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NEAR HYDRATION OF SINGLY CHARGED MONOATOMIC IONS IN EXTREMELY DILUTED
SOLUTIONS: THE EFFECT OF TEMPERATURE AND PRESSURE

The diffusion coefficient D and the distance of translational displacement of Li*, Na* K*, Cs*, CI"and Br~ ions d in water at 298.15 K — 423.15 K
(25 K step) and pressure from 0.0981 to 784.5 MPa (98.1 MPa step) were calculated from the literature data on limiting molar electrical conductivity.
The D; values for these ions increase with pressure growth from 0.0981 to 98.1 MPa at 298.15 K. Further pressure increase (up to 785 MPa) leads
to decrease in D . Temperature growth under isobaric conditions leads to an increase in D . Parameter (8_ ri) (deviation from the Stokes—Einstein
law, r; is ion structural radius) was used as a criterion for the type of ion solvation. It is shown that Li* and Na ions behave as cosmotropes, or
positively solvated structure—forming ions having (Ef ri) > 0. The Cs*, ClI, Br ions behave as chaotropes, or negatively solvated structure—breaking
ions having (Hf r;) <0. For the K* ion, the (af r;) deviation is alternating. At 0.0981 MPa and 298.15 K, the K" ion is a chaotrope. But at 320 K
(Tiim) parameter (E, r;) = 0. It corresponds to the transition from negative to positive solvation. Above Ty, at P = const, the K* ion is a cosmotrope.

At 298.15 K and up to 98.1 MPa, the pressure causes the same change in the (Hf r;) deviation as the temperature. On the contrary, at 320 K and
higher, the pressure affects the near hydration in the direction opposite to the temperature.
Keywords: monoatomic ions, diffusion, diffusion displacement length, positive and negative solvation

B.1. BYJIABIH, IM. B’IOHUK, A.B. KPAMAPEHKO, O.1.PYCIHOB

BJIWMAKHA I'TIPATAINIA OJHO3APATHUX OJHOATOMHHMX IOHIB Y TPAHUYHO
PO3BABJIEHUX PO3YNHAX: BIIVIUB TEMIIEPATYPHU TA TUCKY

Koedimient audysii D’ ta nosxkuna auysiiinoro smimenns d ionis Li*, Na* K¥, Cs*, CI"and Bry soai npu 298,15 K — 423,15 K (war 25 K) i
Tucky Big 0,0981 mo 784,5 MIla (mar 98,1 MIla) po3paxoBaHi Ha MiACTaBi JITEPATYpPHUX AAHUX IOJO iX I'PAHUYHOI MOJSPHOI E€IeKTPUYHOL
npoBigHOCTI. Bemmanan D? uux ionis 3poctaroTh npu 298,15 K 3i 36inmpmrennsam trcky Bix 0,0981 no 98,1 MITa. Tlonansine migBUIIEHHS THCKY JI0
785 MIla npu3BOIHUTE 10 3MEHIICHHS Dio. 3pocTaHHS TeMIIEpaTypH B i300apHYHUX YMOBAX NPHU3BOJWTE JIO 30iIbIIECHHS Dio. IMapameTp (a, ri)
(BigxuneHns Bix 3akoHy Crokca—EifHmreiina, Ii— cTpyKTypHHIl pajiyc ioHa) BUKOPHCTaHMIA K KpUTepiil THITy coipBartaii ioHiB. Tlokasano, mo
ionu Li* i Na* BexyTh cebe sk KOCMOTpOIH, 200 TIO3UTMBHO COJILBATOBAHI CTPYKTYPOYTBOPIOIOYi iOHHM, ISl SKHX (a— r)>0. Ioau Cs*, ClI" i Br —
XaoTponw, abo HETaTUBHO CONBBATOBAHI CTPYKTYypO—pyHHYIOUI i0HM JUIS SKHX (a— r;) <0. s iona K napamerp (a— ri) € 3Hako3MiHHUM. ITpn
0,0981 MIIa Ta 298,15 K ion K* - xaorpor, ane npu 320 K (T,par) Beuunna (a, ri)) = 0. Lle BixmoBiziae mepexoiy Bij HEraTHBHOI [0 TIO3UTHBHOL

conbBatanii. Bume T, npu P = const ion K* e xocmorponom. TTpu 298,15 K i mo 98,1 MITa Tuck cnpuumbse Taky x sminy (0 —r), sk i
Temnepatypa. ITpn 320 K i Bue THCK BIMBaE Ha ONIDKHIO TiJpaTallilo y HANPSIMKY, MPOTHISKHOMY Jil TeMIIepaTypH.
Kuarodosi ciioBa: ogHOaTOMHI i0HNM, 1uQY3is, TOBKHHA TN(Y3IHHOTO 3MillleHHS, HETATHBHA COJBBATAIlis

B.U. BYJIABUH, U.H. BBIOHHUK, A.B. KPAMAPEHKO, A.U. PYCHHOB

BJINAKHAA THAPATAIUA OJHO3APAJHBIX OJHOATOMHBIX HOHOB B ITPEJEJBHO
PA3BBABJIEHHBIX PACTBOPAX: BJIIMSIHUE TEMIIEPATYPBI U TABJIEHUS

Koo(uument muddysun D u amuna tpancnsmonnoro cvemenns  wnowos Li*, Na* K*, Cs*, CI"u Br B Boze npu 298,15 K — 423,15 K (war
25 K) u masnennu (P) 0,0981 —784,5 MIla (urar 98,1 MIla) paccunTaHbl U3 JIUTEPATYPHBIX JAHHBIX IO MPEACIBHON MOJSIPHON AIEKTPUUECKOM
MIPOBOAUMOCTH 3THX MOHOB. 3HAUCHUS Dio nipu 298,15 K ¢ noeienuem P or 0,0981 no 98,1 MIla yBennuuBaroTcs, Mpu BO3PACTAHUU JABIEHUS OT

98,1 no 785 MIla ymenpmaiorcs. [Ipu T > 298,15 K ¢ yBemuueHneMm IaBIeHUS Dio 9THX HOHOB yMeHbIIaeTcs. [IOBBIIICHHE TeMIepaTypsl B

0
H306apuqec1<1/lx YCJIOBUAX MPUBOJAUT K BO3PACTaHUIO Di . KpI/ITepI/ICM THIIA COJIbBATAI[MX MOHOB HCITOJIb30BAaH 3HAK OTKJIOHEHUS OT 3akoHa CTokca—
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Ditnmrreitna (d - r7), TAE Ii — CTpyKTypHBIi pamuyc nona. Monsr Li* 1 Na* — kocMoTporst (onoxutensao comsaatuposanmsie ((d — ;) > 0) Homs—

crpykTypoobpasosatenu), nonbl Cs*, ClI, BI” xaoTpors! (OTpULATENLHO COMbBATUPOBAHHBIE ((a —1i) <0 ) HOHBI — pa3pyLWUTEIN CTPYKTYphL). st

nona K" mapamerp (a— r;) 3aaxonepemenssii. [Ipu P =0,0981 MIla u 7 =298,15 K (a —1;) < 0 — non K" — xaorpor. [pu 320 K (Type,) BeHuMHA

(a— ri)) = 0. Boime Ty, ipu P = const non K"~ kocmotpor. TTpu 298,15 K u P no 98,1 MIla naBicHHe BIUseT Ha M3MEHEHHE (a — i), KaK u

temnepatypa. [Ipu 320 K u Bbiue aefictBue P IpOTHBOMONIOKHO NEHCTBHIO TEMIIEPATYPBL.

KiroueBble c10Ba: 0HOATOMHBIC HOHBL, TG dY3ust, HHA U (Y3UOHHOTO CMELICHHUS, OTPHULATENIbHAS CONbBATALHS

Introduction. The study of ion solvation is one of
the most important problems in the chemistry of
electrolyte solutions. Both the near and far surroundings
of the ion changes in the process of ionic solvation. Many
properties of ions and their effect on the solvent can be
explained using the concept of solvation. In studying the
effect of ions on the dynamics of the closest solvent
molecules, the greatest success was achieved in the study
of aqueous solutions. According to the effect on the water
structure, Samoilov [1] divided the ions into two groups:

1) ions solvated positively (AEj=E;-E» >0,
Tilt > 1);

2) ions
Tt < 1).

Samoilov [1] includes structure—making ions in the
first group, and structure—breaking ions in the second
group. In the development of Samoilov’s views, Collins
[2] (in the model of soldered spheres) proposed later the
“cosmotropes” term for structure—makers. They are singly
charged ions of small size (having a high charge density
that firmly binds water molecules). Correspondingly, the
“chaotropes” are the structure—breakers, or singly charged
ions of large size having a low charge density. They bind
water molecules weaker than the latter bind each other.

Today highly structured water and aqueous solutions
have been studied most fully [3-6]. To study short-range
solvation [3] in water, the most modern methods are
involved, including molecular dynamics modeling
(MDM). As a result, significant progress has been
achieved, new models and mechanisms have been
proposed [4-6]. At the same time, many questions are still
not sufficiently developed.

Modern technologies and theories determine the
conduct of research in a wide range of state parameters.
However, the lack of fundamental information on the
properties of water and ions in aqueous solutions in a
wide range of temperatures and pressures does not allow
one to predict even qualitatively the effect of pressure on
the short-range hydration of ions. Known experimental
data [7-11] in terms of the effect of pressure on the
dynamics of water molecules closest to the ion are limited
both by the range of pressures and temperatures, and by
the set of electrolytes. The conclusions of these works are

solvated negatively (AEj=E;-E,<0,

contradictory [7,8,10,12]. Samoilov and co-workers [7,
8], based on the data on the density of dilute aqueous
solutions of NaCl, KCl and NH,CIl, came to the
conclusion that with an increase in pressure from 0.1014
to 101.4 MPa the near hydration of Na* and K" ions
increases due to the destruction of the water structure,.
For the NH," ion, the close—range solvation characteristic
passes through a minimum. Nakahara [11], calculating the
number of hydration of ions in an infinitely dilute solution
of KCI at 288.15, 298.15 and 313.15 K and pressures
from 0.1014 to 507 MPa, showed that they practically do
not change with increasing pressure for K* and CI” ions.

According to Horn [10], an increase in pressure
leads not only to the destruction of the intrinsic structure
of water in solution, but also to a weakening of near
hydration. Toryanik [12] came to the conclusion that ions,
as well as temperature and pressure, have a destructive
effect on water. He based on the results of a study of the
water molecules diffusion coefficient in solutions of
lithium, sodium, potassium and cesium chlorides over the
temperature range 263-343 K and pressures up to
0.7 GPa.

It seems interesting to use the developed in [13, 14]
and well-proven approach to determining the criteria for
positive (a— r)>0 and negative (Hfri) <0 ion
solvation. It based on the deviation from the Stokes—
Einstein law in the form of a difference (a—ri) and
reflects the effect of temperature and pressure on the
short-range hydration of monatomic ions.

The choice of the difference (H— r) between the

distance d of the translational displacement of an ion and
its structural radius r; as a measure of the effect on the
mobility of the closest solvent molecules was
substantiated in [14].

Results. In this work, the diffusion coefficient and
the translational displacement distance for Li*, Na* K",
Cs’, CI” and Br ions in water at 298.15 K-423.15 K (step
25 K) are calculated from the data on the limiting molar

electrical conductivity of ions (1) and pressures from

0.0981 to 784.5 MPa (step 98.1 MPa). The values and
were calculated using the Nernst—Einstein (1) and Stokes—
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Einstein (2) equations, respectively:

o_ RT
> RIF ®
— KT
d=——
61D, @

In equations (1) and (2) T is the temperature, K; R is
the molar gas constant; k is the Boltzmann constant; z; is
the charge of the ion; F is the Faraday number, g is the
dynamic viscosity of the solvent. The quantities and 1y
necessary for the calculation by equations (1) and (2) are
taken from [15, 16].

The calculated values of the diffusion coefficient

and (H_ r;)) parameter for six singly charged ions in water
(at the temperatures and pressures indicated above) are

presented in Tables 1 and 2. When calculating the (a— r)
difference, we used the structural radii of ions according
to Goldschmidt (in A): Li* = 0,78; Na" = 0.98; K" = 1.33,
Cs"'=1.65; ClI"=1.81; Br =1.96 [17].

Table 1 data analysis show that at 298.15 K the
value of the diffusion coefficient of the studied ions in
water increases while the pressure growing from 0.0981
to 98.1 MPa. Further increase in pressure up to 785 MPa
leads to the diffusion coefficient diminishing (Fig. 1). At
temperatures above 298.15 K, it also decreases with an
increase in the pressure (Table 1). An increase in
temperature under isobaric conditions (P = const) leads to
an increase in D values.

This pressure influence on the diffusion coefficient
at 298.15 K can be explained by water viscosity change
[15] (Table 3). In the range of 0.0981-98.1 MPa, the
viscosity of water decreases with increasing pressure, but
it increases with further pressure growth. With an increase
in temperature at P = const, the viscosity of water
decreases (Table 3).

From the analysis of polybaric and polythermal (af
r)) dependences (Table 2; Fig. 2-4), the following
conclusions can be drawn:

1. Li* and Na" ions over the investigated temperature
range 298.15-423.15 K and pressures 0.0981-784.5 MPa

behave like kosmotropes ((a—ri)>0). It indicates the
positive hydration. It weakens with pressure growth
(a(d-r)/oP <0) at the temperatures studied. Under

isobaric conditions, as the temperature rises, the positive

hydration of the Li* cation weakens (a(d_—ri)laP <0),

while that of the Na* increases
(o(d-r)/oP>0).

2. Cs', CI', Br ions in the investigated temperature

cation slightly

and pressure range behave as chaotropes (H_ r) <o,
which indicates negative solvation, which under
isothermal conditions increases with increasing pressure,
while in isobaric (P =const) decreases with increasing
temperature o(d —r,)/oP >0 -

3. The most interesting turned out to be the behavior
of the K™ ion with a change in T and P. At a saturated
vapor pressure (Pg) and T=298.15K, this cation

behaves like a chaotrope (E_ r) <0. As the temperature

rises, the value (a— r;)) increases and at 320 K it reaches
zero. This temperature corresponds to the transition from
negative to positive solvation (T}, = 320 K). Above Tjin
at P = const, the K* ion behaves like a kosmotrope (Fig.
2). At T=298.15 K, an increase in pressure leads to a
decrease in (a— r;) parameter, which corresponds to an
increase in negative solvation (Fig. 3). Polytherms (H_
r)—T (shown in fig. 2,3) and polybars (a— r)—P
indicate the opposite influence of 7 and P on the short—
range solvation of the K* cation in water. The intersection
of polytherms and polybars with a zero line allows us to
determine the limiting temperatures (Tyn) and limiting
pressures (Pjir) of the transition from negative to positive
hydration. They are given in Table. 4.5. The transition
from negative to positive hydration is also observed for
the Rb" cation (Fig. 4), for which Ty, is 387 K at
saturated vapour pressure.

4. From the analysis of polytherms and polybar of

(a— r;)) parameter it follows that the K* cation behaves
like a chaotrope at 298.15 K regardless of P in the
pressure range 0.0981-784.5 MPa (Fig. 3). At
temperatures from 298.15 K to 423.15 K, the chaotropic
properties of the K™ ion are retained at pressures above
588.6 MPa. At a temperature of 320 K and higher, the
pressure acts on the near hydration in the direction
opposite to the temperature. At 298.15 K and pressures up

to 98.1 MPa, the pressure causes the same change (afri)
as the temperature. Thus, the opinion existing in the
literature [18, 19] that pressure and temperature act on the
structure of water in the same direction is valid in the
pressure range up to 98.1 MPa at T <320 K. At higher
parameters of state, T and P have the opposite effect on
near solvation.

26
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Table 1. — lons diffusion coefficient Di0 values at different temperatures and pressures

o D’ 10°, m?s*
MPa 298,15 K 323,15K
Li* Na* K* Cs* cr Br Li* Na* K* Cs' Cl Br
0,0981 1,028 1,334 1,960 2,053 2,034 2,082 1,815 2,303 3,221 3,316 3,377 3,443
98,1 1,055 1,369 2,011 2,096 2,090 2,141 1,787 2,266 3,175 3,270 3,339 3,403
196,1 1,025 1,331 1,957 2,048 2,040 2,088 1,729 2,194 3,077 3,181 3,247 3,302
294,2 0,985 1,281 1,885 1,981 1,973 2,013 1,662 2,107 2,964 3,074 3,134 3,186
392,3 0,937 1,217 1,797 1,899 1,883 1,920 1,587 2,012 2,837 2,955 3,010 3,059
490,3 0,887 1,148 1,699 1,805 1,787 1,819 1,512 1,914 2,707 2,834 2,880 2,915
588,4 0,831 1,076 1,598 1,710 1,686 1,710 1,432 1,813 2,563 2,704 2,742 2,771
686,5 0,778 1,007 1,499 1,614 1,584 1,603 1,354 1,712 2,430 2,574 2,603 2,624
784,5 0,727 0,937 1,401 1,523 1,489 1,502 1,276 1,611 2,295 2,448 2,465 2,479
P, Di0 -10°%, m?s?
MPa
348,15 K 373,15K
Li* Na* K* Cs' cr Br Li* Na* K* Cs' Cl Br
0,0981 | 2,855 3,545 4,761 4,854 5,037 5,109 4,129 5,022 6,532 6,619 6,962 7,015
98,1 2,743 3,405 4,586 4,692 4,879 4,935 3,969 4,836 6,296 6,406 6,749 6,792
196,1 2,652 3,290 4,443 4,555 4,739 4,785 3,773 4,589 5,996 6,132 6,452 6,486
294,2 2,531 3,137 4,248 4,378 4,546 4,583 3,583 4,359 5,706 5,866 6,175 6,192
392,3 2,407 2,982 4,045 4,192 4,347 4,372 3,416 4,156 5,462 5,632 5,929 5,939
490,3 2,295 2,842 3,865 4,024 4,170 4,185 3,259 3,963 5,212 5,412 5,689 5,686
588,4 2,183 2,702 3,685 3,856 3,980 3,993 3,106 3,769 4,966 5,186 5,446 5,432
686,5 2,062 2,553 3,489 3,672 3,790 3,790 2,960 3,586 4,749 4,986 5,222 5,192
784,5 1,954 2,413 3,302 3,507 3,604 3,598 2,820 3,416 4,526 4,776 4,992 4,952
P, DiO 10°, m?st
MPa
398,15 K 423,15K
Li* Na* K* Cs' cr Br Li* Na* K* Cs' Cl Br
0,0981 | 5,661 6,771 8,545 8,641 9,171 9,182 7,347 8,655 10,65 10,78 11,49 11,44
98,1 5,338 6,383 8,086 8,218 8,734 8,723 6,893 8,114 10,03 10,20 10,91 10,83
196,1 5,014 5,999 7,624 7,795 8,286 8,257 6,478 7,623 9,452 9,675 10,36 10,25
294,2 4,786 5,722 7,290 7,493 7,958 7,912 6,122 7,203 8,961 9,222 9,872 9,747
392,3 4,570 5,462 6,970 7,197 7,645 7,585 5,809 6,833 8,519 8,813 9,441 9,305
490,3 4,328 5,167 6,618 6,870 7,290 7,215 5,491 6,459 8,069 8,409 8,987 8,828
588,4 4,129 4,922 6,316 6,589 6,984 6,906 5,231 6,153 7,702 8,061 8,609 8,439
686,5 3,929 4,676 6,013 6,312 6,675 6,586 4,970 5,831 7,324 7,706 8,212 8,050
7845 3,721 4,431 5711 6,027 6,365 6,266 4,728 5,544 6,980 7,385 7,850 7,680
Table 2. — Parameter ( d- r;) values for ions at different temperatures and pressures
P, (d—r) 10" m
MPa 298,15 K 323,15K
Li* Na* K* Cs' cr Br- Li* Na* K* Cs' Cl Br-
0,0981 1,59 0,85 -0,08 -0,46 -0,61 -0,79 1,60 0,90 0,01 -0,35 -0,53 -0,70
98,1 1,58 0,84 -0,09 -0,46 -0,62 -0,80 1,56 0,86 -0,02 -0,37 -0,56 -0,73
196,1 1,54 0,80 -0,12 -0,49 -0,65 -0,82 1,51 0,83 -0,04 -0,41 -0,59 -0,76
294,2 1,50 0,77 -0,14 -0,52 -0,67 -0,85 147 0,79 -0,07 -0,43 -0,62 -0,79
392,3 1,45 0,74 -0,17 -0,55 -0,70 -0,87 1,43 0,76 -0,10 -0,47 -0,65 -0,82
490,3 1,41 0,71 -0,19 -0,58 -0,73 -0,89 1,38 0,73 -0,12 -0,50 -0,67 -0,84
588,4 1,36 0,67 -0,22 -0,61 -0,75 -0,92 1,34 0,70 -0,14 -0,53 -0,70 -0,86
686,5 1,32 0,64 -0,24 -0,64 -0,78 -0,94 1,30 0,67 -0,17 -0,55 -0,73 -0,89
784,5 1,27 0,61 -0,26 -0,67 -0,81 -0,97 1,26 0,64 -0,19 -0,59 -0,75 -0,91
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P, (d —r)10% m
MPa 348,15K 373,15K
Li* Na* K* Cs" cr Br Li* Na* K* Cs" cl Br
0,0981 1,58 0,92 0,09 -0,26 -0,47 -0,64 1,56 0,94 0,15 -0,19 -0,42 -0,58
98,1 1,53 0,88 0,05 -0,30 -0,51 -0,68 1,50 0,89 0,11 -0,24 -0,47 -0,63
196,1 1,46 0,82 0,00 -0,35 -0,56 -0,72 1,44 0,84 0,07 -0,29 -0,51 -0,67
294,2 1,43 0,81 -0,01 | 037 | 058 | 0,74 1,39 0,80 0,03 -0,32 | 0,55 -0,70
392,3 1,38 0,77 -0,04 | 041 | 061 | 0,77 1,35 0,77 0,00 -0,36 | 0,59 -0,74
490,3 1,35 0,74 -0,07 -0,44 -0,64 -0,79 1,31 0,74 -0,03 -0,39 -0,62 -0,76
588,4 1,31 0,70 -0,09 -0,47 -0,67 -0,82 1,26 0,71 -0,05 -0,43 -0,64 -0,79
686,5 1,27 0,67 -0,12 -0,50 -0,70 -0,85 1,23 0,68 -0,08 -0,46 -0,67 -0,81
784,5 1,23 0,64 -0,14 | 053 | -0,72 | 0,87 1,19 0,65 -0,10 | 0,48 | -0,69 -0,84
P, (d —r)10° m
MPa
398,15 K 423,15 K
Li* Na* K* Cs* CI- Br Li* Na* K* Cs* CI- Br
0,0981 1,54 0,96 0,21 -0,13 | -0,38 | -0,53 1,52 0,97 0,26 -0,08 | -0,34 | 0,48
98,1 1,46 0,89 0,15 -0,19 | 044 | -0,59 1,43 0,90 0,19 -0,15 | 0,41 | -0/55
196,1 1,40 0,84 0,10 0,25 | 049 | -0,64 1,37 0,84 0,14 -0,21 | 0,47 | -0,60
294,2 1,35 0,80 0,07 -0,29 | -0,53 | -0,67 1,31 0,80 0,10 -0,26 | -0,51 | -0,65
392,3 1,31 0,76 0,04 -0,33 | -0,56 | -0,70 1,26 0,76 0,06 -0,30 | -0,55 | -0,68
490,3 1,26 0,73 0,01 -0,36 | -0,60 | -0,74 1,22 0,72 0,03 -0,34 | 0,59 | -0,72
588,4 1,22 0,70 -0,02 | 040 | 0,63 | -0,76 1,18 0,69 0,00 -0,38 | 0,62 | 0,74
686,5 1,18 0,67 -0,05 | 043 | 0,65 | 0,79 1,14 0,66 -0,02 | 041 | 0,65 | 0,77
784,5 1,15 0,64 -0,07 | 046 | 0,68 | -0,81 1,11 0,63 -0,05 | 044 | 0,67 | 0,80
Table 3. ~Water viscosity at different T and P [15]
P, 1, mPa-s
MPa 298,15 K 323,15 K 348,15 K 373,15 K 398,15 K 423,15 K
0,0981 0,8903 0,5471 0,3784 0,2831 0,2220 0,1832
98,1 0,8780 0,5670 0,4033 0,3025 0,2437 0,2030
196,1 0,9198 0,5978 0,4300 0,3266 0,2667 0,2230
294,2 0,9731 0,6333 0,4553 0,3516 0,2860 0,2420
392,3 1,0440 0,6761 0,4898 0,3764 0,3060 0,2610
490,3 1,1270 0,7235 0,5228 0,4021 0,3300 0,2820
588,4 1,2270 0,7789 0,5602 0,4303 0,3530 0,3020
686,5 1,3370 0,8395 0,6042 0,4590 0,3780 0,3240
784,5 1,4620 0,9084 0,6505 0,4909 0,4060 0,3470
24 03—
D>10°, m*s™ —— i @-r)y101% m 0.0981 MPa
221 — 98.1 MPa
20 1 196.1 MPa
18 - 294.2 MPa
392.3 MPa
1,6 490.3 MPa
8.4 MPa
14 686.5 MPa
784.5 MPa
1,2 4
1,0 4
08
T.K
0,6 1 P, MPa 03 : ; ‘ ‘ ‘

0 200

Di0 on pressure at 298.15 K

400
Fig. 1 Dependence of ions diffusion coefficient

300 320 340

600

360 380 400

420

440 460

Fig. 2 Polytherms (d —r;) for K* cation in water
at different pressures
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Fig. 3 Polybars (d —r;) for K* cation in water

at different pressures

20 —
d-r)10%0 m

15 1 *— . . e PY 'y Lit

-1,0

280 320 360 400
Fig. 4 Polytherms (d —r;) for alkali metal cations
in water at saturated vapor pressure

Table 4. — Temperature of transition (Tyans) from negative to positive hydration for K* cation

P, kr/cm® 0,0981 98,1 196,1 294,2 392,3 490,3 588,4
Ttrans, K = 320 = 330 = 348 = 354 = 373 = 393 =423
Table 5. —Pressure of transition (Pyans) from negative to positive hydration for K* cation
T,K 298,15 323,15 348,15 373,15 398,15 423,15
Piranss MPa - = 33 =229 = 392 =523 = 588

Discussion. When discussing the results of the effect
of pressure and temperature on the short—range hydration
of monatomic singly charged ions, the latter was
considered, following [1], not as the binding of a number
of solvent molecules by ions, but the effect on the
mobility of water molecules in their immediate
surroundings. Since we know little about the mechanism
of the effect of ions on the solvent, for clarity of the
model, we postulate that when a negatively solvated ion
(chaotrope) is placed in water, its radius remains equal to
the structural one (r;), and the ion shifts in a characteristic

time (t) by an amount of d less than its own radius d < r;.
If the ion was acted upon by a force retarding its motion,
caused only by the viscosity of the solvent, then in

accordance with the Stokes—Einstein law d= r;.
Consequently, a decrease in comparison with r; indicates
its additional inhibition.

An indirect confirmation of the latter is the increase
with increasing temperature for negatively solvated ions
(see Table 2). In this case, the value can reach the value of
its structural radius (Table 2, K" ion at T =348.15;
373.15; 423.15 K).

According to Samoilov [1], such an additional brake
is the spatial network of H-bonds in the solvent, which
inhibits (in the case of chaotrope ions,) the exchange
between the H,O molecules in the bulk and the primary

solvation shell (PSS), which actually causes a decrease. In
the case of negatively solvated ions, the ion—molecule
(IM) bonds are weaker than the molecule—-molecule (MM)
bonds [1]. In this case, the mobility of water molecules in
the PSS ion is accelerated. The acceleration of water
molecules by chaotropes, on the one hand, creates
favorable conditions for their free movement in solution,
and, on the other hand, the inhibitory effect of the
network of H-bonds in the solvent. As long as the

condition (H_ r)) <0 is observed for the ion, destruction
of the structure will prevail near the latter, and the process
of ordering of its molecules will prevail in the volume of
the solvent.

In the case of kosmotrope ions (a— r) >0, the IM
bonds are stronger than the MM bonds [2], while the
mobility of water molecules in the PSS ion slows down,

and the d value increases due to the effect of the H—bond
network on the exchange of water molecules. It is
interesting to note the opposite effect of chaotropes and
kosmotropes on the translational motion of water
molecules near ions and in its volume. Acceleration of the
mobility of water molecules near chaotropic ions leads to
their additional deceleration by the H-bond network, and
its deceleration under the influence of kosmotrope ions is
accompanied, on the contrary, by a weakening of the
inhibitory effect on the ion of the H-bond network.
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The opposite nature of the influence of temperature 8. Camoiinos O.4., Ceiiep A.JL. , HeBonuna H.A. Biusinne naBnenus
q th a t th f na ruapatanmio Na“ 1 K* B HEBOAHBIX pacTBOpax M3 JaHHBIX 110
and pressure on the ( - ri) parameter as the measure o anuabaTuyeckol cxumaemoctu. XK. crpykr. xumuu,1973. T.14, Ne
the influence of ion on the solvent is apparently 2.C. 360-361.
associated with their different effect on short-range 9. Camoiiios O.fl. KoopanHauMOHHOE 4HMCIO M TDPAHCIALHOHHOE
hydration, determined by the IM and MM interactions. In ﬂc?é(;ﬂfgg,;a?"; g Bcoizzxggzm‘)pa" aaeirponutos. Jlot. AH
the region of low temperatures, an increase in pressure, 10. Horne R.A. A modification of Walden’s rule appricable to the
like in temperature, has a destructive effect on the struc- electrical conductance of aqueous electrolytic solutions under
ture of water in solution, which is consistent with a chan- pressure. Nature, 1963. V. 200. P.418-419.
ge in the properties of water and aqueous solutions [10]. 11. Nakahara M., Shimizu K., Osugi J. lonic solutions under high
| q lusi di h presure. 1. Pressure and temperature effects on the mobilities of K
Our results and conclusions regarding the nature of and CI” ions. Rev. Phys. Chem. Jap.,1972. V. 42. P.12-24.
short-range hydration of singly charged ions are 12 Topsmux AL MonekynspHas HOABUKHOCTb H CTPYKTYPa BOAHBIX
consistent with the data of [20], in which a structural and cucrem: ABToped. wc. ... 1-pa xum. Hayk. Mocksa, 1974. 46 c.
dynamic study of aqueous clusters of Na*, K*, and Cs* 13. BL-llaVIn VI Vyun_yk- .M., .Lazareva Y.L _le'fusmn ar_1d
. . . . microscopic characteristics of singly charged ion transfer in
ions was carried out by molecular dynamics modeling. extremely diluted aqueous solutions. Ukrainian Journal of Physics,
The authors of [20] come to the conclusion that near the 2017. V. 62, Ne 9. P. 769-778.
K" and Cs® ions there is a significant increase in the  14. Bynasin B.L, B’iomx LM., Kpamapenko A.B., Pycinos O.I,
mobility of water molecules in comparison with the Na* MlltlaKOB B.O. .OCOGJ'I.I/IBOCTI BCTAHOBJICHHS OJIMKHBOT coan.aTauu
) ) ) . . ) ) 10HIB TETPAAIKUIAMOHIIO B PO3UYMHHHUKAX 3 MPOCTOPOBOIO CITKOIO
ion. The increase in mobility is associated with a larger Hoss'mscis. Bicmux HTY Xy, Cepis: Ximis, xiviuna
number of “bifurcate” bonds in the first hydration sphere TexHoJIOTis Ta exororis, 2020. Ne 1 . C. 28-32.
and in the intermediate region between the hydration 15 Jlapuonos OS.I K pacuery mnpenenbHoii dneKTpONpOBOXHOCTH
shells of K* and Cs* ions. In this case, according to [20], ”HH”B“Hyaﬂ;IHI’”‘CO‘K’E"gCCgPE B"‘°°"”f‘976Te;‘?pgT§p;" "
A . e ’ naBienusax. Uss. . Cep. xuMm., . Ne .3-9.
there is, as it were, a transfer of “bifurcate” bonds from 16. CmomsixoB b.C. IlpenenbHas dKBHBaJCHTHAs DJIEKTPOIPOBOTHOCTD
the first hydration sphere to the intermediate region when HOHOB B Boje Ipu Temneparypax 10 200 °C. Bectt. Xapbk. yH—Ta,
moving to clusters containing a larger number of water 1976. Ne 139: Bonpock! anexrpoxumun. C.37-39.
molecules. The very presence of «bifurcate» bonds js 17 Kpatkuil cupasousui  gusmko-Xumieckix semtdm. / AA.
) . ) ) Panens, A.M. [Tonomapesa. U3x—Bo Cren. Jlut., 1983. 232 c.
considered in this case as defects in the network of H- ;¢ Brosenxo BM., Typixos F0.B., Jlermun E.K. Tepmommmamuka
bonds, which create sufficiently large singly charged ions. JBYXCTPYKTYPHOH Mozielu Bofbl. I O CTPyKType TSuKelIoi BOMbL.
Summary. Chaotropes affect the water structure like K. ctpyktyp. xumun, 1966. T.7. C. 819-824.
temperature growth does, while the kosmotropes fKaM"““"B 04, H"“;gg;ﬁ C??‘;g”g%‘ge 0COBEHHOCTH BOJH.
. . .. .. . CTPYKTYp. XHMHH,, .T.6. C. —808.
influence is similar to the pressure rising effect. In Taiirep A., Pommixosa M.H., 3acsmiam C.A. CrpykTypoe 1
contrast to the temperature growing impact, an increase in JIMHAMHYECKOE MCCIE/IOBaHKe BOAHBIX KiacTepoB nonoB Na',K* u
pressure leads to a weakening of short-range solvation at Cs" XK. u3. xumun, 1995. T. 69. Ne7. C.1299-1305.
T>320 K.
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