THEORETICAL

The underlying principle of the interaction of the ions with sil-
icon is charge exchange.30 First, in the collision, the iron ions are
attracted to silicon nanoparticles by electrostatic polarization forces.
The interaction between them at a close distance may result in a
redox type reaction resulting in two free charged species. The accu-
racy of the procedure and calculation methods are checked against
the correct iron ionizations and solvation energies, which are known
in the literature.

The 3-nm particle is too big for atomistic first principle simula-
tions and computations; therefore, we use as a model for illustration,
in which there is a smaller 1-nm particle consisting of 29 silicon
atoms and 24 hydrogen atoms, which is manageable by such sim-
ulations. The calculations of the charging energies of Si29H24 and Fe
were done at the UHF-DFT level using the B3LYP functional with
the TURBOMOLE quantum computational package.31 The TZVP
basis was used, which is a triple split valence basis with polariza-
tion functions added for each atom.32–34 The energy of the species in
water was obtained with the COSMO method of approximating the
particles embedded in a continuum dielectric of ε = 78.4 and using a
solvent radius of 1.3 Å.

Dimer defect

The 1 nm silicon nanoparticle Si29H24 has no terminations on
its surface with lone electron pairs, such as an oxide or nitrogen
group, which are commonly found in the ligands of a charged com-
plex. However, the surface reconstruction dimers pull to open up
4 hexagonal rings on the surface16,17 affording an alternative mech-
anism. For example, a ferrous ion may sit within one of these rings
reducing the energy by effectively spreading the charge over a larger
volume represented by the silicon nanoparticle. If the particle can
act as an “effective polarizable medium” better than the water, the
charged complex may then be stable.

Continuum and complex solvation model (COSMO)
(water–iron)

In this section, we calculate the energies of the silicon particle
and the iron atom at various charging energies in an aqueous envi-
ronment. We use the conductor-like screening model (COSMO)35,36

to calculate and analyze the electrostatic interaction of the Fe ion and
the nanoparticles with the water solvent. We first present the possi-
ble model approximations for the water solvent. Water is divided
into two regions: an inner-cluster of water and an external/outer
continuum of water, with the total model being a combined sum
of the two. In the first inner-cluster part, the interactions between
the lone electrons in oxygen and the d-orbitals of the ions (total-
ing 6 orbitals) are accounted for explicitly as a gas phase model and
are expected to play a major role. For instance, the gas phase struc-
ture for ferrous iron (Fe2+) and 6 water molecules gives a hexa-aqua
complex (solvation shell), as illustrated in Fig. 6. The oxygens attach
as ligands in a cubic structure. The solvation shell is not made of
strong covalent bonds, and the water molecules still rearrange with
inner solvation shell exchanges occurring on a time scale of about
10 ns for Fe2+ ions.19 At this short distance of the inner cluster,
the lone pairs of the oxygen in water will interact with the unfilled
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FIG. 6. The gas phase hexa-aqua complex structure for ferrous iron (Fe2+) and
6 water molecules. Hydrogen in blue. Oxygen in red. Fe ion in black. The oxygen
attach as ligands in a cubic structure.

orbitals (weak “dangling bonds”) of iron to form a complex with
water.

Beyond the inner cluster, we have the continuum water com-
ponent, which does not include the oxygen d-orbital. The model
accounts for water interactions in terms of dielectric screening. In
this region, water molecules move sufficiently randomly enough
about the ion allowing for a continuum average approximation to be
appropriate. Clearly, the water molecules far from the ion are uncor-
related with the iron atom and therefore fit the approximation well.
Higher order and weaker solvation shells of water form around this
inner solvation complex due to the hydrogen bonding with the inner
shell water molecules. While including the higher order complexes
leads to some improvement, a combined first inner-cluster and an
external continuum model for water has been found to account for
the vast majority of the complex shell interaction.

In order to remain consistent for comparison, six water
molecules were used for the solvation of each of the four iron atom
charges considered here (Fe0, Fe1+, Fe2+, and Fe3+). The solvation
energy was calculated from the change in energy of the reaction

FeX+
(gas) + 6H2O(solv) → [Fe(H2O)]X+

(solv),

where the solvent phase energy of a single water molecule was
found to be −76.43816 Hartree (and a gas phase/vacuum energy of
−76.42592 Hartree). The resulting solvation energies are within 3%
of the experimental values therefore bringing the calculation accu-
racy to the same level as the ionization energies in vacuum showing
the accuracy of this method.

Charging energies of the nanoparticles and the ions

The energy of the silicon particle and iron atom in vacuum (or
“gas phase”) at various charging energies is given in Table I. The

TABLE I. Energy of the silicon particle and iron atom in vacuum for various charging
states.

1 nm silicon nanoparticle Si29H24

Charge Unpaired electrons eV (relative to neutral)

−1 1 −1.462
0 0 0
+1 1 7.292

+2 0 16.662
2 16.658

Iron atom

Energy relative to neutral atom

Calculated (eV)

Fe (+1) 7.725
Fe (+2) 24.311
Fe (+3) 55.708

electronic density used for the density functional calculations is built
from an unrestricted Hartree–Fock (UHF) type slater determinant,
which cannot correctly handle the degeneracy of the iron orbitals.
Instead of the electrons being shared equally between the 5d atomic
orbitals, the electrons are placed in the first unfilled shell.

We plot, for convenient display in Fig. 7, selected vacuum ion-
ization energies (from Table I) in an energy level diagram format.
The energies for the iron atom are given on the left and those for the
silicon nanoparticle are given on the right of Fig. 7. The silicon par-
ticle ionization energy and electron affinity are found to be 7.29 eV
and 1.46 eV, respectively. This is much closer to the atomic values
of the silicon atom (8.15 eV and 1.38 eV, respectively) than to the
crystalline bulk silicon values of 4.05 eV and 5.17 eV. This further
demonstrates that the silicon nanoparticle is most appropriately dis-
cussed in the molecular regime than the approximations from the

FIG. 7. A plot of selected charging ionization energies of an ion atom and a silicon
nanoparticle (given in Table I) in an energy level diagram format. (Left) Fe atom
and (right) silicon nanoparticle.
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TABLE II. Energy of the silicon particle and iron atom in vacuum for various charging
states.

1 nm silicon nanoparticle Si29H24 in water

Charge Unpaired electrons eV (relative to neutral)

−1 1 −2.314
0 0 0
+1 1 5.475

+2 0 11.232
2 11.228

Iron solvation energy in water

Calculated (eV)

Fe (+1) 4.536
Fe (+2) 12.734
Fe (+3) 28.643

crystalline condensed matter regime. The energy of the silicon par-
ticle and iron atom in water at various charging energies is given in
Table II.

Potential energy surface of the bound complex
using the continuum model

Structures were first calculated at the UHF-DFT level with a
TZVP basis set and the B3LYP functional using the TURBOMOLE
quantum computational package.31 The first structures were calcu-
lated without solvation models to investigate if the polarization of
the silicon particle was sufficient for reduction in energy to pre-
vent each species to just become singly charged and separate due
to Coulomb repulsion.

Initial attempts at placing the iron atom above the hexagonal
silicon ring resulted in the iron atom falling below the ring into
the particle interior during relaxation. A local minimum energy
structure was found. This “interior” minimum was calculated for
0, 2, 4, and 6 unpaired electrons and found to exist in each case.
The lowest energy structure contained 4 unpaired electrons, and
⟨S2
⟩ = 6.066 showing low spin contamination. Both Mulliken and

Loewdin population analyses gave 3 unpaired electrons in the iron
d-orbitals and none in the s- and p-orbitals. Considering the elec-
tronic configuration predictions of Fe1+, this is in agreement with
one charge transferred between the Si nanoparticle and the initial
ferrous ion, leaving each singly charged.

Vacuum calculations

The energy of the complex in vacuum as a function of the
distance of iron from the center of the silicon nanoparticle (the
center nuclei) was calculated for this structure (shown in Fig. 8—
solid curve). In the simulation, the ion approaches the nanoparticle
from a distance far from a state of Fe1+ ion and a singly charged
nanoparticle, where the total energy is taken zero. Outside the sil-
icon nanoparticle, an energy minimum is found at a distance of

FIG. 8. Calculated potential energy surface of an Fe2+ ion and a silicon nanopar-
ticle showing the energy of the complex as a function of the distance of iron from
the center of the silicon nanoparticle (the center nuclei) for this structure. At each
distance, the structure was relaxed in the 4 unpaired electron configuration in
vacuum (solid curve) and gas phase (circle-solid) in water liquid using the contin-
uum water model. (Left inset) The Fe–silicon nanoparticle prototype model for the
Fe inside the particle. (Right inset) The Fe–silicon nanoparticle prototype model
for Fe outside the particle. We display a finer energy scale between −2 eV and
−1.5 eV on the vertical scale for easier reading.

4.15 Å from the center of the particle. In this molecular prototype
configuration, the Fe atom rests on top of the hexagonal silicon ring,
as shown in the right inset in Fig. 8. With further calculations, the ion
may enter inside through the hexagonal ring of the particle where it
faces a barrier at a distance of 3 Å from the center of the particle, after
which it enters into a second local minimum at 2.55 Å, as shown in
the left inset in Fig. 8. The minimum of the well outside minimum
is 0.43 eV below the barrier through the ring and 1.90 eV below
the energy of a distantly separated Fe1+ ion and a singly charged
nanoparticle, as calculated from the previously obtained ion ener-
gies. At each distance, the structure was relaxed in the 4 unpaired
electron configuration. The inner local minimum was found to be
a 0.09 eV deep well from the top of a transition point of the bar-
rier when moving through the hexagonal ring. Thus, it is easier for
the system to form the complex where the ion is outside the par-
ticle than when the ion is inside the particle. It takes an energy
of more than 0.4 eV to overcome the barrier at the entry point in
the particle, i.e., entering the hexagonal silicon ring. If the ion is
already inside, it takes only 0.9 eV of energy to come out of the
particle.

Aqueous calculations

The continuum part of the approximation COSMO solvation
model was first used to calculate how the dielectric screening energy
of water affects the vacuum potential energy surface. The result is
shown in Fig. 8—solid-circle. The calculations show stronger bind-
ing energies for all distances (potential surface shifts down); the shift,
however, is not uniform with the distance as the vertical arrows dis-
play. The presence of water causes the inner equilibrium minimum
to become shallower, with the barrier for entering the hexagonal ring
dropping to a lower value (0.07 eV above the inner minimum). The
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outer minimum is 0.57 eV below the barrier through the ring, and
2.45 eV below the long distance limit of an Fe1+ ion and a single
charged nanoparticle in water. It is to be noted that near the outer
minimum, the structure was allowed to relax for a configuration
with 2 unpaired electrons and 4 unpaired electrons. The 4-electron
case was the minimum energy, consistent with the silicon parti-
cle and iron atom each having a single charge and remaining spin
aligned.

Complex (Si–Water–Fe) prototype

We now use the total water model in the atomistic calculations.
The model is the combination of the first inner-cluster and the exter-
nal continuum. This is an improved approximation, which allows
us to obtain more accurate binding energy of this complex than the
calculations given in Fig. 8 obtained in vacuum or with the external
continuum model for water. The prototype given in Fig. 9 is the pro-
posed charge complex in the total model. A computational study of
this prototype and its variation was carried out to optimize the pro-
totype. The number of water molecules in the first inner-cluster in
the prototype was varied around 3. In this level of computation, we
include the interaction of lone pairs of the oxygen present in water
molecules as well as the dimer-like defects in the Si particle with the
unfilled d-orbitals (weak “dangling bonds”) of iron simultaneously.
The computations showed that to form a complex with the nanopar-
ticle and water, the iron will not have a full hexa-aqua shell as in
the free Fe2+ case (see Fig. 6). We experimented with the number of
water molecules in the first solvation shell. The computation shows
that when in the equilibrium position above the hexagonal silicon
ring, roughly half of the iron atom is obscured from direct inter-
action with the solvent. So the silicon nanoparticle must replace 3 of

FIG. 9. Complex prototype. It consists of an iron ion sandwiched between a silicon
nanoparticle and a three water molecules shell. The complex binding (4.9 eV) via
interactions with three d-orbitals of the ion with a silicon nanoparticle and three
d-orbitals of the ion with three water molecules.

the 6 water molecules in the iron solvation shell. This number turned
out to be the most likely scenario.

The resulting structure, shown in Fig. 9, was allowed to relax
and the total binding energy was evaluated by considering the
dissociation reaction

[(Si29H24)Fe(H2O)3]
+2 + 3H2O→ [Fe(H2O)6]

+1 + [Si29H24]
+1,

where all energies used the COSMO solvation model. The binding
energy was found to decrease from 1.9 eV in vacuum to 0.49 eV in
the presence of water. This shows that d-orbital interactions with
water softened the binding energy, but the proposed complex is still
found to be stable against dissociation in water despite the Coulomb
repulsion due to each species being charged. The horizontal dotted
lines at −1.9 eV, −2.5 eV, and −0.49 eV in Fig. 8 label the binding
levels in the vacuum environment, water continuum model, and the
total water model with d-orbital interactions. Marking the binding
energy (at 0.49 eV) of the complex in Fig. 8 serves as a convenient
comparison with the binding energies under other approximation.

DISCUSSION
Magnetic phase

In the proposed complex, (i) the charge is delocalized over the
entire complex of 4-nm diameter and (ii) the d-orbitals of Fe2+ inter-
act with both the Si nanoparticle and the oxygen molecules in water.
The proximity of oxygen to Fe allows the oxidation of iron and the
formation and deposition of iron oxide in its magnetic phase on the
silicon nanoparticle (or a cluster of silicon nanoparticles). Thus, the
emergence of the magnetic phase supports the formation of the com-
plex as an intermediate stage (Fig. 3). Since the calculations indicate
that the complex either in the continuum or in the total model is
bound, they support the idea that the particle acts as an “effective
polarizable medium” better than the water, allowing the charge com-
plex to be stable. The ion is sandwiched between the nanoparticle
and the water molecules.

We should note that the sensitivity offered by magnetic par-
ticles can be enhanced further by the clustering of a number of
individual superparamagnetic nanoparticles into clusters to form
magnetic beads. We should also note that there are other magnetic
materials of interest with a high magnetic moment, such as cobalt
and nickel. The major advantage of iron over these materials is the
possibility for in vivo applications.11 Cobalt and nickel metals can
cause oxidative stress or long-term changes in enzyme kinetics.

Electric features

The process of charge exchange has been widely known for
a long time but between ions and atoms. With the emergence of
nanoscience, the collision between ions and nanoparticles opened up
wide applications. In this process, the electron capture in slow colli-
sions between multiply charged ions Ip+ and an atom A (or nanopar-
ticle) occurs through a pseudo-crossing of the adiabatic potential
energy curves of the combined molecule or cluster AIp+. The pres-
ence of a Coulomb repulsion between the collision partners after the
collision (I(p−1)+–A+) is the basic reason for the existence of such
pseudo-crossings at large distances. The present system of silicon

AIP Advances 10, 055221 (2020); doi: 10.1063/1.5144880 10, 055221-8

© Author(s) 2020

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

nanoparticle–iron ion is unique since the partners have nearly equal
electron/hole affinities, which renders charge exchange processes
weak and not plausible. For this particular situation, the study ruled
out an interaction between them at a close distance that results in a
redox type reaction resulting in two free charged species. It also ruled
out that the charge is transferred between them and that it ruled
out even if a charge complex is formed. Moreover, the calculated
charging energies indicate that a ferrous Fe2+ ion cannot be oxi-
dized to Fe3+ by the silicon nanoparticle in water due to energy con-
straints. Furthermore, an Fe2+ ion cannot strip one or two electrons
from a silicon nanoparticle in water and then freely separate. There-
fore, without additional energy supplied externally, the ion energies
restrict the interactions to those resulting in bound complexes.

The study showed that the oxidation state of the metallic atom
remained a useful quantity when discussing charged complexes
since the energies of various ions of the nanoparticles in solution
compared to the iron ions was helpful in narrowing the range of
possible interactions. This was also consistent with the fact that the
bonds in a solvation complex in a water medium are much more
ionic than covalent in nature and with the fact that the ligand bonds
are usually longer than ordinary single covalent bonds.

As to the mechanism for the interaction with Fe2+, silicon
nanoparticle has no terminations on its surface with lone electron
pairs, such as in oxygen (or nitrogen group), which are commonly
found in the ligands of a charged complex. This is unlike the inter-
action of Fe2+ with water, which proceeds through the interaction
between lone electrons in oxygen and the d-orbitals of the ion. The
calculations and the experimental findings showed that the surface
reconstruction dimer-type defects on the nanoparticles serve as a
nontraditional alternative ligand for the interaction with the ions.
Reconstruction open up 4 hexagonal rings on the surface, and a fer-
rous ion may sit within one of these rings reducing the energy by
effectively spreading the charge over a larger volume represented by
the silicon nanoparticle. The particle can act as an “effective polar-
izable medium” better than the water allowing the charged complex
to be stable. The above calculations and simulations, indeed, con-
firm the role of interactions with surface reconstruction dimer-type
defects.

Applications

Finally, the integration of luminescence with magnetic func-
tionalities enables a multiplicity of synergetic application in the field
of sensing, tracking, and delivery. Magnetic nanoparticles offer great
potential in a variety of applications, including magnetic energy stor-
age, information storage and spintronic, magnetic fluids, catalysts,
and biomedicine.10,11 The importance to biomedicine stems from
the fact that a magnetic material can be directed with a magnetic
field, which enables drug delivery and enhances medical imaging.

CONCLUSION

In conclusion, we examined the charge exchange process
between the Si nanoparticles and metal ions having comparable elec-
tron affinities. We observed cluster sizes ranging from 100 nm to
500 nm in the configuration of core-shell, with a red luminescent
nanoparticle cluster as a core and a shell made up of a magnetic
phase of iron oxide. The structures are magnetic, as a permanent

magnet placed near the colloid pulls the suspended red luminescent
structures. Our first principle atomistic calculations at the UHF-
DFT level confirm the formation of a hydrated bound complex with
a binding of 0.49 eV. The theoretical analysis points to the effects of
the delocalization of the charge over the entire complex and inter-
actions between iron d-orbitals (weak “dangling bonds” of unfilled
orbitals) and lone electron pairs of oxygen as well as the recon-
structed Si dimer-like bonds. The formation of stable robust hybrid
iron oxide–Si nanoparticles core-shell structures with a luminescent
core and magnetic shell affords integrated optical, luminescence,
and magnetic functionalities, which are useful for a wide variety
of sensing, tracking, and delivery applications in biomedical and
underground water and oil exploration.
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