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STRUCTURE IN A NaCl AQUEOUS SOLUTION

Using the method of molecular dynamics, the influence of radiation within the energy interval
E,. = 0+12 MeV on the local structure in a 0.14-mol. % NaCl aqueous solution at the temper-
ature T'= 300 K is studied. No substantial changes in the local structure of the solution were
found at energies E, higher or lower than 9 MeV. At E, = 9 MeV, the local structure changes
drastically. This radiation effect can be considered as a mazximum one and taking place due to
the increase of the probability for cations and anions of the solute to interact with one another

and with water molecules.
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1. Introduction

The establishment of quantitative relations between
the macroscopic properties of aqueous solutions sub-
jected to various external factors, on the one hand,
and the intermolecular interaction, on the other hand,
favors the solution of many fundamental and applied
problems, in particular, medicobiological ones. While
studying changes in the physical properties of solu-
tions invoked by external factors, the methods of re-
searches, which provide a direct information concern-
ing the molecular-kinetic motions of molecules — neu-
tron, optical, dielectric, and others — are used most
often. This information forms a basis for the creation
of models describing the structure of water and aque-
ous solutions [1].

Irradiation is one of the least studied external fac-
tors that considerably affect the properties of the
aqueous solutions of electrolyte salts. Note that re-
searches of the influence of relatively small doses of
radiation—namely, 5-, 7- , and x-ray radiation—in the
energy interval of 5-12 MeV on aqueous electrolyte
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solutions have become urgent in recent years owing
to the extensive use of those solutions in radiation
oncology [2,3]. It should also be noted that the corre-
sponding experimental researches meet considerable
difficulties. This is so, first of all, because such re-
searches allow the averaged macrocharacteristics of
a thermodynamic system (density, viscosity, dielec-
tric permittivity, and so forth) to be analyzed, as a
rule. Moreover, the interpretation of the results ob-
tained becomes complicated owing to the integrated
influence of anions of various origins, which stimu-
lates changes in the arrangement of water molecules
under irradiation. In other words, the results of ex-
perimental researches do not allow one to analyze the
influence of radiation on the structural, energy, and
dynamic properties of examined systems in detail at
the microscopic level. Therefore, in order to study the
microstructure of ionic solutions in the framework
of such problems, the method of molecular simula-
tion (molecular dynamics, MD) is used, as a rule. In
this work, this method was used to analyze the mi-
crostructure of a model system — a solution “water-
NaCl” with the salt concentration x = 0.14 mol.%,
which is widely used in medicine [4] — subjected to
irradiation.
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2. Model

The interaction between the molecules in the exam-
ined model liquid system was described with the help
of an interatomic potential, which is a sum of the van
der Waals and Coulomb components [5],
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where 0;; and €;; are the parameters of the Lennard-
Jones potential, r;; is the distance between interact-
ing particles, and ¢; is the charge of the i-th par-
ticle. The parameter values selected for atoms in a
water molecule and ions in the solution are quoted in
Table 1.

In the course of calculations, water molecules and
ions were considered as Lennard-Jones particles, and
the interaction between them was simulated by means
of OPLS-potentials [6]. The interaction between wa-
ter molecules is described in the framework of the
SPC/E model [7]. The parameters of interaction be-
tween non-identical particles are defined with the help
of the combination rule [5]

oij = (0i +05)/2,  €ij = €€, (2)

where the subscripts ¢ and j mark the particles of the
i-th and j-th kinds, respectively, and the subscript ¢j
is related to non-identical particles.

The influence of radiation on the local structure
and the energy properties of the liquid system “water-
NaCl” is studied, by using the MD method (the
software package DL POLY 4.05 [8]) with a time
step of 2 fs. The simulation was carried out for an
NVT-ensemble of a cubic cell with periodic bound-
ary conditions and including 256 interacting parti-
cles at T = 300 K. The volume of an elementary
cell was calculated according to the experimental val-
ues obtained for the solution density at the same
temperature. The long-range electrostatic interaction
was taken into account, by summing with the use of
the Ewald method [9]. The stabilization of the re-
searched system in NVT was performed with the
help of the Berendsen thermostat [10]. In calcula-
tions, ions and water molecules were simulated as
hard charged model particles with a fixed geome-
try. The intermolecular parameters were obtained on
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a basis of the atom-atom representation for the inter-
action between the atoms of different kinds.

The simulation algorithm was as follows. The sta-
bilization of the system was attained, by making
8 x 10° calculation steps. Afterward, one of the
ions in the system was subjected to the irradia-
tion with an energy in the interval of 0-12 MeV;
the energy was equally distributed along all co-
ordinate axes. The system was again allowed to
come to the equilibrium state for 10° calculation
steps. Then, several series of independent calcu-
lations with time steps of 200, 160, and 80 fs
were carried out to obtain the energy characteris-
tics of the researched system. All radial distribu-
tion functions (RDFs) were determined with a step
of 200 fs.

The simulation procedure provided us with the
data concerning the local structure of the liquid sys-
tem and its energy and dynamic properties for their
further analysis. Note that the information on the
local structure of the examined system can be ob-
tained both experimentally (the x-ray diffraction and
neutron scattering methods) and theoretically. In the
latter case, we calculated the radial distribution func-
tions Gxy (R), which characterize the probability to
find particles of sort y near particles of sort x:

(N, (R, R + dR))
pATR2AR

Gxy(R) = (3)
In this equation, the numerator equals the average
number of particles Y in a spherical layer (R, R+dR),
and the denominator normalizes the distribution in
such a way [5] that G xy (R) = 1 at N, = p,, where p,
is the density. The first hydration sphere is defined as
a space within a sphere, whose radius is numerically
equal to the position of the first RDF minimum. The
second hydration shell is defined as the space of a
spherical layer between the first and the second RDF
minimum.

Table 1. Charges, parameters of the Lennard-Jones

potential, and masses for atoms in water molecules
and Nat and Cl~ ions [6]

Atom q(e) o, A €, kJ/mol M, g/mol

H 0.4238 0 0 1

O —0.8436 3.169 0.6502 15.99

Nat +1 2.35 0.1 22.9898

Cl— —1 4.4 0.1 35.453
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The detailed information about the local structure
and the properties of aqueous electrolyte solutions
can be obtained by analyzing the energy properties
of systems, RDF, and number of nearest neighbors,
Nz. The latter is proportional to the area under the
first peak in the density distribution function and is
determined by the expression

Zmin
Nz = / 47 po g2 (r)r2dr, (4)
0

where pg is the density of the system.

The network of hydrogen bonds between interact-
ing particles is analyzed on the basis of the following
criterion: the hydrogen bond is possible if the dis-
tance between the oxygen atoms in water molecules is
at most 3.5 A. The hydrogen bond between the near-
est neighbors is selected so that the distance between
the O and H atoms should be minimum of all pos-
sible intermolecular distances. The hydrogen bond
angle, which was determined as an angle between the
vectors of O—H bonds in neighbor water molecules,
accepted values from 130 to 180° [11].

3. Analysis of the Results
3.1. Energy of interaction between molecules

The dependences of the total average energy of inter-
action between atoms, (Fy), and its Coulomb compo-
nent, (F¢), on the irradiation energy E,. obtained for
the solution concerned are presented in Table 2. On
the basis of these data, one can see that the growth of
the irradiation energy stimulates insignificant changes
of the total interaction energy between the molecules
in the solution owing to a reduction of the Lennard-
Jones contribution and the increase of the Coulomb
one. The Lennard-Jones component undergoes the
largest variations, which testifies to a reduction of the
role of short-range interactions in the system as the ir-
radiation energy increases. In turn, this can indicate

Table 2. Dependences of (Es)
and (Ec) on the irradiation energy E,

Average Irradiation energy E,, MeV

values 0 6 9 19
(Ex), keal/mol —7.71 —7.81 —7.82 —-7.91
(E¢), keal/mol —-9.10 —9.03 —9.06 —8.91
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that an increase of the irradiation energy gives rise
to local transformations in the liquid structure and
changes of the component mobilities. The obtained
dependences of the energy parameters in the stud-
ied NaCl aqueous solution on the irradiation energy
also allow us to suppose that, owing to a reduction of
the role of short-range van der Waals interactions and
an increase of the role of the Coulomb interaction in
the system “water—NaCl”, the clusters formed by ions
and water molecules change their parameters, which
in turn affects the dynamic properties of the system.

3.2. Local structure
of the NaCl aqueous solution

To verify our assumptions concerning modifications in
the local structure of the examined NaCl aqueous so-
lution under the influence of the irradiation, we deter-
mined and analyzed the RDFs, which characterize the
probability distribution density for various classes of
interactions between particles and make it possible to
discern interactions that are the most sensitive to the
influence of radiation. In so doing, we paid special at-
tention to the atom-to-atom interactions that consid-
erably affect the processes of local structure formation
in water near anions and cations, namely, the inter-
actions Na™...OW, Na*t..HV, Cl-...O0W, Cl-...HWV,
and interactions between water molecules.

First of all, let us consider and analyze the
RDFs that describe the probability density for wa-
ter molecules to be at a certain distance from one
another (Fig. 1). The position of the first maximum
in the RDF GOW_OW(R) corresponds to the dis-
tance between the water molecules. From the figure,
one can see that the distance between the interact-
ing water molecules does not change under irradia-
tion. The length of the hydrogen bonds between wa-
ter molecules also is not changed, which is evidenced
by the invariable positions of the first and second
maxima in the RDF GOW*HW(R). The stability of
the positions of the first and second minima in the
functions GOW_OW(R) and GOW_HW(R) testifies to
the independence of the dimensions of the first and
second hydration shells of the irradiation energy. The
data obtained allow us to assert that the irradiation
does not change the parameters of associates formed
by water molecules.

To analyze the influence of radiation on the inter-
action between Na't ions and water molecules, let us
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consider the behavior of the RDFs GN*"=0" (R) and
GNa"-HY (R). Their first maxima are located at dis-
tances of 3.3 and 3.1 A, respectively (Fig. 2). One can
see that the RDF values decrease with the growth
of the irradiation energy. In both cases, the positions
and the magnitudes of the first and second RDF min-
ima remain constant, which testifies to the indepen-
dence of the sizes of the first and second hydration
shells of the irradiation energy.

When analyzing the interactions Cl7...OW
and Cl—...HW, of special interest is the RDF
GCI_*HW(R), the first maximum of which is located
at a distance of 2.2 A (see Fig. 3). The RDF values
also decrease as the irradiation energy grows up to
9 MeV. The irradiation with an energy of 9 MeV
gives rise to a substantial anomalous increase of RDF
maxima, which exceeds their determination error
and testifies to an increase of the probability for this
class of interactions.

The analysis of the RDF GN*"~CI"(R) (see
Fig. 4) shows that the increase of irradiation en-
ergy stimulates a reduction of RDF values and
does not affect the position of the first maximum,
which determines the distance between interact-
ing particles. An anomalous behavior of the RDF
GNa"=CI(R) values is observed at an irradiation
energy of 9 MeV. According to the behavior of the
G~ (R) dependence plotted in the same figure,
it follows that an increase of the irradiation energy to
9 MeV results in an anomalous increase of the RDF
maximum position and a reduction of the first mini-
mum magnitude, which testifies to a higher local or-
dering in the structure of the examined system at the
given irradiation energy. For the interaction of Na™
ions with one another, the RDF GNa+*Na+(R) also
grows at an energy of 9 MeV. At this energy, unlike
other ones, the first hydration shell can be determined
most accurately, which testifies to a higher ordering
in the local structure of the researched system. This
means that 9 MeV is an energy, at which the prob-
ability of the interaction between ions increases, and
the anomalous behavior of the magnitudes of corre-
sponding RDFs testifies to that.

3.3. The number of nearest neighbors

The analysis of the influence of radiation on the for-
mation of a local structure in the NaCl aqueous so-
lution cannot be complete, if the average number of
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Fig. 1. Radial distribution functions GOW_OW(R) and
GOW’HW(R) for the liquid system “water-NaCl” (z =

0.14 mol%, T = 300 K) at irradiation energies of 0 (solid
curves), 4 (dashed curves), 9 (dash-dotted curves), and 12 MeV
(dotted curves)
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Fig. 2. The same as in Fig. 1, but for the density of probability
to find the atoms of water molecules near Na™t ions
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Fig. 3. The same as in Fig. 1, but for the density of probability
to find the atoms of water molecules near C1~ ions
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Fig. 4. The same as in Fig. 1, but for the density of probability
to find Nat and Cl~ ions near Cl~ ions
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Fig. 5. Dependence of the number of nearest neighbors, Nz,

in the examined solution on the irradiation energy: 0, 6, and
12 MeV (gray color), and 9 MeV (dark gray color)
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Table 3. Self-diffusion coefficients

D (x10° m?/s) for water molecules and Na*t
and Cl™ ions in the studied solution

at various irradiation energies

Irradiation energy Ej, MeV
Object
0 6 9 12
H20O 2.11 2.22 2.20 2.07
Nat 0.66 0.52 0.35 0.42
Cl~ 0.58 0.51 0.55 0.56

nearest neighbors Nz is omitted from the consider-
ation. The dependence of this characteristic on the
irradiation energy is depicted in Fig. 5.

The analysis of the RDFs GO ~HY(R),
GHYHY(R) and GO"~°"(R) within the first hy-
dration sphere revealed that, if the irradiation energy
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is lower than 9 MeV, the water molecules are assem-
bled into associates with Nz = 4.1 4+0.3 molecules. If
the irradiation energy exceeds 9 MeV, the increment
in the number of nearest neighbors does not exceed
the error of the determination of Nz. This result
testifies that no changes in the structure of water as-
sociates occur under the irradiation in the considered
energy interval. The analysis of the values of Nz,
which characterize the processes of interaction both
between ions themselves and between ions and water
molecules, shows that the growth in the number of
nearest neighbors at an irradiation energy of 9 MeV
exceeds the determination error for this parameter.

The further analysis of the results obtained (Fig. 5)
shows that if the irradiation energies are lower or
higher than 9 MeV, the interaction between water
molecules gives rise to the formation of associates of
four molecules, with Nz = 4.2 4+ 0.3 water molecules
in the vicinity of a Na™ ion and Nz = 4.1 £0.3 water
molecules in the vicinity of a Cl~ one. In this case,
there emerge the associates of interacting ions and
cations consisting of Nz = 5.1£0.3 ionic pairs. If the
irradiation energy equals 9 MeV, the number of ionic
pairs increases to Nz = 5.7 £ 0.3, and the number
of water molecules surrounding a Na™ ion decreases
to Nz = 3.4 £ 0.3. All other changes in the number
of nearest neighbors fall within the calculation error
limits.

3.4. Self-diffusion coefficient

The self-diffusion coefficients for ions and water
molecules are calculated by integrating the temporal
autocorrelation function,

D= %/(V(t)V(O))dt. (5)

The values obtained for the self-diffusion coeffi-
cients of water molecules and ions in the examined
solution at various irradiation energies are quoted in
Table 3.

The results calculated for DH20 correlate with the
data for water obtained experimentally with the use
of the method of quasielastic scattering of slow neu-
trons [12]. From the analysis of the data presented
in Table 3, it follows that, as the irradiation energy
increases from 0 to 6 MeV, the self-diffusion coefhi-
cient for water molecules, D20 slightly grows, for
Cl~ ions, D' | remain almost constant, and for Na*
ions, DNa”Jr7 decreases.
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At irradiation energies lower than 9 MeV, the re-
configuration of the local structure of the solution in
vicinities of anions runs more slowly than in vicini-
ties of cations, which is related to substantial differ-
ences between the masses and the Stokes radii of those
anions and cations (in particular, the Stokes radius
equals 1.88 A for a Na™ cation and 1.33 A for a C1~
anion). As the irradiation energy increases from 6 to
9 MeV, an insignificant reduction of the self-diffusion
coefficient for water molecules takes place. The mo-
bility of ions increases at that, whereas the mobility
of cations substantially decreases. The reduction of
DNa" yalues testifies that almost all cations partici-
pate in the formation of associates with other solution
components at this irradiation energy.

A further increase of the irradiation energy to
12 MeV stimulates the growth of DNa+, which re-
mains, nevertheless, much lower than D€' . In other
words, at energies lower than 9 MeV, the mobility of
water molecules in the system does not change. The
further increase of the irradiation energy gives rise to
a reduction of D29 values, which indicates that the
free motion of water molecules becomes more com-
plicated. The data obtained confirm our assumption
that the mechanisms of interaction between water
molecules and between ions are different at studied
irradiation energies.

4. Conclusions

Molecular dynamics researches of the influence of ra-
diation on the local structure in the 0.14-mol.% NaCl
aqueous solution at T' = 300 K showed that the struc-
ture of clusters formed by water molecules does not
depend on the irradiation energy. At the irradiation
energies lower or higher than 9 MeV, no substantial
changes in the local structure of the examined system
take place. At an irradiation energy of 9 MeV, the lo-
cal structure of the NaCl aqueous solution changes,
because the probability for cations and anions to in-
teract with one another and with water molecules in-
creases, which results in a higher ordering of the local
structure of the solution. The variation of the irradia-
tion energy affects the dynamic characteristics of the
system, and this influence is the most substantial at
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an irradiation energy of 9 MeV. Therefore, the radia-
tion effect at the indicated irradiation energy can be
considered as maximum for the researched system.
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BIIJIUB PAIAITIIHOT'O
OITPOMIHEHHS HA JIOKAJIbHY
CTPYKTYPY BOJHOI'O PO3YNHY NaCl

Peszmowme

3 BUKOPHUCTAHHSM METO/Y MOJIEKYJISPHOI JIUHAMIKYU JOCJIiIKe-
HO BILIUB DaJialiffHOro OINPOMiHEHHSI Ha JIOKAJIbHY CTPYKTY-
py Bomuoro posumny NaCl i3 konmenrparieio 0,14 m.n. npu
T = 300 K B inTepsaJi enepriit onpominenns F,. = 0-12 MeB.
Bceranossieno, mo npu BenumunHax FEp, meHmux ab6o 6iabmmx
3a 9 MeB, He BinOyBaeTbCsi KapIMHAJILHOI 3MiHU JIOKAJBHOI
CTPYKTYPH JociigKenol cucremu. [lpu E, = 9 MeB Binoysae-
ThCA CYyTTEBA 3MiHa JIOKAJIBHOI CTPYKTYPHU PO3YHHY i Jid paii-
alifHOrO OIPOMIHEHHSI MOYKE BBaKaTHUCh MAKCHMAJIBHOIO, IO
MTOSICHIOETHCS 301IBIITEHHAM HMOBIPHOCTI B3aeMoIil KaTioHIB Ta
aHIOHIB PO3YMHEHOI PEYOBMHU MiXK CODOIO Ta IX B3aEMO/IIEIO 3
MOJIEKYJIAaMU BOJIH.
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