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Synthesis and spectral (infrared, Raman and inelastic neutron scattering) examination of SiO thin film, powder and products
of their oxidation are reported. Processes of SiO formation and interaction with small species, occurring in gas phase, have
been simulated in molecular approach by PM3 quantum chemical (QC) method. The QC-simulated model of the SiO
nanoparticle was used as a basic model to QC simulate the interaction of SiO molecules and nanoparticle with O,, CO and
H,O in the cluster approach. Structures of nanoparticles, resulting from such interaction, and their vibrational spectra have
been QC simulated. Inverted vibrational problems have been solved in each case in order to verify the QC-evaluated models.
Mechanism of the SiO high-temperature oxidation in gas phase is proposed and discussed. QC-evaluated models and
complete range of corresponding theoretical and experimental vibration spectra represent molecular interactions with the
nanoparticles of SiO and related changes in spectral characteristics.

Keywords: silicon monoxide; silica fume; clusters; amorphous materials; vibrational spectroscopy, quantum chemical

simulation; computer simulation

1. Introduction

Silicon monoxide (SiO) is an important material used in
thin film optical devices [1—4]. Silicon nanoclusters in the
bulk of SiO can emit a light of certain wavelength,
governed by the nanoclusters size [4—6]. The techno-
logical polymorphism of the SiO formation implies a
structural amorphism.

Characterisation and modelling of the amorphous SiO
structure are mainly grounded on spectroscopic characteris-
tics, registered for the final product of the gas-phase
manufacturing of the SiO-based materials. Nowadays, two
basic models of SiO structure are proposed: (1) the model of
Si/S10, domains mixture and (2) the model of random bonds.
The latter assumes that each Si atom is tetrahedrally
coordinated with x O atoms and 4 — x Si atoms, and that the
SiSi, 04—, tetrahedron types are distributed statistically
[7—17]. It should be also noted that modification of the SiO
sample is strictly dependent on the conditions of the
deposition, sometimes leading to fibrous colourless samples
or reactions of the metal support with the SiO oligomers [18].

None of the aforementioned models can explain the
complex structural, chemical and spectroscopic character-
istics of the SiO. There are no computational examinations
of molecular interactions on the very first stages of the SiO
formation and no vibration analysis of SiO, bulk systems
reported in the literature. Moreover, a combined compu-
tational and vibrational analysis of the SiO oligomers under

matrix-isolation conditions has demonstrated that the
mechanisms of oligomerisation and formation of bulk SiO
strongly depend on whether the equilibrium state is reached
(formation of chain oligomers on the initial stages of the
process leads to the fibrous SiO) [18,19]. The spectroscopic
analysis, applied for the final products, together with
computer modelling can clarify the regularities of both the
amorphous SiO structure and its formation process.

Some results of such examination, concerning an
atomistic model of the SiO cluster, were presented in [20].
The synthesis, spectral and computational analysis of the
SiO thin film, commercial SiO powder produced by CVD
method and oxidised SiO film and SiO,, produced by the
SiO powder oxidation, are the issues of the present paper.

The self-synthesised and thermally treated SiO thin
films and the commercial SiO and SiO, powders have been
studied by Fourier-transformed infrared (FTIR), Raman and
inelastic neutron scattering (INS) spectroscopy. Also the
interaction of SiO clusters with small gaseous molecules
(0,, H,O and CO) based on the 27SiO model and
experimentally measured vibrational spectra is discussed.

Quantum chemical (QC) simulation of the SiO
formation and interaction with small gaseous species has
been performed. It is known that the formation of the SiO
nanoclusters (nanosized supermolecule or particle) occurs
in a gas phase upon condensation of the SiO molecules. The
thin film of the SiO is formed of those nanoclusters,
condensed on the substrate and thus possesses the properties
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of the nanoclusters [21—24]. Therefore, the properties of the
SiO gas-phase powder and thin films should by studied
based on the cluster (supermolecular) approach.
Formation of the 27SiO cluster, representing the SiO
nanoparticle, is QC simulated, followed by simulation of
its vibrational spectra and radial distribution function
(RDF), which are compared with the experimentally
obtained ones. Then interaction of the 27SiO cluster with
0O,, CO and H,0 molecules is QC examined based on the
cluster approach and using the silica fume (SiO,) (http://
www.ceramite.elkem.com; http://www.silicafume.org/
concrete-manual.html) as a reference point of completely
oxidised SiO. The silica fume, which is a commercially
used material, forms as a result of high-temperature
oxidation of SiO nanoparticles during the production of
silicon metal or ferroalloys from quartz with coal [25-29].
The experimentally measured IR, Raman and INS
spectra of the oxidised SiO film and silica fume (SiO,)
have been compared with the theoretically evaluated
spectra of the QC-simulated product of SiO nanoparticle
oxidation. The inverted vibrational problem has been
solved in respect to three types of experimentally measured
vibrational spectra (IR, Raman and INS), in order to assign
the bands. The mechanism of the SiO oxidation and the
influence of the CO and H,O molecules on the SiO
nanoparticles’ properties are discussed in the paper.

2. Experimental
2.1 Materials
2.1.1 Starting materials

A finely dispersed pyrogenic silica (aerosil 380, Degussa)
and commercial powder of metallic silicon (Jetmilled
Silgrain®, Elkem Materials ASA, Kristiansand, Norway,
grain size 150 mkm) have been used for the SiO thin films’
synthesis.

2.1.2 Reference materials

The commercial SiO ‘Monox Patinal’ (Merck, 99%
purity), obtained from the pure silicon via a chemical
vapour deposition (CVD) process, has been used for the
studies as a reference material.

SiO, silica fume (microsilica) Grade 940 samples
(http://www.ceramite.elkem.com; http://www.silicafu-
me.org/concrete-manual.html; http://www.ceramite.elk-
em.com/hits/web_0006.nsf/Files/Product-Datasheets-Con-
crete-Specification/$file/940-Specification-April-2005.pdf)
[26,30], produced by Elkem Materials ASA, have been
used without any additional treatment. Elkem Micro-
silica® is produced by the collection and treatment of the
fumes released during the manufacturing of ferrosilicon
and silicon metal. The process involves reduction of
quartz in arc furnaces at temperatures above 2273 K.
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From the reduction of quartz, SiO gas escapes and mixes
with oxygen in the upper part of the furnace, where the
SiO oxidises to SiO,. The latter condenses into spherical
particles of the microsilica.

2.2 Synthetic procedures
2.2.1 SiO film synthesis

The synthesis of the SiO thin film is frequently performed
by a transport reaction [11], analogously to that reported in
[20]. The optical microphotos of the SiO film and
commercial powder have been made to study the surface
of the samples (refers to Section 3.1).

2.2.2  Thermal treatment

The samples of the synthesised SiO film, commercial SiO
powder and the brown by-product, which is probably a fine
dispersed mixture of Si and Si0O,, have been loaded into
zirconia crucibles and calcined in muffle furnace at air for
4h at 873 K. The growth in weight of the synthesised SiO
film and commercial SiO powder are Am(SiOg,,) = 8.9
mas. %, Am(SiOpowaer) = 2.5mas. %, respectively.
The brown by-product has shown a loss in weight by
18.0 mas. %, probably due to desorption of water, since the
product is hygroscopic. A thin layer of white (sometimes
brownish) substance showing pronounced chromatism is
formed on the surface of the black SiO film upon
calcination. The commercial SiO powder does not change
colour after thermal treatment.

2.3 Spectroscopic characterisation
2.3.1 FTIR spectroscopy

The IR transmittance and diffusion reflectance Fourier-
transformed (FTIR, DRIFT) spectra of the self-synthesised
SiO thin film, the commercial SiO sample and the silica
fume (SiO,) were recorded on a Nicolette 320X FTIR
spectrometer. The spectral resolution was typically
4cm”'. The FTIR transmittance spectra have been
recorded from the thin layer of pure silica fume samples
without dilution, pressed between parallel KBr plates.
The attenuated total reflection (ATR) technique was used

for the SiO film IR transmittance spectra recording.

2.3.2  Raman spectroscopy

A Jobin Yvon T64000 microspectrometer, operating with
argon ion laser (the wavelength of exciting beam is
514.5nm, the spectral resolution is 1-0.3 cmfl) and
equipped with a back-illuminated nitrogen-cooled Spex
CCD matrix for signal detection, has been used to record
the Raman spectra of the samples. A triple holographic
monochromator has been used as a filter. The laser spot
diameter, used for the micro-Raman measurements, was
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approximately 3—5 wm, and the laser was equipped with
50 X ultra long focus Olympus MSPlan objective
(numerical aperture = 0.80) for backscattering configur-
ation. The total magnification reached 10, 50 and 100 X .
Typical recording conditions in the low wave number
region are 1800—3600s.

The optical microphotos of the SiO film, the
commercial SiO powder and oxidised SiO film have
been photographed by 50 X ultra-long-focus Olympus
MSPlan objective, mounted on the Raman spectrometer.
The reflection mode has been used, since the samples are
non-transparent.

2.3.3 INS spectroscopy

The INS spectra of the samples have been measured in the
frequency range of 10—10,000cm ™" using the inverted
geometry time-of-flight spectrometer and high-resolution
NERA-PR spectrometer, installed in the IBR-2 nuclear
pulse reactor at the Joint Institute for Nuclear Research,
Dubna, Russia (http://www.neutron.anl.gov/mail-archive/
0024.html) [31].

All spectra have been recorded at 10K to reduce the
Debye—Waller factor. The pyrolytic graphite analyser
with a resolution of ca. 2-3% AE/E has been used.
The finely ground sample of known weight (approximately
185 g) has been evenly loaded into aluminium foil sachets
and mounted onto a centre stick, which had been placed in
a closed-cycle refrigerator in the instrument. The sample
was then stored for cooling down to 10K and the INS
spectra has been recorded.

2.4 Computational methods and methodology
2.4.1 Methodology

The ‘technology-following’ methodology [32,33] has been
used to simulate the SiO formation and interaction with
0,, H,O and CO molecules in gas phase. The key idea of
this methodology is to reproduce an unknown structure of
a product by reproducing the conditions of technological
process applied to the known precursors, i.e. the SiO
molecules or particles, respectively, in the best possible
way. The simulation model is constructed starting from the
general data about object structure and experimental
properties. The spatial and electronic structures, the force
field and the dipole moments derivatives are determined
during simulation. These data usually contain two types of
errors, namely ones of computational method and the other
of model inaccuracies or simplifications. In order to check
the value of summary error, one needs to verify model
comparing the simulated data with the experimental ones.
The verification for crystalline substances is performed
using X-ray crystallography by direct comparison of
refined structure with the simulated one; sometimes other

experimental methods are used depending on the
objectives.

Statistical methods of the verification such as vibration
spectroscopy [34] and RDF, which express the properties
of structural elements assembly, are the main ones in the
case of amorphous materials. If there are divergences
between the simulated and experimental properties, then
the correction of model is performed. Furthermore, the
simulation cycle is iterated until the deviation becomes
negligible. Such a model is called an adequate to the
investigation’s objective and is used to determine the
physical (the heat of formation, ionisation potential, dipole
moment, etc.) and chemical (bonding energy, reactions
pathways, etc.) properties. From the point of the formal
logic, the ‘technology-following” methodology can be
classified as a semi-empirical approach, since it combines
theoretical speculations with the experimental data.

The ‘reaction pathway’ methodology [35—38] has been
used to simulate the reactions passing through an energy
barrier. The distance between two reacting atoms has been
frozen and then stepwise decreased by 0.02nm with
complete geometry optimisation of the system, registered at
each step, until the reaction energetic barrier is overcome.
The QC-evaluated enthalpies of formation of the system,
plotted against the distance between two reacting atoms,
form a ‘reaction profile’, making it possible to calculate the
energy barrier value (AE;) as a difference between the
QC-evaluated enthalpy of formation of the system (A/H) at
the transition state and at the conformation, corresponding
to the starting energy minimum. The QC-evaluated enthalpy
of reaction (A,H) has been calculated as a difference
between enthalpies of formation of the system at the starting
and final conformations.

2.4.2  QC methods and simulated characteristics

The QC simulation of the SiO nanoparticle formation and
its properties has been performed using the semi-empirical
PM3 [37,39-42] method in the framework of QuChem
software [43], previously approved in the comprehensive
investigation of silica and other amorphous materials
[34,37,38,44—49]. As a result, the optimised space and
electronic structure, force field, dipole moments deriva-
tives and other data have been obtained. The PM3 method
is an extension of the modified neglect of diatomic overlap
(MNDO) semi-empirical methods line, particularly of the
AMI method. As all semi-empirical methods, the PM3 is
set up with the same general structure as a Hartree—Fock
calculation in that it has a Hamiltonian and a wave
function. The core electrons are not included in the
calculation; their effect is considered in the core function
— an empirical parametrised formula. The Lowdin-type
transformation is applied in order to avoid the time-
consuming calculation of three- and four-centre integrals.
The PM3 is recommended, since only this method has
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some important features for the silica compounds and
clusters calculation [49]. Also, as it has been shown in
[45], the high bases of ab initio methods and PM3 can
reproduce the geometry of the siloxanes only. Since the
usage of the ab initio STO-6G level approximation is
hindered by the size of the simulated systems, the choice
of the PM3 seems the most preferable.

The COSPECO computation software [50], often
applied earlier [45,51-54], has been used to solve the
inverted vibrational problem and to verify the simulated
data along with the experimental spectra.

The Wiberg index for the bond (W,g) and the sum of
Wiberg indices for each atom (W;), evaluated on the base
of the QC computed data, have been used to characterise
reactivity of the bonds and atoms. (1) The Wiberg index
for the bond (Wag) [55] is determined on the basis of the
value of interaction between the atomic orbitals of two
atoms. The corresponding equations for the semi-
empirical neglected diatomic differential overlap quantum
chemistry methods were discussed in [56-59]. (2) An
atomic index, i.e. the sum of Wiberg indices for each atom
(W)), is used to determine significant chemical bonds. The
W; is calculated by summing Wag over B neighbours
around A. The atomic index W; is independent on the atom
type. It reflects the atomic valence, i.e. a number of
electrons participating in the covalent bonds between the
i-atom and neighbouring ones. From the QC point of view,
one can define the W; value as a coordination number of the
i-atom.
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3. Results and discussion

3.1 Characterisation of the SiO film, powder
and products of their oxidation

Optical microphotos of the SiO film, the commercial SiO
powder and oxidised SiO film have been photographed in
reflection mode in order to characterise their macroscopic
structure (Figure 1). As one can see from the Figure 1(a), the
upper side of the growing SiO film consists of spherical
homogeneous 1—10mkm particles without microstructure.
Particle of the commercial SiO powder has a dendrite
structure and consists of the primary particles, smaller than
the resolution of the optical microscope. The brownish-black
colour of the film indicates a bulky structure of the material,
which realizes due to the nature of the support (quartz). It is
noteworthy that application of Cu support cooled to 10 K
leads to the formation of colourless fibrous samples [4].
The calcining of the SiO film at 873 K at air leads to
partial disproportioning of the SiO, resulting in the
formation of the metal silicon microparticles (Figure 1(c)).
A reflection ability of the film decreases after heating,
which affects on the quality of the photos.
The macrostructure of the SiO film remains unchanged,
except for the microcracks observed. The spherical
morphology of the SiO particles is preserved.
Concerning the data on the macrostructure and the
weight growth, one can state that neither SiO film nor
commercial SiO powder oxidises at 873K to the SiO,
completely, but partially disproportionates and forms SiO,

Figure 1. The optical microphotos of (a) the SiO film, magnification 1:100, (b) the commercial SiO powder, magnification 1:100 and

(c) oxidised SiO film, magnification 1:200.
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(1 < x < 2) suboxides. Higher temperature is necessary
to perform complete oxidation of the SiO. Therefore, the
silica fume, which forms upon flame process from the SiO
nanoparticles, has been used further as a reference point of
a completely oxidised SiO.

3.2 Formation of SiO nanoparticle
3.2.1 Simulation of the SiO nanoparticle formation

The data on the synthesis of the SiO film and
characteristics of the SiO commercial powder are given
in Section 2. The simulation of the SiO nanoparticle
growth in gas phase has been performed in order to analyse
the spectral data further.

The spatial structure of the 27SiO cluster was
simulated by QC optimisation of randomly oriented
27Si0 molecules by energy to the gradient of
0.42kJ/mol A. Five different starting geometries have
been considered in order to check the adequacy of the
model chosen. The simulated A -H values of the resulting
clusters as well as statistical properties, i.e. RDF, bonds
length distribution, angles distribution, charge distribution
and coordination numbers distribution, can be found in the
supplementary materials (Section E). As one can see they
are close by values and curves features, one can conclude
that the model is adequate and can represent the
experimental data on the material.

Cluster 1, representing the condensation of 27SiO
molecules, placed in a cubic lattice 3 X 3 with the edge
equal to 1.0835 nm, previously reported at [30], has been
chosen as a model of the SiO nanoparticle and further will
be referred to as the 27SiO cluster. The Cartesian
coordinates of the starting geometry and the space
structure of an optimised protoparticle, as well as
illustrative movie, can be found in the supplementary
materials (Sections A, B1 and D1).

The silicon clusters, identified inside the SiO bulk,
varying in size from three to nine Si atoms, are surrounded
by the layer of non-stoichiometric SiO, phase and do not
form definitely pronounced domains. The silicon clusters
are structurally amorphous, but can crystallise and serve as
crystallisation centres at the heating of the SiO particle.
Therefore, according to QC simulation results, the model
of Si/SiO, domains mixture [7—10] and the model of
random bonds [7,8,22] do not describe the atomic structure
of SiO satisfactorily, because the models operate with the
four-coordinated silicon atoms only. The present study
demonstrates that Si atoms, especially inside of the silicon
clusters, have higher coordination numbers and have a
non-tetrahedral coordination surround.

3.2.2  Spectral examination of the SiO

The Raman spectra of the SiO prove the presence of silicon
clusters in the SiO bulk of the samples studied

™

L

o

@

=}
)

0.20 - ~ 37

Absorbance (arb. units)

T T T T T T 1
1800 1600 1400 1200 1000 800 600 400

Wavenumber (cm~1)

=

=

o

©

o
)

Absorbance (arb. units)
o
S
1)

0.00 T ; ; A . : : : {
4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm-1)

Figure 2. (a) IR transmission and (b) DRIFT spectra of the SiO
film (1), commercial SiO powder (2) and oxidised SiO film (3).

(see supplementary materials, Section B2), since highly
intensive broad line at 480—500cm™ ' can be found.
A comparison of FTIR spectra of the SiO with SiO, spectra
demonstrates that SiO samples cannot be represented as a
simple mixture of Si + SiO, (Figures 2 and 5).

The inverted vibrational problem has been solved for
the QC-simulated IR, Raman and INS spectra, using the
experimental spectra of the commercial SiO powder
(see supplementary materials, Section B4). The experi-
mental vibration spectra are reproduced by the theoretical
model well, therefore the model is adequate to the real SiO
particle and can be used for the further QC investigations
of the SiO physical and chemical properties.

3.2.3  Analysis of the SiO spectral and QC-simulated data

Analysing the pathway of SiO molecules condensation in
27510 model (see the movie in supplementary materials,
Section A), one can see that (Si0),, oligomers with Si—Si
bonds form at the very first stage of the SiO condensation.
The same is observed for models 2—5 (see Section 3.2.1).
Also, as it has been previously shown in [20], despite of the
fact that the formation of Si—O bonds is energetically
preferable, the systems with the Si—Si bonds are observed
any time when starting condition is a long distance
between two reacting SiO molecules. The formation of the
SiO, layers occurs during the further growth of the
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SiO protoparticle. This is strictly contrary to the data
of [18,19,60], where cyclic (Si0),, oligomers with Si—O
bonds are unambigously identified as products of the
SiO molecules interaction under matrix-isolation
conditions.

The discrepancy can be explained by different
conditions of the molecular SiO condensation. In the
case of [19], reactions are bimolecular and occur at
thermodynamic equilibrium, thus the product can relax to
more thermodynamically preferable structure, i.e. contain-
ing more Si—O bonds. Otherwise, the formation of the SiO
protoparticle under flame conditions passes in kinetic
mode; consequently Si—Si bonds are conserved, as it is
confirmed by Raman spectra [20].

The coordination number distribution for the simulated
27Si0 model indicates the non-saturated and non-uniform
spatial character of the protoparticle. The simulated RDF
reproduces the experimental data of [61] (supplementary
materials, Section B6) well. The assignment of the
interatomic distances in the simulated RDF (supplementary
materials, Section C) shows that the first coordination spheres
of atoms in the SiO clusters are narrowly defined, despite the
amorphicity of the SiO protoparticle.

Therefore, the structure of the SiO bulk is not quasi-
crystalline, but is completely amorphous, i.e. only a close
order is observed and the structure is characterised by the
distribution of bond lengths, angles and coordination
numbers of atoms. The Si atoms’ coordination polyhedra
often differ from the tetrahedra. This fact affects the
chemical properties of the SiO cluster significantly, as it
will be demonstrated below.

Humidity and atmosphere contamination affect optical
behaviour of SiO greatly, so it is necessary to monitor the
interaction of the films with small molecules at least with
the main air constituents, such as oxygen, carbon monoxide
and water, in order to adapt the SiO-based optical devices.

Since both the gas-phase SiO and SiO thin film consist
of nanoparticles, their chemical properties should be
simulated in cluster (quasi-molecular) approximation rather
than in terms of bulk model. Although the size of the 27510
particle is small and not enough for the representation of the
physical properties of the bulk, e.g. mechanical moduli, the
chemical processes can be simulated with sufficient
accuracy due to their local character.

3.3 Interaction of SiO with O,

3.3.1 IR spectral study of the SiO film and commercial
powder oxidation products

FTIR analysis of the SiO film oxidised at air at 873K
(Figure 2(a)) shows that the matrix vibrations of the SiO
bulk shift after oxidation from 1040, 723 and 626 cm™ ! to
1092, 796 and 606cm ', respectively. As a result, the
spectrum of the oxidised SiO film becomes more similar
to the spectrum of the SiO commercial powder. The DRIFT
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spectrum (Figure 2(b)) of the oxidised SiO film in region
below 1300cm ™' is almost similar to that of the as-
prepared film. However, some differences are observed in
the high- and mid-frequency regions, namely the over-
tones at 1983 and 1882 cm !, characteristic for the SiO,
layer, and a narrow intensive band corresponding to the
surface Si—OH groups at 3746cm™ ' appear in
the spectrum of the oxidised SiO film. Bands at 2286
and around 880 cmfl, assigned to the vibrations of the
Si—H surface groups [62], remain unchanged. This
observation is unexpected, since Si—H surface groups
should oxidise to the Si—OH under heating at 873 K.

The DRIFT spectra of the SiO samples exhibit strictly
pronounced Christiansen effect [63,64] in the region below
1300cm ™!, ie. the derivative-like bands are observed
instead of the normal Gaussian-shaped ones. It is known that
the effect results from the difference in the refraction indices
of the transmittance continua and is related to the linear size
of the light absorbing body (the linear size of the particle
should match the wavelength by an order of magnitude for
the effect to occur). The symmetrical vibrational modes are
unaffected, while asymmetrical modes produce the
derivative-like bands of high intensity to different extend.
The spectra with the Christiansen effect still can be analysed
in line with the spectra of analogous samples.

The oxidised SiO film exhibits luminescence, so no
Raman spectra have been available at the conditions of the
spectra sampling.

The IR study of the oxidised SiO film again proves that
the heating at 873 K is not sufficient to oxidise the film
completely, therefore the product of the higher tempera-
ture treatment is necessary as a reference point for the SiO,
oxidised to SiO, (see Section 3.1).

3.3.2 Interaction of 27Si0O cluster with O,

3.3.2.1 Substantiation and description of starting model.
Multiplicity state of molecular or cluster systems at oxidation
process is crucial, as it was shown at [65] for Al ~ clusters.
Silicon suboxides, containing metal Si clusters in the bulk,
can be treated in the same way, hence different multiplicity
states of the (Si0),, should be concerned.

The main causes are as follows: (1) the O, molecules
are in the triplet &) ground state, (2) similarly, the SiO
nanoparticle might transfer into high-multiplicity state
from 'S due to the presence of Si cluster and Si/SiO,
interface, while the final product is obviously singlet ('S).
The oxidation reaction is multistage and the moment of
3T — 'S transition is unknown.

The dependence of the enthalpy of formation of the
27Si0O cluster on the multiplicity state has been QC
examined. Figure 3 shows that the T state is the most
energetically stable for the cluster, while other high-
multiplicity states, which reach 13, are more stable than
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Figure 3. Dependence of the enthalpy of formation of the
278Si0 cluster on the multiplicity state.

Table 1. The QC-calculated enthalpies of formation (A (H) of
the (27S10 + O,) system at different multiplicity states.

Multiplicity AsH (kImol ")
1 —10,240.89
3 —10,250.97
5 —10,200.76

the 'S state. So, interplays between the electronic states of
the SiO nanoparticle and O, molecule may occur.

At that, the results of the QC calculations, shown at the
Table 1, indicated that T is the ground state of
(27Si0 + O,) system completely optimised by energy.
The unpaired electrons are localised at the oxygen
molecule; thus, the SiO nanoparticle is in the 1S state.

Therefore, two following possible mechanisms
(further — mechanism (I) and mechanism (II)) have been
QC examined, respectively:

S0, + 0,2 0, [02] 2 H7(SIOY)O'_
+ oA T (S10,)
~- 00 (810,) = 00 @
Si0, + 0, Lo AH‘slo [02] (SiOxl)S
- 02A oA AE 3’7A"H3(SiOX) ~o00
s

The results show that the activation barriers for the
mechanism (II) are much higher than that for the
mechanism (I). This is explained by the formation of
relatively stable peroxide group at 'S state of (SiO,)O,
transition complex. Therefore, the mechanism (I) will be
discussed further only.

The following methodology has been used for the QC
simulation of the SiO nanocluster oxidation. The most
unsaturated surface silicon atom had been chosen as an active
centre, i.e. the reacting silicon atom should have the lowest

sum of Wiberg indices (refer to the section 2.4.2.).
The distance between the closest oxygen atom and the
selected silicon atom has been frozen and the ‘reaction
pathway’ methodology has been applied (see Section 2.4.1),
resulting in the product of the O, molecule chemisorption
on the SiO nanoparticle surface. The most reactive of the
neighbouring silicon atoms has been chosen after the
chemisorption, and the distance between that silicon atom
and the second oxygen atom of the O, molecule has been
frozen and then the ‘reaction pathway’ methodology has
been applied to the atomic pair. Finally, the electronic state
of the system has been changed from T to 'S, and the
resulting cluster has been QC optimised by energy.
The energetic and magnetic characteristics of the
QC-simulated systems are listed in Table 2

Since the structure of the SiO is amorphous, a set of
reactive centres is present on the surface of the SiO
particle. Therefore, the simulated reaction pathways and
the corresponding enthalpies are not unique but represent
the most energetically probable trajectories and thermo-
dynamic characteristics of the reaction.

3.3.2.2 Detailed description of the SiO cluster oxidation.
According to the mechanism (I), oxidation includes the
following four key stages: (1) chemisorption of the O,
molecule, (2) dissociation of the O, molecule, (3) bonding
of the second O atom to the silicon and (4) electronic
3T — 'S transition. Each of the stages is characterised by
the energy barrier (AE;) and the enthalpy of the reaction
(A,H,;), listed in Table 3. The energy barrier of the third
stage AEj3 is negligibly low (less than 5 kJ/mol). The third
stage often passes without energy barrier, merging with the
second stage.

The oxidation stages can be illustrated by the reaction
of the 27Si0 cluster with the first O, molecule:

Si27027 + Oy = Sip;099.

The chemisorption as the first stage of mechanism (I)
(Figure 4(b)) results in formation of the O, complex:

Si27027 + Oz = Sip;027[03].

The second stage, i.e. the dissociation of the O,
molecule (Figure 4(c)), results in the formation of cation
radical, located on the nanoparticle bulk, and the ‘free’
anion-radical O

Si27027[02] = Siy;05 + O~

The third stage, i.e. the attachment of the second O
atom to the silicon (Figure 4(d)), results in the
recombination of the radicals and formation of the neutral
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Table 2. The QC-derived characteristics of the simulated clusters: the enthalpy of system formation (A H), the first ionisation potential

(1) and the dipole moment (D).

System AH (k) mol ™) 1(eV) D (Debye) Comments
27Si0_02 —10,240.89 6.06006 14.19473 Refers to Figure 4(a)
—10,250.97 6.05612 14.24463 Refers to Figure 4(b)
—10,162.45 5.87684 9.82066 Refers to Figure 4(c)
—10,984.07 5.50728 14.99995 Refers to Figure 4(d)
—11,094.45 6.25503 13.65855 Refers to Figure 4(e)
27SiOW —10,782.91 5.86644 19.60359 Refers to Figure 6(c)
27Si02W —11,079.10 5.73275 20.14149 Refers to Figure 6(d)
—11,332.28 5.19611 23.3314 Refers to Figure 6(e)
27Si02_W —23,145.12 5.98263 29.24876 Refers to Figure 7(a)
—23,200.88 6.02038 30.45736 Refers to Figure 7(b)
—23,107.50 5.20326 34.59838 Refers to Figure 7(c)
—23,301.08 5.96587 27.49045 Refers to Figure 7(d)
—23,219.87 5.84451 23.52289 Refers to Figure 7(e)
—23,329.77 5.82187 21.29860 Refers to Figure 7(f)
27Si02_2W —23,454.01 5.77848 20.65017 Refers to Figure 7(g)

silicon suboxide nanoparticle:
Sin7055 + O™ = Siz0n9.

The fourth stage, i.e. the 3T — 'S transition (Figure 4(e)),
leads to the change of the nanoparticle spatial structure. As
one can see, the reaction of the 27SiO cluster with O,
molecule shares some features with Al clusters oxidation
[65], when concerning the mechanism and stages.

The reactions with other O, molecules occur analo-
gously, although the second and third stages sometimes
merge. The second oxygen molecule addition is also
specific, since the first stage of the reaction (chemisorption)
occurs without energy barrier. About 13.5 O, molecules are
required to be attached to the 27SiO nanoparticle to oxidise
the cluster to SiO,. The step-by-step addition of O,
molecules continued up to the saturated particle (13
molecules attach); the 14th O, molecule’s reaction with the

nanoparticle has been simulated for the first O atom of O,
only, while the second O atom is simply removed from the
system.

The enthalpies of formation of the products of each
oxidation reaction (A H) in the 3T and 'S states, the
enthalpies of each reaction (A,H), the enthalpies (A H;,
A,H,) and the energy barriers (AE|, AE,) of the first and
second stages are presented in the Table 3. The overall
enthalpy of the 27SiO nanoparticle oxidation to 27Si0O, is
equal to —12449.77kJ/mol or —461.12kJ/mol per one
SiO unit: in other words, the reaction is extremely
exothermic. The overall enthalpy of the reaction is
sufficient to melt the resulting SiO, particle.

The mechanism of SiO oxidation is a relay-race
process, when an elementary act of oxidation involves all
the nanoparticle of SiO due to energetic and structural
factors.

Table 3. The enthalpies of formation of the products of the oxidation reaction (A ;H) in 3Tand 'S states, the enthalpies of each reaction
(A,H), the enthalpies of electronic 3T — 1S transitions, the enthalpies (A,H;, A,H,) and the energy barriers (AE;, AE,) of the first and

second stages (in kJ mol ™ 1.

Enthalpy of electronic

No.of O,mol.  AE,  AE, AH, AH,  Overall AHCT)  AHCT AsH (') T — 'S transition
1 0 90.89  —10.08 —733.07 —743.19 —10,984.05  —11,094.47 -110.38
2 0 706.81 - —571.41 —571.41 —12,234.94  —12,227.75 7.18
3 6.13 378  —124.66 —497.95 —622.61 —-12,977.20  —12,956.79 20.41
4 3.07 4301 —209.29 —891.53 —1100.82 —14217.97  —14,198.02 19.95
5 1457 2335  —31.54 —638.53 —670.07 —14,866.15  —15,384.18 —518.03
6 223 1373 —18396 —54831 - 73231 —15,592.25  —15478.43 113.82
7 118 3557 —217.39 —907.87 —1125.26 -16,701.43  —16,810.50 —109.07
8 1.60 11626 —116.68 —594.17 -710.85 —-17,537.31  —17,524.21 13.10
9 13.06 3192 —3142 —493.88 —525.25 —18,065.75  —18,935.70 —869.95

10 647 3767 —171.28 —479.68 —650.92 —19,598.00 —19,723.03 —125.03

11 1000 3003 —7875 —517.15 —595.90 —-20,332.75  —20,387.30 —54.60

12 286 5162 —142.17 —768.52 —910.69 —-21,312.61  —21,408.07 —95.47

13 277 1642 —32949 —379.93 —709.42 —-22,00523 —22,312.88 —307.61

14 3.86 —363.51 —22,690.29  —22,799.91 —109.62
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(a)

4

Figure 4. The 27Si0_02 system, denoting the QC-optimised
configurations along the reaction of the 27SiO cluster with the O,
molecule: (a) starting configuration, (b) chemisorbed O,
molecule, (c) dissociation of the O, molecule, (d) attachment
of the second O atom and (e) the QC optimised configuration
after the 7 — 'S transition.

(1) The energetic factor results in great amount of heat
educed during each oxidation reaction. The energy
of the reaction partially transfers to the vibrational
levels of excitation of the particle, sometimes
leading to the changes in atoms’ connectivity.

(2) The effect of the structural factor is governed by the
amorphicity of the SiO nanoparticle and non-
tetrahedral coordination of Si atoms. The coordi-
nation number of the surface Si atoms grows from
three to four upon oxidation, leading to drastic
changes in Si coordination polyhedra from quasi-
triangle or slightly pyramid to quasi-tetrahedron.
These changes provoke relay-race change in the
structure of the neighbouring silicon atom poly-
hedron. Due to the amorphicity of the SiO, space
inside the particle is sufficient for rotation of Si-
based polyhedra around interatomic bonds and for
transfer of O atoms from one silicon polyhedron to
another. Thus, the silicon clusters, which are found
inside the SiO bulk, are oxidised and then are drawn
into the SiO, phase. The oxidation process also

leads to the densifying of the nanoparticle, as the
volume of the resulting SiO, nanoparticle is lower
by 12.5% in comparison with the nanoparticle of
the same composition, representing fumed silica
[48]. Therefore, the nanoparticle, formed upon the
oxidation of the 27Si0 nanoparticle, will further be
denoted as ‘densified silica’. The A H of the
densified silica nanoparticle is 188.37kJ/mol less
than that of the fumed silica nanoparticle, indicating
its lower chemical activity.

It is noteworthy that the starting molecular precursor is
obviously of great importance for the structure of the
resulting SiO; particle. As it just has been pointed above, the
molecular SiO condensation under non-equilibrium con-
ditions should lead to bulky (SiO), protoparticles with
Si—Si bonds, which result in dense quasi-spherical SiO,
protoparticles under oxidation. Oppositely, the condensation
of linear chain (SiO,), oligomers, which are obtained by
oxidation of (SiO),, may result in fibrous SiO, [18].

3.3.2.3 Vibrational spectroscopic analysis of the SiO,
silica fume: Experimental and simulated data. The 27510,
model of the densified silica has been used for the QC
simulation of the IR, Raman and INS spectra. The inverted
vibrational problem has been solved for the QC-simulated
IR, Raman and INS spectra, using the experimental spectra
of the silica fume (SiO,). The Figure 5 shows that the
theoretical model reproduces the experimental vibration
spectra well: therefore, the model is adequate to the real
densified silica fume particle. The spectra are typical for
amorphous silica [48], although the v§;_, bands between
1050 and 1250cm™ ' in the INS spectrum are strictly
resolved, and the significant presence of Si—Si bonds is
observed according to the peaks at 480—520cm™ " of the
Raman spectrum. So, the QC-simulated oxidation of the SiO
nanoparticle with the O, has been experimentally proved.

Since the silica fume particles have some adsorbed
water on their surfaces, affecting the spectral properties in
the high-frequency region of vibrational spectra signifi-
cantly, the comparison of the QC-evaluated vibrational
spectra with the experimental ones will be carried out in
Section 3.4.3, after the description of interaction of the
resulting 27SiO, nanoparticle with the water.

3.4 Interaction of SiO with H,0

3.4.1 Influence of the H,O molecules on the growth of the
SiO particle

Interaction of SiO molecules with H,O in different
proportions has been QC examined in order to study the
influence of water on the SiO protoparticle formation.
The following SiO:H,O ratios, denoted as clusters
24Si03W, 18Si0O9W, 14Si013W, 9SiO18W and
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Figure 5. The QC-simulated vibrational spectra of the 27Si0, model of the densified silica, fitted along the experimental spectra of the
silica fume: (a) INS, (b) FTIR and (c) Raman spectra. Line (1) — experimental spectrum, line (2) — simulated spectrum. Delta functions of
the QC-simulated vibrational modes are represented as thin solid sticks in all figures.

3Si024W, correspondingly, have been considered: 24:3,
18:9, 14:13, 9:18 and 3:24.

The starting configurations of the systems have been
obtained by replacing the corresponding quantity of SiO
molecules in the starting configuration of the 27SiO
system (see Section 3.2.1). The geometry of the systems
has been QC optimised by energy. The QC-evaluated data
show that water molecules can form strong H-bonds with
the onefold-coordinated O atoms of the SiO cluster and
coordinate via oxygen atoms to the unsaturated silicon
atoms of the SiO cluster surface. However, the presence of
water prevents both the condensation of SiO molecules to
the nanoparticle and the formation of Si clusters inside the
SiO nanoparticle bulk.

3.4.2 Interaction of 27SiO nanoparticle with H,O

The interaction of the SiO nanoparticle with water has
been QC studied using two models, particularly, 27SiOW
and 27Si02W, referring to the systems of 27SiO
nanoparticle with 1 and 2 water molecules, respectively.
In both cases, the isolated water molecules react with the
SiO nanoparticle similarly: for this reason, the results will
be discussed at the same section.

The water molecule absorbs on the SiO nanoparticle
surface without activation barrier. Oxygen atom forms a
strong coordination bond Si—0O (Ws; o = 0.5508), while
the hydrogen additionally stabilises the sorption complex
via H-bonding to the neighbouring onefold-coordinated
surface oxygen atom (Wo—y = 0.1025) (Figure 6). After
that, the disproportionation of water may occur

(AE = 25.14kJ/mol, A,H = —66.52kJ/mol), resulting in
two surface hydroxyl groups. The QC simulation shows
that the formation of the Si—H bond through the
disproportionation of water is impossible, and the resulting
structure is unstable and relaxes back to the starting
configuration.

Therefore, the interaction of the SiO nanoparticle with
water may lead to the formation of strongly coordination-
ally bonded water on the surface of the cluster or to the
hydroxylation of the surface.

3.4.3 Interaction of 27Si0, nanoparticle with H,O

An adequate model is required in order to simulate the
vibrational spectra of the densified silica nanoparticle and,
thus, to verify the correctness of the QC simulation of the
Si0O nanoparticle interaction with the O, molecules. Since
the silica fume, used as a reference point for the
verification, absorb water, the QC study of the densified
silica nanoparticle with water has been performed before
the simulation of vibrational spectra.

Reaction of the 27Si0, nanoparticle with the water
molecule is multistage (Figure 7). First, the H,O molecule
absorbs on the densified silica surface without activation
barrier (enthalpy of reaction A,H = —55.78kJ/mol).
Second, the proton transfer occurs from the oxygen of
water molecule to the onefold-coordinated oxygen of the
densified silica nanoparticle, resulting in surface Si—OH
group with strongly bonded OH residue (AE = 93.37
kJ/mol, A,H = 93.37 kJ/mol).3 Then the OH residue bonds
to the same silicon atom, forming silandiolic Si(OH),
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Figure 6. The 27SiOW and 27SiO2W systems, denoting the
QC-optimised configurations through the reaction of the 27SiO
cluster with the 1 and 2 water molecules, respectively:
(a) 27SiOW starting configuration, water molecule, (b) sorbed
at the 27SiO cluster surface, (c) dissociation of the water
molecule, (d) two water molecules, sorbed at the 27SiO cluster

surface and (e) the dissociation of two water molecules at the
27Si0 cluster surface.

group (AE = 24.44kJ/mol, AH = —193.58kJ/mol).
Since the silandiolic group is relatively unstable, one
OH-group can migrate to the neighbouring surface silicon
atom, forming the bridging Si—O(H)—Si group
(AE = 91.64kJ/mol, A,H = 81.23kJ/mol) first, and then
forming the monosilanol group (AE = 55.82kJ/mol,
A,H = —109.91 kJ/mol). The resulting silica nanoparticle
contains two isolated surface silanol groups. The overall
enthalpy of the reaction of the 27Si0, nanoparticle with
the water molecule is equal to — 184.63 kJ/mol.

The hydroxylation of the densified silica nanoparticle is
a complex reaction and it can cease at the stage of
silandiolic Si(OH), group formation. This behaviour of the
densified silica (silica fume) contrasts with the behaviour
of the fumed silica (aerosil) nanoparticle, where
the hydroxylation is a one-stage process, leading to the
formation of two H-bonded OH-groups only, with the
enthalpy of the reaction equal to —340.75kJ/mol
(AE = 101.47kJ/mol) [37]. This fact causes the differences

Figure 7. The 27Si02_W and 27SiO2_2W systems, denoting
the QC-optimised configurations along the reaction of the
278102 densified silica cluster with the 1 and 2 water molecules,
respectively: (a) 27SiO2_W starting configuration, water
molecule, (b) sorbed at the 27SiO2 cluster surface, (c)
metastable configuration of the surface Si—OH group with
strongly bonded OH residue, (d) silandiolic Si(OH), group in the
27Si02_W system, (e) dissociation of the water molecule at the
278102 cluster surface with the formation of bridging Si—
OH)—Si group, (f) the resulting 27SiO2_W silica cluster,
containing two isolated surface silanol groups and (g) the
27S5102_2W system, denoting two water molecules, sorbed at the
27Si0, cluster surface.

in the high-frequency region of the IR spectra of the silica
fume and the fumed silica.

The second water molecule absorbs on the surface of the
hydroxylated densified silica, forming two H-bonds with the
hydroxyl groups (Figure 7(g)). This cluster has been used for
the QC simulation of the high-frequency region of the silica
fume IR spectrum. The part of QC-simulated IR spectrum,
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Figure 8. The QC-simulated IR spectrum of the 27Si0O, cluster
with two sorbed water molecules (27Si02_2W), fitted to the
experimental DRIFT: (a) water molecules deformation vibration
6(H,0) region; (b) water and surface hydroxyl groups stretch
(O—H) vibrations region. Line (1) — experimental spectrum,
line (2) - simulated spectrum. Delta functions of the
QC-simulated vibrational modes are represented as thin solid
sticks in all figures.

fitted to the experimental DRIFT, is shown in Figure 8.
Complicated spectrum shape at the region 3000—4000 cm ™'
reveals the different types of the water and surface hydroxyl
group stretch v(O—H) vibrations. The sharp peak at
3749 cm™ " has been assigned to the surface ‘free’ silanol
group stretch v(O—H) vibrations similar to the fumed silica
spectrum. Two overlapping bands at 3598 and 3673 cm ™'
have been assigned to the symmetrical and anti-symmetrical
coordinated water stretch v(O—H) vibrations, respectively.
The coordinated water molecule should have had the
deformation vibration 6(H,O) at the 1620 cm™ !, and this
peak has been detected in the experimental spectrum after the
mathematical treatment. The mid-low-frequency part of the
QC-simulated IR spectrum is similar to the one, discussed
earlier (see Section 3.3.2.3).

3.5 Interaction of SiO with CO

3.5.1 Influence of the CO molecules on growth of the SiO
cluster

Interaction of SiO molecules with CO in different
proportions has been QC examined in order to study the
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influence of the carbon monoxide on the SiO protoparticle
formation. The following seven SiO:CO ratios, identified
as clusters 8CO56Si0, 16C048Si0O, 24C040SiO,
32C0328Si0, 40C0248Si0, 48CO16SiO and 56CO8SiO,
have been considered: 56:8, 48:16, 40:24, 32:32, 24:40,
26:48 and 8:56, correspondingly.

The QC simulation has been performed for randomly
oriented 64 SiO and CO molecules placed in a cubic lattice
4 X 4 with the edge equal to 3nm, used as a starting
geometry. The starting models have been obtained by
replacing a corresponding quantity of SiO by the CO
molecules, similar to what was described in Section 3.4.1.
The geometry of the systems has been QC optimised by
energy.

The QC-derived data show that the carbon monoxide
can react with the SiO and form molecules O=Si—C=0,
where the Si—C bond order Wg;—c = 0.3756-0.6328.
This result is in accordance with the literature data on ab
initio calculations [66], although the cited bond orders are
lower. The formation of the carbonyl complex is less
energetically preferable than the SiO molecules conden-
sation. Still, the formation of the Si—C coordination bond
passivates the SiO molecules and hinders the growth of the
SiO protoparticle. At the ratio SiO/CO = 1 two or more
smaller protoparticles are formed instead of one.
The presence of small quantities of the CO in the SiO
gaseous mixture does not influence the formation of
silicon clusters inside the SiO nanoparticle bulk.

According to the QC-evaluated data, the CO in the
final product is bonded to the SiO nanoparticles.
The bonded CO may be classified into five structural
types, presented at the Figure 9:

(1) simple adsorbed carbon monoxide;

(2) carbon monoxide, coordinated to two neighbouring
Siatoms, i.e. bridge carbonyl CO—Si—(C=0)—Si
(with Si—Si bond) — (w—2-group);

(3) carbon monoxide, coordinated to two Si atoms,
not bonded directly (silicon atoms may belong

to two different particles) — bridge carbonyl
CO—Si—(C=0)—Si (without Si—Si bond) -
(u—3-group);

(4) carbon dioxide, formed from carbon monoxide and
Si0. (May bound two different protoparticles, t0o);

(5) bridging carbon monoxide, bonding two particles
(unstable form, usually turns into the structural type
4) (Si---C=0- - -Si — u—1-group).

Energetic and oxidation stability of the adsorbed CO
groups will be discussed in next section.

3.5.2 Interaction of 27Si0 nanoparticle with CO.
Stability of the adsorbed CO molecules

The QC examination of the interaction of the CO molecule
with the 27SiO nanoparticle surface, representing the SiO
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Figure 9. The structural types of the bonded CO: (a) Simple
adsorbed carbon monoxide; (b) w — 2-group; (c) (2 points)
m — 3-group; (d) carbon dioxide, arose from carbon monoxide
and SiO; (e) w — 1-group.

nanoparticle, shows that the sorption occurs with the
AE = 6.13kJ/mol, A,H = —81.86kJ/mol. The spatial
structure of the final product is similar to the simple
adsorbed carbon monoxide, described in Section 3.5.1.

Though the formation of different types of CO groups on
the surface of the SiO nanoparticle is confirmed by the QC
calculations, the stability of the products is questionable. The
QC examination, based on the ‘reaction coordinate’ method,
proves that the simple adsorbed carbon monoxide (case 1)
desorbs as easily as it sorbed on the surface of the SiO, i.e. the
reaction is reversible. However, the bridging CO groups
(cases 2 and 3, Section 3.5.1) and CO, group (case 4, Section
3.5.1) behave as being incorporated into the SiO nanoparticle
backbone. At least, the attempts to simulate the desorption
reactions failed or led to the reorganisation of the SiO
nanoparticle bulk, i.e. the reaction seems to be irreversible.
Thus, the CO molecules, incorporated into SiO nanoparticles
upon its condensation from SiO molecules, are strongly
bonded and might influence the chemical and optical
properties of the SiO material.

The QC examination of the oxidation of the SiO
nanoparticles with different types of sorbed CO groups,

carried out similar to the case of the Section 3.3.2, shows that
the oxidation of the SiO bulk (A,H ~ — 1050kJ/mol) is
more preferable in regards to energy than the oxidation of the
COtothe CO, (A,H ~ — 750kJ/mol). The second pathway
is also hindered by a relatively high activation barrier
(AE ~ 60—170kJ/mol). However, the oxidation of the SiO
nanoparticle bulk, together with the formation of SiO,
suboxides, leads to the spontaneous desorption of the CO,.

4. Conclusions

The silicon clusters inside the SiO bulk, confirmed by QC
and Raman studies, are surrounded by the layer of non-
stoichiometric SiO, phase and do not form definitely
pronounced domains. The structure of the SiO bulk is
completely amorphous and the Si atoms’ coordination
polyhedra are often different from the tetrahedra.

The mechanism of the SiO high-temperature oxidation is
proposed and discussed. It is demonstrated that oxidation
occurs through the dissociation of the O, molecules. The Si
clusters inside the SiO particle are oxidised via the relay-race
mechanism, i.e. oxygen-rich SiO, phase (where 1 < x < 2)
grows continuously upon oxidation. The resulting SiO,
nanoparticles are densified in comparison with the fumed
silica. The QC simulation of the reaction of the densified
silica nanoparticle with water shows its reduced reactivity.

Small quantities of the CO in the SiO gaseous mixture do
not influence the formation of silicon clusters inside the SiO
nanoparticle bulk. At the same time, the CO molecules,
incorporated into SiO nanoparticles upon its condensation
from SiO molecules, are strongly bonded and might influence
the chemical and optical properties of the SiO material.

It is shown that the water molecules form strong
H-bond with the SiO superficial atoms but do not
dissociate. The influence of CO molecules on the
condensation of the SiO molecules and properties of the
nanoparticle appears to be of minor importance.
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