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Abstract—Interactions of (5i0,)s5, clusters with 10, 20, 30, or 40 water molecules are studied by molecular
dynamics method. Flat SiO, nanoparticle covered with a water layer is formed after the inclusion of water
molecules into the cluster. As a rule, the integral intensity of IR and Raman spectra lowers after the absorption
of H,O molecules by the cluster. The power of IR radiation emitted by the cluster increases nonmonotoni-
cally with the addition of water molecules to the cluster. The absorption of water molecules by the cluster
leads to a significant increase in the absorption coefficient and only a slight increase in the refractive index.
The number of electrons participating in the interaction with electromagnetic radiation increases with the

addition of water molecules to the cluster.
DOI: 10.1134/S1061933X10060074

INTRODUCTION

Raman spectroscopy and IR absorption spectros-
copy are common experimental tools for the identifi-
cation of materials. The probing of oscillation dynam-
ics provides extensive information on the mechanical
and elastic properties of a material, as well as on
occurring structural phase transitions. The theoretical
determination of Raman and IR spectra serves as an
additional powerful tool in experimental studies, par-
ticularly under extreme conditions when the experi-
mental performance becomes more difficult. Theoret-
ical analysis ensures a direct correlation between the
positions of peaks observed in experimental spectra
and the character of vibrations matching the atomic
dynamics and the structure; it can be also used to
accept or reject the structural models. Very often, the
theoretical development in the simulation of the
dynamics of vibrations in solids is confined to har-
monic approximation. Theoretical models of IR and
Raman spectra makes it necessary to calculate the
derivative with respect to polarization vector and
polarizability tensor over corresponding atomic dis-
placements. Derivatives can be obtained from either
simple empirical models or using quantum calcula-
tions based on ab initio principles. Harmonic approx-
imation is best suited to the majority of solids at low
temperatures. However, a large number of materials,
including ferroelectrics, ionic conductors, and sili-
cates, are subjected to order—disorder phase transi-
tions upon changes in temperature and pressure.
States that are realized in these states are completely
anharmonic. Raman spectra of various metals, in par-
ticular liquid silicates in magma, have thus far been
insufficiently interpreted theoretically. It is evident
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that harmonic approximations cannot describe such
strongly anharmonic liquid phases. This problem can
be fully solved when using molecular dynamics simu-
lation when atomic displacements from equilibrium
state can be arbitrarily large. According to the molec-
ular dynamics simulation, the density of the state of
oscillations can be calculated as the Fourier transfor-
mation of autocorrelation function of velocity, while
derivatives with respect to polarization and polariz-
ability can be calculated for every instantaneous con-
figuration of a system over the course of its evolution.
These calculations yield a complete description of the
dynamics in anharmonic solids and liquids.

The first theoretical studies of interaction between
water and silicon dioxide were focused on the calcula-
tions for gaseous clusters, which were incapable of to
covering effects arising due to existence of bond net-
work in a system [1—3]. Earlier calculations for a more
voluminous system were concentrated on the diffusion
of water into large quartz-like clusters, where the
relaxation of only water molecules could take place
[4]. The next step in considering the behavior of water
in quartz was the study of the response of bond net-
work in large quartz-like clusters [5]. The diffusion
and response of water on the presence of defects and
rings with different sizes in silicon dioxide were stud-
ied quite recently [6, 7]. The existence of activation
barriers and the region of relative stability between
molecular water and silanol states, i.e., the existence
of structures of Si—OH type, was revealed in these
works. The presence of water in silicon dioxide in both
the molecular form and the form of silanol groups
greatly affects its physical properties. At low tempera-
tures, the presence of water considerably affects the
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optical characteristics of SiO,.. Experiments give evi-
dence of the exchange between oxygen isotopes of
labeled water and the network formed by silicon diox-
ide [8, 9]. The dependence of water solubility in silicon
dioxide on the temperature and pressure of water
vapor was disclosed in [10]. A considerable relaxation
of the bond network caused by the reaction between
water and Si0O, on the surface and in the bulk of semi-
conductor was revealed experimentally [11, 12]. The
response of bond network to the reaction between
water and SiO, in bulk amorphous and crystalline sil-
icon dioxide was also studied by the density functional
[13]. High reactivity of the node and low activation
barrier are associated with high-stress state, in which
the silanol state is stabilized to a great extent by the
relaxation of bond network.

Molecular dynamics model enables us to study in
detail the mechanism of the adsorption of molecules.
Complete physical and chemical picture of the pene-
tration of water into silicon dioxide remains so far
scarcely studied. Systematic studies of the effect of dif-
ferent portions of water on (SiQ,),. clusters seem to be
interesting. These clusters can be used to study the
effects of solvent or to identify the local structure of
amorphous SiO,.

The goal of this work is to study the adsorption of
water molecules by a silicon dioxide cluster; to inves-
tigate the effect of the addition of water molecules on
the IR absorption and Raman spectra caused by the
(Si0,),, cluster, as well as on the number of electrons
that participate in the interaction with electromag-
netic radiation.

INTERACTION POTENTIALS

To describe the pair part of interactions in the SiO,
system, we used the Morse—Stretch potential [14]

(ry) =14 ¢
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where interaction between i th and j th atoms is gov-
erned by parameters g;, Dy, v, r,;) (see Table 1 in [14]),

)
as well as distance r;. between atoms. This form of
potential was derived from the Born—Mayer potential.
Potential (1) describes transitions between different
phases. This potential is cut off at a distance of 0.9 nm.
It is known that potentials of type (1) are diverged at
short distances. Therefore, their use can be problem-
atic at high temperatures and pressures. In addition to
pair potential, the effects of dipole polarization were

included. The polarizability o™ =3.219 A corre-
sponding to the experimental value of the polarizabil-

ity of Si0,, molecule was referred to the center of mass
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of this structural unit. The Si—O length in this struc-
tural unit corresponded to the least distance rg;_o =
0.162 nm in the crystal of a-quartz; the O—Si—O angle
was equal to tetrahedral angle 109.5°.

The description of interactions of water molecules
in the model is based on the modified TIP4P interac-
tion potential and rigid four-center model of H,O
molecule [15]. The modification of interaction poten-
tial for water involved changes in the parameters of the
Lennard-Jones part of potential and the localization
of the negative charge. As a result, the permanent
dipole moment for the water molecule became equal
to its experimental value of 1.848 D. The geometry of
this molecule corresponds to the experimental param-

eters of a molecule in the gaseous state: rgy =
0.09572 nm and the H—O—H angle = 104.5° [16].

Fixed charges (gy = 0.519¢, ¢g,, = —1.038e) are attrib-
uted to H atoms and point M on the bisectrix of H—O—
H angle at a distance of 0.0215 nm from oxygen atom.
Values of charges and the position of point M are cho-
sen to reproduce experimental values of dipole and
quadrupole moments [17, 18], as well as the values of
the energy of dimer and its characteristic distances
calculated form ab initio principles [19]. The stabiliza-
tion of short-range order in water clusters is achieved
mainly due to the Lennard-Jones short-range poten-
tial with interaction center assigned to oxygen atom.
In addition to electric charge, the polarizability
(1.49 A3) [20], which is required to describe nonaddi-
tive polarization energy, is also assigned to point M.
Standard iterative technique was used to calculate
induced dipole moments at each time step [15]. The
accuracy of determining d; is set within the 1073—-10~*
D range.

Atom—atom SiO,—H,O interactions were preset

via the sum of repulsive, dispersive, and Coulombic
contributions

-6 44;
+e)ry]—aan” + =,

i

O(r,) = bb,exp[—(c;

where potential parameters a, b, c; that describes these
interactions were taken from [21].

MOLECULAR DYNAMICS MODEL

We considered flexible models of molecules. The
flexibility of molecules was created using the proce-
dure developed on the basis of Hamiltonian dynamics
[22, 23]. Let atoms @ and b in a molecule be separated
by the distance

q= |ra - rb|’
where r, and r, are vectors that determine the positions

of atoms. Corresponding velocities are denoted by v,
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and v, and the reduced mass is written in its usual
form

m,my,
m, +m,

The size of molecule presented by atoms a and b is
determined by the balance between total potential

f(q) = —%Vd)(r) and centrifugal — quz,forces so that
q

—ngo’ 0y = 0,
oq

where o =|v, — v,|/q is the angular velocity. From the
minimization of contributions to potential energy U
from each generalized coordinate, we arrive at

9 H(rv) = i(l wgle? + U(r)) —0.

0q; 0q;\2
This method can easily be generalized to the mole-
cules of any composition [24].

Flexible Si—O bond in the silicon dioxide nanopar-
ticle can be ruptured and oxygen atoms tend to reach
the particle surface [25]. This model suggests the rup-
ture of Si—O bond when its length increases (with

respect to initial bond in SiO, tetrahedron) by more
than 20%. The detachment of oxygen atoms and the
formation of silicon clusters (composed of a few
atoms) can be related to the formation of nonequilib-
rium defect structure in the course of the synthesis of
silicon dioxide nanoparticles. At low temperature, the
bond can be ruptured due to the penetration of water
into loose tetrahedron-coordinated structure of sili-
con dioxide nanoparticle. In the case when the inter-
nal (with the structure similar to that of material bulk)
and peripheral parts can be isolated, the enrichment of
surface with oxygen due to the effect of H,O molecules
can be identified as cooperative effect. The formation
of larger silicon clusters (nanoclusters) in silicon diox-
ide occurs under the effect of electron beam by virtue
of the local overheating of irradiated microvolume.
According to momentum conservation law, the elec-
tron cannot transfer the energy to silicon or oxygen
atoms that is sufficient to rupture Si—O bond. Corre-
spondingly, the main reason for the formation of sili-
con nanoclusters is the local overheating of the micro-
volume in silicon dioxide.

Initial filling of the space with SiO, tetrahedra,
which act as a base for the formation of silicon dioxide
nanoparticle (SiO,)s,,, was achieved using GRINSP
software [26]. In the configuration composed of SiO,,
tetrahedra, structural SiO, units were identified. Ini-
tial velocities for SiO, particles were set randomly;
they were adjusted to the temperature of 293 K by the
division of injected or released thermal energy in pro-
portion to velocity modulus. Afterwards, we prelimi-
narily calculated the molecular dynamics for 50 struc-
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tural SiO,, units combined into a cluster. The duration

of this calculation was 10° time steps A7 = 107'% 5. Over
this period of time, the studied system maintained
the equilibrium state, which was confirmed by the
establishment of the Maxwell velocity distribution of
SiO, objects. In this case, the structure of the nano-
particle relaxed to energy-favorable packing (U = —
0.9 eV/particle). Then, at a time instant taken as zero
time (# = 0), water molecules were introduced into the
environment of the (SiO,)5, nanoparticle. For this
purpose, the sphere was drawn from the center of clus-
ter mass, which can contain up to 40 water molecules.
The centers of mass and orientation of molecules were
set by random number generator. The radius of sphere
is equal to ~2.0 nm; the distances between the centers
of mass of added molecules, as well as between H,0O

molecules and structural SiO, units, were no shorter
than 0.55 nm. Water molecules could occupy internal
cavities in the (Si0,)s,. cluster. Four calculations were
performed with different numbers N, of water mole-
cules surrounding the (Si0,)s, nanoparticle (N, = 10,
20, 30, and 40). In each case, the main calculations
were preceded by preliminary calculations with a
duration of 0.5 x 10°Af accompanied by the necessary
structural relaxation of a system related to the reorien-
tation and changes in the positions of triatomic SiO,
elements and water molecules. The main calculation
for determining spectral characteristics of a system
composed of (Si0,)s, cluster and water molecules was
equal to 2.5 x 10°At. We determine the studied systems

as follows: 1 (SiOy)sp, I (H,0),i(Si0,)sp, III
(H,0),(8i0y)5,, IV (H,0)3(Si0y)sp,, and V
(H50)4(Si0,)s5p-

The motion equations for the centers of mass of
structural units and molecules were integrated by the
Gear fourth-order method [27]. Equations for the
rotational motion of structural units (molecules) were
analytically solved using the Rodrigo—Hamilton
parameters [28]. The integration scheme for rotational
motion equations corresponded to the approach pro-
posed by Sonnenschein [29]. The calculations were
carried out with a Pentium-IV four-quad computer at
a processor clock frequency of 2.83 GHz.

DIELECTRIC PROPERTIES

The total dipole moment of a system, d_;, was cal-
culated by the formula

Niot Nt
do(0) = 2. 0 (0) + Z_Y x(1),
i=l i=l1
where r(f)— is the vector indicating the positions of 7 th

atom or point M at time instant # and Z is the electric
charge in the considered center; subscript “+” refers
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to H or Si atoms carrying positive electric charge,
whereas subscript “—” refers to point M or oxygen

atoms in the massive SiO,, N, and N, are the num-
ber of positive and negative charges in a system,
respectively.

Permittivity (o) as a function of frequency ® was
represented as complex value g(w) =¢'(w) —ic" (),
which was defined by the equation [30, 31]

= —Iexp(—imt)d—th =
dt

0

=1-io|exp(—iot)F(t)dt,
0

where the F(7) function is the normalized autocorrela-
tion function of the total dipole moment of cluster

Pty = Ba04(0)

cl

e(w)—1
g —1

The cross section of the absorption of IR radiation
is set as follows [32]:

2
gochm

o(m) = [ jmth(;;:;)l{e ?dte’“” (M(r)M(0)),

where # is the Planck constant, 1 is the refractive
index, g is the electric constant, and c is the speed of
light.

In the case of depolarized light, the Raman spec-
trum J(m) is set by expression [32]

Jo)=—99
(®) (©,—0)

(1 - eh%Tj Re O]dte[m' (I, ()11, (0)),

where

() =2 [a (0~ (o)}

o) is the frequency of exciting laser, IT,_ presents the
xz-component of H(t), value, the x-axis is directed
along the molecular dipole, and the xy plane is the
molecular plane of water molecule. In the simulation,
we used value m; = 19436.3 cm~! (the green line of an
argon laser; A = 514.5 nm).

The frequency dispersion of permittivity deter-
mines the frequency dependence of dielectric losses
P() in accordance with the expression [33]

" 2

P € <E ?(D
41

where (E?) is the average value of the square of electric

field strength and o) is the frequency of emitted elec-
tromagnetic wave.

b
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The total number of electrons N, in the unit vol-
ume of cluster interacting with external electromag-
netic field is set as [31]

where e and m are the charge and mass of electron,
respectively.

Refractive index 1 and absorption coefficient & of
medium are defined by the expressions [34]

n z\/8'+ Ve +¢" éz\/—s:'+ Ve’ +¢"
2 2 '

Coefficient £ determines the rate of wave decay with its
propagation in the medium.

RESULTS OF CALCULATIONS

The configurations of (H,0);,(Si0,)s, cluster at
time instants £ = 0 and 250 ps are shown in Fig. 1. At

the initial time instant, H,0 molecules filled the cavi-

ties in the (Si0,)s, cluster. However, this structure
turned out to be unstable. Loose nanoparticle of sili-
con dioxide tends to form a closely packed layered
structure even in the absence of water molecules. This
tendency is conserved in the presence of water. More-
over, water molecules play essentially the role of equal
partners of structural SiO,, units; i.e., they create a
layered structure with these units. The specificity of
this rearrangement is that the structural unit of each
type tends to combine with similar unit, which leads to
the formation of superimposing monolayers of silicon
dioxide and water. However, the SiO, layers grow more
quickly, which is evidenced by higher values of self-
diffusion coefficients of structural SiO,. units. This

can be explained by the appearance of the SiO, island
in the uppermost layer (Fig. 1b) formed by water mol-
ecules. The formation of layered structure for

(H,0)(Si0,)s, clusters resulted in the disintegration
of construction built from SiO,. tetrahedra. At a small

amount of Si0O, tetrahedra, the detachment of oxygen
atoms, i.e., the rupture of an Si—O bond, becomes
energy unfavorable. Low temperature (293 K) also
promotes the conservation of structural SiO, units in
the course of simulation.

Frequency dependences of real and imaginary
parts of permittivity are presented in Fig. 2. Both
dependences are changed substantially after the
absorption of water molecules by (SiO,)s, cluster. The
€'(w) function for the (SiO,)s, cluster has the maxi-
mum in the vicinity of the frequency @ = 182 cm™".
Generally, the €'(w) function for this cluster decreases
with further increase in the frequency passing another
two diffuse maxima at frequencies of 490 and
795 cm™!. After the absorption of 10 to 40 water mole-
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Fig. 1. Configurations of (H,0)5((Si0O,)5, nanoparticle corresponding to time instants (a) 0 and (b) 250 ns. Coordinates of mol-

ecules are presented in nm.

cules by the cluster, the €'(w) functions increase over
the 30 < <900 cm~! range. Moreover, in these cases,
the maximum of €'(w) function falls on the frequency
o =916 cm™, i.e., the position of the maximum does
not vary depending on the number of absorbed mole-
cules. The presence of water in the cluster, makes the
values of €'() function larger at frequencies exceeding
270 cm~!. The &'(w) function for liquid water [35] rap-
idly decreases with increasing frequency (Fig. 2a,
curve 6) without any oscillations.

The absorption of water molecules by the (SiO,)5,
cluster leads even to greater changes in the frequency
dependence of the imaginary part of permittivity. All
of the obtained £"(w) functions (up to 830 cm™!) are
increasing functions; however, the presence of water
molecules in the cluster smoothes oscillations of these
functions. On average, after the absorption of even ten
water molecules by the cluster, the values of €"(®)
function increased by 1.46 times and continue to
increase with the number of absorbed water mole-
cules. In general, the capture of water molecules by the
(Si0,)5 cluster shifts the position of the principal max-
imum of €"(w) function toward the region of low fre-
quencies, except for the case of the absorption of 40
water molecules, when the position of the principal
peak remains almost unchanged. The &"(®) function
for liquid water [36] decreases with increasing fre-
quency accompanied by large oscillations (Fig. 2b,
curve 6). The positions of local maxima of this func-
tion fall on frequencies of 145 and 520 cm~'. At ® >
210 cm™!, the values of £"(®) function for liquid water
become lower than corresponding functions for silicon
dioxide cluster; at ® > 607 cm™!, they are lower than
for the (Si0,)s, cluster.

IR absorption spectra for clusters are shown in
Fig. 3. The o(w) spectra for bulk solid a-quartz
(curve 6) and liquid water (curve 7) are also presented

COLLOID JOURNAL Vol. 72 No. 6 2010
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Fig. 2. Dependences of (a) real and (b) imaginary parts of
permittivity on frequency for (/—5) systems I-V; (5) (a)
MD calculation for massive liquid water [35] and (b)
experimental data for liquid water [36].
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o, 10720m?

Fig. 3. IR absorption spectra for systems formed by
(Si0,)5 cluster and water molecules: (/—5) systems [-V,
(6) experimental spectrum of a.-quartz at 300 K [37], and
(7) experimental spectrum of liquid water at 293 K [38].

in this figure for comparison. It can be seen that the
integral intensities of IR spectra are varied markedly
with the absorption of water molecules by the (SiO,)s,
cluster. When the cluster contains 10—30 water mole-
cules, the values of corresponding o(w) functions are
generally lower than the o(w) function for the (SiO,)s,
cluster. However, when the number of absorbed mole-
cules in the cluster becomes equal to 40, its IR spec-
trum acquires larger integral intensity than the ()
spectrum of the cluster of pure silicon dioxide. Lower
intensity of IR spectrum after the absorption of 10—30
water molecules by the cluster is related to the weaken-
ing of Si—O bonds due to the pulling of oxygen atoms
of silicon dioxide by hydrogen atoms of water mole-
cules. In view of the fact that, in this case, the number
of water molecules is relatively small, the relevant con-
tribution to the IR spectrum of the cluster becomes
insufficient to compensate for the weakening of Si—O
bonds. However, as the number of absorbed water
molecules increases, their contribution to the IR spec-
trum of the cluster becomes more and more percepti-
ble. Finally, after the absorption of 40 water molecules
by the cluster, the integral intensity of the IR spectrum

of (H,0),4,(Si0,)s, cluster becomes higher than corre-
sponding characteristic for (SiO,)s, cluster. The o(®)
spectra of clusters have one maximum whose position
is shifted toward the region of low frequencies after the
absorption of water molecules by the cluster. The posi-
tion of the maximum of IR spectrum for clusters is
intermediate between the values corresponding to
positions of principal maxima in o(w) spectra of solid
a-quartz and liquid water. In the IR spectrum of solid
a-quartz [37], along with principal maximum at @ =
1065 cm™!, additional peaks are observed at 460 and
783 c¢cm~!, whereas, in the o(®) spectrum of liquid

J, 107 am3s
10 -

23y

009

o, cm~

800

Fig. 4. Raman spectra for systems formed by (SiO5,)5 clus-
ter and water molecules: (/—235) systems 1-V, (6) experi-
mental spectrum of a.-quartz at 300 K [37], and (7) exper-
imental spectrum of liquid water at 293 K [39].

water, the peak is localized at 200 cm~!1 before the
principal maximum at @ = 690 cm~' [38].

Raman spectra J(w) for nanoparticles are shown in
Fig. 4. It can be seen that the absorption of water mol-
ecules by the (SiO,)s, cluster considerably changes its
Raman spectrum. The J(w) spectrum is transformed
from strongly oscillating (for (SiO,)s, nanoparticle) to
diffuse smooth spectrum for silicon dioxide nanopar-
ticles containing water. The principal maximum of
J(®) spectrum at 33 cm~! does not change its position;
however, the spectrum becomes less intense in the
presence of water. The following ratios were obtained
between the intensities of the first peak of J(®) spectra
for systems I-V: 1 : 0.40 : 0.56 : 0.63 : 0.35, respec-
tively. Thei nitial drop in the intensity of the first peak
related to the absorption of H,O molecules is restored
with an increase in the amount of water molecules in a
system. The intensity and position of the second peak
of J(w) spectrum are very sensitive to variations in the

quantitative composition of (H,0)/(Si0,)s, cluster.
Subsequent peaks are resolved weakly and change
their positions with the variations in the number of
water molecules in a system. Figure 4 demonstrates
also experimental Raman spectra of bulk silicon diox-
ide [37] (curve 6) and water (curve 7) [39]. Principal
maxima of these spectra are localized at 467 and
56 cm™!, respectively. The second peaks of J(®) spectra
for studied nanoparticles are located between these
values. The reciprocal half-width of peaks of Raman
spectra characterizes the lifetime t of IR phonons. As
can be seen from obtained J(w) spectra, time T essen-
tially (up to two times) decreased after the absorption
of water molecules by the (SiO,)5, nanoparticle.

The power of IR radiation emitted by the silicon
dioxide cluster changes nonmonotonically with the
COLLOID JOURNAL Vol. 72
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Fig. 5. IR emission spectra for (H,0),(5i0,)5, clusters, i =
0 —40: /-5 systems I-V.

addition of water molecules to the nanoparticle. The
P(w) spectra for studied systems are shown in Fig. 5. In
all considered cases, the absorption of water molecules
significant increases the power of radiation emitted by
the cluster. Integral intensities of P(®) spectra for sys-
tems [-Vareinthe 1:13.7: 8.7 : 2.4 : 25.2 ratio. The
significant increase in the intensity of P(®) spectrum is
explained by the addition of polar H,O molecules with
a large permanent dipole moment.

The dependence of number N, of electrons active
to electromagnetic radiation on the amount of H,O
molecules absorbed by the (Si0O,)s, nanoparticle is

shown in Fig. 6. According to this figure, the N, value
increases with the number of water molecules in the
nanoparticle. The N, value rapidly increases due to
the addition of even 10 water molecules to (Si0,)s,
cluster. The number of active electrons increases by
1.65 times, whereas the number of water molecules in
the nanoparticle increases to 40 molecules. An
increase in the N value correlates with the rise in the
integral intensity of the absorption of IR radiation by
nanoparticles; albeit, it does not crucially affect their
Raman spectra.

The absorption coefficient (Fig. 7) for (SiO,)s
cluster is a decreasing function within the larger part of
the 0 < ® < 1000 cm™! range and refractive index
(Fig. 8) is an increasing function. For (H,0){Si0,)s,
clusters, &(®) and n(w) functions rapidly increase in
the beginning of frequency range until ® reaches the
value of 100 cm~!. These values then increase slightly
up to the frequency of *900 cm~'. The principal max-
imum of coefficient & for these clusters lies within the
narrow 930 < ® < 940 cm™! frequency range. Weakly
pronounced principal maximum of coefficient m fits
the 920 < ® <940 cm ! range. Curves 6in Figs. 7 and 8
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Fig. 6. Dependence of number of electrons in
(H,0),(5i0;)5 clusters interacting with external electro-
magnetic radiation on number of absorbed water mole-
cules.

indicate £(w) and n(») functions for the massive glass
of silicon dioxide calculated from experimental IR
absorption spectrum using Kramers—Kroning rela-
tions [40]. In the 0 < ® < 1000 cm™! range, the &(®)

spectrum for massive SiO, glass is characterized by
four peaks, while n(w) function is characterized by
oscillations. On average, coefficient & for silicon diox-
ide clusters are 1.17-fold larger than for SiO,, glass;
coefficient n for the cluster is also 1.8-fold larger. This
ratio between the values of £(®) and n(w) functions in
the cluster and massive glass can be attributed to the
surface curvature of nanoparticle. Experimental n(w)
dependence for liquid water is smooth decreasing
function (curve 7) [41].

800

O, cm

1009

Fig. 7. Frequency dependences of absorption coefficient:
(1-5) systems I-V and (6) coefficient & for SiO, glass [40].
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Fig. 8. Frequency dependences of refractive index: (/—5)
systems I-V, (6) coefficient 1| for SiO, [40], glass [40], and
(7) for liquid water, experiment [41].

CONCLUSIONS

The behavior of water flown inside the silicon diox-
ide nanoparticle was investigated without the partici-
pation in the reaction led to the formation of silanol
group was studied. The absence of chemical hin-
drances for moving water molecules throughout the
volume of (Si0,)s, nanoparticle facilitated the forma-
tion of layered structure in which water is spread over
the SiO,, surface. Moreover, in this process, the for-

mation of Si0, layers outstrips the growth of water lay-
ers. Changes in the structure and composition of
nanoparticle affected its dielectric and optical proper-
ties. The first effect of the interaction between water
and (Si0,)s, cluster was a decrease in the intensity of
IR absorption spectra. However, as the concentration
of water in the nanoparticle increases, the intensity of
this spectrum rose and exceeded that of initial cluster
when the number of water molecules achieved 40. The
capture of water molecules by silicon dioxide cluster
significantly changes its Raman spectrum that is
expressed in a decrease in the integral intensity and
smoothing of spectrum form. The lowest intensity of
Raman spectrum was observed for the nanoparticle
that attached 40 water molecules. The power of IR
radiation emitted by the cluster always increased in the
presence of water molecules in the cluster. The power
of radiation could be lowered with an increase in the
concentration of water in the cluster; however, when
the cluster absorbed 40 water molecules, the power of
emission was the highest. The absorption of water does
not greatly change the optical characteristics of
(Si0,)s, nanoparticle. The absorption coefficient and
refractive index varied slightly within wide frequency
range that differ substantially their frequency depen-
dence from the behavior of analogous properties of sil-
icon dioxide glass.
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The formation of Si—Oy; bonds (where Oy is the
water oxygen) resulted in the gain in energy. However,
the network of S—O bonds in silicon dioxide is dis-
torted in this case; i.e., stresses in the bond network
formed by Si and O atoms are induced, thus causing
the same energy consumption as for the formation of
Si—Oy, bonds. Ifthe sizes of cavities in silicate glass are
smaller than 0.45—0.50 nm, the energy of the inclu-
sion of water molecule into such cavity turned out to
be high, at least higher than 1 eV. In contrast to silicate
glass, the network of Si—O bonds in silicon dioxide
nanoparticle is more flexible and less strong, because
the nanoparticle has lower density than glass. Because
of this, the penetration of water molecule through the
network of Si—O bonds in silicon dioxide nanoparticle
proceeds much easier and faster than in the glass.
Upon the formation of Si—Oy, bonds in the glass, elec-
tric charge is transferred between protons of water
molecule entering into the cavity and the network of
oxygen atoms participating in hydrogen bonding with
water molecule. Charges on oxygen atoms of water
and SiO,. vary in the course of the formation of silanol
groups. Slight change is observed for hydrogen atom
participating in the formation of hydrogen bonds. Sil-
icon atoms are characterized by much larger (~0.1e)
fluctuations of electric charge. In a simplified model
used in this work, these phenomena were not taken
into account. More precise model should also
accounted for changes in the pattern of interaction
potential, when the bonds between different molecu-
lar components are formed or ruptured. Moreover, the
role of polarization and higher electric moments in the
formation of silanol groups should be investigated in
more detail.
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