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It is shown that the changes in local viscosity of water around ions can be revealed by the
data on ions electrical mobility in their aqueous solutions. On the basis of these changes,
an approach is suggested which involves the evaluation of the water structure in the
nearest surroundings of these ions. The degree of hydration of ions can be quantified by
the number of molecules retained near ions in the case of positive hydration and the
number of molecules, which are repelled from ions in the case of negative hydration. The
number of water molecules is calculated from the effective radius of the moving object
(ion and associated water molecules, ion and repelled water molecules) provided the local
viscosity of water around the ions is equal to the viscosity in the bulk water. It is confirmed
that positive hydration is observed for Li* and Na* cations and F~ anion, while negative
hydration is typical of K*, Rb*, and Cs* cations and Cl-, Br~, and I~ anions. The obtained
results are in a good agreement with the changes of entropy which are associated with the
structural changes of water in surroundings of singly charged ions owing to their hydration,
as well as with the formation of crystalline hydrates for these ions salts.
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Introduction

The researches on water properties and aqueous
solutions are still of great interest, and among the
newest results of these researches, the data on
modeling by molecular dynamics method can be
highlighted, those are related to the analyses of
balance between hydrated ions and hydrated clusters
[1], the interaction of water molecules with other
molecules, ions and surface [2,3], the influence of
ions on water structure [4—7], the evaluation of
hydration energy and entropy [8,9], and the
orientation and mobility of water molecules [10—
12]. An influence of ions hydration type on the
crystalline hydrates of salts formation from their
aqueous solutions is analyzed in paper [13].

The purpose of this study is to quantify the
degree of hydration of monovalent ions. The task of
the work is to determine the amount of water
molecules in the vicinity of hydrated ions, which
affects their mobility in comparison with the volume
of solution. To this end, the measurements of the
conductivity of aqueous solutions were performed.

Methods

Recently, an approach was proposed to evaluate
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the local viscosity of water around hydrated ions
using the data on electrical mobility of ions in aqueous
solutions [14]. It is known that the electrical mobility
of ions in aqueous solutions is determined by the
following equation:

U VA

6mm ’ ()
where ze is the ion’s electric charge (z is the ion’s
valence and e is the elementary charge), r is the
ion’s radius and n is the solvent’s viscosity.

There is the following relation between the
electrical mobility U and the limiting equivalent
conductivity of ions A in the Faraday constant F:
L=FU. (2)

Taking into account Eq. (2), the values of the
boundary equivalent electrical conductivity will be
further used, which can be easily determined
experimentally.

Combining Egs. (1) and (2) and knowing the
magnitude of the boundary equivalent conductivity
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and crystallographic radii of ions, one can calculate
the local viscosity of water around the hydrated ions
moving in the electric field by the following equation:

_ zeF
6mrA

(3)

Results and discussion

The proposed method for determining the local
viscosity of water around the hydrated ions can be
used to quantify the degree of hydration of ions
assuming that an increase of local viscosity around
the ions compared with the bulk water viscosity is
due to positive hydration, for which, by definition,
the ordering of water molecules in the immediate
environment of ions is distinctive, and the reduction
of local viscosity around the ions in comparison to
the viscosity of bulk water is caused by negative
hydration, which results in disordering the water
molecules in the nearest surround of ions. The
ordering of water molecules around the ion will
contribute to an increase in their number compared
with the structure of bulk water, and on the contrary
disordering will result to a decrease in their number
around the ion (Fig. 1).

The degree of ions hydration can be estimated
by the number of molecules retained near the ions
in the case of positive hydration, and the number of
molecules repelled from the ions in the case of
negative hydration. Such a number of water
molecules can be determined by changing the
effective radius of the moving object (ion and
associated water molecules, ion and missing water
molecules) using the following equation:

4n(R; —R})
3V ’

0

N= (4)

where R, is the calculated radius of moving object,
R, is the ion’s radius, V, is the volume of water
molecule.

If N accepts positive values, then there is a
positive hydration; this indicates the number of
excessively retained water molecules near the ion
that move along with it. If N takes negative values,
then there is a negative hydration; this indicates the
number of excessively repelled water molecules
around the ion. The radius of a moving object is
determined from the condition of equality of local
viscosity of water around the ions of bulk water
viscosity by the following equation:

_zeF
° 6mn,

(3)

where ze is the electric charge of the ion (z is the
valence of the ion and e is the elementary charge),
F is the Faraday constant, 1, is the bulk viscosity of
water and A is the boundary equivalent of the
electrical conductivity of the ions.

The numbers of water molecules around the
singly charged ions according to the equivalent
electrical conductivity data of their aqueous solutions
for a temperature of 25°C are given in Table 1. As
can be seen from the results for the temperature of
25°C, N has positive values for lithium, sodium and
fluorine ions. This means that there are, on average,
constantly 5—6 water molecules as a single unit with
it in the dynamic equilibrium around the lithium
ion, 1—2 water molecules around the sodium ion,
and about 1 water molecule around the fluorine ion.
For other ions, N takes a negative value which
indicates a certain number of repelled individual water
molecules near these ions compared with the volume
structure of water. For example, in the case of
potassium ions, one molecule of water is repelled
for about half of the ions, for one ion a water molecule
is repelled for about near every ion of rubidium and
chlorine, from one to two molecules of water are
repelled for cesium and bromine ions, and from 2 to
3 water molecules are repelled for iodine ions.

The obtained results are in good agreement with
the changes in entropy that are related to the
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Fig. 1. Structure of bulk water (a) caused by positive (b) and negative (c) ions hydration
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structural changes in water during the hydration of
singly charged ions, according to which the ions
studied by the type of hydration are distributed
equally (Table 2) [15].
Table 1
Average amount of water molecules around the singly
charged ions

Average amount of] Hvdration
Tons | water molecules | . Structural effect
around the ions P

Li’ 5.97 Positive Ordering
Na' 1.75 Positive Ordering

K —0.59 Negative | Disordering
Rb" —1.11 Negative [ Disordering
Cs' -1.62 Negative [ Disordering

F 1.08 Positive Ordering
Cr —0.98 Negative [ Disordering
Br- —1.68 Negative | Disordering

I —2.68 Negative | Disordering

Table 2

Changes in entropy associated with structural changes in
the water around the singly charged ions due to their
hydration [15]

Jons Changes in entropy | Hydration | Structural
AS,, J-mol K type effect

Li’ —55.6 Positive | Ordering

Na’ -5.4 Positive | Ordering
K' 34.3 Negative | Disordering
Rb" 52.3 Negative | Disordering
Cs 59.0 Negative | Disordering

F- —70.0 Positive Ordering
Cr 6.3 Negative | Disordering
Br- 27.6 Negative | Disordering
I 54.8 Negative | Disordering

Good correlation was found between the type
of hydration and the formation of crystalline hydrates
for the salts of the studied singly charged ions
(Table 3) [13]. As can be seen from these data,
crystalline hydrates of their salts are not formed in
the case when both ions have negative hydration.
Obviously, they form a crystalline salt lattice without
water molecules because of the high mobility of water
molecules around them and the presence of a certain
number of repelled water molecules.

Such considerations lead to the conclusion that
ions with positive hydration should easily form
crystalline hydrates, but this fact is not confirmed
experimentally. The absence of crystalline hydrates

Table 3
Correlation between the type of hydration and the
formation of crystalline hydrates for salts of singly
charged ions [13]

. Availability of
Hydration type Salts crystalline h?; drate
Positive hydration of | LiF -
cation and anion NaF —
KCl -
KBr -
KI -
Negative hydration of RbCl B
cation and anion RbBr B
RbI -
CsCl -
CsBr -
Csl —
LiCl LiCl-H,O
- . LiBr LiBr-2H,0
hvdrati . NaCl NaCl-2H,O
ydration of anion
NaBr NaBr-2H,0
Nal Nal-2H,0
Negative hydration of | KF KF-2H,0
cation and positive RbF RbF-1.5H,0
hydration of anion CsF CsF-1.5H,0

for salts with two ions with positive hydration is,
obviously, due to the presence of a developed
hydrated shell and the inadequacy of electrostatic
attraction between these singly charged ions in these
cases.

It is logical to assume that in the case when
there are available ions in the solution with both
types of hydration, the most favorable conditions of
the introduction of water molecules into the
crystalline structure of the salt are created: one ion
is readily liberated from water molecules, while the
other, on the contrary, holds the water molecules.
This hypothesis is well confirmed by available
experimental results (Table 3).

Temperature is an important factor affecting
chemical processes. Figures 2 and 3 show the
temperature dependences of the number of water
molecules N (the degree of hydration of ions). As
can be seen from these figures, the effect of
temperature on the hydration of the studied ions is
insignificant and the dependence of the degree of
hydration on temperature passes through a minimum.

Conclusions

Thus the developed approach for estimating
the degree of hydration of ions based on the data on
equivalent electrical conductivity can reveal dynamic
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Fig. 2. Temperature dependences of the degree of hydration of cations from the main subgroup of the first group
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Fig. 3. Temperature dependences of the degree of hydration of anions from the main subgroup of the seventh group
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changes in the structure of aqueous solutions. Positive
hydration is typical of Li*, Na* cations and F~ anion,
whereas negative hydration is observed for K*, Rb*,
and Cs* cations and Cl, Br-, and I~ anions. The
obtained results are in good agreement with the
changes in entropy associated with the structural
changes in the water around the singly charged ions
due to their hydration and the formation of crystalline
hydrates for the salts of these ions. It is established
that the influence of temperature on the hydration
of the investigated ions is insignificant and the
temperature dependences of the degree of hydration
of ions pass through a minimum.
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BU3HAYEHHA CTYIIEHA T'IIPATALIT IOHIB 3A
EJIEKTPOITPOBIJHICTIO iX BOOIHUX PO3YMHIB

3.M. Spemxo, P.JI. Bykaiie

Tokazano, wo 3a daHuMu NPo eneKmpopyXausicme ioHie y ix
B800HUX PO3HUHAX MOJICHA BUABUMU 3MIHU NOKANLHOI 8 ’13K0Ccmi 600U
6 oxoni ionie. Ha ocnosi yux 3min nokasvHoi 6’a3x0cmi 600u 6
0KO0I [0HI8 3aNPONOHOBAHO NIOXIO 0151 OUIHIOBAHHS CMPYKMYPU 600U
6 Haubauxcuomy omouenHi yux ionie. Cmyninv eidpamauyii ionie
MOMNCHA KINbKICHO OYiHUMU 3Q KINbKICMIO MOAEKYA, W0 3ampumy-
romobcs 6ins ioHie y pasi nozumuenoi eidpamauyii, ma Kinvkicmio
MOAeKYA, AKI 8UUMOBXYIOMbCsl 6i0 [0HIG Y pasi HeeamueHoi eiopa-
mauii. Taxy kirbkicmb MoaeKyn 600u po3paxosyrms i3 egpekmug-
Hoeo padiyca pyxomoeo 06 ’ekma (ioHa i N0 a3aHux 3 HUM MOAEKYA
600U, YU IOHA MA BUIMOBXHYMUX MOAEKYA 800U) 3G YMOBU PIBHOCMI
AOKANbHOI 8 ’A3K0Cmi 600U 6 0K0AI 0K 00 €MHIU 6 ’a3K0cmi 600u.
3a odeporcanumu pesyromamamu niomeepoNceHo, wo 04 KamioHie
Li*, Na* ma aniona F~ xapakmepna nozumuena eidpamayis, a o1
xamionie K*, Rb*, Cs* ma anionie Cl~, Br-, I — necamuegHa eidpa-
mauis. Odepicani pezyrsmamu 0obpe y3200xcyombcs 3i 3MiHamu
eHmponii, n06 A3aui i3 CMPYKMYPHUMU 3MIHAMU 800U 8 0KO0AI OOHO-
3apsA0HUX ioHie HacAiOoK ix eidpamauii, ma ymeopeHHsIM Kpucma-
Aoeiopamie 045 conell Yux ioHie.

KimouoBi cioBa: BOIHI pO3UuMHM, CTPYKTYpa, Tiaparauis
iOHiB, €JIEKTPOPYXJIUBICTh iOHIB, JIOKaJTbHA B’I3KiCTh BOIU.
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It is shown that the changes in local viscosity of water around
ions can be revealed by the data on ions electrical mobility in their
aqueous solutions. On the basis of these changes, an approach is
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suggested which involves the evaluation of the water structure in the
nearest surroundings of these ions. The degree of hydration of ions
can be quantified by the number of molecules retained near ions in
the case of positive hydration and the number of molecules, which
are repelled from ions in the case of negative hydration. The number
of water molecules is calculated from the effective radius of the
moving object (ion and associated water molecules, ion and repelled
water molecules) provided the local viscosity of water around the
ions is equal to the viscosity in the bulk water. It is confirmed that
positive hydration is observed for Li* and Na* cations and F~ anion,
while negative hydration is typical of K*, Rb*, and Cs* cations and
CI~, Br, and I" anions. The obtained results are in a good agreement
with the changes of entropy which are associated with the structural
changes of water in surroundings of singly charged ions owing to
their hydration, as well as with the formation of crystalline hydrates
for these ions sallts.

Keywords: aqueous solutions; water structure; ions hydra-
tion; ions electrical mobility; local viscosity of water.
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