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Reviews

Application of Volta chains to determine ionic components
of real and chemical Gibbs energies of transfer of individual ions
from water to aqueous-organic solvents

V. I. Parfenyuk
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1 ul. Akademicheskaya, 153045 Ivanovo, Russian Federation.
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The state of individual ions in individual and mixed solvents was described from the
thermodynamic point of view using the method of Volta potential differences. This method-
ology provides a way of solving the problem of determination of thermodynamic characteristics
of individual ions in solutions. The possibility of using the method of Volta potential differences
to determine the ionic components of the real and chemical thermodynamic properties of
individual ions in solutions and the surface potentials at gas—solution interface is substan-

tiated.
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The determination of thermodynamic characteristics
of solvation of individual ions in solvents of different na-
ture is topical due to the need of solving various theoreti-
cal problem and practical tasks. However, the problem
has no unambiguous solution as yet. In the vast majority
of experimental studies and theoretical calculations re-
searchers use the so-called chemical thermodynamic prop-
erties obtained by separating the total characteristics of
solvation of electrically neutral combinations of ions (sto-
ichiometric mixtures). Modern theoretical methods of
calculation of thermodynamic properties of individual ions
are still far from being perfect. Moreover, the quality of
such theoretical approximations is assessed by comparing

the results of calculations with "experimental” data ob-
tained under various non-thermodynamic admissions
based on the use of model compounds. At the same time
despite the lack of a strict proof of the physical reality of
activity, activity coefficient, and related thermodynamic
properties of an individual ion, these characteristics are
widely used. A possible way of determining the thermo-
dynamic properties of individual ions is to use the method
of Volta potential difference, which allows one to calcu-
late the real energies of solvation of individual ions from
experimental data.! To determine the chemical proper-
ties, one should know the surface potentials (x) at
gas—liquid interfaces.
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The relation between the real (A, G*™') and chemi-
cal (Ay,,G2hem) energies of solvation of individual ions
is rather simple:

A GQ,real =A GQ,chem

solvi(J) solv7i()) izi(/’)FXn (1)

where z is the charge, F'is the Faraday constant, and the
"minus" and "plus” signs refer to anions and cations, re-
spectively.

The real energies of solvation of individual ions are
meant? the changes in the energy of ions upon transition
from the gaseous phase to solution with allowance for the
overcoming of the surface potential (y) at the gas—solu-
tion interface.

Clearly, exact determination of y values is of key im-
portance for solving the problem of calculations of chemi-
cal thermodynamic characteristics of individual ions.

The surface potentials of water and nonaqueous solvents

In a recent review,3 the surface potentials of water and
aqueous electrolyte solutions at gas—solution interface
reported by different authors were compared and the
mechanism of the appearance of a surface potential at
gas—liquid interface was considered for water and aque-
ous electrolyte solutions. This phenomenon is due to par-
ticular orientation of solvent molecules present in the
surface layer at the interface.

Particular attention was paid3 to analysis of the sur-
face potentials at the gaseous phase—water interface. The
surface potential of water determined in that study® was
calculated using the method of Volta potential differences
and compared with the corresponding potentials obtained
by other methods. In spite of a great body of information
on the surface potential of water accumulated to date, the
sign and numerical value of this parameter is still debat-
able. The x(H,0) values reported by different authors
vary from —1.1to +0.5 V.3

Analysis of these data suggests that the surface poten-
tial of water equal to +0.10 V seems to be the best ap-
proximation at the moment. The positive sign of this pa-
rameter is substantiated by the fact that the negative ends
of water dipoles are oriented toward the gas phase while
their positive ends are oriented toward the liquid phase.

In this work, interest in the x(H,O) parameter is due
to the fact that the procedure for calculating the surface
potentials of the nonaqueous solvents under study3 im-
plies the use of a reliable numerical value of the surface
potential of water. Eventually, it is the x(H,O) value ac-
cepted that determines the reliability of the surface po-
tentials of solvents.

The nonaqueous components of mixed solvents
used in this work possess significantly different chemical
properties. Following Kolthoff,4 these are amphiprotic
(from methyl to n-butyl alcohol), protophobic aprotic

Table 1. Surface potentials of organic solvents (y)*

Solvent —x/V
I I
MeOH 0.18 0.1310 01811 0.2312,
0.3113,0.2014
EtOH 0.26 0.2910 0.1211,0.3015,
0.3113,0.2714, 0.2616
PrOH 0.27 —
PriOH 0.28 —
Bu"OH 0.28 —
MeCN 0.11 0.17
DMSO 0.24 0.2110, 0.2911
DMF 0.44 0.4610, 0.2611, 0.5418
Acetone 0.34 0.4010, 0.3411

0.3613,0.3319

* 1 — our data, 11 — data reported by other researchers.

(MeCN, acetone), and protophilic aprotic solvents
(DMSO, DMF).

The surface potentials of organic solvents were calcu-
lated by the method of Volta potential differences.’ The
procedure for experimental data processing and calcula-
tions of the changes in the surface potentials at the gas-
eous phase—solution interface Ay(H,O — S) (S stands
for nonaqueous solvent) was reported earlier.® The key
moment in Ax(H,O — S) calculations is to reach a con-
stant value of this parameter’—? starting with a particular
concentration of the nonaqueous component in mixed
aqueous-organic solvent. The surface potentials of or-
ganic solvents studied in this work are listed in Table 1.

Real and chemical thermodynamic properties
of individual ions in solutions

In order to determine the thermodynamic properties
of individual ions by the method of Volta potential differ-
ences, the compensating voltages of Volta circuits in so-
dium and potassium chloride, bromide, and iodide solu-
tions in mixed solvents (mixtures of water with EtOH,
PrOH, PriOH, acetone, MeCN, DMSO, and DMF) were
measured.29—29 Based on the results obtained, the stan-
dard real and chemical Gibbs energies of transfer of indi-
vidual ions, A,G?(H,O — S), in the solvents studied
were calculated. The experimental procedure and the
method of A,G2™(H,0 — S) computations were re-
ported earlier.26:27

The ionic components of the chemical Gibbs energies
of transfer, AG°"*M(H,0 — S), of Na*, K*, CI~, Br~,
and I~ ions from water to mixed solvents are plotted
vs. compositions of aqueous-organic mixtures (X is the
mole fraction of the nonaqueous component) in Figs 1
and 2. The A,G,%"*™(H,0 — S) values were calculated

by Eq. (1).
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Fig. 1. Ionic components of chemical Gibbs energies (A,G,2-chem)
of transfer of K* (1, 1), Na* (2, 2"), I- (3, 3), Br— (4, 4"),
and Cl~ ions (5, 5°) from water to H,O—EtOH (/—J5) and
HZO—PriOH (1"—5") mixtures plotted vs. compositions of mixed
solvents.

A comparative analysis of the effect of composition of
the mixed solvent on the thermodynamic parameters of
solvation of individual ions revealed correlations between
the changes in these characteristics and the properties and
structural features of aqueous-organic mixtures and the
nature of ions. Note that cations and anions behave quite
differently in certain solvents.

In aqueous-alcohol solvents with high content of wa-
ter, ions are mainly hydrated3? because alcohols show a
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Fig. 2. lonic components of chemical Gibbs energies (A, G-chem)
of transfer of K* (1), Na*t (2), I~ (3), Br~ (4), and Cl~ ions (5)
from water to H,O—Me,CO (a) and H,O0—MeCN () mixtures
plotted vs. compositions of mixed solvents.

lower solvating ability compared to water. As the content
of alcohol in the mixed solvent increases, resolvation oc-
curs. Heteroselective solvation in electrolyte solutions in
methanol (tetraalkylammonium bromides) is indicated by
the fact that the partial molal entropies of cations and
anions depend on the solvent composition in an opposite
fashion.3! In this work we showed that cations in the
solvent under study are mainly hydrated while anions are
mostly solvated. Similar conclusions were made in a
Monte Carlo study of clusters Na* + 9 H,0 + 9 MeOH
and CI~ + 12 H,O + 12 MeOH.3? The results of calcula-
tions show that replacement of H,O molecules in the
solvation shell of Cl~ ions by MeOH molecules in an
equimolar mixture is energetically favorable. The reverse
holds for Na*. This is consistent with the conclusions
based on experimental data.30,31,33

The situation changes significantly on going to other
alcohols. As the concentration of the alcohol in
the H,O—EtOH and HZO—PriOH systems (see Fig. 1)
increases to X = 0.60, the parameters
ALGOPeM(Na®, H,0 — S) and A,G2P™(K*, H,0 — S)
increase by ~16 and 23 kJ mol~!, respectively. For an-
ions, the A,G,%"*™(H,0 — S) values increase to a much
lesser extent, being abruptly decreased for ClI~ and Br~ions
while increased for I~ on going from EtOH to PriOH.
This casts some doubt upon the conclusion, according to
which isopropyl alcohol is the predominant solvating com-
ponent of the solvent for both cations and anions in the
H,0—PriOH system.

Based on these facts, one can suggest that the major
contribution to the total energy of resolvation of sodium
and potassium halides upon the addition of protic sol-
vents to water comes from cation. Here, solvation of cat-
ions weakens to a greater extent compared to solvation of
anions. Probably, displacement of H,O molecules by the
alcohol molecules for anions is not so intense as for cat-
ions in the concentration range studied, and their solva-
tion shells remain mainly built of water molecules. It
seems likely that an important role is played by specificity
of hydration of anions, which manifests itself in their
ability to form hydrogen bonds with water molecules.
These bonds compete with water—water hydrogen bonds
in strength.34

Comparison of the A,,G2¢'*™(H,0 — Me,CO) values
(see Fig. 2, a) for cations and anions shows that the con-
tributions of the unlikely charged ions to the total energy
of resolvation are nearly the same in the whole range of
compositions. This can be treated as substantiation of the
admission that the composition of the solvation shells of
ions in water—acetone mixtures changes nearly propor-
tionally to the change in the composition of bulk solvent.
In other words, as the content of Me,CO in the mixture
changes, the acetone molecules gradually and nearly
equally replace water molecules in the solvation shells of
both cations and anions. Abrupt changes in the behavior
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Fig. 3. lonic components of chemical Gibbs energies (A,G,2-chem)
of transfer of I~ (1, 17), Br~ (2, 27), and Cl~ ions (3, 3") from
water to water—DMSO (/—3) and water—DMF (/"—3") mix-
tures plotted vs. compositions of mixed solvents.

of the A,G2MM ys. Xyo o curves at 0.2 < Xyie,co < 0.3
are due to the fact that the greatest structural rear-
rangements in the water—acetone mixture occur at
XMe,co < 0.25 (see Refs 35 and 36).

The picture significantly changes on going to aprotic
solvents MeCN (see Fig. 2, b)), DMSO, and DMF (Fig. 3).
An increase in the content of the nonaqueous component
of the water—MeCN mixture to X = 0.60 causes the
A,GYMeM(H,0 — MeCN) values to increase by 4 and
1.2 kJ mol~! for Na™ and K* ions, respectively, and by
8—9 kJ mol~! for CI~, Br—, and I~ ions. Thus, unlike the
mixtures of water with protic solvents (alcohols), in aque-
ous-organic mixtures containing the polar aprotic solvent
(MeCN) as the nonaqueous component the major contri-
bution to the total energy of resolvation of the electrolytes
under study comes from the anion. It should be noted
that the chemical Gibbs energy of resolvation of halide
ions at Xy;.cn = 0.6 is two or three times higher than the
corresponding values for aqueous-alcohol solvents. The
reverse holds for cations. The results obtained can be
explained by weak solvating ability of MeCN with respect

to cations whose solvation shells, at least in the nearest
environment, are built of water molecules even at rela-
tively high MeCN concentrations. Moreover, the cat-
ion—water bond becomes somewhat stronger in the pres-
ence of MeCN.37 At the same time MeCN, DMSO, and
DMEF are solvents whose molecules can be coordinated
by metal ions through donor-acceptor bonds.3% Because
of this replacement of water molecules in the solvation
shell by MeCN, DMSO, and DMF molecules will lead to
compensation of the positive contribution of the de-
hydration effect to Ay,,G2°"™M by negative contribution
of the effect of solvation of the cation by the molecules of
aprotic electron-donating solvent. We believe this is the
best explanation for the mechanism and energy charac-
teristics of resolvation, which is also consistent with mod-
ern hypotheses of a common nature of solvation and com-
plexation.3?

Anions capable of forming hydrogen bonds with pro-
ton-donor solvents are weakly solvated in aprotic sol-
vents. For this reason displacement of water molecules
from solvation shells of anions by the aprotic solvent mol-
ecules is accompanied by essentially positive resolvation
effects.

The available data on thermodynamic characteristics
of transfer (resolvation) of individual ions*—44 and their
stoichiometric mixtures (total thermodynamic character-
istics)#3—47 refer to pure solvents, which precludes a cor-
rect comparison of our data with the results obtained by
other researchers. In this connection here we com-
pared the total Gibbs energies of transfer of potassium
and sodium chlorides from water to EtOH—water, ac-
etone—water, MeCN—water, and DMSO—water mix-
tures with the published data*3—52 (Tables 2—5). Analysis
showed that a reasonable convergence of these values,
which can serve as a criterion for correctness of our data.

The aforesaid suggests that the experimentally deter-
mined (obtained by the method of Volta potential differ-
ences) ionic components of real thermodynamic charac-
teristics of transfer of individual ions and the correspond-

Table 2. Total Gibbs energies of transfer (A,G’(H,0 — S)/kJ mol~!)* for the KCI (NaCl)—H,0—DMSO system at T = 298.15 K

Xpmso AtrGg’lr*eal AtrGg’lC*hem 7AtrGr?f;al AerRf:Eem 7AtrG|%*real AtrGl%fhem AerI(ZIaCl Aer](iCl
(£0.1) (£0.4) (£0.1) (£0.4) (£0.1) (£0.4) 10 I L 04) I
0.1 35.3 0.5 31.3 2.5 30.9 3.0 3.5 3.8 3.9 4.2
0.2 37.0 2.2 28.1 5.7 27.7 6.4 8.4 8.1 9.0 8.9
0.3 38.4 3.6 26.9 6.8 25.5 8.3 10.7 11.0 12.4 12.6
0.4 40.2 5.4 26.3 7.5 24.5 9.2 13.4 13.6 15.1 15.4
0.5 41.7 6.9 26.0 7.8 239 9.9 15.2 15.3 17.3 17.8
0.6 43.0 8.2 25.7 8.0 22.4 11.3 16.6 16.4 20.2 19.4
0.7 43.8 9.0 25.6 8.1 22.2 11.6 17.5 — 20.5 —
0.8 45.2 10.4 23.6 10.2 20.5 13.3 20.9 — 24.2 —
0.9 46.9 12.1 22.4 11.4 18.1 15.7 24.0 — 27.3 —

* ] — our data, II — data taken from Ref. 51.
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Table 3. Total Gibbs energies of  transfer
(AxG°(H,0 — S)/kJ mol~1y* for the KCl—H,0—EtOH system
at T=298.15K

Table 4. Total Gibbs energies of  transfer
(A,G°(H,0 — S)/kJ mol~!)* for the KCI—H,0—Me,CO sys-
temat 7=298.15 K

Keon SO0 8GET 8 GE 8 G 0 Gl Kueco 8,00 8,6 86U 8,GI Gl

(£0.1)  (£0.4)  (20.1)  (+0.4) I (£0.1)  (£0.4)  (£0.1)  (+0.4) I

(£0.4) (£0.4)

0.08 36.5 0.2 32.0 3.8 3.6 34 008 46.5 3.2 42.2 1.0 42 42
0.1 36.6 0.8 31.8 40 47 43 0.10 47.1 3.7 42.2 1.0 49 50
0.12 36.7 0.9 31.6 43 52 49  0.12 47.7 4.5 42.1 1.1 56 57
0.16 36.9 1.1 30.0 58 69 65 0.6 49.7 6.4 41.7 1.6 80 73
0.2 37.3 15 29.0 69 83 79 020 50.3 7.0 41.6 1.7 87 89
0.4 39.2 3.4 24.9 1.0 143 144 0.0 543 11.0 37.9 54 164 17.1
0.6 41.3 5.5 19.7 16.1 21.6 20.8  0.60 56.1 12.2 31.2 12.1 243 255
0.9 44.8 11.2 13.3 202 315 32.1

* ] — our data, I — data taken from Refs 50—52.

* ] — our data, II — data taken from Ref. 50.

Table 5. Total Gibbs energies of transfer (A,G°(H,0 — S)/kJ mol~!)* for the KCI (NaCl)—H,0—MeCN system at 7'= 298.15 K

XMecN AtrGg’lr-eal AtrGg]C-hem 7Athr?J’;‘e*al AlfGr?f:l*wm 7AtrGl%+real Atrcg’fhem AerI(ZIaCl AuGl%a

+ + + + + + B — -

(£0.1) (£0.4) (0.1) (£0.4) (£0.1) (0.4) I (£04) I 1 (+04) 1
0.08 23.7 2.7 20.8 0.4 21.2 0.1 3.3 2.9 2.7 2.6
0.10 24.1 3.0 20.6 0.5 21.0 0.1 3.5 3.0 3.1 2.7
0.12 24.2 3.1 20.4 0.7 20.9 0.2 3.8 3.2 3.3 2.9
0.16 249 3.8 20.3 0.8 20.9 0.2 4.6 3.6 4.0 3.2
0.20 25.7 4.6 20.2 0.9 20.8 0.3 5.5 4.1 4.9 3.9
0.40 29.3 8.1 18.4 2.7 19.9 1.2 10.9 9.8 9.3 9.0
0.60 32.9 9.8 13.5 5.8 18.9 3.7 19.4 20.1 14.3 15.1

* ] — our data, I — data taken from Ref. 52.

ing chemical properties of the same ions calculated with
allowance for the surface potentials of the solvents under
study provide information on specific features of solva-
tion of individual ions in various classes of solvents and
can be used for thermodynamic description of the state of
individual ions in nonaqueous and mixed solvents.
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