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INTRODUCTION

The mechanism of hydration of charges at sur�
faces is the key problem in theoretical investigation
of the wide range of phenomena from electrochemi�
cal reactions on electrodes in aqueous electrolytes,
metal corrosion, and chemical catalysis to the heter�
ogeneous nucleation of atmospheric moisture on the
surface of crystalline aerosol. Porous electrodes are
used in electrochemical systems for enhancing the
capacity of accumulating cells with respect to ions
and electrons, intensifying the charge transfer, and
accelerating the reactions occurring on the surface
[1–3]. If a gaseous medium, a liquid electrolyte, and
a solid catalyst must be brought simultaneous into
contact, as in the majority of fuel cells and storage
batteries, then this problem can be solved only with
the use of porous structures.

The behavior of electrolytes in nanopores on the
surface of porous electrodes qualitatively differs from
that in bulk solutions. The porosity can considerably
increase the effective surface of the material and its
susceptibility towards electrosorption. The interest in
synthesizing materials with high electrosorptive
parameters is due to their numerous applications
including the technology of water purifying [4–6].

The transition layer at the contact with the pore
walls can occupy the larger part of the pore volume so
that all electrolyte in the nanopore pertains com�
pletely to the transition layer. If the crystalline surface
layer of the wall carries an electric charge, the dis�
solved ions form the electric double layer at it with the
thickness varying from one to several nm [7, 8].

Depending on the pore width, this layer can overlap
the analogous layer formed at the opposite wall. As a
result, there arises a strong dependence of electrolyte
properties on geometrical dimensions of pores and the
porous structure as a whole.

In the first approximation, the structure of electro�
lyte that fills the pore can be assessed in terms of the
classical theory of Gouy–Chapman [9–11] based on
the mean field approximation and stemming from the
Poisson–Boltzmann equation for the spatial distribu�
tion of charges; however, this approximation is true
only in the limit of strongly dilute electrolytes. At the
same time, in dilute electrolytes the Debye radius can
exceed the pore width, making this approach wrong
for nanopores.

The more thorough methods which are based on
integral equations and, in particular, the hyperchain
approximation [10, 11] contain a number of approxi�
mations stemming from the condition of closure of the
chain of integro�differential equations and also assum�
ing the presence of the substantial, albeit weaker, dilu�
tion and relatively weak inter�ion correlations.

The methods of computer simulation are free of
these limitations. In the pioneering studies [12–16], the
Monte�Carlo method was used for investigation of the
equilibrium properties of the electric double layer
formed in planar nanopores filled with aqueous electro�
lyte with univalent ions. In the later studies [17–26], it
was found that asymmetrical electrolytes with polyva�
lent ions can behave quite peculiarly in pores. Particu�
larly, it was shown that smaller ions approach the wall
surface with the higher probability. In asymmetrical
electrolytes, in the double layer, the charge inversion
effect is possible. Later [27], the Monte�Carlo method
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was used for studying the effects of asymmetry in a slit
pore. The crystal structure of walls and the molecular
structure of the solvent were not taken into account
explicitly. A mixture of trivalent and univalent ions of
the opposite sign was simulated. It was found that in
the pore central part 2 nm wide, the local charge density
of oppositely charged ions was not leveled off in solu�
tions with low concentration. The combination of
asymmetry with respect to charge and asymmetry with
respect to ion size leads to differently directed effects in
the charge density distribution and electric double layer
configurations. The coarser ions are forced out into the
inner part of the pore, whereas the charge larger in the
absolute value favors drawing the ion to the walls. Under
conditions of the high charge density on pore walls, the
distributions of the local density of ions at the walls
cease to be monotonic and become oscillating. Near the
wall, a layer can form in which the charges with the
same sign as on the wall predominate.

Although the model studied in [27] is severely sim�
plified, it provides guidelines over the diversity of phe�
nomena in nanoelectrolytes and demonstrates sensi�
tivity of size effects with respect to the ratio of charge
and size of counter ions. It is acknowledged that due to
the smallness of this system, the electroneutrality con�
dition can be violated in nanopores even if only one
ion is present in an electrolyte�filled pore [28, 29].

The theoretical studies of electrolytes in pores
accomplished so far considered the conditions of a
pore in contact with a bulk liquid electrolyte and com�
pletely filled with the latter. The conditions of a pore in
contact with water vapors, which allow partial filling of
the pore, were not considered. At the same time, these
conditions are of interest not only in connection with
phenomena observed on surfaces in contact with the
natural atmosphere but also in bulk electrolytes when
the electrochemical process on the electrode surface is
accompanied by evolution of gaseous components.

Nanosized cavities such as fractures and cracks can
provide conditions for hydrated ions substantially dif�
ferent from the bulk vapor conditions. The hydration
in a small volume depends largely on two factors: the
severe steric limitations for the ion and the direct
interactions of the hydrate shell with pore walls. It is
reasonable to try to separate the contributions of these
factors, although their complete separation is of
course impossible. At the same time, whereas the rela�
tionships associated with spatial limitations can be rel�
atively universal, the effects caused by interactions
with the walls are determined by the particular crystal�
line structure of the surface and depend cardinally on
the nature of the particular material.

In this study, we consider the effect of the limited
volume of the system on the formation of the hydrate
shell of a single�charged chloride anion. To separate
the effects of the limited volume from the conse�
quences caused by details of molecule interaction with
the cavity walls, the structure�free solid wall are simu�
lated.

2. SIMULATION CONDITIONS

The model pore represents the space between two
parallel planes located at a fixed distance. The numer�
ical calculations were accomplished for two values of
pore width: 0.5 and 0.7 nm. The first value was chosen
in order to have a pore with the width commensurate
with the diameter of the first hydrate layer and also to
provide sufficiently pronounced effects of perturba�
tions in the hydrate shell structure. The second value
was taken in order to assess how under these condi�
tions the structure and thermodynamic characteristics
of the ion hydrate shell depend on the pore width.
Inside the pore, the molecules move freely, interacting
with the other molecules and ions. The ion is fixed in
the center between the pore walls.

In the pore plane, no periodic boundary conditions
were implied on the system, because the system with
the only ion is not electroneutral. The presence of the
infinite number of periodically repeated images of the
ion would mean the violation of the principle of sys�
tem electroneutralitity on the macroscopic scale. In
the explicit form, we simulated the microscopic part of
the totally electroneutral system. The microscopic
volume accessible for the molecular motion represents
the superposition of the space between pore walls and
the interior of the sphere with 2�nm radius circum�
scribed around the ion center. Numerical calculations
were carried out for systems involving up to 100 water
molecules. The molecules find themselves drawn into
the ion field and form naturally its hydrate shell with
spatial dimensions much smaller than the mentioned
radius of the limiting sphere. Hence, the limiting
sphere introduces no substantial perturbations into the
shell structure but its presence is necessary in order to
separate the region of explicit description from the
thermostat region the material contact with which is
described by the Gibbs statistical methods.

We simulated the successive growth of the hydrate
shell by adding one molecule each time. After being
introduced into the microvolume, the molecule could
freely move in the field of other molecules and the ion
according to the function of distribution of the canon�
ical statistical assembly [30]. For this purpose, by
means of a computer, the steps of spatial shifts and
turns of all molecules were simulated with standard
probabilities of the Monte Carlo method [31], by using
the random number generator. The thermalization of
the system took 5 × 107 steps. The calculation of equi�
librium averages was accomplished by direct averaging
over the series of 108 configurations. The frequency of
formation of new configurations varied in the range
from 30 to 50% at the maximum translational shift of
a molecule by 0.03 nm and the maximum rotation
angle of 20°.

The input parameters of statistical mechanical sim�
ulations are intermolecular interactions expressed as
intermolecular potentials. As a rule, statistical�
mechanical simulation of electrolytes and hydrated
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ions involves the use of the simplest pair model poten�
tials in which the interaction of water molecules with
ions are described in the form of Coulomb terms in
combination with the Lennard�Jones potential which
represents the dispersion and exchange forces. The
pair models of electrolytes assume that the energy of
the system as a whole represents a sum of individual
pair interactions of molecules between one another
and with ions [32–38].

In electrolyte models that claim the explicit con�
sideration of polarization interactions, the polariza�
tion energy of molecules in the ion field which usually
represents the first term of multipole series is added to
the pair interactions [39–44]. However, the multipole
expansion represents a series over powers of reciprocal
distance to the electric field source which converges
only at sufficiently long distances exceeding the space
dimensions of the source, i.e., the molecular size. At
such distances, the polarization energy at room tem�
perature T is far smaller than the characteristic average
kinetic energy of thermal motion  and hence can
substantially affect the statistical behavior of the sys�
tem only due to addition of fields of numeral individ�
ual molecules in the vicinity of the polarizing charge.
However, this collective effect also turns out to be con�

siderably weakened due to the relatively fast 
decrease in the polarization energy with the distance.
At the same time, the polarization interactions at dis�
tances comparable with the size of average molecules
cannot be described by only the first term of the multi�
field series.

In [45–47], an attempt was undertaken to solve this
problem by representing the molecular field as a field
of a complex system of point charges and polarized
point centers fixed in the body of a molecule or an ion
(the method of distributed polarizability). The optimal
distribution of several tens or several hundreds of such
centers is supposed to be selected by the iteration
method in order to reproduce the interaction of parti�
cles for a certain set of their mutual orientations with
the maximum accuracy. Moreover, it is assumed that
quantum�mechanical effects caused by the exchange
and the partial collectivization of electron orbitals can
be successfully approximated by a combination of ele�
mentary electrostatic interactions. Such an assump�
tion seems to be open to question. Particularly, strong
many�body interactions, the extreme manifestation of
which is the effect of saturation of chemical bonds and
the valence, can hardly be represented as the simplest
electrostatic interactions in a system of rigidly fixed
charges and polarization centers.

In [48–51], we decided to reject the purely electro�
static model and developed a detailed many�body
model of interactions of ions with water molecules
ICP(SPC) (Ions + Covalent bonds + Polarization
(based on the SPC geometry)) which, in addition to
the Coulomb, exchange, polarization, and dispersion
interactions, considers the polarization interactions in

k TB

4( )r −

∝

the form different from the first term in multipole
expansions and also the strong many�body interac�
tions of the covalent type, the energy of dipoles
induced on molecules in the molecular field, the inter�
action of induced dipoles, and the effect of partial
charge transfer which, in essence, is the limiting man�
ifestation of the effect of polarization at contact dis�
tances between interacting particles. The numerical
parameters of interactions were determined from the
condition of the maximally accurate reproduction of
experimental values of free energy and entropy of the
reactions of attachment of vapor molecules to the
hydrate shell of the ion.

In [52], the comparative statistical�mechanical
calculations of free energy, entropy, and work on
hydration of a Cl– ion were performed numerically in
terms of the traditional pair and the detailed many�
body ICP(SPC) models. It was shown that in terms of
the pair model, the curve of the free energy of attach�
ment reactions demonstrates the substantially over�
rated slope, and the difference of the found values
from the experimental ones is ca.  As a result, the
error was nearly one order of magnitude for the reac�
tion rate of monomer attachment and 8 orders of mag�
nitude for the rate of hydrate shell formation of a size
in the range of 10–15 molecules. In the saturated
vapor region, the equilibrium size of the hydrate shell
and its growth rate with the increase in the vapor pres�
sure are much overrated in the pair model. The exper�
imental data and the detailed model of interactions
give the value of 8 molecules for the stable size of the
ion hydrate shell in saturated vapor at room tempera�
ture, whereas the pair model gives 25 molecules;
moreover, this gap rapidly increases in the region of
oversaturation. The oversized hydrate shell and its
lower resistance with respect to the random growth in
the pair model radically narrow down the region of
metastable states in oversaturated vapors. In [53], the
comparative statistical�mechanical calculations of the
Na+ ion hydrate shell structure in the primitive pair
and many�body ICP(SPC) models were carried out. It
was shown that the absence of interactions of induced
dipoles in the primitive model leads to overestimation
of the first coordination number in aqueous electro�
lytes by approximately unity.

In the present study, we use the IPS(SPC) model of
interactions with the chloride ion. In this model, as
applied to the case of a single ion in the system, the
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where  аnd  is a vector connecting

the centers of the ith and the jth molecules;  is the
coordinate of the kth charge of the ith molecule. One

of charges is located in the Lennard�Jones center ( )
and approximately corresponds to the position of the

oxygen atom, while the other two charges in points 

and  are rigidly fixed at the distance of 0.1 nm from
oxygen on the rays that form the angle of 109.47° and
approximately correspond to the position of hydrogen
atoms in the molecule. From here on, for short, the
Coulomb coefficient  is omitted from electro�
static formulas, i.e., the latter are represented in the
form corresponding to the CGS system.

The electrostatic interaction of water molecules

with the ion  is written as a sum of Coulomb
interactions between three point charges of molecules

 and two point charges of the ion:

screened at small distances  and unscreened 

which are located in the ion center in point  

(2)

The screening function of charge  

(3)

with characteristic radii  and  has the same form
as the attenuation function of Rahman and Stilliger in
ST2 potential [55].

The polarization energy of molecules in the field of
ions is written as the first term of the multifield series

 (4)

where  is the isotropic part of the tensor of water
molecule polarizability. The strength of the ion elec�
tric field consists of the field of screened and
unscreened charges and is assessed by the formula
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The energy of interaction of dipoles induced on mole�
cules

(9)

The exchange and dispersion interaction between
the ion and the molecules are set as the Lennard�Jones
potential

(10)

where  is the distance between the ion
and the oxygen atom of the ith water molecule.

The energy associated with the partial collectiviza�
tion of outer electron shells at contact distances
between the ion and the molecule

(11)

The term that describes the saturation of bonds
between the ion and molecules and also the unpaired
effects of polarization interactions at small distances is
as follows:
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sponding  and  The physical meaning of each
term of the model can be found in [50].

For the Cl– ion, based on the condition of the most
accurate reproducibility of experimental free energy and
entropy of the first six attachment reactions, the follow�

ing parameters are found:  C,

 C,  C,

 C,  J,

 nm,  nm,  J,

 nm,   nm,

nm,  nm, α– = 3.59 ×

10⎯3 nm3,  J, σ– = 0.369 nm. For the
water–water interaction, the following standard val�
ues of SPC model parameters are taken:

 J,  nm,

 =  C,  =

LR −

� .UR−

�

19
1 1.06874 10q− −

=− ×

19
2 3 0.53437 10q q− − −

= = ×

20
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= ×

19
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21
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W 0.31656σ =

W

1 0.82q e= −

191.31372 10 −

− × 2 3 0.41q q e= =

 C. The position of charges  in
the molecule coincides with the position of charges

3. RESULTS OF COMPUTER SIMULATION

Figure 1 exemplifies the current configuration of
the chloride ion hydrate shell that grows in a planar
pore from water vapors at room temperature. In the
initial stage when the number of molecules in the
hydrate shell does not exceed 10–20, the ion is located
in the inner part of the cluster and the molecules form
a system of chains radiating from the ion as from the
center. The cluster shape resembles a starfish. The
chains are polarized and in this stage the hydrate shell
loose structure is associated with electrostatic repul�
sion between parallel dipole moments of chains. As the
number of molecules in the shell increases, the chain
structure transforms into a continuous net of intercon�
nected water molecules in which individual chains are
undistinguishable.

The analysis of the shape of atom�atom space cor�
relation functions (are not shown here) demonstrated
the high degree of stability of the hydrogen bond
length between water molecules to the perturbations
from the ion electric field. The positions of maximums
of the oxygen�hydrogen correlation function of water
molecules in the hydrate shell coincided within the
hundredth fraction of nanometer with their positions
in water under normal conditions. Substantial pertur�
bations in the structure of hydrogen bonds in the ion
field were observed in the orientational order, i.e., in
the relative orientation of bonds between the neigh�
boring pairs of molecules. The tendency towards the
parallel orientation of neighboring hydrogen bonds
was observed. No noticeable weakening or strengthen�
ing of this tendency was observed upon placing the ion
into the nanopore.

In the first approximation, the effect of a narrow
planar pore can be described as the reduction in the
system dimensionality from three�dimensional (vol�
ume) to two�dimensional (planar). The competition
between the loose chain structure and the compact
form of the molecular cluster is the reflection of the
competition between the energy and entropy compo�
nents in system’s free energy. As the hydrate shell size
increases, the compact structures become more
advantageous as reagrds energy. The decrease in the
space dimension is associated with the relative
decrease in the phase volume corresponding to
“loose” molecular structures and the weakening of the
entropy factor. Hence, as compared with hydration
conditions in a bulk system, under the conditions of a
planar nanopore, the compact structures gain a certain
advantage over chain structures. The comparison with
the results of simulations for free chloride ions in water
vapors [52, 56, 57] shows that quantitatively this
advantage turns out to be insufficient to exclude the

190.65686 10−

× 1 2 3, ,q q q− − −

1 2 3, , .q q q

Cl–

Fig. 1. A Cl– ion fixed in the middle between the walls of a
model planar pore 0.5 nm wide at 298 K, hydrated (from
the top down) by 10, 40, 60, 80, and 100 water molecules.
Left column: the view perpendicular to the pore plane;
right column: the view along the pore plane.
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stage of chain formation; thus, as in the bulk systems,
the evolution of the system under conditions of a pla�
nar nanopore includes the chain stage.

The next characteristic feature is the extrusion of
the chloride ion from the central region of the cluster
to its periphery. Figure 1 shows how after the transition
from the chain structure to the compact form, the
water molecules are gathered away from the ion. For
this sort of binding between the ion and water mole�
cules, it is more reasonable to speak not of the hydrate
shell but of the surface adsorption of the ion by a clus�
ter of water molecules.

The thermodynamic advantage of chloride�ion
surface states during its interaction with clusters of
water molecules was reliably reproduced under the
conditions of hydration in bulk water vapors and con�
firmed by independent authors (see [52, 57] and refer�
ences therein). The discussion concerned only the
mechanism of this phenomenon. The data of [57] sug�
gest that the decisive reason for the surface states of
chloride ion in clusters of water molecules is the com�
bination of two factors: the relatively high polarizabil�
ity of the ion and the relatively high intrinsic dipole
moment of a water molecule, which provides the high
polarizability of the molecular cluster as a whole. The
polarization energy depends on the electric field

strength E by the quadratic law  The non�
linear dependence of the energy results in the fact that
the simple addition of fields of individual molecules
leads in the additional decrease in the ion polarization
energy. In the configuration where all water molecules
are located on one side of the ion all water molecules
turn out to be oriented in the same manner with their
dipole moments towards the ion so that their electric
fields add up providing the lowest polarization energy
of the ion and of the whole system.

In this configuration, the repulsion of parallel
dipole moments of molecules is the counter�factor
that increases the energy and destabilizes this state.
The sufficiently high polarizability, as for the chloride
ion, provides predomination of the first factor over the
second and the stability of the ion surface states.

Thus, the stability of surface states is provided by
their energy rather than by their entropic advantages.
The entropy of a state is determined by the volume of
available configuration space. This is why as the space
dimension decreases, the energy effects strengthen as
compared with entropy effects, all other factors the
same. It should be expected that as we pass from bulk
conditions to those of a planar nanopore, the effect of
ion displacement to the surface of the cluster should
not disappear but can even strengthen, being the
energy effect.

The results of computer simulation confirmed
these expectations. In the current configurations
shown in Fig.1, the surface states of the ion stably pre�
vail as soon as the number of molecules in the ion field
becomes sufficient for the transition from the chain

2( 2).E
−

−α

mode to the compact cluster. Thus, under conditions
of planar pores, the effect of extrusion of the chloride
ion from its own hydrate shell is as well pronounced as
in bulk water vapors.

In calculations by the method of bicanonical statis�
tical analysis [58–67], the number of molecules in the
system N is not fixed but fluctuates. The space corre�
lation functions [30] chloride ion–oxygen atoms of
water molecules  and chloride ion–hydrogen
atoms of molecules  are normalized by the
average number of molecules �N� in the system

 

Figure 2 exemplifies the correlation function cal�
culated under conditions of bulk vapor and in a planar
nanopore. The comparison reveals the unexpectedly
high stability of the correlation function towards the
transition from the free ion to those in a nanopore. In
both cases, the positions of the first three maximums
that correspond to the first three hydrate layers coin�
cide as well as their width. In a nanopore, the hydrate
blob in the chloride ion field retains its pronounced
layered structure with hydrate layers of the same thick�
ness arranged at the same distances from the ion, like
that observed for ion hydration under conditions free
of steric limitations. It deserves mention that the pore
width of 0.5 nm is smaller than the diameter of the first
hydrate layer, so that the pore walls overlap all hydrate
layers starting from the nearest to the ion. Moreover, as
seen in Fig. 2, the perturbations in the layered struc�
ture of the bulb are reduced simply of discarding a part
of molecules without any shift in the position of layers.

In the first approximation, the transition from con�
ditions of bulk vapor to those of a planar nanopore
corresponds to reducing the system dimensionality by
unity. Whereas in the three�dimensional system the

( )r
−

ρCl O

( )r
−

ρCl H

2

0
( )4 ,r r dr N

∞

−
ρ π =∫ Cl X , .=X O H
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ρCl–O × 4πr2, Å–1
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2
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Fig. 2. Radial distributions: the average numbers of mole�
cules per unit distance r from the Cl– ion: (1) for the free
ion in water vapors and (2) for the ion fixed in the middle
between walls of a model planar pore 0.5 nm wide. Tem�
perature 298 K, 〈N〉 = 39.5.
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configuration volume accessible for molecular motion
increases with the distance as the third power of dis�
tance, in a planar system it decreases more slowly in
proportion to the second power. Thus, the relative sta�
tistical weight of far distances decreases. This is why
under conditions of a nanopore, a part of water mole�
cules is redistributed from far to near distances, as evi�
denced by the lower values of the correlation function
in the pore as compared with a free ion, at far distances
from the ion (Fig. 2). A result of redistribution is the
decrease in the average distance to the ion. This intrin�
sically geometrical effect caused by the decrease in the
effective dimensionality of the system results in a small
decrease in the energy of the system as a whole. The
decrease in energy due to the decrease in the average
distance to the ion in compensated to the considerable
extent by the increase in energy due to destruction of a
part of intermolecular bonds.

Figure 3 shows the radial distribution of molecules
around the ion in the parallel sections at different dis�
tances from the pore wall. In the near�wall region, the
majority of molecules are located far from the ion.
However, this trend competes with the trend for com�
pacting in the near�wall region. In pore’s cross�sec�
tion, on the averaged distribution, it is seen how the
adsorbed material “leans” to pore walls leaving its
central part depleted of molecules. The form of this
distribution allows one to assume certain hydrophilic�
ity of walls although this model did not presume the
direct attraction to walls.

The effect of extrusion of molecules to walls is asso�
ciated here with the orientation of dipole moments of
molecules in the ion field and, as a consequence, with

the repulsion of parallel dipoles. The repulsion forces
operating between the molecules in the polarized bulb
force out the molecules from the pore center to its
walls. Thus, the effect of an ion inside a nanopore cre�
ates the effect of sticking of molecules to the walls.
Obviously, this effect increases the hydrophilicity of
walls.

The order in which the hydrogen atoms in mole�
cules are arranged with respect to the ion is compara�
tively resistant to perturbations produced by pore
walls. This follows from the coincidence of the posi�
tion of maximums of the correlation function ion–
hydrogen atoms of the molecule (Fig. 4) under condi�
tions of hydration of a free ion and inside a pore. The
first two maximums the nearest to the ion correspond
to the distance from two hydrogen atoms of molecules
in the first hydrate layer to the ion; the next two maxi�
mums correspond to the distance from the molecules
of the second layer. The distances between the first and
the second maximums and also between the third and
the fourth maximums are close to the distance
between hydrogen atoms in a molecule. The maxi�
mums far removed from one another and pertaining to
one and the same pair point to the preferential orien�
tation of molecules of the first two hydrate layers with
the dipole moments strongly bent from the radial
direction to the ion. In turn, this suggests that a sub�
stantial role in the interaction of a molecule with the
ion field is played by its highest multifield moments
and interactions mediated by the neighboring mole�
cules.

The orientational order of molecules was analyzed
in terms of angular distributions  and 
where θ is the angle between the normal external with
respect to the lower wall of the cavity and the vector of
the intrinsic dipole moment of water molecule; ϕ is the
rotation angle of the symmetry plane of molecule
around its symmetry axis counted from the position

( )Wθ θ ( ),Wϕ ϕ
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Fig. 3. Radial distributions of water molecules in parallel
planes at distances, nm: (1), 0.025, (2) 0.125, and (3) 0.225
from the wall of a planar pore 0.5 nm wide in the field of a
Cl– ion fixed in the middle between walls. The distance r is
counted from the line that passes through the ion center
perpendicularly to the pore plane. Temperature 298 K,
〈N〉 = 99.5. Dashed line is the water density at normal con�
ditions.
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Fig. 4. Correlation function Cl– ion–hydrogen atoms of
water molecules for the same conditions and numeration
as in Fig. 2.



RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 50  No. 12  2014

THE HYDRATE SHELL OF A Cl– ION IN A PLANAR NANOPORE, STRUCTURE 1125

where the molecular plane coincides with the plane in
which the vectors of the normal to the wall and the
dipole moment of the molecule lie (Fig. 5). The func�
tions of distribution over angles are calculated in differ�
ent layers located at different distances from the pore
lower wall at the fixed distances z and are normalized as

follows:  and 

For such normalization and in the absence of correla�
tions,  and 

Distributions over the azimuth angle have a maxi�
mum at  This means that the symmetry axes of
molecules are oriented preferentially in parallel to the
pore plane. The maximum at  of distributions
over the rotation angle around the symmetry axis cor�
responds to the preferential orientation of the mole�
cule plane in parallel to the pore plane. Thus, the pres�
ence of a pore affects first of all the molecular orienta�
tion. The effect strengthens in the immediate vicinity
of walls and somewhat weakens in the internal part of
the pore.

4. CONCLUSIONS

Hydration of ions is the initial stage of electrolyte
formation in pores. The computer simulation allows
the information on fundamental features of ion hydra�
tion in nanosized cavities to be obtained on the molec�
ular level based on the fundamentally accurate statisti�
cal�mechanical approach.

The main results of this study are as follows.
As in bulk water vapors, the hydration of chloride

ions in planar nanopores is accompanied by the dis�
placement of the ion to the surface of the molecular

0
(1 2) ( )sin( ) 1W d

π

θ θ θ θ =∫ 0
( ) .W d

π

ϕ ϕ ϕ = π∫

( ) 1Wθ θ = ( ) 1.Wϕ ϕ =

2.θ = π

2ϕ = π

cluster, which occurs after the shell reaches the size of
10–20 molecules. The displacement of the ion to the
surface is the energy effect and does not weaken under
the conditions of a nanopore.

The layered structure of the hydrate shell near the
ion is resistant to perturbations from pore walls. The
distances from the ion to the hydrate layers in the nan�
opore coincide with those in bulk water vapors with
the accuracy higher than the hundredth part of
nanometer.

The presence of the ion inside a nanopore creates
the effect of sticking of molecules to the walls. The
profile of molecular distribution in the pore cross�sec�
tion demonstrates the increased volume density of
molecules near the walls. The effect of molecules
“creeping” to the walls may increase the effective
hydrophilicity of walls in the presence of ion.

The orientational molecular order of the hydrate
shell of the ion in a narrow planar pore is characterized
by the preferential orientation of molecular planes in
parallel to pore walls. The more monotonic orienta�
tional order in the pore as compared with the condi�
tions in bulk water vapors determines, together with
limitations in the translational motion of molecules,
the lower entropy and the higher free energy of hydra�
tion. The effect of a narrow pore with nonhydrophilic
walls as regards the free energy is entropic.
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