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Abstract — Published data concerning quantitative evaluation of the reactivity of cations in donor—acceptor
interactions were analyzed. The “relative acceptor numbers” of C°2*, Mn?*, Ni%*, AI®*, and Ga>* were
determined polarographically: 2.16+0.32, 2.25+0.23, ~1.70, 2.35+0.27, and 2.42+0.21, respectively. The
known “relative acceptor numbers” for 21 cations were systematized, and a linear correlation between the
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Procedures based on leaching with nonagueous
(organic) solvents find increasing use in processing
of primary and secondary raw materials for nuclear
power engineering. Application of these procedures
to production and purification of a wide range of
noble, rare, and radioactive metals led to the devel op-
ment of solvometallurgy as a new direction in proc-
essing of metal raw materials [1].

The features of dissolution of inorganic compounds
in nonaqueous media are largely determined by the
energy of solvation of ions and molecules. Estimation
and prediction of the energy characteristics of the
solvation of cations requires refinement of our views
on the reactivity (acceptor power) of cations in donor—
acceptor interactions.

Numerous attempts were made to solve this prob-
lem. In particular, Kumok [2] used as the measure of
the reactivity of cations the quantity ay, defined as the
slope of relationship (1):

IogB,\,Ii = a,\,,ilogBR + const. (D)

where B\, and Bg are the stability constants of a cat-
ion M, and a reference cation R with a certain set of
Ilgands L;.

Correlation (1) is valid only because both Iog P,
and Iog Br depend on the properties of ligand L simi-
larly, in accordance with the linear free energy rela
tionship:

logBy, = aw,f(L) + by, @
109w, = A, (L) + by, 3

of “hard” cations was reveaed.

where ay and &y are constants characterizing the
properties of the cations; by, and by are constants;
and f(L) is a parameter characterizi ng the properties
of a ligand (e.g., pK,) and equal for both cations.

Equations (1)—(3) are valid for mono- and polyden-
tate ligands of type H,L,, a complete realization of
the denticity of the ligand and coordination capacity
of the cation [2].

Table 1 lists data characterizing the properties of
cations subdivided by Kumok [2] into three sub-
groups: (1) eight-electron and f-element (“hard”) cat-
ions (reference element La); (2) d-element (“soft”)
cations (reference element Ca); and (3) intermediate
cations (reference element Zn).

As shown in [2], the parameter &y is close to the
ratio ¢y /pr, Where @y = Z/ry and ch =ZIrg (Zis
cation charge; rv, and rR are the radii of the M; and
R, cations, respectively). In essence, ay, is malnly
determlned by the effect of electrostatic forces.

As for characterization of the reactivity of cations
in donor—acceptor interactions, this problem was dis-
cussed in most detail in [4]. It is based on the follow-
ing assumptions.

The modern concepts of cation solvation alow AG
of solvation to be a priori characterized as a sum of
two terms: electrostatic and donor—acceptor [5]. The
first term can be adequately calculated today using the
improved Born theory [6].

Since early studies [7], in calculations of the ener-
gy of hydration and solvation of cations, the effective
dielectric permittivity related to the nearest surround-
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Table 1. Characteristic of the complexing power of cations according to Kumok [2, 3]

Types of cations

8-electron and f elements d elements intermediate elements
(“hard” cations) (“soft” cations)

M; Ri ay, (exp) M; R, ay. (exp.) M; R, ay. (exp.)
y3* L 1.14 zn?* cat 1.25 In3* Zn%* 2.28
Ln3* L 1.20 Mg® ca’t 1.35 Fe3* zZn?t 1.32
Sc3* L 1.48 NiZ* ca?* 1.45 Al3t Be?* 1.00
Mg®* La®* 0.98 Mn?* ca’t 1.12 cu?* zZn?t 1.365
Th** L 1.46 Co?* ca?* 1.33
ce’t L 1.55 Be?* Mg?* 2.16
Ba2* L 0.58
zr+ La3t 1.87
Sr2t Ba2* 112
cat* Ba2* 1.35

ing of an ion is used instead of the macroscopic di-
electric permittivity characterizing the solvent [8].
The effective dielectric permittivity is approximately
equal for different solvents, which leads to equa
values of the electrostatic term in the energy of solva-
tion of cations. Similar conclusions were made in [9],
where the conclusion that the energies of solvation of
Rb* and Cs" in different solvents (in these systems
the effect of donor—acceptor interactions is negligible)
are constant actually means that specificaly the elec-
trostatic contribution is constant. For other cations,
an increase or a decrease in the energy of solvation is
primarily due to changes in the energy of donor—
acceptor interactions. Kanevskii [10] confirmed this
assumption experimentally: The electrostatic term in
the energy of solvation of proton remains constant in
a wide range of solvents, whereas the donor—acceptor
term grows with an increase in the donor power of
solvents.

The Gibbs energy AG of donor—acceptor reactions
is determined by the efficiency of the pair interaction
of a donor B and an acceptor A (cation in our case).
The higher the donor and acceptor powers of B and A,
the higher the efficiency of the interaction.

In this paper, quantitative prediction of the effi-
ciency of donor—acceptor interactions is based on the
presentation, as it is often done in theoretical inorgan-
ic chemistry, of a thermodynamm characteristic of a
process [in our case, AGY (M™) or AHZ,(MM™)] in
the form of a dependence on the multiplicative func-
tion defined as the product of a donor factor and an
acceptor factor [11-13].

The donor power of bases (solvents) is character-
ized by the donor number DN [14], and the acceptor
power of cations (parameter a), by the slope of the de-
pendence of the Gibbs energy of solvation AGZ,(M™)
on the solvent donor number [4].

The experimental procedure used by Kanevskii is
based on measuring the standard electrode potentias

(EM/Mn+])

It can be readily shown by the method of cycles
that the standard Gibbs energy of an electrode process
(4), AG? ep 1S given by relationship (5):

M 2 ME + ne 4
AGY, = AGY + AGE, + AGY, (5)

where AGY, AG?, and AGY are the standard Gibbs
energies of the atomization (sublimation) of a metal,
ionization of its atoms in the gas phase, and solvation
of the ion formed, respectively.

In the general case, as shown above, relationship
(6) is valid:

AGY = AGY. + AGY (6)

where AG)_, is the donor—acceptor term, and AGS,,

electrostatic (non-coordination) term of the energy of
solvation of a cation; then we obtain

0 AGY+AGhn+AGrk AGla
Emmz = — _
nF nF
0
AGy_
= congt' - —o2 @)
nF
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Here const' has the meaning of the electrode poten-
tial in an inert solvent S exhibiting no complexing
properties.

Since the relative standard electrode potential E°
differs from the corresponding thermodynamic poten-
tial by the thermodynamic electrode potential of the
reference electrode, it can be considered as a measure
of changes in the donor—acceptor term of the standard
energy of solvation. Comparison of the potentials in
different solvents shows how the solvent donor power
affects the solvation of a cation. The researcher’s task
is to measure EJyn+ in various solvents and correlate
the potentials with the solvent donor numbers DN.

This approach was redlized for the first time by
Kanevskii [10]. A comparison of the relative standard
electrode potentials of a hydrogen electrode (EH H, )s
in varrous solvents revealed a correlation between
(= *m,)s and DN:

(E%+m)s = a + BDN. 8

Similar equatron correlates (E,\,,n+,,\,,)S and DN for
M = Li*, Na", K*, Rb*, Cs', TI", and Ag" [4, 10].

The dopes of these dependences were used for
evaluating the acceptor power of cations:

ox(Mj) = binF, ©)

where F is the Faraday number and o, (M;) is the
relative acceptor number of the cation. The results are
given below (for Mg?*, the calculation was based on
data from [5]).

Cation Cs* Rb* K* Na' TI* H' Agt Mg
o, (M;) 0.02 003 005 02 03 114 06 115

Strictly speaking, to calculate o (M;) of cations,
Kanevskii [10] used Eq. (10) following from (8) and
(9):

[ES - EQ + Ay

otac(Mj) = DNy DN, (10)

where E2 and EX are the electrode potentials in
solvents %1 and S,; DN; and DN,, donor numbers of
solvents S; and S,; and Ay, difference between the
surface potentials of solvents S; and S,.

Jakuszewski and Taniewska-Osinska [16] deter-

mined the standard electrode potentials E°(Ca?*|Ca),
EO(Sr?*|Sr), and E°(Ba?*|Ba) in agueous and methan-
olic solutions using the cell Pb|PbCO5, MCO;, MX2
(solution) HgX,|Hg, where & = Cl or Br, M = ca

1143

Srz+ B , and obtained the following values (V):
E°(Ca?*, CH OH|Ca) =-2.929, E%(Sr?*, CH,OH|Sr) =
-2.938, and E (B , CH;OH|Ba) = -2. 943. The elec-
trode potentrals in agueous solutions are as follows
(V): EYCa, H,0|Ca) = —2.868, E o(sr?*, H,0lSr) =
-2.886, and E (Ba H,O[Ba) = -2.912. These values
are cl ose to the best modern data grven in [17], name-
ly, ES(Ca? 20|Ca) = -2.866, E%Sr**, H,0O|S") =
-2.888, and E°Ba**, H,OBa) = —2.906 V.

The use of the above voltaic cell ensures high accu-
racy of the measurements, because the cell contains
only one liquid phase, and, hence, the errors associated
with the elimination or calculation of the liquid-liquid
interphase potential are excluded.

The donor number of methyl alcohol was deter-
mined canrrmetrrcaIIy by Olofsson [18]: 79.8+
0.1 kJmol™. The donor number of water was taken
equal to 103.0 kJ mol™ as the average of close values
obtained by di rect calorimetric measurement [19]
(101.7+1.2 kImol™) and by the calculation from the
energies of transfer of cations and salts from organrc
solvents into water [20] (104.2+1.2 kJmol™).

Substitution of these values in Eg. (10) gives the
following values of the relative complexrng power of
the catrons ocaC(Ca ") 0.52, ocaC(Sr "y 042, and

a(Ba’") 0.31. The relative acceptor powers of these
cations, determrned polarographrcally [21], are as fol-
lows: a fc(Ca *) 0.53+0.03, a,(Sr**) 0.50+0.03, and
a(Ba) 0.28+0.09.

The polarographic method is an alternative to the
potentiometric method [22-24].

Indeed, the reduction haf-wave potential of the
cations on a mercury dropping electrode and the cor-
responding standard electrode potential are related by
the well-known dependence (11)

Ev = E— (RT/nF)In VDou/Dyg , )

where D, and D, are the diffusion coefficients of the
oxidized and reduced forms, respectively. The quan-
tity D, is determined by the nature of the solvent.
However, for solvents with close dielectric permittivi-
ties and viscosities, the second term in the right part
of (11) is, to a certain approximation, constant, i.e.,
in (7) the standard potential can be replaced by the
half-wave potential.

It was demonsirated by the example of TI*, Cd?*,
Zn®*, Co?*, Ni%*, Mn®, and In®" [22-24] that the
reduction half- wave potentials of these cations linearly
correlate with the donor numbers of solvents:

—Ey, = a + bDN. (12)
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Table 2. Reduction half-wave potentials of Co?*, Mn?*, Ni2*, AI®*, and Ga3* in various solvents vs. saturated calomel

electrode [E,,(SCE)]

2+ 2+ 2+ 3+ 3+

Solvent o Co Mn NI Al Ga

@) —Eyp V| AV, V |-Eqpp, V| AV, V | -Eqj5, V | AV, V |-Eqpp, V| AV, V |-Eqpp, V| AV, V
I (41 14.1 0.61 0.031 1.08 0.028 0.29 0.061 153 0.021 0.86 0.019
I (36) 26.6 1.30 0.031 1.58 0.030 1.02 0.053 1.84 0.026 1.26 0.022
11 (45) 29.8 1.54 0.033 1.92 0.031 1.07 0.042 1.98 0.022 1.32 0.024
vV (31) 38.8 1.88 0.035 2.27 0.035 1.19 0.060 1.72 0.026
VvV (37) 2.7 1.03 0.020

Analysis of (12) shows that the constant a in this
equation corresponds to —E,,, for the given ion at
DN = 0, i.e, is the haf-wave potential in an inert
solvent and is independent of a particular acceptor
with which the donor numbers were determined,
because in any relative scale of the donor power DN =
0 corresponds to the lack of complexing power. Since
the half-wave potentials do not depend on the choice
of this scale either, it is clear from (7) and (12) that
the product b x DN is aso independent of particular
donor scale and expresses the energy of the donor—
acceptor interaction:

bxDN = —GY/nF. (13)

By analogy with [11-13], presenting —AGg, in the
form of a dependence on the multiplicative function,
a product of an acceptor factor and a donor factor,
Kanevskii [25] describes AGy, by Eq. (14):

AGda = —L(X(A)(X(D), (14)
where a,p, is a donor factor, oy, is an acceptor fac-
tor, and L is a constant.

In accordance with this approach, since DN in
Eq. (13) characterizes the donor power of a solvent,
the second factor in the left side of this equation, i.e.,
b, should characterize the acceptor power of an ion.
Therefore, Eg. (11) can rewritten in the form

binFDN = o, (M)DN = -AGY, (15)

Hence follows Kanevskii’s definition o, (M;) =

binF.

Since the quantities DN and —-AG,, have the same
dimension (kJmol™ or kcal mol™), bnF = o, (M) is
a dimensionless quantity. This quantity was termed
in [4] the dimensionless characteristic of the acceptor
power of the cation.

The acceptor powers of cations, calculated from the
reduction half-wave potentials of these cations in
organic solvents [26, 27], are as follows.

In3*
2.3

Mn2*
2.4

Ni2*
157

Zn?* Co?*
15 21

Cd?*
1.3

TI*
0.27

Cation
otae(M;)

It is emphasized that Eq. (12) is valid only if the
effect of donor—acceptor interaction on the reduction
half-wave potential is not distorted by other factors,
in particular, by irreversibility of the process.

At the same time, the experimental data given in
[24] clearly indicate that the reduction of Co?", Mn?",
and Ni%* in the mgjority of the examined solvents is
irreversible.

To refine the data given in [4], we reproduced the
experiments on determination of the reduction half-
wave potentials of rare-earth elements, Co?*, Mn?",
and Ni?* in acetonitrile (1), dimethylformamide (1),
and dimethyl sulfoxide (I11). Particular attention was
given to the problem of dehydration of the reagents
and solvents as one of the major factors determining
the irreversibility of the reduction of these cations [18,
19]. Furthermore, we examined the behavior of Co?",
Mn?*, and Ni%* in hexamethylphosphoramide (1V)
and of AI** and Ga®* in all the above-mentioned solv-
ents and in nitromethane (V). The results are given in
Table 2.

The results of the study showed that rare-earth
cations were reduced irreversibly.! As for transition
elements, data of logarithmic analysis [28] given in
Table 2 indicate that in anhydrous solvents the reduc-
tion of Co?* and Mn?* is reversible, whereas nickel is
reduced irreversibly. For Ga®*, the effect of the irre-
versibility on the reduction is manifested insignifi-

1 The acceptor numbers of rare-earth cations, given in [4], were
obtained without taking this fact into account and cannot be
considered as a criterion of the reactivity.
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Table 3. Results of statistical analysis of the linear correlation of the reduction half-wave potentials of Co?*, Mn?*, Ni2*,
AlI®*, and Ga®* with the solvent donor numbers and the calculated values of the relative acceptor power

Parameter Co?* Mn2* Ni2* Al3* Gad*
a 0.01 0.37 013 0.909 0.35
b’ 0.047+0.007 0.049+0.005 0.037+0.01 0.034+0.004 | 0.035+0.003
R 0.957 0.978 0.879 0.972 0.987
F 44.9 88.2 14 71.8 149
Relative acceptor 2.16+0.32 2.25+0.23 ~1.70+0.46 2.35+0.27 2.42+0.21
power a(M;)

cantly in solvents 111 and 1V, and for AI**, in DMF,
and it does not affect the reproducibility of the results.
In solvent 1V, AI®* is reduced irreversibly. Therefore,
in the subsequent analysis of the d%oendence of the
reduction half-wave potentia of AI°* on the donor
numbers of solvents, we used the data obtained for the
reduction of AI®" in nitromethane.

The reduction half-wave potentials of Co®* and
Mn?* in solvents | and 1 coincide with the data ob-
tained in [29, 30]. For Ni%*, coincidence with the
published data [24] is observed only for the case of
the reduction in acetonitrile. In al the other cases, the
potentials are shifted toward the negative values. This
is particularly clearly manifested for solvent I11: The
shift for Ni%" is 0.12 V (for Co?*, 0.05 V; for Mn?*,
0.18 V). These deviations are most probably associ-
ated with different degrees of drying of the solvents
and reagents used.

The results of treatment of the experimental data
are listed in Table 3.

These results show that, for all the examined cati-
ons except Ni?*, the dependence of Ei» on DN of
solvents is indeed described by Eq. (12). The quanti-
ties o,(M;) calculated by Eq. (9) for Co**, Mn*",
Ni%*, AI**, and Ga®* are listed in Table 3.

The relative acceptor powers evaluated for Co?*
and Mn?* coincide with those given in [4, 22-24].
The value of a,,. for Ni?* should be considered only
as an estimate.

For cations whose direct polarographic reduction is
complicated by the occurrence of side processes, an
“indirect” polarographic method was suggested. This
method is based on measuring the reduction potentials
of B-naphthoquinones bound in a complex with the
examined metal cation in various organic solvents [4].
The results thus obtained [4, 22-24] are given below.

zn%t
1.57

Na™ Lit
0.19 0.40

Mg?*
0.80

Cation K*
atoe(M) 0.04

It should be emphasized here that the “indirect”
method has serious limitations. The authors do not
take into account the possibility of stepwise complex-
ation of naphthoquinones with Zn?* and Mg**, and
also ignore the fact that the complexes with Mg®* are
reduced irreversibly. This leads to significant discre-
pancies with the data obtained using standard elec-
trode potentials.

The most reliable values of the acceptor numbers
of cations, obtained by Kanevskii’s method, are given
in Table 4. In addition to the aready considered data,
the acceptor numbers are given in Table 4 for Fe®*
(4.1) [4] and Cu?* (2.44) [31]. The latter value was
obtained using DN of ammonia, equal to 31.85 (in-
stead of 30.8 used in [31]; 31.85 is the arithmetic
mean of al the published values, and not of selected
values presented in [31]).

The data obtained account for the well-known
order of an increase in the stability of coordination
compounds: Cs" < Rb* < K" < Na’ < Li* < B&" <
St < ca?t < Mg* < zn?* < cu?, found in [14]
from data collected in [32]: With an increase in the
acceptor power of cations, characterized by o (M,),
the stability of complexes increases.

Table 4 shows that the sequence of the variation of
the acceptor numbers of cations, on the whole, ade-
quately reflects the well-known trends in the variation
of their complexing power in relation to the position
in the periodic table [2, 3, 33]: the acceptor power of
cations decreases in going from higher to lower ele-
ments of Groups | and Il (main subgroups).

In Group 11l (AI**, Ga®*. In*"), the reactivity of
the cations, as expected, decreases in the order Ga®* >
AR > In*,

Attempts to correlate the reactivity of al the exam-
ined cations with the electronegativity or ionization
potential of cations failed. It can be noted, however,
that in the series of “hard” cations the correlation
between a,(M;) and ionization potential (J/z, where

RUSSIAN JOURNAL OF GENERAL CHEMISTRY Vol.77 No.7 2007
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Cation Jz, ev oae(My) Cation Jz, ev oae(My)
Cs* 351 0.01-0.02 Cd?* 1.30+0.20
Rb* 3.86 0.02-0.03 Zn%* 1.50+0.20
K* 4.14 0.05+0.02 Fe?t 10.82 1.60+0.20
Na 4.95 0.19+0.02 NiZ* ~1.70+0.46
Ba?* 7.67 0.28+0.09 Co%* 2.16+0.32
Li* 6.01 0.40+0.02 Mn2* 2.25+0.23
cat* 9.06 0.50+0.03 Al3t 17.27 2.35+0.27
Sr2t 8.38 0.53+0.03 In3* 15.3 2.32+0.20
H* 12.36 1.1+0.1 Ga3t 17.32 2.42+0.21

Mg?* 10.87 1.15 cu?* 2.44
Fe3* 4.1+0.20

J is the total ionization potential %Jn) is fairly well
described by linear equation (16):

oe(M;) = -0.833 + 0.190J/z, R = 0.942.  (16)

For double-charged transition metal cations (*‘soft”:
Cd?*, Zn?*, Ni%*, Co?*, Cu?*, Mn?"), with increasing
Jz, a,(M,) increases and reaches a maximum for
Cu** and Mn*".

EXPERIMENTAL

The polarograms were recorded on a PU-1 polaro-
graph with a three-electrode system in a cell with a
porous partition; capillary characteristics: t 2.6 s,
m 1.02 mg s . The reference electrode was agueous
saturated calomel electrode (SCE). The solvents were
purified by standard procedures [34] and dehydrated
in a high vacuum over P,Os in a field of IR thermal
radiation; the water content of the solvents, deter-
mined by Fischer titration, did not exceed 0.005%.

Metal cations in a concentration of 0.002 M were
introduced into organic solvents in the form of per-
chlorates. The perchlorates were prepared from hy-
droxides by dissolution in perchloric acid [28]. Water
was removed by drying in a vacuum at 100°C [35].
Tetraethylammonium perchlorate (0.05 M) served as
supporting electrolyte. The solutions were deoxygen-
ated by bubbling argon presaturated with the solvent

vapor.
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