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Abstract. As well-known, a confusion related to the volume of the ion hydration shell is more imaginary and
artificial than real because the experimental hydration number determined for any ion generally depends upon
the method of measurement. The currently existing theoretical models do not possess the required universality
and do not allow one to do without empirical parameters. In the proposed study, being an attempt to prevent
improper data, a new model of the hydration shell of the ion, based on its topological, electrostatic, and hydro-
philic properties, is developed. A serious difficulty in developing a nonempirical modeling approach for de-
scribing the solvation phenomenon is to know how the dielectric permittivity depends on the distance from the
central ion at the site of the hydration shell formation. In the author’s recent papers, a useful non-empiric
expression for the dielectric permittivity dependence on the distance was analytically derived. The hydration
energy is described by taking into account not only the local dielectric permittivity, but also the type of inter-
action between ions and water molecules and the shape of the multilayer hydration shell. Geometric represen-
tation of the first hydration layer of a spherical ion in the form of Platonic solids is proposed. So, an icosahedron
relates to “structure-making” ions, and a dodecahedron — to “structure-breaking” ones. It is shown, how the ion
hydration number depends on the ionic radius, charge, and ability of the ion to hydrogen bonding. The calcu-
lations related to series of cations and anions are made.
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Annotanus. Kak u3BecTHO, IyTaHUIA, CBsI3aHHAS ¢ 00BEMOM T'HIPATHONH 00OJIOYKH MOHA, SBISETCS CKOpee
MHHMOH ¥ UCKYCCTBCHHOM, YeM PEabHOM, MOCKOJIBKY SKCICPUMEHTAIBHOE YUCIIO THAPATALINH, OMPEIeIICH-
HOe ISl JIF00Or0 MOHA, B 00LIEM Clydae 3aBUCHT OT MeTo/ia u3mepenust. CylIeCTBYIOIME B HACTOSIIEE BPEMsI
TEOpeTHIEeCKUEe MOEIN He 001a/1al0T He00X0JUMON YHUBEPCATBHOCTHIO M HE CTIOCOOHBI 000HTHUCH 0€3 IMITH-
pHYeCcKuX mapameTpoB. B npeanaraeMoM nccie0BaHuH, B KAY€CTBE MOMBITKH MPEA0TBPATUTD MOJIY4YCHHE He-
MpPaBHJIbHBIX JAHHBIX, pa3padaThIBA€TCs HOBAs MOJIEIb MHPATHOW 000JI0YKH HOHA, OCHOBaHHAsI HA €0 TOMO-
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JIOTHYECKUX, HIIEKTPOCTATHYECKUX U TUIPOPHIBHBIX cBOicTBaX. Cephe3HOil TPYAHOCTBIO B pa3paboTKe HEIM-
MUPUIECKOTO MOIX0/1a K MOJICIMPOBAHHIO AJISl OIMCAHUS SBJICHUS CONBBATAINU SBIISICTCS 3HAHHUE TOTO, KakK
JURJICKTPUIECcKasi IIPOHUIIAEMOCTD 3aBUCHT OT PACCTOSHHA OT IICHTPAJIHHOTO HOHA B MECTe 00pa30BaHMUS TH/I-
patHoif o6onoukn. B HegaBHUX paboTax aBTOpa aHAIUTHYECKH TOJIYICHO IOJIE3HOE HEAMITUPHIECKOE BHIpa-
JKEHHE /IS 3aBICHMOCTH TUAJIEKTPUIECKOI MPOHUIIAEMOCTH OT PAaCCTOSIHUS. DHEPT U THAPATAINN ONHCHIBA-
€TCsI C YYETOM He TOJIBKO JIOKATHHOHN MTUAIIEKTPUICCKON IMPOHNIIAEMOCTH, HO M THUTIA B3aNMOACUCTBISI MEXKTY
HMOHAMH U MOJIEKYJIaMH{ BOIBI ¥ (POPMBI MHOTOCIOHHOM ruapaTHO# 000mouku. [IpemnoskeHo reoMeTpraecKoe
Npe/ICTaBICHUE MIEPBOrO THIPATHOTO cilosl cheprueckoro noHa B Buae I[InaronoBeix Ten. Tak, ©kocasap oOT-
HOCHTCS K «CTPYKTYpOOOpa3yIoIuM» HOHaM, a I0/EKadIp — K «CTPYKTypopaspylatomumy. [lokasano, kak
YHCJIO TU/PATAllMU NOHA 3aBHCUT OT MOHHOTO pajnyca, 3apsiaa M ClIOCOOHOCTH MOHA K 00pa3oBaHUIO BOJIO-
poaHbIx cBsizell. [IpoBeneHsl pacyeTsl, OTHOCAIIMECS K psAaM KaTHOHOB U aHHOHOB.

KoaroueBble cjioBa: conbBaTalisi HOHOB; FHPATHOE YUCIIO, MOJEITMPOBAHHE THIPATHOH 000IOUKH, BOAOPOI-
HBIE CBSI3H, JIOKAJIbHAS THAJICKTPHICCKAs TIPOHUIIAEMOCTD/

BaarogapHocTH: paboTa BBITIONHEHA B PAMKaX TOC3aIaHHS.

Jns uutupoBanus: JfonronocoB A.M. Hydrogen Bonding and Local Electrostatic Interactions in a Non-Em-
piric Analytical Model of lon Hydration Shell [BogopoaHoe cBsi3biBaHIE U JIOKATbHBIEC JIEKTPOCTATHUECKHE
B3aUMO/ICHCTBUSI B HEAMITMPHUESCKOI aHATMTUUECKON MOJIENH TuaApaTHoit obonouku nonos] // Copbyuonnvie

u  Xpomamozpaguueckue npoYeccol.
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Introduction

The solvation phenomenon governs the
properties of electrolyte solutions and this is
of great interest in various fields, including
thermodynamics, electrochemistry, chemi-
cal analysis, etc. In this regard, it is more
than surprising that the most important pa-
rameter of aqueous solutions, the ion hydra-
tion number, still has no a reliable measure-
ment method, as well as a consistent theoret-
ical interpretation. This was vividly demon-
strated by Hinton and Amis in 1971 [1]. In
recent years, experimental methods have
been greatly improved and calculation algo-
rithms based on the formalism of molecular
dynamics created, but the determination of
the hydration number has not become any
clearer [2-5].

A real breakthrough in establishing order
in the description of the hydration phenome-
non came from the work of Marcus [6]. He
proposed an empirical model and a method
enabling the calculation of the hydration
number from the thermodynamic data for a
large number of electrolyte solutions. How-
ever, the developed model is not free of dis-
advantages not only because of the complex-
ity of calculations but also the need to use
the fitting parameters. On the other hand, the
available non-empirical models are usually
limited to the case of electrostatic forces de-
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scribed by assuming that the local permittiv-
ity remains constant, like in the bulk of aque-
ous medium [7]. In addition, without the
consideration of hydrogen bonds, any de-
scription of aqueous solutions falls far from
being completed.

From numerous studies of the hydration
shell structure (see, for example, [8-10]), it
follows that depending on the chemical na-
ture of ions, the central hydrogen bonds may
either create or destroy. This ability affects
the structure and capacity of the ion hydra-
tion shell, which should also be considered
in modeling.

Another difficulty in developing a non-
empirical modeling approach for describing
the solvation phenomenon is the need to
know how the dielectric permittivity (DP)
depends on the distance from the central ion
at the site of the hydration shell formation.
The local magnitude of DP is known to vary
on the atomic scale from 1 to the bulk con-

stant €. This dependence can only be ne-

glected at a sufficiently large distance from
the charge (~1 nm) [16].

Considering ions of atomic sizes (~0.1 nm),
we should take into account the variability of
the local DP. The discreteness of the liquid
assumes that the interaction energy of a mol-
ecule with an ion is averaged over the seg-
ment equal to the thickness of the mono-
layer. In the case of aqueous solutions, some
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authors use the estimates of a discrete de-
pendence specific for crystalline systems
(containing one intermediate value between

1 and ¢g), ranging from 2 to 5 [11-13].

However, in an amorphous medium, the dis-
tribution of intermolecular distances is con-
tinuous, and such estimates turn out to be in-
accurate. In the above-mentioned work [6],
a continuous approximation is considered,
but the use of fitting parameters reduces its
significance. Other approximations of the
continuous dependence are also not suffi-
ciently universal [14-18]. In the author’s re-
cent paper [19], a useful non-empiric expres-
sion for the DP dependence on the distance
was analytically derived:

€= sg_(r‘)/r)z, r=>r 1)

Nowadays, there are a number of articles
using a semi-empirical approach to the en-
ergy description; they evaluate various pat-
terns of ion-water clusters and choose some
of them with a local or global minimum en-
ergy [20-22]. One of the positive features of
those works is the suggestion of a dodecahe-
dral structure of the first hydration shell of
metal ions. The coordination number formed
by hydrogen bonds for a molecule of such a
shell is equal to 3. However, such ap-
proaches have a number of disadvantages af-
fecting the results: (1) for the electrostatic
field, the dependence of dielectric permittiv-
ity on the distance from an ion is not intro-
duced; (2) hydrogen bonds are replaced by
Coulomb forces; (3) such a replacement
leads to inclusion of non-existent hydrogen
bonds between the ion and water molecules.

The proposed study is devoted to the as-
ymptotic description of the hydration shell
of an ion by taking into account local elec-
trostatics and the structure of hydrogen
bonds without the use of empirical or fitting
parameters.

Theory

Energy of hydration shell. The potential
energy of an interaction between a point
charge ez and a point-like dipole p de-

creases as the inverse square of the distance:

ZZE_y-2 (g, is the vacuum constant; for
4TEYED

simplicity, here and below, the charge and
potential values are taken by modulus).
Therefore, concentric monomolecular layers
filled by dipoles of the number proportional
to the area 4mr?2, have the equal energy of
interaction with the ion. We refer to a hydra-
tion shell as a set of all hydration monomo-
lecular layers (where clarification is not re-
quired, we leave the accepted terminology,
e.g. “first hydration shell”, etc.). Conse-
quently, the potential energy of the hydration
shell is proportional to its effective thickness
| . Neglecting the weak interaction of the di-
poles with each other, and suggesting the DP
IS constant, we can write:

R+l zeu 2 zeucy
W, = X 4nriedr ~—2x1, (2
0 fR AmeyEpT? £0Ep ! ( )

where ¢ and cy are the concentration of
molecules in the spherical monolayer with
the coordinate r and its average value for
bulk, respectively; approximation c = ¢, is
assumed; R = 1; + 1, is the sum of the ion
radius I, and the molecule radius ry = d/2,

where d is the diameter of the spherical mol-
ecule of the liquid (here, d=2.7 A is the di-
ameter of water molecule).

There exist such large ions for which the
surface electrostatic potential is too low to

hold the solvation shell. We denote as I}, the

minimal radius of such non-solvated ions,
having no solvation shell. Then,
l=r,—rm.
It follows from the definition of I}, that

the solvation shell forms only under the con-
dition r; < 1,

Taking into account the variability of the
local DP, the potential energy of the entire
system of water layers around the ion can be
expressed as an integral:

__zeu pR+lcdr _ AL
L TN ©)

where R = r; + 1. The integral term may
be calculated analytically as a difference of
functions:

AL = L(Th + T'O) - L(r] + To), L(X) =~ &p f%
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0 1

Fig. 1. Dependence of the coefficient in formula (3) on the coordinate of hydration shell. Upper
boundary of the dependence, I (x) (solid), and its approximation by the step function I, (x) (dashed)
Puc. 1. 3aBucumocTts koadduiienTa B popmyte (3) 0T KOOPAUHATHI THAPATHOTO cI0s1. BepxHsist
TpaHUIIa 3aBECUMOCTH, (CIUTOLTHAS JIMHUS), U €€ allPOKCUMAITHS CTYTIeHYaTo! (pyHKIMEH (ITyHKTHP)

Substituting here Eq. (1), it is easy to cal-
culate L(X). The integral in Eq. (3) is the
function of two variables:

Ry Y
fR,d), (4)

where the arrow indicates the transition to a
fixed parameter - the monolayer thickness,
[ = d. Note that from the energy point of
view, by neglecting the change in entropy,
the concept of “ion radius” (I, ) might be de-

fined as a value up to an integer number of
diameters of medium molecules. For exam-
ple, the second hydration layer can be repre-
sented as the first layer of an ion with the ra-
dius increased by d. In this regard, the quan-
tity R acquires the simple meaning of radial
coordinate.

It is convenient to introduce a variable X,
whose integer values enumerate the number
of filled hydration layers, and the corre-
sponding function:

Ix)=f(R,d), x=d'(R—Ry),5)
where R, = min R is the minimal distance
between the centers of the ion and the mole-
cule of the first hydration layer, which can-
not amount less than the sum of the Bohr ra-

dius &, and the radius of the water molecule

70, I.. Ry = ay + 1p. Due to the minimum
of Ry, function I(x) limits the area of coef-

ficients from above %. The value of the

function for the first hydration layer up to its
filling is equal to 1(0) = f(Ry, d) = 2.91.
The discreteness of the molecular system
of a hydrated ion is most clearly manifested
in the first few layers. In the frame of the

model approximation, the coefficient % has

the form of a step function of the layer num-
ber (Fig. 1):
30<x<1
I,(x) =421<x<?2 (6)
1,x =2

Function (6) satisfies to the boundary
conditions I,(x) = I(x) forx = 0,1, «.

It follows from the above analysis that the
interaction energy of the filled first hydra-
tion layer is approximately 1.5 times greater
than the energy of the filled second layer and
3 times greater than the energy of the third
and subsequent layers.

According to the study [23], in the case of
singly charged ions, the hydration shell con-
tains only the first layer. The proposed
model assumed a constant DP value, which,
as shown here, should be 1/3 of ¢, i.e. € =
27 for aquatic environment at the normal
temperature. This value was implicitly used
in the cited article in accordance with the re-
sults of our previous work [24]. Thus, agree-
ing with the results of the article [23] on the
parameters of the first hydration shell of the
ion, the present study extends the action of
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Fig. 2. Universal dependence (9) for the degree of population of the hydration shell T;—W

on the ion parameters zA.
Puc. 2. YHuBepcaibpHas 3aBUCUMOCTS (9) IUIs CTETICHH 3aCEJICHHOCTH THIPATHON 000JIOUYKH

Nw
—, OT [apaMeTpoB HOHA zA.

the model to the description of a multilayer
hydration shell.

Filling degree of hydration shell. In the
case of multiply charged ions, the first layer
may overflow, and then it will be necessary
to take into account the presence of the next
layers.

In a monomolecular layer, the energy is
related to the number of molecules, filling it,
according to the Gibbs-Helmholtz thermo-
dynamic equation a,dn =dW — TdS,
where a,, is the chemical potential. To esti-

mate the maximum population of the shell,
the entropy term should be omitted:
oW _ -1 R+l£_b

n =a—voz(d Je - dr) (7)

Entropy correction to the hydration num-

Skrrg (k is the Boltz-
2 eu
mann's constant) at temperature T = 293K
has order of 0.01¢.

Without specifying the expression for the
chemical potential, we note that the coeffi-

cient v introduced here has the meaning of

the limiting population of the hydrate shell
with the thickness | = d of a singly charged
ion (z = 1) at the absence of local dielectric
inhomogeneity (‘%” =1),i.e. at R » oo. The

term in parentheses in Eq. (7) within the
framework of the model approximation is
represented by a step function (6). For the

ber in the form of

first hydration layer, taking into account the
coefficient 3, we find:
n® = 3vyzd~1(r, — 1) (8a)
Obviously, when the inequality n° < 3v,
is fulfilled, the entire hydration shell is
placed in the first hydration layer. Other-
wise, when the capacity of the first layer is
filled up, other layers will be filled in the
proportion corresponding to the ratio of the
DEP values in the layers:
n! = 1.5(n® — 3v,)0 < n' < 2v, (8b)
n? = 2(n' — 2v,) n? > 0 (8¢c)
Opening the recurrence relations (8), we
find the total number of molecules of the hy-
dration shell (hydration number) n,, = n° +
n! + n?:
vzA , 0<zA<1
v 13
— 5(321— 1), 1<zA< 5,09

2(921—8), zA >1793
where the designations A =d1(r, — ),
v = 3y, are introduced.

Fig. 2 demonstrates the graph of depend-

ence of nTWnTW ratio on zA in accordance with

expressions (9).
The parameters (v and I, ) of an ion hy-

dration shell can be found in its geometric
model. Note, since the energy of interaction
between an ion and a water molecule de-

ny
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creases by an order of magnitude when pass-
ing from the first monolayer to the second
one, the first layer geometry mainly deter-
mines the properties of the entire hydration
shell.

Types of hydration shell structure. When
an electric charge is placed in the aqueous
phase, a hydration shell forms around it an
isotropic structure. The obvious characteris-
tics of the hydration shell around an ion in-
clude the size and charge of the ion, which
determine the electrostatic interaction of the
ion with the shell molecules. However, addi-
tional interaction is possible in water by the
mechanism of hydrogen bond formation.
Obviously, the difference between ions con-
taining atoms of hydrogen, oxygen, and
some other elements capable of participating
in hydrogen bonds, and other ions, such as
metal ions that do not have this ability, is re-
flected in the properties of the hydration shell.

We refer to “structure-making” ions that
can form hydrogen bonds as W-ions (water-
like), and “structure-breaking” ions that can-
not form hydrogen bonds as M-ions (metal-
like). The structure of the hydration layer
with its almost spherical symmetry can be
represented as a regular polyhedron with wa-
ter molecules at its vertices. Determined by
hydrogen bonds of water molecules, the co-
ordination number (CN) of a molecule is
equal to 4 for the structure of ice. In the
aqueous phase, remaining the same on aver-
age (approximately 3.8 at the normal condi-
tions [8]), and being an integer locally, the
CN varies from 3 to 5. Due to the destruction
of ice-like structures, the state with CN=4 is
implemented in no more than 43% of cases
— according to the percolation theory [25,
26]. It is easy to estimate for an aqueous
phase that the three states of water molecules
with CN 3, 4, or 5 are in approximate ratios
of 2:2:1. The degree of binding of molecules
in the hydration shell depends on the chemi-
cal type of the ion: CN 3 corresponds to type
M, which destroys the network of hydrogen
bonds, and CN 5 corresponds to type W,
which creates new hydrogen bonds. We as-
sume that there is no intermediate type of

ions, which do not disturb the quasicrystal-
line structure of water with CN 4. This as-
sumption is confirmed by the existence of
the phenomenon of salting out when water
freezes.

Such the types refer to both cations and
anions. Therefore, three classes can be dif-
ferentiated for ionic compounds, i.e., MM,
MW, and WW.

Capacity of the first layer of hydration
shells. An ion of M-type, when placed in an
aqueous medium, destroys the network of
the nearest hydrogen bonds in the radial di-
rection. Such a process is characterized by
decreasing CN (formed by hydrogen bonds)
of water molecules. The destruction of radial
bonds that stabilize the ice-like structure,
which is less dense than water in equilibrium
with ice, leads to system instability accom-
panied by its transfer into a denser state. In
the process of destruction of a regular con-
figuration, which has identical mutually at-
tracting bodies located at the vertices, the
system tends to transfer into the nearest local
minimum of potential energy, corresponding
to the movement of bodies to the centers of
the faces. The original polyhedron is trans-
formed into a dual regular configuration
with a higher density at a lower thermody-
namic potential. Among Platonic solids, two
pairs are presented by the mutually dual pol-
yhedra, one is a cube and an octahedron, and
the other — is a dodecahedron and an icosa-
hedron. The second pair of polyhedra has the
required variants of CN. Thus, depending on
the degree of binding of water molecules by
hydrogen bonds, the capacity of the first hy-
dration shell is equal to the number of verti-
ces of a regular dodecahedron with 20 verti-
ces with CN 3 (the case of an ion of the M
type), or of its dual regular icosahedron with
12 vertices with CN 5 (the case of an ion of
the type W). Both configurations are station-
ary states of the ion hydrate shell. The differ-
ence in the potential of these states of water
molecule can be estimated by the Boltzmann
law, relating the population of a level to its
potential and the temperature. The differ-

10
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ence in levels for the aforementioned config-
urations is equal to kT|an—2 = kT lng ~
1

0.5kT, which is ten times less than the en-
ergy of intermolecular interaction in water.

Energetic relations of structural model.
Thus, the potential of a water molecule from
the dodecahedral configuration is slightly
lower than one from the icosahedral config-
uration. Judging from the postulate of struc-
tural chemistry that all the actual energy of a
figure is contained in its bonds, when the
task is to equalize (in the first approxima-
tion) the potential energy per a molecule of
hydration layer, it is required that 5 bonds of
the icosahedron have the energy of 3 bonds
of the dodecahedron. This scenario is possi-
ble because the energy of point dipoles in the
field of electric charge is inversely propor-
tional to the square of distance. Therefore,
the configuration with CN 5 should have
longer sides than the configuration with CN
3, namely, the squares of intermolecular dis-
tances should be related as 5 to 3.

In the process of disjunction of the neigh-
boring molecules located in the dense me-
dium of a concentrating field of an ion, the
freedom of rotation of molecules to the ener-
getically correct position appears. Therefore,
in the case of longer bonds, the arrangement
of water molecules is such that the hydrogen
atom is located on the segment between
neighboring oxygen atoms following the na-
ture of hydrogen bonds. The center of the di-
pole of the water molecule is located near the
boundary of the oxygen atom. Therefore, the
average distance between the centers of
freely rotating water dipoles is approxi-
mately equal to the distance between the ox-
ygen nuclei minus the atomic radius of oxy-
gen. The well-known uncertainty in the size
of an atom in a molecule makes it necessary
to consider the distance between dipoles ap-
proximately equal to the length of the hydro-
gen bond between the proton and the oxygen
nucleus of neighboring molecules. It was
shown previously [27, 28] that the energy of
a hydrogen bond at the boundary of the re-

gion of its existence, as well as the interac-
tion between a charge and a dipole, obeys the
inverse-square distance law. Therefore, as-
suming the approximate equality of the po-
tentials of the configuration variants of the
first hydrated layer, we obtain the following
ratio between the lengths of the edges:

x \? 3
(y—0.96) =XE3 (10)
where x and y are the edges (in A) of the do-
decahedron and icosahedron, respectively
(in the denominator, the length of OH cova-
lent bond, 0.96 A, is subtracted).

In fact, as noted above, the potential en-
ergy of the hydrate layer molecule in the do-
decahedron configuration is lower than that
in the icosahedron. After correcting for the
Boltzmann factor, we obtain an estimate for
the relative difference in the potential energy

of a water molecule in different configura-

tions: 6 = 2£ = k—TlnE ~ 0.085, where the
E E 3

normal temperature and energy of one H-
bond of water are introduced. Accordingly,
in the second approximation, the value y is
corrected:

3E+6E
22707 _ 3128 _ 634,

°F - 5
The corrected equation (10) has the form:

2
(y_’;%) = 0.634 (12)

Minimal radius of non-hydrated ion. The
hydration shell undergoes transitions be-
tween dodecahedral and icosahedral struc-
tures, which involve the formation or break-
ing of hydrogen bonds. When the hydrogen
bonds in the icosahedron are broken, a do-
decahedron-shaped dual structure of the
shell is formed. Figure 3 shows how this do-
decahedron is achieved by repositioning wa-
ter molecules from the vertices to the centers
of the faces of the icosahedron.

Thus, there is a geometric condition for
two possible configurations of the first hy-
dration layer: the radius of the inscribed
sphere for the icosahedron must be equal to
the radius of the circumscribed sphere for the
dodecahedron:

R, =1, = KR,

(12)

11
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Fig. 3. Geometric model of the first hydration layer of an ion: regular icosahedron - for ions
of type W, and regular dodecahedron inscribed in it - for ions of type M. Oxygen atoms are lo-
cated at the vertices. The ends of the arrows indicate the arrangement of hydrogen atoms

Puc. 3. 'eomeTprueckas MOAEIb IEPBOTO TUAPATHOIO CJI0S HOHA: IPABUIIBHBIN UKOCAP -
Jutst noHOB Trma W, BITMCAHHBIN B HETO MPaBUIIBLHBIN T0oAeKadap — st noHOB Thra M. B Bep-
IIMHAX PACIIONIOKEHBI aTOMBI KHCI0poaa. KOHIBI cTpenok 0003Ha4al0T BAPHAHT PACIIONOKEHUS
aTOMOB BOJOpOJa

0 0.5

Fig. 4. Theoretical dependences (15) of hydration numbers on ionic radii for single charged
(solid lines) and double charged (dashed lines) ions of two types: W — water-like; M - metal-like.
Dots represent the values of the hydration number of ions, taken from Table 1: empty icons indi-

cate cations, filled icons - anions.

Puc. 4. Teopernueckue 3aBUcHMOCTH (15) THAPATHBIX YHCET OT HOHHBIX PaINyCOB JUTS OHO3a-
PSTHBIX (CTUIOIIHBIE JIMHUH) U IBYX3apSAIHBIX (IITPUXOBBIE JTMHIH) MOHOB IBYX THMOB: W — Boj10-
HOZLOGHHX; M — MeTaJ'I.]'IOHO}_IO6HBIX. Toukamu MMPCACTABJICHBI 3HAYCHUA THAPATHOI'O YUCJIa HOHOB,

B3ATBIC U3 T: a6J'II/ILILI 1: IMyCTbIMU 3HAYKaMH 0003HaYEHbI KaTUOHBI, 3aKPAIlICHHBIMHU - AHHUOHBI

Here, the following designations are in-

= =2 =0.795; 1,R, are

S N

the radii of inscribed and circumscribed
spheres of the icosahedron (R; = 0.9510y;
1, = 0.7557y); 1., Rs are the radii of in-
scribed and circumscribed spheres of the do-
decahedron (R, = 1.401x;7, = 1.114x).
Accordingly to Eg. (12) we obtain: x =
0.5394y. Substitution of this relation into
Eq. (11), allows for determining the sides of
the polyhedra:

troduced: k =

096y _
Y= Jossor = 2.98A, x =1.60A.

Note that, in full accordance with the as-
sumption about the nature of the bond in the
icosahedron, its edge is equal to the distance
between the oxygen atoms in the water di-
mer. The distance x=1.60A between ox-
ygens in the dodecahedron is related to a
strongly compressed state. However, X sig-
nificantly exceeds the length of the peroxide

12
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Table 1. Theoretical values of the hydration numbers of ions obtained by substituting parameters

(14) into formulas (9)

Ta6m/1ua 1. TeOpCTI/I'-ICCKI/IC SHAYCHU YUCCII TUApAaTalluid MOHOB, IMOJYYCHHBIC MMyTEM MOACTA-

HOBKH mapametpos (14) B dopmyay (9)

| . o / Radius/A ., — Hydration number
on ype argel/e z eory
[30, 31] (9).(14) [6]/[29] [23]
H* W 1 0.37 0.692 8.3 2.7%/12 8
Li* M 1 0.76 0.38 7.6 5.2 8
Na* M 1 1.02 0.285 5.7 35 6
NH,* W 1 1.40 0.308 3.7 2.4 4
K* M 1 1.38 0.15 3.0 2.6 3
Rb* M 1 1.52 0.1 2.0 2.4 2
Cs* M 1 1.67 0.044 0.89 2.1 0
Be?* M 2 0.45 0.99 19.8 16.0/18.0 -
Mg** M 2 0.72 0.79 15.8 10.0 -
Ca?* M 2 1.00 0.585 11.7 7.2 -
Sre* M 2 1.18 0.45 9.0 6.4 -
Ba?* M 2 1.36 0.32 6.4 5.3 -
Al M 3 0.54 1.39 31.7 20.4 -
OH- W 1 1.40 0.317 3.8 2.7 -
F W 1 1.33 0.342 4.1 2.7 -
Cl W 1 1.81 0.167 2.0 2.0 -
HS w 1 2.07 0.067 0.80 1.7 -
S* w 2 1.84 0.3 3.6 3.9 -
p3 M 3 2.12 -0.37 0 - -
*H,0*

covalent bond (1.47 A). The estimates ob-
tained are in qualitative agreement with the
results of Mancinelli et al. [10].

The maximum radius of a spherical ion
that can be placed in the polyhedron, which
simulates the first hydration layer, is equal to
the radius of the inscribed sphere. The ion of
this size is devoid of hydration water due to
a lack of space. Therefore, the minimum size

of unhydrated ion (I},), which serves as the

parameter of Eqg. (9), is equal to the radius of
the inscribed sphere. Radii of inscribed
spheres of the polyhedra are: 7,(M) = r, =
1.79A, r,(W) =1, = 2.25A, i.e.
T _ {O.663,”M"

2~ 10.833,"W" (13)

Results and discussion

Substitution of the following parameters
of the considered configurations

vy = 20,1y = 0.663 — %;

vw = 12,4 = 0.833 —% (14)

(respectively, dodecahedral and icosahedral)

into expressions (9) leads to expressions for

the variants of populations of the hydration

shell. In the important case 0 < zA < 1, we
have:

20z(0.663 —2),"M"

n, = f ) (15)

127 (0.833 - 2) "W

Obviously, n,, = 0 at 1 < 0. Plots of the
functions (15) are presented in Figure 4.

Fig. 4. Theoretical dependences (15) of
hydration numbers on ionic radii for single
charged (solid lines) and double charged
(dashed lines) ions of two types: W — water-
like; M - metal-like. Dots represent the val-
ues of the hydration number of ions, taken
from Table 1: empty icons indicate cations,
filled icons - anions.

According to the graph, the filling of the
first hydration layer for a single charged ion
of type M does not exceed half of the capac-
ity. Therefore, the hydrate molecules will

13
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not be subject to deformation, because the
distance between neighboring molecules

will be established at least v3x = 2.77A.
For multiply charged ions of type M, satura-
tion of the first hydration layer is possible. In
this case, the attraction energy of hydrate
molecules greatly increases and becomes
comparable to the energy of a weak covalent
bond. This ensures their compressed state, in
which the distance between neighboring
molecules decreases to 1.6 A.

Thus, formulas (9) and (14) contain the
result of the approach under development. In
Table 1, the theoretical values of the hydra-
tion numbers of some ions are compared
with the literature data obtained from the
analysis of experimental studies [6, 23, 29].
For instance, the data of the study [23] were
obtained from the ion exchange constants in
the ion chromatography experiment. It
should be underlined that our calculations
correspond to extrapolation of the hydration
number to a temperature of 0 K and does not
take into account the contribution of entropy,
which at normal conditions reduces the re-
sult by about 0.01¢ = 0.3 =~ 0.8.

Almost all the ions presented in the table
obey the condition zA < 1. For beryllium,
equality is achieved (zA4 = 1). Only for alu-
minum we have zA = 1.39 > 1 and, accord-
ing to the model, it has the first hydration
layer filled up, and the second layer ap-
proaches the complete filling. Smith et al. [9]
studied the effect of anions on the structure
of the surrounding water. They proved that
halides and hydroxyl ion do not destroy the
structure of water and can be classified as
W-type entities. Schulz and Hartke [20] ap-
plied CN=3 to water molecules surrounding
alkali metal ions, confirming our conclusion
that such ions are M-type. Regarding lithium
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