Compensation of Isotope Effects at the Near Solvation

https://doi.org/10.15407 /ujpe67.7.527

V.I. BULAVIN,! I.N. VYUNNIK ?

I National Technical University “Kharkiv Polytechnic Institute”

(2, Kyrpychova Str., Kharkiv 61002, Ukraine; e-mail: bulavin@kpi.khrakov.ua)
2V.N. Karazin National University of Kharkiv

(4, Svobody Sq., Kharkiv 61022, Ukraine)

COMPENSATION OF ISOTOPE EFFECTS
AT The NEAR SOLVATION OF SINGLY CHARGED
IONS IN LIGHT AND HEAVY WATERS

1. Introduction

The diffusion coefficients DY and the microscopic characteristics of the diffusional displace-
ment length d, time 7, and velocity V of 18 singly charged ions (Li*, Nat, KT, Cst, MesN™,
Eu4N*t, PryNt, BuN™, F~, CI”, Br~, I, ClO;, ClO;, BrO; IOz, IO;, and OBz ) in
heavy and light waters at temperatures of 283.15 and 298.15 K have been calculated on the basis
of literature data concerning the limiting molar electric conductivity of those ions. Using the
proposed parameter (d—r;), where ; is the structural radius of an ion, the type of the solvation
of those ions is determined: it is positive, if (d —r;) > 0, and negative, if (d — r;) < 0. The sol-
vent isotope effects (SIEs) — namely, the variations of the ion diffusion coefficient, D%y /D%,
the length, du/dp, time, Ta/Tp, and velocity, Via/Vb, of the translational ion displacement,
and the solvent viscosity, n5 /ng’, as a result of the substitution H— D in HyO — are calcu-
lated and analyzed. It is found that, in the case of SIE, the deviation of DYy /D% or Via/Vb
from 1 can be up to 25.0-25.9%, whereas, for the near solvation SIE, the deviation of EH/ED
from 1 is an order of magnitude lower. These facts are explained on the basis of a derived
equation, where the SIE du/dp is the product of the inverse SIEs n§ /net and DYy /D%. The
low du /dp-values are obtained due to the opposite effect of the indicated factors, which points
to the compensation of the intermolecular and ion-molecular interactions. Hence, since those
interactions govern the near solvation of singly charged ions in HaO and D20, the results
obtained testify to a significant solvent effect on this process.

Keywords: solvent isotope effect, singly charged ions, diffusion, electrical conductivity,
short-range solvation, negative solvation.

for the negative solvation,

In work [1] devoted to the study of the influence of
ions on the mobility of neighbor solvent molecules,
we established a correlation between the sign of the
deviation (E— ri) of the translational displacement
d from the structural radius r; and the ion solva-
tion according to Samoilov [2]. The established cor-
relation formed a basis of the approach developed in
work [1] for determining the near solvation of ions in
structured solvents. In order to find criteria for posi-
tive and negative solvations, the following inequalities
were proposed: for the positive solvation,

(d—ri) > 0; (1)
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(d—r) <0. (2)

Later, the existence of such a correlation was con-
firmed for singly charged ions in monoethanolamine
[3] and ethylene glycol [4] (in solvents with a spa-
tial network of H-bonds), which testifies to the sen-
sitivity of the proposed approach and its applicabil-
ity to determining the solvation of ions according to
Samoilov. Following Samoilov [2], the solvation was
considered not as the binding of any number of sol-
vent molecules by an ion, but as the influence of the
latter on the translational motion of the neighbor
molecules.

Considering the relationship between the parame-
ter d and the structural radius, as well as the tem-
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perature dependence of d, the interaction of an ion
with the closest solvent molecules was characterized
by the difference (d — r;), which was called the devi-
ation from the Stokes—Einstein law in work [1]. This
law is strictly obeyed only for the model of a rigid
spherical ion moving in a continuous medium (con-
tinuum) characterized by the macroscopic viscosity
No. A criterion for the applicability of the Stokes—
Einstein law is the condition (d — ;) = 0, i.e., the
equality d = r;, which is a geometric limit of switch-
ing from negative to positive solvation [5] and, from
the physical viewpoint, corresponds to the absence
of ion solvation. If the condition d = r; is satisfied,
only the slowing-down force induced by the solvent
viscosity 7y acts on the ion.

The validity of the choice of the difference (d — r;)
as a measure of the ionic influence on the mobility
of the closest solvent molecules (the measure of near
solvation) was demonstrated in work [6], where we
used a friction coefficient independent of the nature
of the force acting on the particle. In work [6], it was
also shown that the difference (d — r;) follows from
the difference between the total, ¢, and viscous, (,,
friction coefficients, which are characterized by the
quantities d and r;, respectively. The parameter d is
considered by us [1, 3,4, 6] as a characteristic micro-
scopic length of some discrete displacement between
two equilibrium positions that an ion passes during a
characteristic time 7. The structural radius of the ion
r; was considered as its inherent and constant [7] char-
acteristic, which quantitatively takes into account its
behavior in the continuum approximation. Since the
values of the radii of tetraalkylammonium (TAA) ions
are ambiguous, we used the specific scale of Marcus
radii [8] and the hydrodynamic condition of “slipping”
when using the Stokes—Einstein law.

It was interesting to apply the approach developed
in works [1,3,4,6] to determine the microscopic char-
acteristics of translational displacement (MCTDs) —
d, 7, V,and (d—r;) - for singly charged ions in heavy
water, which is an isotopically substituted liquid sol-
vent with respect to light water. The phenomenon of
isotopic substitution of a certain element in a com-
pound by its isotope, which is known as the isotope
effect [5,9], is quite interesting and examined for var-
ious properties. Isotope effects are typical of a good
many chemical elements, especially light ones. The
essence of the isotope effect consists in the substitu-
tion of a chemical element by its isotope; as a result,
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the properties of simple substances or chemical com-
pounds that are different in their isotopic composi-
tions and molecular masses become also different.

Among isotopically substituted solvents, studies of
the structured ones are of great interest. Water is
the most researched of them. A characteristic fea-
ture of structured solvents is the formation of a spa-
tial network of H-bonds [10], which is responsible for
the specificity of their molecular structure. The latter
governs numerous, including anomalous, properties of
solvents and affects various processes running in elec-
trolyte solutions.

Among other processes taking place in electrolyte
solutions, solvation plays a very important role. This
phenomenon is explained in the framework of two ap-
proaches [11]: thermodynamic and kinetic ones. The
results obtained while studying the isotope effects in
electrolyte and non-electrolyte solutions in the frame-
work of the thermodynamic approach were summa-
rized in book [5]. The kinetic approach [2| analyzes
the near solvation phenomenon resulting from short-
range ion-molecule (I-M) and molecule-molecule (M-
M) interactions and is based on the study of the ki-
netic properties of ions in solutions.

A considerable number of studies were devoted to
the study of the influence of singly charged ions on
the translational mobility of heavy-water molecules
[12-17]. As a result, the important information was
obtained. By analyzing the data obtained for the near
solvation of 1-1-electrolytes in heavy water [12-17],
the following facts were established:

1. In most cases, the conclusion made by Rabi-
novich [18] that heavy water is a more structured
solvent than light one is confirmed. According to Ra-
binovich, this is a consequence of a higher strength of
the deuterium bond and a more regular tetrahedral
coordination of DO molecules. According to one of
the main statements of Samoilov’s kinetic theory of
near solvation [2], the strengthening of the solvent
structure leads to the solvation weakening, and its
destruction to the solvation enhancement. However,
there are a lot of issues concerning this complicated
process that remain unanswered.

2. Information obtained via various experimental
methods has mostly a qualitative character. It is re-
stricted with respect to ions and temperature, some-
times being contradictory. The application of the ap-
proach developed in works [1,6] to study the influence
of singly charged ions of various nature on the mobil-
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Table 1. Characteristics of singly charged ions in heavy water at T = 283.15 and 298.15 K

A0 x 104, DY, dx 1010, | (d—r;) x 1010, 7; x 1012, Vi,
Ton r; X 1010, mlgen x10%, | Sm - m?/mol m2.s1 m m s m-s— 1

283 298 283 298 | 283 | 298 283 298 283 298 283 | 298
Lit 0.78 2.05 20.27 | 31.36 | 0.513 | 0.835 | 2.41 | 2.39 1.63 1.61 18.9 11.4 12.8 | 21.0
Nat 0.98 1.63 27.78 | 41.62 | 0.703 | 1.108 | 1.76 | 1.80 0.78 0.82 7.34 4.87 | 24.0 | 37.0
K+ 1.33 1.20 42.85 | 61.40 | 1.08 | 1.635 | 1.14 | 1.22 | —0.19 | —0.11 2.01 1.52 | 56.7 | 80.3
Cst 1.65 0.97 45.47 | 64.44 | 1.15 | 1.716 | 1.07 | 1.16 | —0.58 | —0.49 1.66 1.31 | 64.5 | 88.6
MeyNT 2.80 0.57 24.25 | 36.61 | 0.613 | 0.975 | 3.03 | 3.07 0.23 0.27 37.4 24.2 8.1 | 12.7
Et4NT 3.37 0.48 17.07 | 26.44 | 0.432 | 0.704 | 4.29 | 4.25 0.92 0.88 | 107 64.1 40 | 6.6
PryNt 3.79 0.42 11.91 | 18.84 | 0.301 | 0.502 | 6.15 | 5.97 2.36 2.18 | 314 178 2.0 | 34
BuyN+t 4.13 0.39 9.71 | 15.62 | 0.246 | 0.416 | 7.55 | 7.19 3.42 3.06 | 579 311 1.3 | 2.3
F- 1.33 1.20 - 44.79 - 1.193 - 1.67 - 0.34 - 3.91 - 42.8
Cl™ 1.81 0.89 43.69 | 62.83 | 1.10 | 1.67 | 1.12 | 1.19 | —0.69 | —0.62 1.90 1.41 | 59.0 | 84.4
Br 1.96 0.82 45.10 | 64.67 | 1.14 | 1.72 | 1.08 | 1.16 | —0.88 | —0.80 1.71 1.30 | 63.2 | 89.2
I~ 2.20 0.73 44.89 | 63.79 | 1.14 | 1.70 | 1.09 | 1.17 | —1.11 | —1.03 1.74 1.34 | 62.6 | 87.3
ClOgz 2.00 0.80 36.85 | 53.23 | 0.932 | 1.42 | 1.33 | 1.41 | —0.67 | —0.59 3.16 2.33 | 42.1 | 60.5
BrOg 1.91 0.84 32.32 | 46.14 | 0.817 | 1.23 | 1.51 | 1.62 | —0.40 | —0.29 4.65 3.56 | 32.5 | 45.5
104 1.82 0.88 22.63 | 33.64 | 0.572 | 0.896 | 2.16 | 2.23 0.34 0.41 13.6 9.25 | 15.9 | 24.1
ClOo, 2.36 0.68 39.19 | 55.94 | 0.991 | 1.490 | 1.25 | 1.34 | —1.11 | —1.02 2.63 2.01 | 475 | 66.7
10, 2.49 0.64 31.16 | 45.42 | 0.788 | 1.21 1.57 | 1.65 | —0.92 | —0.84 5.21 3.75 | 30.1 | 44.0
OBz~ 3.26 0.49 — 26.19 - 0.697 - 2.86 - —0.40 - 19.5 - 14.6

ity of DoO molecules made it possible to explain the
weak solvent isotope effect (SIE) at the near solvation
and its variability owing to the compensation of the
I-M and M-M interactions in the solutions of singly
charged ions, when changing from light to heavy wa-
ter. The ratios between the calculated parameters in
the H,O and D50 cases were used as the correspond-
ing SIE magnitudes.

2. Calculation Technique

Using the data on the limiting molar electrical con-
ductivity Ao for the singly charged LiT, Nat, KT,
CS+, 1\/[641\I+7 Et4N+, 1:)1‘41\I+7 BU4N+, F-, Cli, BI‘i,
I=, ClOg, ClOg, BrOg, 105, 10y, and OBz~ ions
presented in works [15-17,19], we calculated, in this
work, their diffusion coefficients DY in heavy water at
the temperatures T' = 283.15 and 298.15 K. For this
purpose, we used the Nernst—Einstein equation

o_ BT o
i |ZZ|F2 )

(3)

where z; is the ion charge, R the gas constant, and
F the Faraday number. Then, using the results ob-
tained for DY of ions and the data for the viscosity 7o
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of pure solvent [20], we calculated the translational
displacement length of ion, d, in DO at the indi-
cated temperatures with the help of Stokes—Einstein
equation

T (1)

i 110

where k is the Boltzmann constant, and f = 47 or 6,
depending on the specific ion. Namely, the Stokes—
Einstein law was presented under the “sliding” con-
dition (f = 4m) for the tetraalkylammonium (TAA)
ions MeyNT, Et,NT, PryN*, and BuyNT, and under
the “sticking” condition (f = 6) for other ions.

The characteristic time 7 of translational ion dis-
placement was evaluated according to the well-known
formula

72
~6DY” ®)
The velocity V of translational ion displacement was
calculated as the ratio
v
T

E:

T

(6)

The values of the parameters DY, d, 7, and V cal-
culated according to Egs. (3)—(6) for singly charged
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Table 2. Solvent isotope effects for the diffusion coefficient (D%;/D2

iD/?

the parameters d; (dg/dp) and (d; — r;) ((dg — r;)/(dp — r;)), and the time (T /D)
and velocity (Via/Vp) of diffusional displacement of singly charged ions at T = 283.15 and 298.15 K

. Dz'OH/D?D dg /dp (dg —ri)/(dp —73) TH/TD Vu/Vo
on
283.15 K | 298.15 K | 283.15 K | 298.15 K | 283.15 K | 298.15 K | 283.15 K | 298.15 K | 283.15 K | 298.15 K

Lit 1.359 1.234 0.979 0.992 0.969 0.988 0.741 0.799 1.328 1.238
Nat 1.253 1.200 1.023 1.017 1.051 1.037 0.834 0.858 1.225 1.184
Kt 1.241 1.199 1.035 1.025 0.790 0.727 0.865 0.868 1.200 1.172
Cst 1.235 1.195 1.047 1.026 0.914 0.939 0.880 0.878 1.185 1.163
MeyN+ 1.277 1.231 1.003 1.000 1.044 1.000 0.794 0.814 1.270 1.225
Et4N*t 1.280 1.236 1.002 0.991 1.011 0.955 0.783 0.794 1.279 1.246
PryN*t 1.286 1.235 0.997 0.987 0.992 0.963 0.771 0.785 1.294 1.259
BuyN+t 1.297 1.250 0.992 0.990 0.983 0.977 0.752 0.793 1.313 1.251
F~ - 1.241 - 0.994 - 0.971 - 0.793 - 1.248
Cl— 1.245 1.216 1.027 1.008 0.957 0.984 0.862 0.831 1.199 1.211
Br— 1.246 1.209 1.037 1.009 0.955 0.983 0.849 0.846 1.212 1.188
I~ 1.239 1.206 1.036 1.017 0.964 0.981 0.868 0.859 1.193 1.187
ClOg 1.255 1.210 1.023 1.007 0.955 0.983 0.838 0.841 1.227 1.204
BrO5 1.236 1.211 1.040 1.012 0.850 0.931 0.869 0.849 1.194 1.192
105 1.243 1.217 1.032 1.005 1.206 1.024 0.860 0.830 1.201 1.216
Clo, 1.241 1.208 1.032 1.015 0.964 0.980 0.863 0.851 1.193 1.192
104 1.242 1.198 1.031 1.018 0.946 0.964 0.858 0.869 1.206 1.175
OBz~ - 1.234 - 0.993 - 1.050 - 0.800 - 1.247

ions in heavy water are quoted in Table 1. Table 1
also contains values for the structural radii of ions:
the Goldschmidt radii for monoatomic ions [1], the
van der Waals radii for TAA ions [21]|, the Marcus
radius for the benzoate ion OBz~ [8], and the ther-
mochemical radii for other ions [11]. Here, we also
present the magnitudes of the generalized moment
mE |22], which characterizes the electrostatic inter-
action forces in ion-molecular systems. This parame-
ter was calculated according to the formula
gon _ |12

7 - )
T

m (7)
where € is the elementary charge.

When calculating the SIE values, the required
parameters of ions in light water were taken from

works [1, 6].

3. Analysis of Calculation Results

The values of the parameter DY calculated for the ex-
amined ions in heavy water, similarly to their behav-
ior in light water, increase with the temperature. If
the temperature is constant, DY increases with the
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structural radius for monoatomic ions; but this pa-
rameter decreases for TAA cations. The reduction of
DY is also observed along the series ClO;, BrOj,
105, and ClOy , IO, . The substitution H — D in wa-
ter at 298.15 K leads to the decrease of D? for singly
charged ions by the factor DY;/D% = 1.192+1.250,
i.e., by 19.2-25.0% (Table 2). The reduction of the ra-
tio D% /DY, (the measure of the isotope effect) with
the growing temperature testifies to a destruction in
the more structured solvent D, O, which creates more
favorable conditions for the ionic solvation, which is
responsible for the diffusion.

As it occurs in the case of light water, the param-
eter d for singly charged ions in heavy water also de-
pends on the temperature and the structural ionic
radius (Table 1). It also correlates with the Samoilov
solvation of ions [2]. In the case of ions that are neg-
atively solvated in D50, we have d < r;, so that

(d — ri) < 0, whereas, for positively solvated ions,
d>r;and (d—r;) > 0 (Table 1).

The dependence of (d — r;) on mf™ has the oppo-
site character for the cations of alkali metals and TAA
in both heavy and light waters (Fig. 1), which points

ISSN 2071-0194. Ukr. J. Phys. 2022. Vol. 67, No. 7
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to different slowing-down mechanisms for DO (H20)
molecules in the solvate shells of ions. It is of interest
that the minimum values of the near solvation pa-
rameter (8 — ri) for the Cs* cation are negative and
almost identical in light (—0.46 x 107'° m) and heavy
(—0.49 x 1071% m) waters.

The value of the parameter d for negatively sol-
vated monoatomic ions in heavy water at a constant
temperature of 298.15 K (Table 1) remains approxi-
mately constant [(1.16--1.22) x 10719 m], as it occurs
in light water [(1.17=-1.25) x 10710 m].

Unlike the HsO case, the temperature effect in
D50 was studied in a narrow temperature interval
of 283.15-298.15 K. However, the temperature coeffi-
cient of the parameter d, TC = 9d/0T, demonstrates
the same tendency. Namely, both in HyO and D->O,
it has opposite signs for negatively and positively sol-
vated ions [1]. In particular,

* 3d/OT > 0 for negatively solvated ions,

* 3d/OT < 0 for positively solvated ones.

The ions Na™, 105, and MeyN*, for which
0d/OT > 0, are exceptions from this regularity
(Table 1).

Also interesting is the dependence of (d —r;) on
mE for anions (Fig. 2). It is characterized by the
availability of three branches that converge in a some-
what stretched minimum formed by the ions I~ and
ClOj . The left branch is formed by the ions ClO},
10, , and OBz~; the right one by the ions I7, Br™,
Cl7, and F~; and the middle one by the ions ClO,,
ClOg, BrOg3, and 105 .

Rather unexpected is the behavior of the quan-
tity d and, accordingly, its deviation (8— ri) from
the Stokes—Einstein law, which, taking the deviation
sign into account, constitutes the criterion for ionic
solvation. The values of the parameter d calculated
in the D20 case turned out close to those found in
the HoO case. In contrast to the ratios D;/DY%,
ANy /A%, and Vi1 /Vp, the values of the ratios dp/dp
and (EH — ri) / (ED — ri) regarded as the measures of
SIE turned out close to 1 (Table 2). The deviation of
two latter SIE from 1 is at the level of experimen-
tal data error. The maximum deviation for the Cs™
cation amounts to 2.6%. At the same time, the maxi-
mum deviation of the same effect from 1 for the SIEs
D% /D%, A9/ \%, and Vig/Vp is an order of mag-
nitude higher and equals 25.8% at a temperature of
298.15 K (Table 2). Furthermore, the deviation sign is
also different: dg/dp > 1 for negatively solvated ions
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Fig. 1. Dependence of the parameter (d — r;) on m§" for
cations in heavy water at a temperature of 298.15 K

06 T—
(d-r)10", m
04 A

0,0 A1

OBz~

mE"10°, C/m

co, T
12

0,4 0,6 0,8 1,0 1,2 1,4

Fig. 2. Dependence of the parameter (d — r;) on m$*" for
anions in heavy water at a temperature of 298.15 K

except for 103, and di /dp < 1 for positively solvated
ones except for NaT. By the way, the magnitude of
deviation from 1 depends on the temperature. A tem-
perature decrease by 15 K makes the maximum devi-
ation from 1 almost twice as large (for the Cs™ cation,
its value amounts to 4.7%) (Table 2).

The substitution H — D in H5O increases the char-
acteristic time of translational displacement for singly
charged ions. The ratio 7y /7p < 1 testifies that under
the same conditions, the slowing-down effect of the
ion in D50 is larger than in HoO (Table 2). Attention
should be paid to the fact that the values of
and 7y are close to each other for monoatomic neg-
atively solvated ions: ™ = 1.30+1.52 ps and 4 =
= 1.10+1.33 ps [1].
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The highest velocity V' of translational displace-
ment in the diffusion mode, both in DoO and H5O, is
inherent to negatively solvated monatomic ions: 80.4—
89.2 m/s in D2O (see Table 1) and 94.1-106.7 m/s in
H,0 [1]. As the temperature grows, the velocity of
singly charged ions in D2O and HO increases (Ta-
ble 1). The substitution of protium by deuterium,
H — D, in HyO at 298.15 K leads to a reduction
of the translational displacement velocity by a factor
of VH/VD = 1.163+1.259 (Table 2).

4. Discussion

The following discussion of the calculation results ob-
tained for the diffusion coefficients D? and the micro-
scopic characteristics of translational displacement of
18 singly charged ions in light and heavy water, as
well as the established regularities, is based on the
assumption that owing to the presence of H- and
D-bonds, H;O and D2O are highly structured sol-
vents. Their molecules have similar geometric param-
eters and electronic structures, but they differ in their
masses. The substitution of the protium atom by the
deuterium one, H — D, makes the reduced mass of
the whole D2O molecule approximately twice as large
as that of the HoO molecule [23], which brings about
the frequency variation of all vibrations, including
zero ones, and, as a result, affects the energy of dis-
persion intermolecular interactions [23].

When considering the near solvation of ions, we
adopt that the key role belongs to the H(D)-bound
solvent. The decrease in the self-diffusion coefficient
D, at the substitution H — D [24] evidences a higher
structuring in D5O: the SIE for the self-diffusion co-
efficient Dyy/Dsp > 1 and, as a result, the viscos-
ity increases, nd’/nil > 1 [15]. At the same time, the
both ratios, which characterize the solvents, are close
by magnitude and, being the SIEs, are equal to 1.23
at a temperature of 298.15 K [15,24]. As the temper-
ature increases, the both SIEs decrease: Dgy/Dsp
from 1.23 at 303.15 K to 1.00 at about 673.15 K
[24], and 1 /nf' from 1.283 at 283.15 K to 1.225 at
298.15 K [15].

The higher structuring of D20 is also evidenced
by the SIE value for the ion diffusion coefficient,
D% /D% > 1 (Table 2), which can be explained by
the growth of the slowing-down action of the more
structured D50 solvent on the examined ions. If the
temperature increases from 283.15 to 298.15 K, the
SIE DY;/DY%, for them decreases but remains larger
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than 1 (Table 2), which is a result of the destruction,
first of all, of the more structured solvent. The de-
struction of stronger D-bonds creates conditions for
the growth of near ionic solvation and manifests itself
in the diffusion coefficients. Their values for the stud-
ied ions in heavy water are lower than in light water
if T'= const.

However, destructuring in HoO and D5O can take
place under the influence of ions as well. The SIE
D% /D% > 1 (Table 2) and either decreases along
the series of the same-type ions Lit-Nat-K+-CsT,
F~-Cl7-Br~-17, and ClO; -IO,, or increases along
the series MeyJNt-Et,N*T-PryN*-BuyN* and 105 -
BrO; —ClOg as the ionic radius grows.

Of course, the mobility of solvent molecules de-
pends not only on ions, but also on the strength of H-
and D-bonds. The SIE can be considered as a mea-
sure of the ionic effect on the solvent. It is interesting
that, most often, the magnitudes of SIEs calculated
using the properties (19, Ds) of pure solvents (H2O,
D50) and their ionic solutions do not match. Accor-
ding to the deviation of the SIE D% /DY, for the ion
diffusion coefficient from the SIE n{ /ni! for the vis-
cosity, the researched ions can be divided into two
groups (see Table 2):

e the ions for which the SIE for the viscosity
prevails over the SIE for the ion diffusion coefhi-
cient, n®/nil > DY;/DY%, (these are negatively sol-
vated ions);

e the ions for which the SIE for the ion diffu-
sion coefficient prevails over the SIE for the viscos-
ity, D% /D% > nd/nf' (these are positively solvated
ions).

At a constant temperature, the SIE 5D /ntl = const,
whereas the SIE DY%; /DY, varies in such a way that
it remains smaller than the viscosity ratio n5 /ni! for
the negatively solvated ions, but larger than nd’ /i
for the positively solvated ones.

The parameter d, which was proposed in work [1]
as a sensitive quantitative characteristic of the near
ionic hydration, also manifests itself well in D2O. Ac-
cording to the results of our research, the substi-
tution H — D gives rise to almost identical ionic
solvations of ions in HyO and D50, which is asso-
ciated with the close values of the relevant molecu-
lar parameters [23]: the bond lengths (log = lop),
the valence angles (ZHOH =~ ZDOD), the tetrahe-
dral structure, the same electronic structure. Hence,
those molecules have almost identical properties, ex-
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cept for their masses [23]. In the opinion of the author
of work [25], the non-equivalence of H and D arises
owing to the simultaneous action of local and disper-
sion forces of intermolecular interaction, whose ener-
gies depend differently on the temperature and pres-
sure in light and heavy waters. It is noteworthy that
the deviation of the ratio dy /dp from 1 can be used to
classify the examined ions as negatively (dy/dp > 1)
or positively (dg/dp < 1) solvated ones. Further-
more, for the SIEs D% /D%, \q/\%, and Vii/Vp,
the deviation from 1 can reach 26% at a temperature
of 298.15 K.

Considering the ratio dy/dp as the SIE that char-
acterizes the near solvation of studied ions in light
and heavy waters, the interesting and somewhat un-
expected relationship dy /ED =~ 1 can be explained on
the basis of the Stokes—Einstein law (4). Substituting
the right-hand side of Eq. (4) into the ratio dy/dp,
we obtain the expression:

aj ﬁ(])DD?D

= (8)

do  no Dy’

where the indices H and D refer to light and heavy wa-
ters, respectively. From this expression, it follows that
this ratio is the inverse to the Pisarzhevsky—Walden
product [15] for DO and HO. It can be written as
the product of factors characterizing the degree of
contributions made by the viscosity and ion-diffusion-
coeflicient isotope effects in heavy and light waters:

(o) @)
dp o D/
According to this equation, the isotope effect of the
near solvation, dy/dp, is equal to the product of the
inverse ratios between the viscosities of the solvents
and between the diffusion coefficients of ions in them,
i.e., the product of the inverse SIEs for the viscosity
and the ion diffusion coefficient.

The first multiplier on the right-hand side of
Eq. (8a) is constant at T' = const and does not de-
pend on the nature and properties of the ion. It char-
acterizes the solvents (HoO and D50O) at the macro-
scopic level. On the contrary, the multiplier D%, /D%
depends on the size and charge of the ion and charac-
terizes both the ion and the solvent. The both mul-
tipliers on the right-hand side of Eq. (8a) change, if
the temperature changes: the ratio n /nfl decreases,
and the ratio DY, /DY; increases as the temperature

(8a)
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grows. Hence, those multipliers affect oppositely the
deviation of the ratio dg/dp from 1. The values of the
ratio (EH — ri) / (ED — ri) also remains close to 1.

The underestimated values of the SIE dg /ED and
the ratio (EH — ’I“i) / (ED — ri) are a result of the com-
pensation of the I-M and M-M interactions governing
the near ionic solvation. Such values testify to a sub-
stantial effect of the solvent on this phenomenon. The
complete compensation of the M-M and I-M interac-
tions in the solutions of singly charged ions in light
and heavy waters is satisfied under the condition
du/dp = 1 or the equality ny /ni = (D?D/D?H)_1
between the components of Eq. (8a), which is con-
firmed experimentally (Table 2): dy/dp = 1.00 for
the MesNT ion at T = 298.15 K.

In the case of negatively solvated ions, dg/dp >
> 1.00 (i.e., the I-M bonds are weaker than the M-M
ones), and the inequality nd /nil > DY,/ D% is satis-
fied (see Table 2). This conclusion is consistent with
Rabinovich’s concept [18], according to which D50
is a more structured solvent than H,O. The reason
for the higher structuring of D50 is the fact that D-
bonds are stronger than H-bonds [18]. The enhance-
ment of the DyO structuring at the H — D sub-
stitution in water leads to the viscosity growth by
ny /nil = 1.225 times (at 298.15 K). Under the pre-
dominance of the ion-molecular interaction over the
intermolecular one in the case of positive ionic sol-
vation, the inequality n /nil < DY, /D% holds. This
condition is confirmed by the results obtained for pos-
itively solvated ions, except Nat and I0; .

5. Conclusions

The most important result of our research concerning
the influence of singly charged ions on the mobility of
their nearest molecules of light or heavy water con-
sists in the registration and explanation of the low
values obtained for the solvent isotope effect (SIE) for
the near solvation, dg /ED. The substitution H — D
showed that the solvation of ions in H,O and D>O is
almost identical, because the dy/dp parameter was
close to 1. Its maximum deviation from 1 reached
2.5+2.6% for the K™ and Cs™ ions at a temperature
of 298.15 K (Table 2), being at the level of the exper-
imental data error. It is of interest that, in the cases
of the SIE for the ionic diffusion, DY%;/DY5, or the
velocity of translational displacement of ions, Vi /Vp,
the deviation of this parameter from 1 increases up
to 25.0+25.9% (Table 2). On the other hand, accord-
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ing to the deviation of the parameter deviation rfom
1, the examined ions, except for Na™ and 103, dis-
tinctly demonstrate either negative (du/dp > 1) or
positive (dg/dp < 1) solvation (Table 2).

To explain those somewhat unexpected results on
the basis of the Stokes-Einstein law, Eq. (8a) was
derived. According to the latter, the SIE dy/dp is
the product of the inverse SIEs for viscosity, g /nt!,
and the ionic diffusion coefficient, D%;/D%,. Conside-
ring the opposite actions of those coefficients on the
SIE, it was found that the low SIE values (i.e., some
non-equivalence between H and D [25]) are a result of
the compensation of the M-M and I-M interactions,
which govern the near solvation of singly charged ions
in HoO and D>O, So the low SIE values testify to a
significant influence of the solvent on this parameter.

In the case of negatively solvated ions, we have
dy/dp > 1, and the intermolecular interaction pre-
vails over the ion-molecular one: 1 /nfl > D%, /DYy;
whereas, for positively solvated ions, dg/dp < 1, and
the ion-molecular interaction prevails over the inter-
molecular one: nd /nit < DY/ D%.

The complete compensation of the M-M and I-M
interactions takes place, if the condition dy/dp = 1
holds so that ny/nil = D9, /DY%; (see Table 2, the
MeyN* cation at 298.15 K). Those conditions are
confirmed experimentally (Table 2) and are in agree-
ment with Samoilov’s [2] and Rabinovich’s [18] view-
points on the near solvation.

No less significant results were obtained, while
studying the influence of ions on the SIE DY;/D%,
for the ion diffusion coefficients in light and heavy wa-
ters. It is found that the value of D% /DY, changes
not only, if the temperature increases, but also un-
der the influence of ions. The ions affect the solvent
via various mechanisms and substantially change its
structure, which can be observed in the experiment
(Table 2). As one can see from Table 2, the value of
the ratio D% /D%, decreases along the series of simi-
larly solvophilically solvated ions Lit-NaT-K*™-Cs™,
F~-ClI=-Br~-17, ClO; -10;, and 105 -BrO5; -ClO3
with the reduction of the generalized moment m$™"
that characterizes the forces of electrostatic interac-
tion in ion-molecular systems. At the same time, in
the case of the solvophobically of solvated ions, the ra-
tio DY,/ DY increases, as the parameter m$™ decrea-
ses along the series MeyNT-Et,NT-Pry,NT-BuyNT,
which testifies to the non-electrostatic character of
the solvate shell formation in this group of ions.
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B.I. Byaasin, 1.M. Bronux

KOMIIEHCAIIIS I30TOITHNX
E®EKTIB IIPU BJIM>KHIN COJIbBATAILIII
OJTHO3APAIHNX IOHIB ¥V JIETKII TA BAXKKIIN BO/I

Koedinient mudysii (D?) i MIKpOCKOMIiYHI XapaKTepHCTHKH
nosxunu (d), wacy (7) 1 mBuaxocti (V) nudysiiinoro aminieH-
us 18 ommosapsmmmx iomis (LitT, Nat, Kt Cst, MesNt,
Et4Nt, PryNT, BuyN*t, F—, CI—, Br—, I, ClOg, ClOg,
BrOg 105,10, , OBz™) y Baskkiii Ta jerxiit Bogi mpu 283,15 K
i 298,15 K pospaxoBaHO 3 JIiTepaTypHUX JAHUX IOJ0 I'DAHU-
9HOI MOJISIDHOI €JIEKTPUYHOI IpOBigHOCTI 1ux ioHiB. I3 3acTo-
CyBaHHSIM 3aITPOTIOHOBAHOTO HaMH mapamerpa (d — 7;), (r; —
CTPYKTYpHHIl pajiyc ioHA), BU3HAYEHO THUII COJIbBATAIl LUX
iowis: mosurmsHa, sxuio mapamerp (d — ;) > 0; merarusHa —
npu 3uadennax (d — ;) < 0. PospaxoBaHo Ta MpoaHaTi30BaHO
izoromnni edexru pozunnuuka (IEP) npu samini H— D y H2O:
koedinienta nudysii ionis D?H / DiOD’ nosxuan dy /dp, dacy
/7> 1 mBuakocti Viz/Vp TpaHCasniifHOro ix 3MilleHHS Ta
IEP B’s3k0CTi pO3UnHHUKA 'r]OD / 7]51 . Bcranosneno, mo y Bunaz-
Ky IEP D?H / D?D abo Vi3 /Vp Biaxwusenns Bix 1 craHOBUTH 10
25,0-25,9%, a qyis IEP Gmkuboi conmbsararii dy/dp — Ha 1mo-
psiiok Huxkde. [TosicHenHst ux ¢akTiB MpoBeseHe Ha IifcTasi
OJIEPKAHOTO HaMHU piBHsHHS, ¥ sikoMy 1EP dig /ED € 106y TKOM
seoporaux IEP nf’ /nll i DY, /DY;. Husbki snauenns dy/dp
3YMOBJIEHI TIPOTHUJIEXKHUM XaPaKTEPOM BIJIUBY IUX CHIMHOXK-
HUBKIB, 1110 BKa3y€ Ha KOMIIEHCAIII0 Mi>KMOJIEKYJISIPHUX Ta 10H-
MOJIEKYJISIDHUX B3a€MOJiH, SKi BU3HAYAIOTH OJIMIKHIO COJIbBa-
Talio ogHo3apsiaaux ioHiB y HoO ta D2O i cBimgyars npo 3Ha-
YHUI BIUIMB HAa OCTAHHIO PO3YMHHUKA.

Karwoei caoea: isoTonHMUM eEKT POZUNHHUKA, OTHO3aPs-
nHi ioHH, tudys3isa, eJeKTpUYHa NPOBIAHICTE, OJMKHSA COJIbBa-
Tallis, HErATUBHA COJIbBATAILis.
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