
Abstract. The properties of short-lived metal atoms and ions in
unusual oxidation states in aqueous solutions, characterised by
the presence of one electron in the outer s or p orbitals (the d10s1

and d10s2p1 configurations respectively), are discussed. The results
of studies on such ions by pulse radiolysis with rapid optical
detection and by the matrix isolation method in frozen aqueous
solutions are presented. The nature of the dependences of funda
mental characteristics of metal atoms and ions (optical transition
energies, the electronic structures of various complexes, the
oxidation-reduction potentials, etc.) on their positions in the
Periodic System are analysed. The bibliography includes 93
references.

I. Introduction

Atoms and ions in unusual and unstable oxidation states are
formed at intermediate stages of oxidation-reduction reactions
occurring with participation of polyvalent metals. Despite the
short time of their existence, their important role in the occurrence
and effectiveness of many processes in chemistry and biology is
evident. The existence of metal ions in unusual oxidation states
has been postulated, and in a number of instances has been
confirmed experimentally, in connection with the justification of
the multistage nature of electrochemical reactions and the explan-
ation of catalytic steps with participation of metals and the
characteristic features of the mechanisms of many other oxida-
tion-reduction processes. The above species can be obtained by
pulse radiolysis in aqueous solutions in one-electron reduction or
oxidation reactions of metal ions and they are investigated with
the aid of optical or coulometric detection. Procedures involving
the radiation-induced generation of metal ions in unusual oxida-
tion states in inert matrices at a low temperature with subsequent
study by stationary optical and EPR spectroscopic methods are
also widely employed.

During the last thirty years investigators have studied in fair
detail, employing the above approaches, the properties of many
metal ions in unusual valence forms in aqueous media. The results
of studies available by 1981 were analysed in our previous review.1

New data, which make it possible to reach definite conclusions
about the regularities in the variation of fundamental properties of
metals in unusual oxidation states as a function of their position in
the Periodic System, have now accumulated. The study of the
chemistry of such elements has become possible as a result of
advances, in the first place in radiation chemistry, and also the
development of the method of pulse radiolysis.2

This review is devoted to a discussion of the properties of
metals in unusual and unstable oxidation states in aqueous
solutions and to the establishment of the regularities in their
manifestation as a function of the position of the element in the
Periodic System. The review is concerned predominantly with
metal ions having one electron in the outer s and p orbitals, i.e.
with the d10s1 and d10s2p1 electronic configurations (copper, silver,
gold, zinc, cadmium,mercury, gallium, indium, thallium, tin, lead,
antimony, and bismuth).

II. Radiation-chemical preparation of atoms and
ions of metals in unusual oxidation states

The radiation-chemical reduction or oxidation of metal ions in
aqueous solutions is effected by the ionic and radical species which
arise on decomposition of water as a result of its interaction with
ionising radiation. In a general form, the latter process can be
described by the following equation:

H2O ? eÿaq (2.7), H (0.5), OH (2.9), H2 (0.5), H2O2 (0.7),

H+ (2.7).

The primary radiation-chemical yields of the species in the
solution volume per 100 eV of the absorbed energy for light
types of radiation (g-rays or accelerated electrons), the linear
energy transfer for which is small, are presented in brackets. The
hydrated electron eÿaq and the hydrogen atomH formed have high
reduction potentials (72.7 and 72.3 V respectively), while the
hydroxyl radical OH has a high oxidising capacity (2.9 V). For
this reason, when the ratio of the potentials in their interaction
with metal ions satisfies the requirement that the free energy of the
system diminishes, one-electron reduction or oxidation reactions
take place. For example, both processes take place in the case of
Pb2+ ions.
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Pb2+ + eÿaq ? Pb+,

Pb2+ + OH? Pb3+ + OH7.

Under these conditions, ions in unusual and unstable oxidation
states are produced. They have the electronic configurations d10s1

and d10s2p1 for Pb3+ and Pb+ respectively.
As a rule investigators used for the study of metal ions in

unusual oxidation states solutions in which predominantly reduc-
ing or oxidising species may be obtained.We shall illustrate this in
relation to OH radicals. On order to obtain OH radicals, a
solution is saturated with nitrous oxide. The limiting concentra-
tion of the gas under normal conditions in a neutral solution is
*0.05 M. As a result of the reaction

N2O + eÿaq + H2O? N2 + OH+OH7,

the rate constant for which is 96109 litre mol71 s71,3 virtually
only hydroxyl radicals are formed in aqueous solution.

Hydrated electrons alone may be obtained only in alkaline
solutions (pH>12), saturated with molecular hydrogen, via the
following reactions:

H2 + OH> H+H2O,

H+ OH7 > eÿaq + H2O.

The pK for the second equilibrium is 9.6, i.e. the hydrogen
atom is a weak acid. However, the rate constant for the reaction of
molecular hydrogen with the hydroxyl radical is insufficiently
high (3.76107 litre mol71 s71). In order to increase the rate of
reaction, it is necessary to employ high hydrogen pressures, which
is difficult to achieve experimentally. Furthermore, hydrogen
atoms are transformed into hydrated electrons only in a highly
alkaline medium, where many metal ions are precipitated in the
form of hydroxides. Therefore, in order to create a reducing
medium, use is made of aqueous solutions to which organic
compounds Ð alcohols or organic acid salts Ð are added as
hydroxyl radical and hydrogen atom scavengers. For example,
when isopropyl alcohol or a formic acid salt is added, the reactions

(CH3)2CHOH +OH (H)? (CH3)2COH+H2O (H2),

HCOO7 +OH (H)? COO7 +H2O (H2),

generate only reducing species Ð hydrated electrons and organic
radicals Ð on exposure to ionising radiation. The oxidation-
reduction potentials (E 0) of certain organic radicals, most fre-
quently employed in radiation-chemical studies, have been deter-
mined from measured equilibrium constants for the reactions
involving the reduction of thallium ions by such radicals
(E 0=71.94 V). The following values were obtained:4, 5

Parameter COÿ2 (CH3)2COH CH3CHOH CH2OH

7E 0 /V 1.9 1.39 1.25 1.18

The presence of one electron in the outer s or p orbital of the
metal atom or ion is responsible for an exceptionally high
reactivity. Such species may be compared with radicals, which
also have an unpaired electron. The lifetimes of metal ions
belonging to the s and p blocks and having unusual oxidation
states in aqueous solutions are determined by kinetic factors. The
rate constants for their dimerisation or disproportionation are as a
rule 109 ± 1010 litre mol71 s71. The preparation and study of such
species in aqueous solutions are therefore associated with the
employment of methods which make it possible to detect fast
processes, in the first place pulse radiolysis with optical detection
of short-lived products,1, 2, 6 as well as low-temperature radiolysis
[usually in glassy aqueous solutions at the temperature of liquid
nitrogen (77 K)]. Themethod involving thematrix isolation of the
highly reactive species formed under these conditions makes it
possible to investigate them by stationary electron spin resonance
(ESR) or optical spectroscopic methods.

III. Atoms and ions of metals in unusual oxidation
states in aqueous solutions

1. Copper, silver, and gold atoms
The radiation-chemical reduction of silver has been most thor-
oughly investigated.7 ± 9 We shall deal in somewhat greater detail
with the methodological features of the experiments on the
preparation and study of silver atoms in aqueous solutions,
because they are fairly applicable also to other metals.

In a dilute aqueous solution of a silver salt (AgClO4 at a
concentration of 1075 ± 1073 M is usually employed), containing
alcohol or HCOONa as the hydroxyl radical scavenger, an intense
optical absorption due to the hydrated electron with
lmax=720 nm is observed immediately after the application of a
short electron pulse (with a nano- or micro-second duration). The
decrease in this absorption is accompanied by the appearance of a
new absorption band with l=360 nm. The rates of decrease in
the intensity of the first absorption and of increase in that of the
second are proportional to the concentration of the silver ions
present in the solution. When the solutions are saturated with
nitrous oxide, the hydrated electrons are transformed into OH
radicals. The appearance of a band with l=360 nm is not then
observed. The observed changes in the optical absorption spectra
are probably caused by the reaction

Ag+ + eÿaq ? Ag.

This hypothesis has been confirmed by the observation of the
effect of ionic strength on the rate of reaction which is of the kind
expected for the interaction of species bearing unlike charges. The
conductivity of the aqueous solution increases under these con-
ditions owing to the formation of a proton.

The rate constant for the reduction of silver ions by electrons
has been determined from the analysis of the kinetics of the
decrease in the optical absorption due to the hydrated electron,
which is described by pseudo-first-order kinetics. The rate con-
stant was found to be 4.861010 litre mol71 s71.9 In the measure-
ment of the optical spectrum of atomic silver, it is essential to bear
in mind that its absorption bands overlap with those of the
hydrated electron and the organic radical, formed immediately
after the application of the accelerated electron pulse and dis-
appearing in subsequent reactions, and also with the bands due to
a new species Ð the Ag�2 cluster generated in the reaction

Ag + Ag+ ? Ag�2 .

Bearing this in mind, Ershov et al.9 exposed a deaerated AgClO4

solution (161074 M) containing 0.1 M isopropyl alcohol to a
short 15 ns electron pulse, the absorption spectrum being meas-
ured after 0.1 ms. During the time elapsed, only 36% of the
hydrated electrons were trapped by the silver ions. Allowance for
the absorption due to the remaining hydrated electrons and
(CH3)2COH radicals, as well as the silver ions consumed as a
result of the reduction made it possible to calculate the absorption
spectrum due to Ag0 atoms in the aqueous solution. The spectrum
consists of a broad band with l=360 nm; the extinction coef-
ficient (e) is 1.66104 mol litre cm71, whilst the band width at the
half the height is 0.91 eV (Fig. 1).

The preparation of copper atoms in unusual oxidation states is
complicated compared with the preparation of silver atoms by the
fact that in aqueous solutions copper in the stable state has a
degree of oxidation of +2. Solutions of copper salts in the +1
oxidation state are unstable and are readily oxidised to the +2
state. In order to increase their stability, ligands capable of
forming copper(I) complexes are added to the solution. Sukhov
et al.10 used neutral aqueous deaerated CuCl solutions
(161074 ± 361073 M) containing 2 M NaCl. Under these con-
ditions, copper(I) ions exist predominantly as the complexes
CuCl2ÿ3 (80%) and CuClÿ2 (20%). It was observed that, after
irradiation with accelerated electrons for 15 ns, the decrease in the
absorption due to hydrated electrons at 720 nm is accompanied
by the appearance of an absorption band with l=380 nm.
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However, in contrast to the analogous processes described above
for silver ions, the increase in the intensity of the band with
l=380 nm is slower than the decrease in the intensity character-
ising the disappearance of hydrated electrons. Furthermore, the
rate of destruction of the latter was proportional to the concen-
tration of the copper(I) ions present in the solution. However, this
did not affect the appearance of the new band. The kinetics of the
disappearance of eÿaq in CuCl solutions are described satisfactorily
by a first-order equation with an effective rate constant which
depends linearly on the concentration of the dissolved salt. All
these features suggest that the electrons are destroyed in a reaction
of the type

CuCl2ÿ3 + eÿaq ? CuCl3ÿ3 .

The calculated effective rate constant for the interaction of
eÿaq with monovalent copper(I) chloride complexes is
2.761010 litre mol71 s71.10 We may note that the hydroxyl
radicals formed oxidised copper(I) to copper(II). Analysis of the
characteristic features of the kinetics of the appearance of the
absorption band with l=380 nm suggests that it is due to the
copper atoms formed in the decomposition of the unstable
chloride complex:

CuCl3ÿ3 ? Cu 0 + 3Cl7.

The kinetics of the formation of copper atoms are described by a
first-order equation with an effective rate constant of
4.76107 s71.10

About thirty years ago, it was established 11 that the product
of the reduction of the Au(CN)ÿ2 ion by hydrogen atoms in an
aqueous acid solution has an absorption band with a maximum at
260 nm, while the product of the reduction by hydrated electrons
in a neutral medium is characterised by a band with amaximum at
410 nm. It has been suggested that the above absorption bands are
associated with the adducts HAu(CN)ÿ2 and [Au(CN)ÿ2 ...e

ÿ
aq]. In a

later publication,12 it was shown that reduction with formation of
a product in three equilibrium forms depending on the pH, each of
which is characterised by different optical absorption bands, does
indeed take place in both cases.

Au(CN)2ÿ2 + 2H+ > HAu(CN)ÿ2 + H+ > H2Au(CN)2 .

410 nm 430 nm 260 nm

The pK is 5.9 and *5.2 for the first and second equilibria
respectively. It was also established that all three complexes
decompose with formation of gold atoms, which have a low-
intensity absorption band with lmax<260 nm. The reaction is
first-order with rate constants of 6.76103 and 5.3610 4 s71 for
Au(CN)2ÿ2 and H2Au(CN)2 respectively.

2. Zn+, Cd+, and Hg+ ions
The formation ofmonovalent zinc and cadmium ions as a result of
reduction by hydrated electrons of the divalent metal ions in
neutral aqueous solutions was observed more than twenty years
ago.13 ± 15 It was found that the univalent ions have intense
absorption bands at 300 nm. The results of the latest more careful
experiments 16 suggest that the Zn+ ion does indeed have an
absorption bandwith amaximumat 310 nm,while the absorption
band due to the Cd+ ion is probably at 295 nm (Fig. 1). The
formation of Hg+ ions was observed in the reduction of divalent
mercury by hydrogen atoms in aqueous media.17, 18 A feature
distinguishing this species from those examined above with the
d10s1 electronic configuration is the presence of two absorption
bands with maxima at 225 and 255 nm,17 which is apparently a
consequence of the splitting of the p level. TheHg+ ion hydrolyses
in solution:

Hg+ +H2O>HgOH +H+.

The logarithm of the equilibrium constant of this reaction is
5.1.18 According to the study quoted, the hydroxo-complex
HgOH is characterised by two absorption bands Ð at 233 and
265 nm. The presence of an additional band with a maximum at
360 nm has also been established.19 We may note an interesting
feature of the formation of the Hg2�2 ion by the dimerisation of
Hg+ ions. The process is complex and takes place in two
consecutive reactions: in the first, the disproportionation of Hg+

ions results in the formation of a mercury atom, while in the
second the atom reacts with a Hg2+ ion, affording Hg2�2 .

It has been shown 20 that HgCl2 molecules interact with
hydrated electrons:

HgCl2 + eÿaq ? HgCl + Cl.

The rate constant for this reaction (2.761010 litre mol71 s71) is
high.

The HgCl molecules are characterised by two optical absorp-
tion bands Ð at 245 and 330 nm. These molecules disappear,
giving rise to Hg2Cl2. The formation of HgCl molecules in the
reduction of HgCl2 has been demonstrated by electron para-
magnetic resonance.21 After g-irradiation of frozen aqueous
sulfuric acid solutions of this salt at 77 K, a signal due to the
HgCl molecule is observed. Its quartet hyperfine structure is due
to the interaction of the unpaired electron with the 35Cl and 37Cl
magnetic nuclei, the nuclear spins of which are identical and equal
to 3/2, while the magnetic moments are similar. In concentrated
hydrochloric acid solutions (8 M), mercury is present in the form
of the complex HgCl and the reduction of the mercury ion is not
accompanied by the splitting off of chloride ions.21 The formation
of the HgBr 22 and HgI 23 molecules has been detected by pulse
radiolysis in the reduction of the corresponding divalent mercury
salts in aqueous solutions.

3. Ga2+, In2+, and Tl2+ ions and In and Tl atoms
The Ga3+ and In3+ ions are vigorously hydrolysed in aqueous
solutions. It has been established that these ions and their hydro-
lysed forms are virtually not reduced by hydrogen atoms and the
formation of the Ga2+ and In2+ ions, occurring in aqueous and
neutral solutions, is a result of the interaction only with hydrated
electrons.24 ± 26 The absorption band maxima of the Ga2+ and
In2+ ions are at 268 and 263 nm respectively. The absorption
spectrum of the indium aquo-complex in the+2 oxidation state is
presented in Fig 1. The Tl2+ ion has been obtained in a strongly
acid medium on reduction of trivalent thallium by hydrogen
atoms.27 Its absorption, the maximum of which occurs at wave-
lengths shorter than 225 nm, has been recorded. We may note
that, together with the main absorption band, an additional
shoulder appears for the hydroxo-complexes of divalent gallium 25

and thallium 27 ± 30 Ð at 300 nm for the first complex and 360 nm
for the second.

The Tl+ ion is stable in aqueous solutions. The oxidation-re-
duction potential of the Tl+/Tl0 couple is71.94 V, which implies
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Figure 1. Optical absorption spectra of the atoms and ions ofmetals with

the d 10s2p1 electronic configuration in water.

(1) Ag0; (2) Cd+; (3) In2+.
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the possibility of its reduction by both hydrated electrons and
hydrogen atoms in aqueous solutions. It has been shown 31 that
this does indeed take place. Fairly concentrated salt solutions and
long electron pulses (2 ms) were used in the experiments. As a
consequence of the high rate of the reaction

Tl0 + Tl+ > Tl�2 ,

the equilibrium constant of which is 2.3610 3 litre mol71, the
optical absorption due to thallium atoms was hardly observed
owing to the intense absorption due to the Tl�2 species formed (a
band with a maximum at 420 nm). Ershov et al.32 refined the
characteristics of the absorption spectrum of thallium atoms. A
low concentration of Tl+ ions (161074 M) was used for this
purpose, the solution containing also isopropyl alcohol as a
hydroxyl radical scavenger. The spectrum was recorded 0.7 ms
after the application of 15 ns or 0.5 ms electron pulses. Under
these conditions, the equilibrium in the last reaction is displaced to
the left. It was established that the absorption by Tl0 (Fig. 2)
includes two bands Ð at 450 nm (e=5610 3 litre mol71 s71)
and at 260 nm (e=9610 3 litre mol71 s71).

The In+ ion is unstable in aqueous solutions and is readily
oxidised, forming In3+ ions. The calculated reduction potential of
indium atoms in aqueous solution proved to be 72.3 V.33 It is
identical with the potential of hydrogen atoms. This means that
In+ ions could be reduced only by hydrated electrons. Aqueous
InBr solutions were used in the above study.33 In the presence of
bromide ions, univalent indium becomes more stable. It has been
established that the indium atoms arising immediately after the
application of a 15 ns electron pulse are characterised by absorp-
tion bands with maxima at 500 nm and at a wavelength shorter
than 300 nm. After a time, the intensities of the above bands fall
and new bands appear at 310 and 460 nm. The rate of appearance
of the latter increased with increase in the salt concentration in
solution. The above changes were induced by the reaction

In0 + In+ > In�2 ,

the equilibrium constant of which is approximately 5610 2 litre -
mol71.Wemay recall that, in contrast to themetal atoms and ions
examined above, having the d10s1 configuration, indium and
thallium atoms are characterised by the d10s2p1 electronic config-
uration.

4. Pb(I) and Pb(III) ions
Lead aquo-complexes in the +1 and +3 oxidation states were
obtained when Pb2+ ions were reduced by hydrated electrons and
oxidised by hydroxyl radicals in aqueous, neutral, and alkaline
aqueous solutions. The Pb+ ion is formed on pulse radiolysis in
neutral or weakly acid Pb2+ solutions.34 ± 36 Its absorption spec-
trum is presented in Fig. 2. The ion has a d10s2p1 outer electron
shell and gives rise to a low-intensity absorption band at 320 nm
(e=2.5610 3 litre mol71 cm71). Divalent lead ions are readily
hydrolysed in aqueous solutions. At pH 6 they already exist in the
PbOH+ form. The formation of the Pb3+ aquo-complex may
therefore be expected only for acid aqueous solutions. Indeed the
above ion is formed on oxidation of Pb2+ by hydroxyl radicals at
pH<4 in aqueous solutions saturated with N2O.37 Its absorption
band, with amaximum at l<220 nm, extends into the UV region.
At pH*4 an additional weak shoulder is formed at 330 nm and is
due to the hydroxo-complex PbOH. The pK value for the hydro-
lytic reaction

PbOH> Pb+ + OH7

is 4.0. At pH>6, an additional shoulder is also observed at
360 nm with the absorption band in the UV region.38 The
electrical conductivity of the solution does not change under
these conditions, which suggests the following reaction:

PbOH+ +OH? Pb(OH)�2 .

At pH 11.4, divalent lead forms the hydroxo-complex Pb(OH)ÿ3 .
The Pb(OH)ÿ4 species probably arises in its interaction with the
OH radical:

Pb(OH)ÿ3 + OH? Pb(OH)ÿ4 .

Its absorption spectrum is characterised by a narrow band at
280 nm and a broader band at *360 nm. The same species
appears in the reduction of tetravalent lead in a highly alkaline
solution (pH 13) by the reaction

Pb(OH)2ÿ6 + eÿaq ? Pb(OH)ÿ4 + 2OH7.

The complex PbCl2+ has been obtained in the oxidation of Pb2+

ions (561074 M) by hydroxyl radicals in neutral and acid
aqueous solutions saturated with nitrous oxide and containing
chloride ions (>561072 M).39 The increase in the charge on the
lead ion and the decrease in its radius compared with the Pb2+ ion
led to the formation of a monochloride complex in the reactions

PbOH2+ + Cl7 > PbCl2+ + OH7 at pH 6,

Pb3+ + Cl7 > PbCl2+ at pH 3.5.

The pK values for the above equilibria are 1.2 and 2.6 respectively.
The optical absorption of the above complex includes four

bands with lmax=276, 320, 380, and 485 nm, while the extinction
coefficients are respectively 6.06104, 3.16104, 3.2610 4, and
1.2610 4 litre mol71 cm71.

On the other hand, the PbCl molecule did not arise on
reduction of lead(II) chloride complexes by hydrated electrons
even at a chloride ion concentration of 0.1 M. The following
reaction occurred under these conditions;

PbClÿ3 + eÿaq > Pb+ + 3Cl7.

Only in the presence of NaCl in the solution (*2 M) was the
formation of PbCl observed (main absorption band at wave-
lengths less than 280 nm, additional bands at 300 and 390 nm).
The instability constant of this complex (pKi) was estimated as
approximately70.3.39
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Figure 2. Optical absorption spectra of the atoms and ions ofmetals with

the d 10s2p1 electronic configuration in water (a) and the dependence of

Elmax
, on the charge (b).

(1) Tl0 (2) Pb+; (3) Bi2+.
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5. Bi(II) and Bi(IV) ions
Since bismuth is vigorously hydrolysed in aqueous solutions,
concentrated perchloric solutions (up to 5 M) are used for its
preparation in the initial Bi3+ form. Under these conditions, the
hydrogen atoms formed after the application of an electron pulse
reduce the Bi3+ ions to Bi2+ (single absorption band with a
maximum at 285 nm).40 No evidence for the possibility of the
oxidation of Bi3+ by hydroxyl radicals and the formation thereby
of Bi4+ ions was found. This reaction probably does not occur at
all owing to the high oxidation potential of Bi4+. Indeed, an
estimate of this potential yields *3.5 V, which is significantly
higher than the potential of the OH radical (2.9 V).

Ionic Bi(II) and Bi(IV) chloride complexes have been obtained
by pulse irradiation of concentrated aqueous hydrochloric acid
solutions.41 The absorption due to the Bi(II) ion is characterised
by two bands with maxima at 350 and 460 nm and that due to the
Bi(IV) ion is characterised by bands at 270 and 370 nm.

IV. Atoms and ions of metals in unusual oxidation
states in frozen aqueous solutions

Themethod for the preparation ofmetal ions in unusual oxidation
states in frozen aqueous solutions is based essentially on the same
reactions involving reduction by electrons, formed on ionisation
of the medium, and oxidation by the hydroxyl radicals, arising in
ion ±molecule reactions of the positively charged H2O+ parent
ions (see, for example, Ershov and coworkers 42, 43). Concentrated
aqueous solutions of a wide variety of electrolytes, for example,
perchloric, sulfuric, hydrochloric, and other acids and their salts
or alcohols, to which the metal salts investigated are added, are
used for these purposes. On rapid freezing of such solutions in
liquid nitrogen, transparent glasses, retaining to the maximum
extent the structure of the liquid aqueous media, are formed.
During exposure to ionising radiation (usually 60Co g-radiation),
the metal ions are reduced by thermalised mobile electrons. The
metal atoms or ions formed are stable indefinitely at 77 K. The
oxidation reactions of the metals occur on raising the temperature
to*150 K. At this temperature, the hydroxyl radicals localised in
intermolecular traps become mobile. Many atoms and ions of
metals in unusual oxidation states have been obtained and
investigated in this way.44 ± 56

It was found that the optical characteristics of the atoms and
ions of metals with d10s1 or d10s2p1 outer electron shells in aqueous
solutions at room temperature and at the temperature of liquid
nitrogen do not differ significantly. Only a 10 ± 20 nm hypsochro-
mic shift and some narrowing of the band are observed. The most
significant results were obtained in the study of the ESR spectra of
the metal atoms and ions in frozen aqueous media. Indeed, by
means of the ESR method one can not only demonstrate the very
fact that the atoms and ions in unusual oxidation states are formed
but the structure of the paramagnetic centre, the nature of the
environment, and the nature of the distribution of the unpaired
electron can also be determined.

Metals usually have several isotopes, some of whichmay carry
a nuclear spin. The paramagnetic ions formed on addition of a
single electron to the outer s orbital are therefore characterised by
the presence of two types of signals. The first are due to isotopes
without nuclear spin and are represented in the ESR spectra by
singlets in the region of the g-factor of the free electron. The
second are due to isotopes carrying a nuclear spin and their ESR
spectra are characterised by the presence of a hyperfine structure
(HFS). Light elements (copper and silver) differ fromothers by the
fact that the HFS constants of the ESR signals are small but
sufficient for observation in the usual microwave spectrometer
(magnetic field up to 300 ± 1000 mT). For virtually all other
elements, the HFS constants are so large that their resonance
frequencies exceed the UHF field frequency employed in the ESR

spectrometer. Only certain components of the HFS of the para-
magnetic atom or ion are therefore observed. Fig. 3 presents the
ESR spectra for the Ga2+ and Pb3+ ions. The HFS constants
were calculated from the positions of the high-field components of
the signals by the Breit ±Rabi equation.57 Table 1 presents the
characteristics of the ESR spectra for a series of paramagnetic
metallic species having an unpaired electron in the outer s shell.
Evidently, the g-factor exhibits a negative deviation (Dg) relative
to the g-factor of the free electron, which is 2.0023. A negative
deviation of the g-factor is characteristic of paramagnetic centres
with an ex excess electron. Furthermore, one may note that Dg
increases in absolute magnitude along the subgroup and dimin-
ishes along one Period with increase in the atomic number of the
element. In the former cases, the charge on the paramagnetic
species is constant under these conditions, but the mass of the
nucleus of the element increases (compare, for example, the equal-
charge series, Zn+, Cd+, Hg+), while in the latter case the
paramagnetic species have the same electronic structure within
the limits of the Period, but their charge increases under these
conditions (compare the isoelectronic series Ag, Cd+, Ga2+,
Sn3+). The ratio Aiso=A

0
iso, which defines the density of the s

state on the metal nucleus, increases within the limits of the equal-
charge series of paramagnetic species with increase in the number
of the Period. On the other hand, it diminishes within the limits of
the isoelectronic series with increase in the charge on the ion.

Table 1. Characteristics of the ESR spectra of the atoms and ions of metals
in the electronic state 2S1/2 in a frozen aqueous solution at 77 K.58 ± 62

Atom, ion g-Factor Aiso=mT a A0
iso=mT b Aiso=A

0
iso

63Cu0 2094
67Zn+ 813
69Ga2+ 2260 5034 0.449
77Ge3+ 1077
109Ag0 1.9814 580 705 0.773
111Cd+ 1.9896 3250 5137 0.633
113In2+ 8139
117Sn3+ 1.9950 6825 15935 0.428
197Au0 1089
199Hg0 1.9818 11350 14453 0.780
203Tl2+ 43210 62622 0.690
207Pb3+ 1.9920 16000 27796 0.575

aAiso is the experimental isotropic HFS constant for the metal atom or ion

in aqueous solution. bAiso=A
0
iso is the isotropic HFS constant for the atom

or ion in the free state.

600 mT 10 mT

1 2

Figure 3. ESR spectra of Ga2+ ions at 77 K (1) and Pb3+ ions at

150 K (2) in a g-irradiated HClO4 solution (6 M).

Salt concentration: (1) 0.25 M Ga(ClO4)3; (2) 0.1 M Pb(ClO4)2.
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V. Regularities in the variation of electronic
properties

In the preparation and study of the properties of metals in unusual
oxidation states, characterised by the presence of a single electron
in the s or p orbitals, investigators always showed the greatest
interest in the aquo-complexes of such metals. This is because the
aquo-complexes are in fact most common and have been thor-
oughly investigated. The regularities in the variation of the
fundamental properties of the above metals within the Periods
and Groups of the Periodic System have been discov-
ered.51, 54 ± 56, 63, 64 We shall deal with some of them. Metals in
unusual oxidation states are extremely unstable and exist for a
short time, so that the methods for their investigation are limited
with the consequent limitation of the available information about
their properties. These are in the first place the characteristics of
their optical absorption and ESR spectra and the properties of
their electronic structures as well as the oxidation-reduction
potentials which follow from them.

1. Aquo-complexes
The absorption by the atoms and ions of metals with the d10s1

electronic configuration in an aqueous solution in the state of an
aquo-complex is characterised by a single intense UV absorption
band. The position of the band undergoes a smooth hypsochromic
shift in an isoelectronic series of metals with increase in the charge
on the species, as can be seen for the Ag0, Cd+, In2+ series
(Fig. 1). We may note that the absorption band of the Sn3+ ion,
the next member of the above isoelectronic series, is at *215 nm
in a frozen aqueous solution at 77 K,54 i.e. the tendency for the
absorption to be displaced into the UV region with increase in the
charge on the ion is continued. Furthermore, the energies of the
optical transitions at the absorption band maxima (Elmax

) increase
linearly with increase in z (Fig. 4). In the subgroups, the energies
increase with increase in the number of the Period. These
regularities, discovered at an early stage of the study of the
properties of metals,51, 54 ± 56 served as a basis for the prediction
of the expected values of Elmax

for a series of atoms and ions which
at that time had not yet been obtained. Thus the positions of the
absorption bands were predicted and later determined experimen-
tally for copper and gold atoms, Pb3+ ions, etc.

The optical absorption of the aquo-complexes of metals in the
2S1/2 state is due to the 2a1g? 2t1u transition. This transition can
be regarded to a large extent as the transfer of an unpaired electron
from the atomic orbital of the central metal ion to the mixed np, 2s
and 2p orbital. The first optical transition in the samemetal atoms
and ions in the gas phase corresponds to the S?P transition. This
entails the splitting of the level as a consequence of spin ± orbit
coupling. Thus in the case of silver atoms the energies correspond-

ing to the P1/2 and P3/2 levels in the gas phase are respectively 338
and 328 nm. As mentioned above, in water a broad band with a
maximum at 360 nm corresponds to silver atoms. This means
that, on passing to an aqueous solution, the absorption band
undergoes a `red' shift and becomes significantly broader. For this
reason, if the splitting due to spin ± orbit coupling is not very
marked, it is not observed. The differences between the energies of
the P1/2 and P3/2 levels for the Ge3+, Sn3+, and Pb3+ ions in the
gas phase are 0.346, 0.807, and 2.611 eV respectively.65 If one
bears inmind that the values ofElmax

for atoms and ions in the 2S1/2

electronic state in aqueous solutions are in the range from 3 to
6 eV, one may conclude that the splitting of the energy levels may
significantly complicate the structure of the bands in the spectra of
the aquo-complexes. For elements of the Fourth and Fifth
Periods, the above effect most probably leads to the broadening
of the absorption bands, while in the case of the Sixth Period the
splitting may prove to be considerable. Indeed, two absorption
bands have been observed forHg+, at 225 and 255 nm,17, 18 which
is probably a consequence of the splitting of the p level.

The first optical transition in the aquo-complex corresponds
to intracomplex oxidation. The validity of this conclusion is
confirmed by the linear correlation between Elmax

and the s1? p1

excitation energies of the ions in the gas phase (Es? p) (Fig. 5). On
the other hand, such correlation between Elmax

and the energy of
the d 10s1? d 9s 2 transition in the gas phase is not observed, which
indicates that the optical transition in the aquo-complex is mainly
due to the s1? p1 excitation.63

Analysis of spectroscopic data for the gas phase demonstrates
the existence of the fundamental linear dependence ofElmax

on z of
the type established for an aqueous medium.63 The above relation
has been justified theoretically 64 and equations relating the
energies of the s? p transitions for hydrogen-like ions with a
filled d shell to their charge have been derived. The approach is
based on the familiar dependence of the energy term for a hydro-
gen-like ion on the charge. It is described by the Balmer formula,
supplemented by relativistic corrections and the relations between
the mass and the extent of spin ± orbit coupling. Ultimately the
following equation, relating the change of the electronic transition
energy (expressed in rydbergs) for a hydrogen-like ion to its charge
was obtained:

Ens? np=
2Kn

n2
z+az+c, (1)

where n is the number of the electron shell and the quantitiesKn, a,
and c are determined by the shielding constants for the ions and
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are found numerically from the dependences of their ionisation
potentials in the gas phase on the charge z. For an isoelectronic
series of ions, Kn is constant. Fig. 6 illustrates the dependences of
the s? p transition energies for ions in the gas phase and in
aqueous solution on z. They are linear and are described satisfac-
torily by Eqn (1). There is a slight deviation only for the first
elements of the isoelectronic series, namely for copper, silver, and
gold atoms. This is probably due to a certain degree of mixing of
the s and d electronic states of these atoms. The constants a and c
for an aqueous medium are the same as for the gas phase, but the
quantities Kn differ significantly (Table 2). The intercept pro-
duced by the extrapolation of lines 1 and 2 on the ordinate axis is
the same for the gas phase and aqueous solution. The intercept is
determined by the constant c in Eqn (1). The physical significance
of the constant is that of the energy of the s? p transition for an
ion with z=0.

Using the simple linear dependence of the s? p transition
energy on the charge for a series of isoelectronic ions in the 2S1/2

electronic states, it is possible to calculate by Eqn (1) or determine
graphically (Fig. 6) any fundamental characteristics for ions
which have not been obtained in this electronic state in the gas
phase (Table 3). The energies of the optical transitions can be
determined similarly also for ions in aqueousmedia. However, the
existence of a whole series of these (for example, the As4+, Sb4+,
Bi4+, and other highly charged cations of the succeeding sub-
group) is impossible because their oxidation potentials are higher
than that of the hydroxyl radical.

Experimental data on the properties of metal ions having the
d 10s 2p 1 electronic configuration are limited and are in essence
confined to the In0, Tl0, Pb+, and Bi2+ species. Nevertheless, it is
possible to analyse the structure and positions of the optical
absorption bands for the isoelectronic series of the above Sixth
Period metal ions. Their optical absorption spectra and the
dependence of Elmax

on the ionic charge (Fig. 2) show that the
absorption band on the long-wavelength side shifts to the UV
region in the Tl0, Pb+, Bi2+ series, while Elmax

increases linearly at
the same time with increase in the ionic charge. For equally
charged metal atoms in one subgroup (indium and thallium), a
hypsochromic shift of the absorption band with increase in the
number of the Period can be seen [lmax is at 500 nm for In0 (see
Ref. 33) and at 440 nm for Tl0 (see Ref. 32)]. Thus, similar
regularities in the variation of the optical characteristics as a
function of the positions of the elements in the Periodic System
were observed both for the aquo-complexes of metals having one

electron in the outer s orbital and for the aquo-complexes with an
electron in the p orbital.

2. Hydroxo-complexes
The incorporation of one OH7 ion in the coordination sphere of
the metal ion leads to the splitting of the energy levels, which
entails a change in the structure of the optical absorption
spectrum. Apart from the main symmetrical absorption band,
characteristic of themetal ion in the form of the aquo-complex, an
additional broad band on the long-wavelength side is observed, as
noted above. Fig. 7 presents a schematic arrangement of the
energy levels for an octahedral complex, illustrating the nature
of the changes in the structures of the optical transitions formono-
and di-hydroxo-complexes. The replacement of one or two water

Table 2. The coefficientsKn, a, and c of Eqn (1) for isoelectronic ions of the
elements in the Fourth, Fifth, and Sixth Periods.

Period Kn (gas Kn (aqueous a c

phase) phase)

4 0.862 0.221 0.035 0.165

5 0.994 0.318 0.031 0.188

6 1.311 0.312 0.042 0.234
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Figure 6. Dependence of the energy of the s? p transition on the charge

z of the metal ions in the Fourth (a), Fifth (b), and Sixth (c) Periods.

(1) In the gas phase; (2) in aqueous solution; circles Ð experiment; linesÐ

calculation by Eqn (1).

Table 3. The values of Es? p for a series of elements in the Fourth, Fifth,
and Sixth Periods in the electronic state 2S1/2.

z Fourth Fifth Sixth

Ia IIb Ia IIb Ia IIb

5 ± ± ± ± Po 12.5

6 Br 15.6 I 13.1 At 14.1

7 Kr 17.4 Xe 14.7 Rn 15.8

a Element. b Energy /eV.
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molecules by hydroxide ions respectively in position 1 (C4n

symmetry) or 1 and 4 (D4h symmetry) leads to the splitting of the
2t1u level. The existence of an additional transition in the hydrox-
o-complex is associated with a decrease in symmetry as a con-
sequence of the appearance of new ligands. The 2t1u level is split in
such a way that the 2e level for MOH(z71)+ and the 2eu level for
M(OH)2(z72)+ are determined by the interaction with water
molecules and the energies of the 4a1? 2e and 3a1? 2eu tran-
sitions respectively therefore change little compared with the
energies 2a1g? 2t1u transitions in the aquo-complexes. On the
other hand, the 5a1 level for MOH(z71)+ and the 2a2u level for
M(OH)2(z72)+ are associated predominantly with the interaction
with OH7 ions, while the energies of the 4a1? 5a1 and 3a1g? a2u
transition are respectively smaller than the energies of the tran-
sition observed in the aquo-complexes. It is noteworthy that in the
monohydroxo-complex there is a possibility of the splitting or
broadening of the band owing to the trans-effect. However, in the
mono- and di-hydroxo-complexes, not only the nature of the
disposition of the levels but also the energies of the correspond-
ing optical transitions are fairly similar. For example, the same
structures of the optical bands have been observed for the TlOH+

and Tl(OH)02 species.
28 ± 30

Figure 8 presents the dependence ofElmax
on z for the 4a1? 2e

and 4a1? 5a1 transitions for the monohydroxo-complexes of
Sixth Period metals. The long-wavelength component of the
optical absorption band has been recorded for the TlOH+ and
PbOH2+ ions and it has been stated that themaxima are located at
l<220 nm and l<240 nm respectively. For HgOH, use was
made of the results of a study 19 in which an additional absorption
band, not found previously,18 had been observed at 360 nm. It is

seen from the figure that the linearity of the dependence of the
energy at the absorption maximum on z, characteristic of the
aquo-complexes, holds also for the hydroxo-complexes. The
difference between the transition energies in the case of the
hydroxo-complexes tends to increase with increasing z, i.e. the
splitting of the 4a1 and 2e levels increases with increase in the
charge and with decrease in the size of the central ion.

For the fully substituted hydroxo-complexes, containing only
hydroxide ions in their coordination sphere, the structure of the
optical transitions is the same (with retention of the coordination
numbers) as that for the aquo-complexes. The amount of exper-
imental data for the above complexes is insufficient to establish
quantitative relations. However, it is quite sufficient to demon-
strate that the nature of the regularities characteristic of the aquo-
complexes is retained. Thus the values Elmax

=380,66 340,66 280,25

275,26 and 280 and 360 nm35 have been found for the Zn(I), Cd(I),
Ga(II), In(II), and Pb(III) hydroxo-complexes respectively. It is
seen from the data presented that the optical transition energy
increases with increase in z for isoelectronic ions. It also increases
for equally charged ions with increase in the atomic number of the
element. The decrease in the energy of the 2a1g? 2t1u optical
transition energywhenwatermolecules are substituted by hydrox-
ide ions is correlated with the decrease in the ionisation potentials
on passing from H2O to the OH7 ion.

3. Halide complexes
The principal characteristics of the optical transitions in the fully
substituted chloride complexes ofGroup II ± IVmetals in the 2S1/2

electronic state have been investigated by Aleksandrov et al.55

HCl solutions (6 ± 10 M), to which salts of the test metals had been
added, were employed. On freezing, they gave rise to transparent
glasses. After g-irradiation at 77 K, the reduced metal ions in the
2S1/2 electronic state appeared and their optical absorption spectra
weremeasured in aDewar vessel at liquid nitrogen temperature. It
was established that the structure of the optical absorption is
significantly more complex than the analogous structure observed
for the aquo-complexes. Two ± three absorption bands are
observed for the metals in the Fifth and Sixth Periods. For an
isotypical electronic transition, the energy at the absorption band
maximum diminishes with increase in the charge on the metal ion.
As stated above, similar data have been obtained by pulse
radiolysis for metal halide complexes in liquid aqueous solutions.
Fig. 9 presents a schematic illustration of the energy levels for a
monohalide complex having C4n symmetry. Compared with the
schemes examined for the aquo- and hydroxo-complexes, here
additional ligand molecular orbitals (MO), made up of the pp and
sp atomic orbitals of the ions X7, are present. According to this
scheme, the allowed transitions in the M(H2O)5X(z71)+ complex
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are 4a1? 5a1 and 4a1? 3e, as well as the new transitions 2e? 4a1
and 1b2? 4a1.

Figure 10 presents the dependence of the optical transition
energies for themonochloride complexes of Sixth PeriodmetalsÐ
mercury, thallium, and lead, containing one additional electron,
i.e. in the 2S1/2 electronic state. Evidently, in contrast to the
analogous relations for the aquo- and hydroxo-complexes, Elmax

for the chloride complexes diminishes with increase in the degree
of oxidation z. This factor permits the conclusion that the optical
bands ofMCl(z71)+ are determined by the 2e? 4a1 and 1b2? 4a1
transitions. The molecular orbitals 2e and 1b2 are predominantly
due to ligand molecules, i.e. they are occupied by the electrons of
the chloride ions. For metals in isoelectronic series, the energy of
the abstraction of an electron increases with increase in the charge.
This means that the 4a1 level, at which the electron is located, is
loweredwith increase in z. On the other hand, the 2e and 1b2 levels,
at which the nonbonding electron pairs of the Cl ions are located,
hardly change their positions. The energies of the above transi-
tions in the MCl(z71)+ complexes in an isoelectronic series there-
fore decrease with increase in the degree of oxidation. The
proposed model describes correctly the experimental dependence
Elmax

on z. In contrast to the aquo- and hydroxo-complexes in
which an electron is transferred from the metal ion to the ligand
molecules, in the halide complexes the electron is actually trans-
ferred from the ligand to the metal. This is the reason for the
opposite type of dependence of Elmax

on z for the chloride
complexes of metals in the electronic state 2S1/2 compared with
the aquo-complexes.55

For PbCl2+, four optical absorption bands are observed.39

This finding may be attributed to a relativistic effect. The allowed
transitions at the 2P1/2 and 2P3/2 levels differ, as already stated, by
2.6 eV. As a consequence of this, each of the 2e? 4a1 and
1b2? 4a1 transitions undergoes additional splitting. The energies
of all the transitions in the PbCl2+ complex are 4.56, 3.85, 3.20,
and 2.54 eV.39 The difference between the transition energies for
paired groups of bands is indeed close to the expected value. For
lighter elements, the splitting is significantly smaller and the
relativistic effect is therefore manifested by a broadening of the
absorption band.

For molecular monovalent mercury halide complexes (HgCl,
HgBr, and HgI), two absorption bands are observed in each case,
their positions undergoing a hypsochromic shift with increase in
the mass (atomic number) of the halogen. Thus, whereas the
absorption bands for HgCl are at 245 and 330 nm,20 they are at
280 and 350 nm for HgBr 22 and at 320 and 360 nm for HgI.23

Such variations in the energies are consistent with the proposed
energy level scheme. Indeed, the electron affinity of halogen atoms
diminishes in the Cl ±Br ± I series, which corresponds to a rise in
the positions of the 2e and 1b2 levels. When the position of the 4a1
level, which represents predominantly the atomic orbital of the

metal, is retained, this should lead to a decrease in the energies of
the 2e? 4a1 and 1b2? 4a1 transitions in the HgCl ±HgBr ±HgI
series, which does in fact occur. Furthermore, there is a strict
linear relation between Elmax

the above monovalent mercury
halides and the electron affinity of the halogen atom (Fig. 11).

VI. Oxidation-reduction potentials

The direction and effectiveness of a reaction involving electron
transfer is determined by the oxidation-reduction potentials of the
reactants participating in it. The potential of the reaction between
a reductant B7 and an oxidant O, i.e.

B7 +O> B+O7

may be determined from the equilibrium constant of the reaction
K= k+/k7 (here k+ and k7 are the rate constants for the forward
and reverse reactions). Metal ions in unstable oxidation states are
extremely reactive and the rates of reactions with their participa-
tion are as a rule controlled by diffusion. The reactions are
irreversible. The rate constants for the reverse reactions cannot
usually be determined. For this reason, approximate theoretical
and experimental methods are used to determine the oxidation-
reduction potentials. In a theoretical calculation, it is postulated 67

that the energy of hydration of ametal ion in an unusual oxidation
state depends on its radius in the same way as for alkali metal ions
and the radius itself is equal to the average radius of the element
preceding the givenmetal and that of the radius which follows it in
stable oxidation states.

The experimental approach involves comparison of the char-
acteristics of the reactions involving the reduction of particular
metal ions by various radical reductants with known potentials.
The potential is then estimated as the average of the potential of a
reactant which led to the reduction of the metal ion and that of a
reactant the presence of which did not lead to reduction. Problems
concerning the determination of the oxidation-reduction poten-
tials of metal ions in unusual oxidation states were discussed in
greater detail in our earlier review.1

Table 4 presents the potentials known hitherto for metal ions
with the d 10s1and d 10s2p1 electronic configurations. The standard
potentials of metal couples in stable oxidation states [E 0(Mz+/
M)] as well as the analogous oxidation reduction potentials or
metal couples in the atomic state [E 0(Mz+/M0)] are also presented
for comparison. In the latter case, account was taken of the
correction for the energy of their sublimation at room temper-
ature.68 It is striking that noble metals (copper, silver, and gold) in
the atomic state (d 10s1 electronic configurations) are very power-
ful reductants. This is due to the presence of unpaired electrons in
their outer s orbitals.
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In isoelectronic series of metals, one can trace a tendency
towards a decrease in potential with increase in the charge of the
metal ion. Fig. 12 illustrates graphically this relation. It is seen
that in each of the series of the Fourth ± Sixth Periods the potential
diminishes with increase in z. Whereas at the beginning of the
Period copper, silver, and gold atoms are fairly powerful reduc-
tants, the metal ions at the end of the isoelectronic series, namely
trivalent tin and lead, exhibit the properties of powerful oxidants.
Within the limits of a subgroup, i.e. for equally charged ions, the
potentialE 0(Mz+/M(z71)+) increases steadily with increase in the
number of the Period. The established type of variation of
E 0(Mz+/M(z71)+) in Periods and Groups makes it possible to
predict or revise the potentials for metals the oxidation-reduction
characteristics of which have not been investigated. Thus, by
extrapolating the linear section of the relation between the
potential and the charge of the Bi4+ cation, it is possible to
determine the potential E 0(Bi4+/Bi3+). It was found to be
approximately +3.5 V, which appreciably exceeds the oxidation
potential of hydroxyl radicals (2.9 V). This explains the fact,
mentioned above, that OH radicals are not able to oxidise Bi3+

ions in highly acid aqueous solutions.
Comparison of the metal potentials E 0(Mz+/M(z71)+) with

the standard potentials and the potentials for the atomic state
(Table 4) showed that their variations as a function of the charge z
differ significantly. For one-electron oxidation (d 10s1? d 10s0+
e7), a monotonic increase in the potentials with increasing z may

be traced for all the Periods. This means that the stability of aquo-
complexes of metals in oxidation states characterised by the
electronic configuration d 10s1 increases with increase in the
number of the element in the Period. On the other hand, the
variations of the standard potentials of these metals are not
monotonic and reflect a complex dependence of the energies of
abstraction of electrons on the degree of filling of the electron
shells of the element as their number increases.

If one begins with the fact that the optical transition in an
aquo-complex represents intracomplex oxidation of themetal ion,
one may expect that the oxidation potential E 0(Mz+/M(z71)+) is
correlated with the optical transition energy Elmax

. Such corre-
spondence does indeed exist (Fig. 13). The higher the value of
Elmax

the more difficult it is to abstract an electron from the metal
ion and the higher the oxidation potential of the latter. The
correlation between Elmax

and E 0(Mz+/M(z71)+) for the aquo--
complexes is justified when they have the same structure and
retain it as the degree of oxidation is changed. A coordination
number of 2 and a linear configuration of the complexesM(H2O)2
are characteristic of the elements of the copper subgroup.69 It may
be expected that the coordination number of the elements of the
next subgroup (Zn, Cd, andHg) is six, although the aquo-complex
of divalent mercury may be distorted.69 High coordination
numbers (5 or 6) may also be characteristic of the trivalent
aquo-complexes in the gallium subgroup. Thus aqueous solutions
of indium ions contain the complexes In(H2O)5OH2+ and
In(H2O)4(OH).70 A coordination number of 6 is also character-
istic of the elements of the germanium subgroup in the +4
oxidation state. Thus the most probable coordination number of
the majority of the elements considered is 6. The copper subgroup
is an exception and, as can be seen fromFigs. 12 and 13, this fact is
apparently the reason why a deviation from the linear relation
between E 0(Mz+/M(z71)+) and Elmax

is observed for copper,
silver, and gold atoms.

It is noteworthy that the correlation ofEs? p andElmax
(Fig. 5)

makes it possible to determine from the dependence of Es? p on
E 0(Mz+/M(z71)+) the oxidation potentials of the aquo-com-
plexes of metals in the electronic state 2S1/2 for which there are
some kind of data concerning the positions of their absorption
bands. The above approach has been used widely in the case of f
elements, for which the energies of the f n? f n71d 1 transitions in
the gas phase are correlated with the oxidation potentials in
aqueous solution.71 The potentials E 0 of processes of the type
Zn++e7?Zn0 are correlated with the energies of bands

Table 4. The oxidation-reduction potentials E 0 /V.

Element z E 0(Mz+/M) E 0(Mz+/M0) E 0(Mz+/M(z71)+)

Cu +1 +0.52 72.6

Zn +2 70.76 71.25 72.3

Ga +3 70.53 71.36 70.63

Ag +1 +0.8 71.8

Cd +2 70.4 70.81 71.8

In +3 70.4 71.05 70.45

Sn +2 70.14 71.53

Sn +4 +0.01 70.67 +0.7

Au +1 +1.65 71.5

Hg +2 +0.85 +0.68 71.5

Tl +1 70.34 71.9

Tl +3 +0.72 +0.2 +0.3

Pb +2 70.126 70.96

Pb +4 +0.78 +0.36 +1.8

Bi +3 +0.22 70.29
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determined by transitions from the ligand orbitals (eg? t1u, etc.).
They should occur in the short-wavelength region (l

max
<200 nm)

Data referring tometal ions with the d 10s2p1 configuration are
available only for elements of the Sixth Period (Tl0 , Pb+, and
Bi2+). By analysing the data in Table 4 for these elements, one
may conclude that a similar relation, involving a decrease in the
potential with increase in the charge of the cation exists for themas
well.

VII. Regularities in the variation of the dissociation
constants of complexes

The change in the degree of oxidation of a metal ion is accom-
panied by a change in its charge and size. Despite the short time
during which the ion exists in an unusual oxidation state, the
corresponding equilibrium coordination sphere is formed in
aqueous solution. The dissociation constants of isotypical com-
plexes of metal ions, in different oxidation states, are different.
The first hydrolysis constants have been determined formany ions
with the d 10s1 and d 10s2p1 configurations. These constants have
been compared 72 with the corresponding constants for stable
valence forms of the same metals.73 It was established that the
nature of the variation of the hydrolysis constants is consistent
with the nature of the variation of these quantities predicted by
electrostatic theory 74, 75 both for isoelectronic metal ions in the
usual and unusual valence forms and for the same metals in
different oxidation states. The stability of a complex is known74, 75

to be determined by the potential energy of the interaction of two
ions, which is proportional to the ratio zMzL/r, where zM and zL
are respectively the charges on themetal ion and the ligand and r is
the distance between them. Fig. 14 illustrates the variation of the
first hydrolysis pK with the ratio z/r, where z= zM, since the
charge on the ligand (the OH7 ion) is 71 and r= rM+ rOHÿ .
Evidently, the pK for isoelectronic ions in stable oxidation states,
having the d 10s0 electronic configuration, decreases linearly with
increase in z/r. For elements of the Fourth and Fifth Periods, the
slopes of the relations are almost the same, whilst for the elements
of the Sixth Period they are significantly smaller. For metals in
unstable oxidation states having the d 10s1 electronic configura-
tion, a similar relation is observed. However, in this case pK
increase with decrease in the degree of oxidation of the metal. For
example, pK increases in the sequence Hg+?Hg2+,
Tl2+?T13+, etc. The variation of the pK for isoelectronic series
of ions in stable and unstable oxidation states is described
satisfactorily by the simple equation

pK=
q

r
z+w, (2)

The coefficients q and w are listed in Table 5.

The above characteristics of the variation of the pK with z/r
agree with the concept of the decisive contribution of electrostatic
interaction of the central ion and the ligand to the stability of the
complex. For equally charged ions, the nature of the observed
relations is more of an indication of the decisive role of the
electronic structure. For example, a clear-cut sequence based on
the increase in the pK with increasing atomic number of the
element has been observed for the elements of the Sixth Period
(Hg+<Tl+, Hg2+<Tl2+<Pb2+, T13+<Pb3+). However, for
elements of the Fourth and Fifth Periods, the above relation is
reversed (Zn2+>Ga2+, Cd2+>In2+>Sn2+, In3+>Sn3+).
Finally, one should note that the variation of the pK for equally
charged ions in one subgroup is apparently not systematic (in
particular, this was indicated earlier by Nazarenko et al.73). Thus
the pK of Group III elements diminish in the sequences
In3+>Ga3+, T13+ and In2+>Ga2+>Tl2+, while for Group II
elements they decrease in the sequence Cd2+>Zn2+>Hg2+.

Bearing in mind the regularities established in the variation of
the pK with z/r in isoelectronic series of metals of one Period and
also the nature of the variation of this quantity in equal-charge
series, it appears possible to estimate the pK for certain ions. Thus
pK=11.1+ 0.5 and 6.0+ 0.5 can be obtained for Cu+ and Au+

respectively by Eqn (2) from the coefficients q and w found for the
corresponding Periods. The pK for the Zn+ and Cd+ ions are
apparently very similar and are in the range 7 ± 9.

Regularities in the variation of the instability constants,
expected from electrostatic theory, have also been observed for
the chloride complexes of metals in different oxidation states,
including the unstable states with the d 10s1 and d 10s2p1 electronic
configurations.

Constant TlCl TlCl+ TlCl2+ PbCl PbCl+ PbCl2+

pKi 0.5 4.6 7.7 70.3 1.5 2.6

Evidently the constants increase with increasing charge on the
metal ion. For lead compounds, a nearly linear variation of pKi

with z/r has been noted.39 For thallium complexes, pKi is
appreciably higher.76 This means that the stability of the com-
plexes is influenced significantly by the nature of the central ion.

VIII. Conclusion

The formation of metal ions in unusual oxidation states is not
characteristic solely of aqueous media. They arise also in inor-
ganic oxide glasses doped with thallium, cadmium, lead, or other
metals as a result of oxidation-reduction reactions initiated by
ionising radiation, light, or mechanical action (see, for example,
the review of Aleksandrov et al.77). The rigid structure of glasses is
responsible for the indefinite stability of such ions. The decisive
role of cooperative oxidation-reduction processes, the effective-
ness and direction of' which depend on the composition of the
glass and its structure and the presence of free and multicentre
bonds in it, has been demonstrated. It is important to note that a
series of regularities which have been observed for aqueous
solutions and are discussed in detail in the present review (for
example, the distribution of electron densities and the optical
transition energies in the isoelectronic and equal-charge series of
metals) are characteristic also of inorganic oxide glasses. On the
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Figure 14. Dependence of the first hydrolysis constant on z/r.

Table 5. The coefficients q and w in Eqn (2).

Period Electronic q w

configuration

4 a10s0 70.74+0.2 14.2+0.5

5 d10s0 70.74+0.2 14.2+0.5

5 d10s1 70.65+0.1 10.0+1.0

6 d10s0 70.49+0.02 7.7+0.4

6 d10s1 0.13+0.01 5.8+0.2
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one hand, this makes it possible to assume that the observed
regularities in fundamental properties are common to all metals in
unusual oxidation states and, on the other, one may assume their
practical importance in the development of glass compositions
with specified characteristics.

At intermediate stages of oxidation-reduction reactions in
aqueous solutions, containing the ions of several metals, short-
lived mixed clusters may arise. Thus, various monovalent ions,
such as Cd+, Co+, Zn+, and Ni+, generated on pulse irradiation
with electrons, can react with the Ag+ ions present in the
solution.16, 78 The Zn+ ion, which has a high reduction potential,
enters under these conditions into a reaction with Ag+ involving
electron transfer and the formation of a silver atom. The Cd+ and
Co+ ions, the potentials of which are close to that of atomic silver,
form the mixed clusters (CdAg)2+ and (CoAg)2+. These cluseters
exist only for several microseconds and decompose rapidly with
formation of Cd2+ (or Co2+) and the Ag�2 cluster. In the case of
Ni+, neither electron transfer in the reaction with the Ag+ ion nor
the formation of a simple mixed cluster have been established.
However, silver is reduced with formation of a mixed product
(possibly a larger mixed cluster), which appears when Ni+ ions
vanish. The appearance of mixed short-lived (AgTl)+ and
(TlCd)2+ clusters was observed 79 in a study of the reactions of
Tl�2 withAg+ andCd2+ ions. The Pb2+ ion is reduced by Tl�2 with
formation of the Pb+ ion. The results obtained indicate the
important, and sometimes the decisive, role of impurity ions as
regards the direction or effectiveness of oxidation-reduction
reactions.

Processes involving the reductive nucleation of metals (sil-
ver,9, 80, 81 copper,82, 83 cadmium,84 lead,36 palladium,85, 86 etc.) are
associated with the initial stage involving the formation of ions in
unusual oxidation states and with their dimerisation or dispro-
portionation reaction. The chain of consecutive growth of clusters
ultimately leads to the appearance of subcolloidal and then
colloidal metal particles. The nucleation of silver in polymer
membranes,87, 88 in gelatin,89 and on the surface of colloidal
silicon 90 proceeds via a similar mechanism.

Certain special questions concerning the role of the anom-
alous valence forms of metals in catalysis have been examined in
recently published reviews.91 ± 93

Thus the studies on the preparation of short-lived metal ions
in unusual valence states initiated about 30 years ago have now
developed further. The use of pulse radiolysis and also of the
technique involving the matrix isolation of chemically reactive
species made it possible not only to confirm the possibility of the
appearance of these short-lived species in aqueous solutions at
intermediate stages of oxidation-reduction reactions but also to
investigate comprehensively their properties. In the subsequent
period, main efforts were directed towards the comparative
analysis of these properties and their changes within Periods and
Groups of the Periodic System. This has been done most thor-
oughly for simple complexes of Group I ±V metals in the
electronic state 2S1/2 in aqueous solutions. In particular, a regular
feature of the variation of the fundamental physicochemical
properties of metal atoms and ions with the d 10s1 electronic
configuration which had not been known beforehand was estab-
lished and theoretically justified. It consists in the fact that the
resistance of the aquo-complexes of the above metals to oxidation
and also the energies of the first electronic transitions increase
monotonically with increase in the ionic charge within the limits of
an isoelectronic series. These and other regular features discov-
ered apparently reflect a fundamental property of the elements,
namely the monotonic variation of their physicochemical charac-
teristics within the limits of one Period. The possibility of predict-
ing new unusual valence forms of the elements and their properties
on the basis of regular features already established is thereby
justified.
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