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A. INTRODUCTION

The discovery of the hydrated electron as a major product of the radiol-
ysis of water and the development of pulse radiolysis have together resulted
in the accumulation, in the last ten years, of a considerable amount of infor-
mation on unusual valency states of metal ions in aqueous solution. For the
most part attention has been focussed on hyper-reduced states produced in
reaction (1},

€ag + M > MO 1)

which affords a simple and often unigue method of their formation. Reac-
tions of hydroxyl radicals and hydrogen atoms, and of simple radicals derived,
from them, with metal ions have been less commonly studied.

In this review we have tried to bring together a representative cross section
of the information on metal ion chemistry in aqueous solution which has
been gained in radiation chemical studies. We have set out this information
within the framework of the Periodic Table. Certain areas, however, have
received a good deal more attention than others for various reasons, and in
these cases we have tended to adhere to the pattern of the original studies.
The literature has been covered up to the end of 1975.

(i} The radiation chemistry of water

In the context of this review the radiation chemistry of water can be sum-
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marised with sufficient accuracy by reaction {2) where the figures
4.0 H,O —w— 2.6e,, + 26 OH+0.6 H+ 2.6 H' + 0.4 H, + 0.7 H,0, (2}

express the number of each spectes destroyed or formed per 100 eV of energy
absorbed by the water, and are called G-values.

The distinguishing feature of radiolysis is the formaticn of the products in
isclated volume elements called spurs and tracks which may contain one or
more pairs of reactive species which are ez, OH, H and H' in the case of
water. These species diffuse and react with each other with the result that a
fraction of them combine to form the molecular products H,, H,0, and H,0,
and the remainder escape into the bulk solution and become homogeneously
distributed. This process can be regarded as complete after about 10~7 s where-
as most of the experimental observations which we shall be concermed with
here were made at 10-% s or longer times.

Absorplion of ionising radiation by matter is non-specific so that in ague-
ous solutions, for example, direct absorption of radiation by the solutes ecan
be neglected when they constitute onty a small fraction of the material pres-
ent in the system. In practice direct effects can largely be ignored for solu-
tions containing less than 1 mol dm~? of a solute.

In reaction (2) roughly equal numbers of reducing and oxidising radicals
are produced. It is often desirable to modify the system to be totally oxidis-
ing or totally reducing and this is achieved by adding solutes which react
specifically with one of the primary products of reaction (2). For example,
reaction (3) is commonly used to convert e;, into OH, so that a totally oxi-
dising system is obtained apart from the small number of hydrogen atoms
also present.

- _ 20 -
erg + N;O - N, + O~ (— OH + OH") (3)

To achieve a totally reducing system solutes are added which react with
and OH to produce reducing radicals. Simple aliphatic alcohols or formate
ion are generally used for this purpose (reactions (4} and (5)).

H or OH + CH;0H -~ CH,OH + H; or H;O {4)
H or OH"'HCOS"* CO;"' Hz ar Hzo (5}

(ii}) Radiation chemical methods

These are divided into two types: {(a) continuous, or steady-state radiolysis
and {b) pulse radiolysis. In the former case radiation sources such as X-ray
machines and Co®? y-ray sources are commonly used and stable radiolysis
products are analysed by conventional methods. In the latter case intense
pulses of radiation generally of 1079 s or less duration are delivered to the
sample by, for example, an electron accelerator, and the immediate products,
which are often transient, are detected by optical or ESR spectroscopy or
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conductimetrically. As much as 107 mol dm~* of a transient species can be
generated by a single pulse. For further details of radiation chemical methods
see refs. 1 and 2.

(iii} Reactivity of eg,, OH and H with metal ions

Extensive studies have been made of the reactivity of the primary radicals
of water radiolysis, e;,, OH and H, since the advent of pulse radiolysis. Rate
constants for many reactions have been measured, and compilations of them
have been made by Anbar et al. [3] for e;,, by Dorfman and Adams [4] for
OH, and by Anbar et al. [5] for H. Table 1 shows a selection of these for re-
actions with some metal aquo ions, oxyanions and complexes.

In this section we discuss the general features of, and some possible mech-
anisms for, these reactions. The radicals CO; and CH;OH are also included be-
cause of their importance in totally reducing systems.

Hydrated electron reactions. The hydrated electron is a strong reducing agent
with a redox potential estimated to be —2.7 V [6]. It is not surprising, there-
fore, that it reacts with aquo and complex ions of most metals except the
alkali and alkaline earth metals, in many cases at a diffusion controlled rate
{Table 1}. These reactions all have a small activation energy of 15+ 2 kJ
mol~!, and it has been suggested [7] that this is associated with the activation
energy for the diffusion of e;,. Transfer of the electron from the solvent to
the metal ion may involve a transition state resulting from orbital overlap
between e;, and the ion. Alternatively, the ligands on the metal ion may act
as bridges for electron transfer, in which case orbital overlap between e;, and
the ligand, and between the ligand and the metal, must occur. It seems more
likely, however, that the electron tunnels through the potential energy bar-
rier separating e, and the ion in view of the invariant activation energy [7].
Tunnelling certainly prowdns an explanation for the extremely high reaction
rates observed in some cases in terms of large effective encounter distances
[8].

In some cases complexation of the metal ion with ligands other than H,O
can produce a dramatic reduction in reaction rate (see Table 1) although the
activation energy is unaffected [7]. Anbar [9] concluded that such kinetic
behaviour is more consistent with the tunnelling transfer mechanism than
with changes in the electron distribution in the d orbitals of the complexes
as suggested earlier {10,11].

The product of these reactions is initially in a vibrationally or, in some
cases, electronically excited state because of the Frank—Condon restnctlon
De-excitation of the vibrationally excited state occurs too rapidly (<107'%s)
for it to be of any chemical significance, but an electronically excited prod-
uct has been identified [12] when e;, reduces Ru(CN)Z~. Claims for the de-
tection of long-lived excited products of the reduction of T1* [13] and Co-
{dipy)3" [14], however, are now recognised to be incorrect [15—17]. Excited
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Rate constants for reactions of eg;, H and OH with metal ions
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Metal ion k(dm3 mol™!s71)a

eaql3] H 5] OH [4]
Aquo ians
aAg' 36-10!° 1.1 - 10'° =3 -10%%b
AP® 2.0 - 107
ca?* 5.6 -10'° <10® <5 -10° [36]
Ce?* <10® 7.2-107
CelV 3.4-10% ¢
Co?* 1.1-10%° «10%d 8 -10%[22]
cr? 4.2-101° 1.5- 10% {29] 1.2-10%°
crt 6.0 - 10'%¢ 3.2 -10%
Cu*® 3.0 - 1019 6 -10° 3.5-10°
Dy>* 4.6-10%
Er" 7 -107
Eu®’ 1.3 - 10% {39}
Eu® 6.1- 101"
Fe?" 1.2-10° 1.6 - 107 4.4 -10°
Fe3* 9.0-107
Ga®* 5.5-10%
Hg** t 2.5-10'°
Ho3" 6.6-107;2.4-10°
In3* 5.6-10'°
K" 3 -10°%
La3* 2.5-10°%
Mn2* 57107 2.5 - 107 >1.4-10°
Na* <10°
Nd?* 59-10%
Niz* 2.2 -10'° <10° <5-10°% [36]
NpV 4 -10° [40}
NpVi 1.5 -10'? {401 I {with O™}
NpVC 1.8 - 10'° {40}
Pb?* 3.9-10'°
Pt 1 -107 & -10°[39,41)
PuVt 1.3 - 10!° {401 f (with O7)
PuVll 2.7 - 101° [40]
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TABLE 1 {continued}

Metal ion k(dm?* mol~! s71)a
ezq [3] H (5] OH [4]
5¢*° <4 - 10° {42]
Sm?** 6.2 10° [39]
Sm¥* 2.5-10'¢
Sn?* 3.4-10%¢ ca. 8-+ 10%° 2.5-10%
sn** 63-10%H
T 1.7 - 107
¥ <8 -10% {42] 4.2-107 [43] 3.0-10% f44)
Tt 3.0 - 10!° 1.0- 108 7.6 - 107
yvil 3.9-107 [45]
Tm** 7 -10% {39}
Tm** 3 -10°
voz* 7.4 -101°
vort 5.0-109
v3* o -108
Yu2* 3.2-10° [39]
¥ 4.3-10'°
2n%" 1.0-10° <10% <5 -10°{36]

Oxy anions

Cr, 02" 3.3-10!° 1.6 10t°
Cro3- 5.4-10'° 1.0 - 10!
MnO3 3.0- 10'° 2.4 - 10%°
VO3 4.9-10°

Metal complexes

Ag(CN)3 1.5-10°

AgEDTAY" 1.6 - 107

Ag(NHy)3 3.2-10°

Au({CN)7 4.2-10°

Cd(CN)2"- 1.4-10° »>2 -10°
CdEDTA?* "~ 3.9-10°

Cd{NH;)3" 31-10'°

Co(CN)a~ 3.6 - 107 2.0 - 107

CoEDTA™ 2.9-10!°
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TABLE 1 {continued)

Metal ion kidm?® mol™! s71)2
enq [3] HI5] OH {4]
Co{en)3" 7.8-10'°
Co(NH,)3* 8.5-10!° 1.6 - 109
FeEDTA®" <1.0-10°
Fe(CN)§™~ 10% 4 -107 [46] 1.1- 10
Fe(CN}:™ 3.0 - 10° 4 -10°
Ni{CN)2~ 5.5 10° 1.8-10'9 [47] 9.1-10° [47]
NiEDTA?" 1.0 - 108
Ni(en)3’ <2 - 107
PH{CN™ 3.2-10% 1.0-10t°
PtC13- g.2-10% 8 -10°
PLCi2- 2.0- 1019
Ru{CN)§~ <108
Ru({NH3)3' 7.0 10%° 1.8 - 109 [48]
Zn{CN)2™ 1.8 -10%
ZnEDTAZ™ <1.8-10°
Zn{NH;)3' 6.5 10%

2 Measured at ca. 25° C; see refs. for other conditions. ® Estimated from data in ref. 35.
€ Calcnlated from data in ref. 37. ¢ Estimated from data in ref. 38. © For CrOH?". f Reac-
tion oceurs. £ For Sn0O3™. & For Sn0%~.

states have also been invoked to explain the formation of Fe(CN);H,0%" in
the reduction of Fe(CN)3~ [18], and Hart and Anbar [ 7] interpreted some
observations of Buxton et al. {19] on the reduction of Fe(CN);NO?~ by e;,
as evidence for excited states, although other explanations are possible (see
Section C(vi) and Section K(i)}.

Hydroxyl radical reactions. The hydroxyl radical is a strong oxidising agent
(E® (OH/OH™) = 1.9 V) and reacts with many metal ions. Several different
mechanisms of oxidation have been characterised.

{2} Inner-sphere substitution. Here a ligand in the inner co-ordination
sphere of the metal ion is displaced by OH and electron transfer then occurs
as in reactions (6) and (7), either of which may be rate controiling.

W+(H20)5 + OH ~ (HzO)sMn*OH + Hgo (6)
(H,0)sM™* OH - (H, Q)M+ 1 ¥ OH- (7Y
Reaction (6) is litnited by the lability of the co-ordinated water molecule
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which in many cases is too low to account for the rate of oxidation of M™* by
OH (Table 1). However, Berdnikov [20] suggested that inner-sphere substitu-
tion is likely for Sn*' and T1" where the co-ordinated water is very labile, and
in fact TIOH" has been identified [21] as the oxidation product in the latter
case. Oxidation of Co?" by OH is slow (2 = 8 - 10° dm?® mol~!s~) [22] and
may also occur by an inner-sphere path.

{b} Hydrogen atom abstraction. In order to account for the absence of a
correiation between the rate constants for oxidation by OH of metal ions and
their ionisation potentials, Collinson et al. [23] proposed that the rate con-
trolling step is abstraction of H from co-ordinated water as in (8), which
would be followed by reaction {7).

OH + M"*(H; 0} ~ (H,0}sM""OH + H,O (8)

Berdnikov [20] pointed out that the rate constants for oxidation of several
metal ions (e.g. Fe?*, Mn?", Cu?, Ce*', Cr’*') by OH are all approximately

3 :10%dm® mol~? 57!, which he takes to be the upper limit of reaction (8).
This value is to be compared with 2y ~ 10* dm® mol-! 5!

OH + H,0 ~ H,0 + OH ©)

which has been estimated [20] for free water and Berdnikov infers that the
O—H bond strenpgth in co-ordinated water is weaker by 40—80 kJ mol-1.

{c) Outer-sphere electron transfer. Here electron transfer takes place across
the co-ordination sphere as in (10).

M"*(H,0)s + OH - M@*1*(H,0), + OH- (10)

This is undoubtedly the mechanism of the oxidation of substitution inert
species such as Cr3; and Fe(CN):~. In the latter case it has been suggested [24
that the cvanide ligands play a significant role in view of the lower reactivity
of the protonated.complexes Fe{(CN) H’~ and Fe{CN) H2" with OH.

Jayson et al. [25] attempted to distinguish between mechanisms (b) and
(c) by measuring the rates of oxidation of Fej; by hydroxyl radicals in H,O
and D, 0. The rate constant is 2.7 times lower in DO which is consistent
with either mechanism [25] and no definite distinction can be made between
them.

{d) Other reactions. The reaction of OH with the square planar complex
PtCli™ is believed to go by a novel mechanism involving addition of OH as a
lipand at one of the vacant axial positions [26] (see also Sect. D{vii)).

Very recently it has been shown [27] that reaction of OH with (NH;)s-
Colpy>®" results in addition of QH to the pyridine ligand to form a co-ordi-
nated ligand radical which transfers an electron to the metal centre. This is
an interesting example of OH inducing reduction of the complexed metal ion.

Reactions of hydrogen atoms. The reactions of hydrogen atoms with metal
ions have not been studied as extensively as those of e;, and OH. Mechanistic
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details are lacking in most cases, but a number of different types of reaction
have been proposed.

(a) Inner-sphere substitution. In its reactions with several metal ions which
are reducing agents, e.g. Ti*", V**, Cr?*, Fe® and Pu®’, the hydrogen atom
acts as an oxidising agent, itself being converted to molecular hydrogen. In
the cases of Fely [28]and Cri; [29] an intermediate hydrido complex has
been identified which reacts with hydrogen ion so that oxidation occurs
through reactions (11) and {12).

H + Fel} - FeliH- (11)
FeltH + H' > Fell + H, (12)

This mechanism probably operates in other cases too, rather than hydrogen
atom abstraction from co-ordinated water.

{b) Outersphere electron transfer. The majority of reactions of H with
metal ions probably fall into this category.

{c} Atom transfer. This has been suggested [30—32] for the reactions of H
with complexes of the type Co{NH,)sX"", where X is a halogen or pseudo-
halogen, based on the magnitudes of the reaction rate constants.

TABLE 2
Rate constants for reactions of CO; and CH;OH with meta) ions
Metal ion CO; CH,OH

&(dm> mol”! 571 Ref. k(dm? mol~! s 1) Ref,
ca®  ca 10 36 <10? 36
Co® 10% < & < 10°% 36 <10? 36
cr?’ 1.1-10°2 42 1.6+ 10%2 49
cu?* 1.1-10%2 50
Eu®* »>7 -10% 42
Ni 6.6-10%2 51 4.2-10%2 51
Ni?’ 102 < k < 10° 36 <10? 36
T ea, 5 -10° 42
Zn?* <10?% 36 <10? 36
Co{bipy)3’ 7.6 -10° 592
Co{NH;3);" 1.1- 108 52 1.4-10%8 50
Fe{CN);NO*~ 3.7-10% 19
Ferricytochrome-¢c ca. 5 - 108 53
Ni(CN}§™ 1.2-10° 47
Ru(NH)E' 2.0-10° 50 4.1-107 50

2 Metal radieal complex formed.
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{iv) Reactivity of the carboxy! and hydroxymethyl radicals

As noted in section (i) above, it is often desirable to remove radiolytically
generated OH to achieve entirely reducing conditions, and formate ion (or
formic acid)} and methanol have been widely employed for this purpose. In
both cases the radicals formed in reactions (4) and {5) have reducing prop-
erties, but they are much less reactive than the hydrated electron with metal
ions. Some typical rate constants are shown in Table 2.

The high acid dissociation constant of CO,H (pK, = 1.4 [33]) means that
CO; can be employed as a reducing agent under conditions where e;, reacts
predominantly with H” {e.g. see Sect. C{ii)). CH,OH (pK, = 10.7 {34])is a
very miuch weaker acid than CO;H.

In most cases the reactions of CO; and CH,OH with metal ions probably
involve outer-sphere electron transfer, although a number of cases are known
{e.g. Ni*, Cd* and Cr*"} where substitution occurs to form relatively long-
lived metal—radical complexes.

B. GROUPST AND I1 {ALKALI AND ALKALINE EARTH METALS}

These metal ions are generally considered to be unreactive towards the
hydrated electron [3], and there is only circumstantial evidence for the spe-
cies M? (for group I} and M" (for group II) in agqueous solutions. For instance,
a transient species formed in continuously photolysed, H, saturated NaQOH
solutions at pH 11 has been tentatively attributed to an Na'—e;, adduct [54].
A similar absorption with A, = 725 nm has been reported [55—57] in pulse
irradiated or flash photolysed 14.5—-16.0 M KOH and assigned [55—57] to
K'—e;q. There is also a growing body of evidence for these M"—e;, adducts in
non-aqueous solvents [ 58—60], and Fisher et al. { 58], in addition, found Na°
as a transient species in tetrahydrofuran solutions. The formation of Mg™ in +-
irradiated frozen Mg?" solutions has been claimed by Moorthy and Weiss [61]
from ESR measurements. Optical studies, however, show [62] that the trap-
ped electron is quite stable in 4 mol dm™* Mg(ClO,), glass at 77 K.

C. FIRST ROW TRANSITION ELEMENTS
(i) Seendium

The stable oxidation state for scandium is three. Attempts to produce di-
valent scandium by reduction with ez, H and CO; have failed [42], although
reaction of ScEDTA"™ with e;, has been reported [3]. There is no evidence
for oxidation of Sc!'! by OH.

(ii) Titanium

Hexa-aquotitanium(ItI)} is extensively hydrolysed in solution (pXk, = 2.7}
[63], and in order to prevent precipitation of the metal it is necessary to worlk
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at pH < 3. Under these conditions radiolysis of the solution results in little
or no reduction to Ti'!, because the hydrated electrons react predominantly
with H* [42]. In formic acid solutions where the reductant is CO,H (pK, =
1.4) or CO; [33] reaction with Ti'!! occurs (k ~ 5 - 10° dm®* mol~* s7') {42],
and the product, believed to be Ti?", has the absorption spectrum shown in
Fig. 1. Complexation has been ruled out [42] on the grounds {i} that the re-
duction rate Is appreciably faster than the water exchange rate for Ti'"! (~10°
s7! at 25°C) [64], and must therefore be outer sphere, and (ii) that no similar
reaction with CH,OH was observed [42]. Ti*" is unstable under these condi-
tions, and is believed to be rapidly oxidised by water [65].

Hydrogen atoms react with Ti'"! [43,46], and the yields of molecular hydro-
gen {G = 3.0) and Ti*V (G = ~7.0) produced indicate that Ti'!! is oxidised with
a stoichiometry given by eqn. (13).

H+ Ti™+H = Ti'"V + H, (13)

A similar situation is found with ferrous ion, where pulse radiolysis experi-
ments indicate that an intermediate hydride complex is found (see Sect. C(vi)).
A similar mechanism is presumably operative in the present case. The radicals
CH;, CH(CO,H),, CH,CO,H [66], Cl; [42] and OH [42,44] also oxidise Ti"L.

(iii} Vanadium

The ~y-radiolysis of deaerated acidic V** solution gives V** with G = 8.2, and
of deaerated and aerated acidic solutions of V3* gives VO?* with G = 0.9 and
15.5 (cf. Fricke dosimeter, Sect. C{vi)} respectively [67]. These observations
are consistent with the oxidation of V* by H and OH and oxidation of V**
by OH, HQ, and H,0, and reduction by H. Some studies on the y-radiolysis
of acidic VV solutions suggest that VO3 is reduced by both H and HO,, and
that VO*' is oxidised by OH with k& = 5.5 - 108 dm® mol~' s~ [68]. A similar

35

o 1 ! !
250 300 350 400
A / nm

Fig. 1. Ultraviolet spectrum of titaniuni(II} at pH 1.4 in 1 M-formic acid (®}, spectrum in-
dependent of initial titanium{IiI} concentration, and in 0.1 M-formic acid, {©}. {From ref.
42 Reproduced by permission of the Chemical Society.}
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rate constant has been found by pulse radiolysis methods [44]. Reduction of
peroxyvanadate, VO3, hy OH has been suggested [68,69] (reaction 14), and
Sigli et al. {69] estimated that the reaction is ca. 20 times faster than VO?*" +
OH (iLe. ky5 ~ 10'® M~' 571), although such a high rate constant for an oxy-
gen atom transfer reaction seems unreasonable. This reaction deserves further
study.

VO3 + OH - VO; + HO, 1)
{iv} Chromium

Reduction of Cr?*" by the hydrated electron results in a weakly absorbing
species with absorption maxima at 300 nm and ~380 nm, and with a broad
shoulder extending from 450 nm to 600 nm [29], believed to be Cr’. The
species decays rapidly by an approximately first order process, which is inde-
pendent of pH. In these solutions G(H,) ~ 3.8, which led Cohen and Meyer-
stein [29] to attribute the major decay to the two-electron oxidation of Cr’
by water, reaction {15), with minor contributions from the dismutation of
Cr* (16) and/or reaction with the molecular peroxide (17).

Cr’ + H,O —» Cr' + H, (15)
Ccr* + Cr* -» Cr° + Cr** (16)
Cr* + H,0, -+ Cr** + QH + OH" (17)

The formation of Cr'*f from Cr' suggests that Cr' is not involved in the dis-
solution of Cr metal in acidic solution since the latter results almost exclu-
sively (ca. 95%) in Cr*".

Hydrogen atoms react with Cr?* to give a hydride-complex {Apa, = 380 nm,
€330 = 190 dm? mol “? em™?; A ax = 260 nm, €,4 = 1000 dm® mol~! cm™1})
[29]1. This complex decays by a first order reaction dependent on [H’] with
a specific second order rate constant of 1.8 - 10* dm?® mol~! s~ [29]. Organic
radicals, for instance those formed by OH attack on simple aliphatic aleohols
or acids, react in a similar manner with rate constants of (5100} - 107 dm?
mol~! 57! [49]. The complexes formed have two absorption bands, an intense
one in the range 250—310 nm and a weaker one at 390—410 nm {42,49]. The
rate constant for their decay is of the form

Fons =@+ b [H*] {18)
which can be understood in terms of the reactions {19} and (20).

CrR?" + H,0 > Cr** + RH + QH~ (19)
CrR** + H" - Cr** + RH {20)

Radiation induced oxidation of Cr!! in acidic solutions has been studied by
Lykourezos et al. [67], and shown to result in a series of Cr'!f products which
depend on the conditions employed. This system is useful in identifying re-
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action pathways because Cr'*! is substitution inert, and can trap out in the
form of readily recagnisabie complexes the products of the reaction of Cr'
with various radiation produced species.

Cr'™ is reduced rapidly by e;,, but is extremely unreactive with reducing
radicals, probably because of the high reorganisation energy involved, and
because of its inertness to substitution. This system is useful for studying re-
actions of Cr** which are too rapid to be detected by techniques such as
stopped-flow. Seilers and Simic [70,711, for example, used the pulse radio-
lytic reduction of Cr''! to study the reaction’'Cr** + O,. The reaction is rapid,
#1,=1.6-10%° dm?® mot ' s7!, and was shown to result in the formation of a
long-lived intermediate {(¢,;, ~ 1 s}, which absorbs with A,x = 245 nm, €245
=T800 dm® mot~!t em™, A, = 290 nm, €350 = 3200 dm?® mol~! ¢cm~f, and is
assigned to CrQ%*. Very similar results have been obtained by Ilan et al. [72],
who also found evidence for oxidation of Cr®** to chromic acid. Interestingly,

Cr* + 0, - CrOo?* (21)

CrO; had not been detected in previous studies [73] using conventional tech-
niques, probably because these had always employed conditions where [Cr?*"]
>> [0O,], so that reaction {21} is rapidly followed by reaction {22).

Croz* + Cr* » Cro,Cr* (22)

Cr'!! is oxidised by hydroxy! radicals, but this fact seems not to have been
exploited pulse radiolytically to characterise Cr'V, a valercy state of chromium
about which little is known. vy-radiolysis of aerated chromite solutions {Cr!!!
at pH 13.9) yields chromate with G =10.2 (i.e. 2 Geyy + 2.Gy + Goy) [74].

It was suggested here that the superoxide radical anton oxidised chromite
according to (23) {74}]. Radiolysis of acidic Cr''! solutions results in no net
change of valency state.

Cro; + 05 225 Cro, + OH- + HO; (23)

Chromate and dichromate are reduced by both e;; and H to give Cr" spe-
cies {CrO3~ and Cr,03" respectively?). The ultimate product is Cr'™® [75]. On
pulse radiolysis of solutions of these oxyanions transient absorptions are pro-
duced which are found to be similar to those of the parents after making suit-
able corrections for the absorption due to the parent which is removed [76,
77]. In the chromate case the end of pulse absorption decays to a residual
level by a second order process with 2 k/€400 = (7 £ 3} - 10°cms™! [77]. The
large removal yield measured, G(—chromate) = 7.3 (78] or 5.8 [77] {(in Ar
saturated solutians), impties that not only H and e;, are reacting with the
chromate ion. A recent study [ 78] suggested that radiolytically produced pro-
tons are involved, and that the reactions occurring are

CrO?- + H* = CrO,H- (24)
CrOH- + CrOH- = Cr, 0% + H,0 (25)
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Little attention was paid in this investigation [78] to either the concomitant
formation of Cr¥ which may absorb appreciably in the wavelength range con-
cerned, or the possibility that OH radicals may react with chromate.

Pulse radiolysis of dichromate is less complex {77}, and only the reactions
of ez, and H need to be invoked. Many studies {79,80] of the y-radiolysis of
dichromate solutions have been made, mostly in 0.4 M H,;50,, to measure
values of Gy, Goy etc., but these provide little information on short-lived
valency states of Cr.

{v} Manganese

Mn?* is reduced by the hydrated electron to produce a weakly absorbing
species with A, = 300 nm, thousht to be Mn". It is oxidised by OH in neu-
tral solutions to give another weakly absorbing species, which decays over a
period of milliseconds to a permanent product [82]. The initial absorption is
similar to that of manganic pyrophosphate in acidic solutions, conditions
under which Mn!¥ is stable [83]. Permanganate ion is reduced to manganate
by reaction with CO;, H and ez, [84].

{vi} Iron

The two stable oxidation states of iron, +2 and +3, are readily intercon-
vertible by the primary radiation produced species; ferrous being oxidised by
H and OH, whilst ferric is reduced by H and e, [3—5]. The oxidation of Fe*"
by H is an interesting reaction in that H atoms usually behave as reducing
agents. The initial product has been identified as a hydrido complex, FeH*",
which absorbs with Aax = 325 nm and €3;5 = 650 dm® mol~* ecm™?, by pulse
radiolysis of ferrous perchlorate solutions [28]. The intermediate hydrido
coraplex decays by reaction with H” withik;, = 1.1 - 10° dm?® mol~' s ~* [28]

Fe?' + H » FeH*" (11}
FeH?" + H* » Fe®' + H, (12)

The hydrated electron reduces Fe?* but the product, presumed to be Fe*, does
not have any convenient absorption in the region 240—700 nm by which it
may be characterised [76,83].

Without doubt the most important radiation chemical system containing
iron is the Fricke dosimeter, which involves the radiolytic oxidation of Fe®" to
Fe* in aerated 0.4 dm® mol~* H,S0, solutions [84,86,87]. Ferric ion is pro-
duced with a yield given by eqn. {26). Equations (27)—(31) show how this
stoichiometry arises.

G(Fe:“-) =2 (-,!"1.1202 + Gout3Gy=158.5 (26}
Hzo —W— H, OH‘ H102 (27}
H+ O, » HO, (28)
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Fe* + HO, *>Fe> + H,0, (29)
Fe? + H,0, » Fe® + OH + OH- (30}
Fe?* + OH 5 Fe® + H,0 (31

The actual reactions involved have been the subject of detailed study by puls.
radiolysis, and are summarised in Table 3. '

The primary product of reaction (29) is considered [88] to be the outer-
sphere complex Fe* (H,0),HO; on the grounds that its absorption spectrum
does not contain a peak in the region 300—350 nm which characterises sev-
eral inner-sphere complexes of ferric ion. On the other hand, the kinetic
parameters for reaction (29), %2, = 1.2 - 10° dm® mol™' ™! and AHfg =39.6
kd mol~* at 25° C, are not inconsistent with an inner-sphere substitution con-
trolled mechanism operating {90].

When ferrous ion is replaced by the ion-pair FeSQ,, which cccurs to a sig-
nificant extent in the Fricke dosimeter, the rates of oxidation by OH and HO,
are not significantly altered [25,89]). The sulphate ion, however, displaces
HO; from the ferric hydroperoxide complex and from the bridged complex
which this complex forms with Fe?' [ 88] (see Table 3). In the former case
the innersphere sulphatoferric complex is formed, but at a rate faster than
that of reaction {32} {see Table 3).

Fe¥ + SO~ » Fe? 803" (32)

Oxidation of Fe?" by other simple oxidising radicals has also been investi-
gated {90—921. Thomton and Laurence {90} studied the oxidation of Fe*’ by
Br; and Clj, generating these radicals by flash photolysis of X~ and FeX*" (X
= Br~ and Cl7). The resulis, which are included in Table 3, were interpreted
{9017 in terms of an inner-sphere substitution controlled oxidation in each
case. For Cl3, however, it was evident [90] that outer-sphere oxidation also
occurs. Jayson et al. [91] also investigated the reaction of Cl; and Cl with Fe?*,
generating the radicals pulse radiolytically in reactions (33) and (34).

OH + C-2.Cl + H,0 (33)
Cl+Cl- - Cl; (34)

Their kinetic data are in good agreement with the photochemical study {20]
{see Table 3), but they did not observe FeCI** as a product and concluded
that the reaction is predominantly an outer-sphere eleciron tiansfer process.
Oxidation of Fe?' by Cl is very rapid (see Table 3), and is also most likely to
be an outer-sphere process.

Oxidation of Fe?' by the azide radical, N3, provides a clear demonstration
of outersphere electron transfer [92]. In this case the rate of formation of
the product azidoferric complex was independent of ferrous ion concentra-
tion and proportional to azide in concentration. On this basis it was concluded
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[92] that the mechanism is reactions (35} and (36}.
fast N3 + Fe*" » Fe™ + N3 (35)
slow Nj; + Fel'! & FelllN; "(36)

The system was at pH 5.6 so that any iron(IIl) species will have been exten-
sively hydrolysed. The rate constants obtained were ka5 > 1.7 - 10° dm® mol-?
s7! and R = B.4 - 10° dm® mol~! 571, This latter value is consistent with the
much higher lahility of co-ordinated water in hydroxy complexes of ferric
ion [931.

The intermediate HO, is also capable of reducing Fe®", according to (37}
and (38) [94]. The deprotonated form of FeQ,H>" is probably the initial spe-
cies produced in the oxidation of Fe®’ by molecular oxygen (reaction (39))
[95]

Fe* + HO, - FeOH?" (37
FeQ,H3" —+ Fe?* + O, + H* (38)
Fe?* + Q, = Fe(3" : ' (39)

Like the aquo-complexes, hexacyano ferrate (II) and (III) are readily inter-
converted in water radiolysis. In this case, however, only OH is capabie of
oxidising the divalent state [24]. Nitroprusside is reduced by ez, and H to
give ultimately Fe(CN);NO>~ [19]. An intermediate has been observed in
this reduction which possibly arises through electron addition to the nitroso
group {see Sect. K(i}}.

D. SECOND AND THIRD ROW TRANSITION ELEMENTS
(i) Zirconium, niobium and hafnium

The stable higher oxidation states of these metals, Zr'Y, NbV and Hf'V, alt
form long-lived complexes with HO, {96—98]. The species, whose chemiecal
composition is not fully known, have heen detected using both in situ radiol-
ysis and conventional flow system methods coupled with ESR spectroscopy.
For Zr and Hf two complexed radicals have been distinguished {28}, the dif-
ferences possibly being due to hydrolysis effects or the state of polymerisa-
tion of the metal ions. The complexes can be formed either directly by the
reaction of HO, with the metal ion (with the exception of NbY) or by reac-
tion of OH or HO, with the metal ion—H,0; complex [98}. The Zr'VO,H
species is also produced by the reversible reaction of Zr'V with UVIOQ,H (K =
18 dm?® mol~!) [99], and reacts reversibly with Th!V to give Th*VO,H (K =
3.6 dm?® mol~?) [99].

No other studies on the radiation chemistry of these metal ions have heen
reported.
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(ii) Molybdenum

Very little work has been reported on the radiation chemistry of molybde-
num compounds in solution. The complex ion, Mo(CN)3~, is rapidly oxidised
by OH radicals [100] to the stable Mo{CN)3~ ion [101], and is reduced by
esq [31 MoV'is reported [97] to form a complex of uncertain composition
following reaction with HO,.

Baxendale et al, [102] observed reduction of molybdenum{II) trifluoro-
acetate by the solvated electron in methanol. An absorbing species is pro-
duced having A ., at 780 nm and €pax = 2.6 - 10° dm® mol~' s™" which is be-
lieved to be the product of reaction (40);and k4p=4 - 10°dm>mol™'s™' [102].

es_ + MOZ(OQCCF3)4 -+ MO:(O:CCFS)Z (40)

ESR studies of this reaction in glassy methanol [102] indicate that Mo,{QO»-
CCF,); is a molybdenum(14) species. In methanol solution it decays rapidly
by two consecutive second-order processes with z = 4.5-10%and 2.5 - 10* dm?
mol~!s~! respectively. One of these processes is thought to be associated with
reaction {41).

2 Mo,(0,CCF3); > Moz(O,CCF;)s + Mo,(0,CCF3)3" (41)

As Baxendale et al, pointed out [102], this rapid decay indicates that the pos-

sibility of isolating the reduction products of molybdenum(II) carboxylates
is unlikely. The decay of Mo,{(Q,CCF3); is accelerated by oxygen (2 =5.9 - 10
dm?® mol~! s~} but does not result in its reoxidation to Mo,{Q,CCF,),. Pre-
sumably an oxygen adduct is formed.

Reduction of MoQ2~ to MoV by mobile electrons in «y-irradiated sulphuric
acid glasses at 77 K has been reported [103]. The MoV species has an absorp-
tion maximum at 300 nm under these conditions. When the irradiated glass is
warmed above 190 K its colour changes from yellow to blue, indicating the
formation of polymolybdate composed of MoY and Mo "} oxides {molybde-
num blue).

Papaconstantinou [1041] studied the reduction of the heteropolyanions 18-
molybdodiphosphate [NH;]{P2Mo0;:06. ], 18-tungstodiphosphate [INH,4],-
[P.W,:04,] and 12-tungstophosphate [Na;][PW,,04,] by organic free radicals
derived from simple alcohols and formic acid {see e.g. reactions {4) and {5)}).
The heteropolyanions are reduced stepwise by addition of 1 to 6 electrons,
and the extent of their reduction by the radicals was followed spectrophoto-
metrically. From the extent of reduction of each heteropolyanion Papacon-
stantinou estimated the redox potentials of the radicals listed in Table 4.
These are, of course, based on kinetic measurements, since the radicals are
unstable, and must be viewed with caution.

(iii) Ruthenium

There is little evidence for simple aquo ions of ruthenium in aqueous solu-
tions, and its chemistry is that of its complexes, a large number of which are
known.



213

TABLE 4

Formal reduction potential range of some organic free radicals [104 ]

Radical ¥V vs. SCE

(CH,;),CH,COH 0.27 ta 0.10
CH.CH —1.42 to —0.65
o, H —0.42 ta —0.85
CH,CHOH <—0.65
CH;CH,CHOH, CH3CHCH,; OH <—0.65
(CHj3),COH <—0.65

COs <—0.65

Ru' compiexes. Irradiation of the divalent ruthenium complex, Ru(NH;)sN3",
in neutral solutions containing methanol as an OH scavenger gives rise to a
precipitate of ruthenium metal with the stoichiometry given by reaction {42)
[105].

Ru(NH3)5N%+ + 2 e;q = }‘.‘L'l..:l +5 NH3 + N2 (42)

In solutions containing 0.1 mot dm™? HClIO, no precipitation of Ru metal or
changes in the absarption of the parent complex take place [105], indicating
that the CH,OH radical, into which all the radiation produced radicals are can-
verted at this pH, does not reduce the complex.

Pulse radiolysis of this complex shows [105] that the initial reaction is its
reduction by the hydrated electron to an Ru’ complex, Ru{NH,)}; N3, which
absorbs with A, = 300 nm (€ = 700 dm?® mol~! em™!'}. This species was found
to decay by a second order reaction (2 £ = 2.7 + 10° dm® mol~'s~') [105] to
produce another, weaker, absorption of similar shape to that of the Ru* com-
plex. It is suggested [105] that dismutation of the Ru' according to (43) oc-

curs, and that the weak absorption remaining is due to either Ru® or Ru{NH,),-
N,.

Ru({NH,)s N}, + Ru(NH,)sN} » Ru(NH,)sNZ¥ + Ru(NH,;);N, (or Ru® + 5 NH,)
{43)

The Ru{NH,;)s;N2Z* complex also reacts with the OH radical {105]. In ni-
trous oxide solutions nitrogen is produced with G = 9.7 £ 0.3, of which &G =
3.1 arises from the reaction of e, with N;O {3). The reaction of OH with
Ru(NH,)sN2* results therefore in G(N,} = 6.6 = 0.3.

ezq + NO 22N, + OH + OH- (3)

The gptical absorption of these solutions also changes on y-irradiation, giving
rise to a species absorbing at A, = 297 nm, and identified as Ru{NH;)};OH*"
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{10.5]. These observations establish the stoichiometry to be eqn. {44). Pulse
Ru(NH,);NZ" + OH = Ru{NH,);OH*" + N, (44)

radiolysis of the complex indicates that reaction {44) proceeds by a two step
mechanism. The initial reaction {45) gives rise to a species absorbing with A,..,
=430 nm, €43, = 2250 dm> mol~! cm™!, attributed to Ru{NH;)sN3". This de-
cays by a first order process with 2 = 250 * 20 s7!, which is independent of
[Ru(NH,;);N3' ] and dose. Concurrently an absorption at 300 nm (the hydroxy
Ru'tlcomplex) grows in by a first order process with & = 270 + 20 s~ [105],
showing that aquation of the Ru'" intermediate {46) leads directly to the
stable product.

Ru(NH,);N2* + OH - Ru(NH,)N3* + OH" (45)
Ru(NH;)sN2* + H,0 - Ru(NH,);OH** + H* + N, (46)

The radiation chemistry of a number of other Ru'! complexes has been
briefly reported. The bipyridyl complex, Ru{bipy)3', reacts with the hydrated
electron [14,16,17], but the evidence is that the interaction is predominantly
with the ligands [16,17]. This is dealt with more fully in Sect. K{i). The
Ru{CN)¢~ complex is oxidised by OH to give the stable complex, Ru{CN)2"~
{1007].

Ru'' complexes. The hexa-ammine Ru'™ complex is reduced to the corres-
ponding Ru'! complex not only by e;; and H [48,106], but also by CO; and
several a-alcohol radicals [50]. Reaction of OH with Ru{NH,)3" in neutral
solutions results in the formation of a transient Ru'V species, which absoibs
with Ag,y ~ 400 nm (¢ = 350 dm?® mol~! cm™~') and 280 nm (¢ = 720 dm?
moi~! cm™*) [106]. This absorption decays by a second order reaction (2 k =
4.5 -10% dm® mol~! s7?) to another which changes over a period of seconds.
Even then absorbing species (A x = 280 nm) remain in the solution [106].
The initial reactions can he written as

Ru(NH,)J* + OH -~ Ru(NH,)3" + OH- (47)
Ru(NH,)$" + Ru(NH,)%" > Ru(NH,)}?" + Ru(NH,)$" (48)

The chloropenta-ammino complex of Ru'fis also reduced rapidly by ey
[106], but in contrast to the hexa-ammine, this results in a complex series of
reactions. The initial product of the reaction (49) is an Ru!! complex, which
aquates (reaction {50)) with 2 = 4.7 s™! [106]. The aquo ion then reduces a
further equivalent of Ru(NH;)sCI?" according to {51) with & = 1.0 - 10° dm’
mol~? 57! [106]. In these solutions, then. one finds that even relatively small
doses of radiation bring about the complete aquation of the chloropenta-
ammine complex. Similar effects have been observed with other chloropenta-
amnpiines under reducing conditions {107].

Ru{NH;)sCi** + e3, » Ru(NH,)sCI" (49)
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Ru(NH;)SCl' + H10 - RU(NH:Q_)J_;H;OZ‘ + Cl- (50)
RU.(NH:;};H;OQ* + RU(NHg}scI2+ - RU(NH_:;)SH:O:;‘- + Ru(NHa}SC].’ (51)

RuVY!. A study of the y-radiolysis of strongly alkaline solutions of the ruthenate
jon has been made by Haissinsky and Dran [108]. In deaerated solutions a
precipitate of RuQ, was found, and values of G(—Ru"') of ca. 0.7 measured.
This small yield was attributed to the difference between the yields of reduc-
ing species {Gezg = 3.3 ¥; Gyo; = 0.55) and oxidising species (Go- = 3.0).
‘The reactions that occur are probably the following **

RUO%~ + O =5 RuV™ + 2 OH" (52)
RuOj~ +e;, - Ru¥ (53)
RuY + RuY® > Ru¥!+ RuV! (54)
RuY + RuY - Ru'Y(RuO,) + RuV? (55)
The HO; present also brings about reduction. Two reactions were considered
RuO3~ + HO; 2% Ru0, + 3 OH" + 0, (56)
RuV?+ HO; » Ru¥Y + H” + O, (57)

In the zbsence of any information about the relative rates of (56) and (57) it
is not possible to say which is the more important. Reactions (52)—{5'T) give

G(—RuO3") = ;{2 Gyo; + Gezq — Go-1=0.7

in good agreement with the experimental findings.
{iv)} Palladium

Pulse radiolysis of deaerated Pd*" solutions containing ethanol produces an
absorption in the UV which increases towards shorter wavelengths, and which
is probably due to Pd’. A similar absorption was found following X-irradiation
of Pd** doped metaphosphate glass [109], but could not be detected after y-
irradiation of sulphuric acid glasses containing PASO, [110].

PdCl}" is reduced by ez, and H to monovalent Pd which absorbs with A
= 340 nm (in solutions also containing 1 mol dm™2 NaC1) [111]. Reduction
of PdCl?~ has also been ghserved in irradiated solid K,PdCl, and {NH;);PdCls,
and ESRE measurements show PACl3~ to be the product {112,113]. The fate of
the pulse radiolytically produced Pd® is uncertain. Broszkiewicz {111] found

* Under the conditions of Haissinsky and Dran’s experiments {108] all H radicals are con-
verted into ey via H+ OH™ — g5,

** In the mechanism proposed by Haissinsky and Dran reaction {54) is replaced by RuVD
+enq— Bu¥l We feel that this reaction is unlikely to compete successfully with reaction
{53).
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that there were three consecutive first order reactions with half-lives of 6.0,
86 and 1840 ps in the presence of an OH scavenger, and that no metal pre-
cipitate was formed. In contrast, Spitsyn et al. {114] observed Pd® precipita-
tion after y-irradiating PAC13~ and Pd?** solutions with G(Pd®) = G{(—Pd"); and
Philipp and Marsik [115] obtained palladium metal with G(Pd°) = 4.7 on -
irradiating PAC1}~ solutions. PAC13" is oxidised by OH, and the product, for
which A, = 320 nm and €355 = 4700 dm® mol~' ecm™, decays by a rapid sec-
ond order reaction, which is probably a dismutation {reaction (58)) [111}.

PdIII + Pdlll. - dl! + Ple (58)

Another, quite different, transient Pd™! species with A,ax ~ 340 nm and
€310 = 1.8 + 10% dm?® mol~! cm~! may also be produced by pulse radioclytic re-
duction of PdCIZ~. Broskiewicz [111] found that this decayed by a first order
reaction (t;;; = 16 ps), which he ascribed to reaction with Cl107; it was neces-
sary to have CiO~ in the solution to maintain the palladium as Pd!V .

v} Rhodium

The Rh™f complexes Rh(NH;)sCI**, Rh(NH;):OH}" and Rh(NH;):Br; are
rapidly reduced by reaction with e;, [116]. Ligand exchange with water takes
place within 1 us to form an Rh!'! complex, identified by conductivity mea-
surements as Rh{NH;),(OH,)3" [116] (e.g. reactions (59) and (60)). Further
hydrolysis reactions ensue ((61) and (62)) with ks; = 350 s~ ' and key = 40 57!
[116].

Rh(NH;)sCI** + ezq ~ Rh(NH;);Cl' (59)
Rh{NH,)sCl* + 2 H,O + Rh(NH,),(OH,)2* + CI- + NH, (60)
Rh(NH,),(OH,)? + H,0 - Rh(NH,),(OH,)3" + NH, (61)
Rh(NH,)}s(OH,)3" + H,O - Rh{(NH;),(OH,)3" + NH, (62)

In fact somewhat less than the stoichiometric 2 NH,’s per Rh' ion are formed
in reactions {61) and (62), which may be because reaction (62} is actually an
equilibrium, or because some Rh' is consumed in a side reaction {e.g. dismu-
tation) without formation of NH;. The intermediate Rh({NH,),(OH,):" com-
plex reacts rapidly with O, (k¢ = 3.1 - 10® dm? mol~! 57! [116]) to yield a long-
lived species absorbing at X, = 265 nm, €,4.x = 9600 dm?® mol™* cm™' [116].
This is thought to be Rh{NH,).{O,)YOH?2", the formation of which demon-
strates the extreme lability of the axial positions of RhiL

In solutions where the tetra-ammino Rhif complex is formed by radiclytic
reduction of Rh(NH,),Br: extremely large increases in conductivity are pro-
duced (AA =10° Q' em? mol~*} [116]. It is suggested that this occurs by
exchange of the Br~ ligands in the starting material for H,O by a chain reac-
tion. The propagating steps are

Rh(NH3)4(OH,)3" + Rh{NH,)4Br; + Rh(NH;)s(OH; 3" + Rh{(NH;).Br,  (83)
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Rh(NH3)4Br2 + 2 H20 - Rh(NH;)Q(OHZ];" + 2 BI.'_ (64)

The conductivity change showed [116} a strong, inverse dependence on the
dose per pulse, indicating chain termination by a second order reaction, prob-
ably the dismutation or dimerization of the Rh'! intermediate.

(uvi) Sitver

Aquo ions. y-Radiolysis of aqueous solutions of Ag” gives a precipitate of
metallic silver with a yield equivalent to G¢; + Gy — Gou under optimum
conditions [117]. Addition of ethanol as an OH scavenger increases this
yield to ca. 5.5 (G.- + Gy + Goy), but only under conditions where
[C,H;OH/[Ag"]is Ia.rge indicating that Ag" is a good scavenger of OH. Ad-
dition of nitrite ion also gives high yields of Ag metal, but only when the
ratio {NO;3] : [Ag ] is small. This interpreted as being due to the two elec-
tron reduction of Ag®* by NQO; in reaction {69).

Ag? + NO;fEEr Agl + NO3 + 2 H” {65}

Haissinsky [118]studied the radiolysis of Ag” solutions in detail and
found

G(—Ag") + 2 G(H;) = 2 G(H,0,) + 4 G(O;)
with
G(—Ag'} = G(Ag®) = 1.8

A mechanism comprising reactions {66)—{72) is consistent with these results.

Ag'+ H— Ag®+ H’ {66)
Ag" +e;; > Ag’ (67)
Ag  + OH ~» Ag™ + OH" {68}
Ag? + Ag® -~ 2 Ag’ (69)
Ag? + H,O, -~ Ag' + H' + HO, (70}
Ag” + HO,» Ag" + H  + O, {71}
and/or

Ag" + HO, -~ Ag’ + H® + HO, (72)

Early pulse radiolysis studies {82,119,120] showed that several of ihe in-
termediates had intense absorptions in the UV region, although there was
some confusion as to their assipnment. A mechanism proposed by Pukies et
al. [35] is now generally accepted [121,122], and has been substantiated in
part by more recent work [121]. They found [35] that following the initial
reduction of Ag* by e;, and H to give Ag® (Aq.x = 360 nm), {reactions (66)
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and (67)), there was reaction with a further three equivalents of Ag” as
follows

Agl + Ag' — Ag} (73)
Ag; + Ag' = Ag™ + Ag, (74)
Ag, + Ag" ~ Ag} {75)

Absorption maxima for the intermediates Ag;, Ag, and Ag; were reported at
3810 (charge transfer band [122]}, 310 and 270 nm respectively [35]. These
reactions describe the processes occurring within approximately the first mil-
lisecond after the pulse radiolysis of 10~% mol dm~? Ag’ solutions. Subse-
yquently there are complex optical changes leading to the formation of col-
loidal silver [ 35]. Irradiation of Ag'in glassy media also gives rise to metallic
silver. A number of intermediates such as Ag?, Agl and Agj have heen char-
acterised by ESR metheds [123], results which show a close parallel with the
pulse radiolysis work described above. However the reduction of Ag® by H
atoms in H,S0, glasses apparently gives AgH" [124] rather than the Ag® pro-
duced in agqueous solution.

Ag" is oxidised by OH to Ag?* which absorbs with A_,,, = 310 nm [35].
This decays by a second order process producing a species absorbing with
Amax = 260 nm, believed to be Ag!'' {Ag®* ?) [35]. This is unstable, but its
fate is unknown.

Ag® + Ag™ —» Ag’ + Ag¥ {76)

The pulse radiolysis method has also been applied to a study of the reac-
tion of Ag" + Cl~ [125]. Here the chloride ion was generated in the presence
of Ag” by the reaction of e;, with chloroacetic acid {reaction (77))}, so that
immediately < “ter the pulse the solution contained Ag* and Cli~.

e, + CICH,CO,H ~ CI~ + CH,CO;H {77}

An absorption with a maximum at 325 nm was detected, and was thought to
be due to AgCl; formed by the reactions {78} and {79}

Agm + Cl- = AgCl {(i8)
AgCl + Cl- = AgCiz 79}
By studying the rate of formation of the absorption and treating reaction (78)
as a pre-equilibrium, Schiller and Ebert [125] were able to determine &4 =
4.1 - 108 dm® mol-! 5~1. Conversion of the Ag(Cl to a precipitate took place
over a period of tens of seconds, and could be describer by an empirical
equation of the form

log ¢t = —n log ¢ + constant

where ¢t = incubation time, ¢ = geometrical mean of ion concentrations and
the constant n has a value of 8.9 = 0.5.
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In these solutions an absorbing species was also detected at 425 nm [125].
The intensity of this peak was at a maximum when the hydrated electrons
were scavenged with equal probability by Ag” and chloroacetic acid, and it
was formed in a first order reaction dependent on both [Ag” ] and {Cl™]. The
absorption was tentatively assigned to some silver—chloroorganic compound.
More work is required to characterise this species fully.

Ammino-complexes. The mechanism of the radiolytic reduction of Ag'am-
mine complexes is very similar to that of the aquo complex described above.
Reduction by the hydrated electron (reaction {80)} is followed by reaction
with a further equivalent of Ag' to give Ag,(NH,),, (reaction (81)) [126].
This may decay by two pathways depending on [ Ag']. At low concentrations
there is a dimerisation (2 & = 2.6 - 10'° dm?® mol~! s~! [126]) possibly giving
rise to Ag,(NH;)?’, and then Ag3.

e;q + Ag{NH,); — Ag® + 2 NH; (80)
Ag® + Ag(NH,); ~ Ag(NH,), (81)
Ag:(NH,), + Ag(NH,), -~ Aga(NH;)Z (?) > Agl + 2 Ag(NH,); (82)
Agy(NHy), + Ag(NH,): ~ Ags(NH3)Z ~ Agd + Ag(NH,) (83)

At higher concentrations of Ag', reaction of Ag;(NH,);, with the Ag’ pre-
dominates, although this also leads to the formatjon of Ag$.

Ag(NH,)} is oxidised by reaction with OH to give an ammoniated Ag'' spe-
cies (Apax = 260 nm) [126]. Note that in these transient valence states the
number of coordinating ligands is unknown.

(vii) Osmium

Little work has been done on the radiation chemistry of osmium com-
pounds. The osmium (II} ion Os(CN){" is oxidised by OH to the stable
Qs(CN)?- ion [100]. Studies on the catalytic effect of OsQ, in radiclytic ox-
icdations have also been reported [127].

Like its ruthenium analogue, Os{NH;);NZ* reacts rapidly with OH {k = 10'°
dm?® mol™? s7'} [128] to form a species which absorbs with A,,,, at 380 nm.
In N,O saturated solution, however, G(N;) = 5.0 £ 0.1, so that less than one
third of the expected yield of nitrogen is obtained on the basis that the com-
plex decomposes according to the stoichiometry of eqn. {84}, which holds
for the ruthenium complex {see Sect. D{iii}). For this reason Venturi et ai.
[128] suggested that OH abstracts a hydrogen atom to form Os(NH;)},NH,N3*
(reaction (85)) and they identified the absorption at 380 nm with this species.

Os(NH4)sN2* + OH = Os(NH,)sOH?" + N, (84)

Os(NH,);N?* + OH -+ Os(NH,}4NH,N3" + H,O (85)
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It is unlikely, however, that reaction {85) would have 2 rate constant of 10*°
dm?®mol~! s-!, which is more typical of an electron transfer process. The decay
of the 380 nm species is more complex and considerably slower than the
aquation of Ru{NH;)sN3*, and it is possible that, if it is Os(NH,);N3* lother
reactions compete with aquation in this case and thereby lawer the yield of
nitrogen.

(viii) Iridium

IrCi?" is reduced by ej,, H atoms and isopropano} radicals [129,130] to
give an Ir" species which absorbs with A = 280 nm {129]. This decays by
a second order process (2 ks, = 3.8 - 10° dm® mol~* s~! taking €.g0 = 1740
dm?® mol~! em™!) thought to be dismutation.

I+ ' o Y+ (86)

The Tr! produced has not been characterised, but no metallic iridium is de-
tected in these solutions {123}, and presumably, therefore, Ir' is reoxidised
by reaction with water. In agreement with this is the observation that the sta-
bie producis of the y-irradiation of IrCl3~ + N,0O solutions give a good material
balance {G(IF'V} + G(0O,) = 2 G(H,) + 2 G(N;)] {130]. Under the latter condi-
tions a net oxidation occurs with G(Ir'V) = 4.0 {130}, indicating that oxida-
tion by OH occurs.

IrCl;" is reduced by e;,, H atoms and isopropanol radicals to give, it is be-
lieved [129], IrCl2-, rather than the aquated complex, TrCl;H,0?%, found in
the photo-induced reduction [131]. No evidence for oxidation by OH to
pentavalent iridium has been found [129}, although stable complexes of
this valency are known.

(ix} Platinum

Hulo-complexes, In an early radiation chemical study Balandin et al. {132]
reported that ehloroplatinic acid (H,PtCl,) is resistant to radiation in aqueous
solution. Haissinsky [133] showed that this is because reduction of Pt'V by
H atoms is balanced by oxidation of Pt!* by OH and H,0,. He also reported
that in the radiolysis of PtCli~ solutions no appreciable net oxidation is ob-
served in the absence of oxygen, due again to reduction of Pt by H. In the
presence of oxygen, however, G{Pt!V) = 7.8 under optimal conditions,
which is equated {133] with {(Goy * 3 Guo, * 2 Gy,0,)- The reaction mech-
anism can be summarised as follows

P.tll + OH - Pt]ll (87)
Pl + HO, » Pt™ + H,0;, (88)
& pilll . piil 4 piv (89)

Pt" + H,0, —» PV (90)
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It is now known that PtCl3~ is rapidly reduced by reaction with e;q and H
to give the same transient species absorbing with A ., = 310 nm [26,134].
The intensity of the peak is not influenced by the presence of methanol in-
dicating that no reduction of the Pt" by the CH,OH radical occurs [26]). The
platinum (I) species formed decays by a second order reaction resulting in
the formation of colloidal platinum [26,134,135], although the processes in-
volved have not been investigated.

Oxidation of PtCii~ occurs by reaction with OH [26,130,133,134,136],
and results in the sequential formation of two short-lived complexes of Pt
[26,134]. The initial product absorbs with Apnae = 450 nm and changes by a
first oxder process (k = 2.0 - 10°5"!) to another species absorbing with A,
= 410 nm [26]. Interestingly, an absorption spectrum practically identical to
the second of these is formed hy a two step process following reduction of
the PtClZ~ complex [26]. Adams ct al. {26] proposed the following mech-
anism to explain these observations

oH” aH-
1 i €47 Cl—Y—c” cn'—«-‘—c“
/ P:"\ + OH ——tm / Pt"\ ——— \Pt"/
|
Ci~ ci” c ol C
|
fol]
ci~ i cy
ct=-§-—Ci =Y Cri—j—
/ Pt \ * Bhy e / pe3* \ - F’t7
- . ¥ N P
c:——-—!—:—-—c: Ci——0C E'l
ci ct” L

The novel feature is the suggestion of a change in stereochemistry from square
pyramidal and octahedral to trigonal bipyramidal. Some doubt attaches to
the number of chloride ligands involved in the transient complexes. It might
be that the long-lived trigonal bipyramid complexes are in fact the same spe-
cies, although substituting Cl- by OH~ would probably produce only a smalil
shift in the absorption spectrum. Ultimately these Pt'*! complexes decay,
probably by dismutation, to Pt and Pt'V species. Thus vy-irradiation of PtCl}-
+ N,O solutions gives Pt!V, the yield depending on [N,0O] [130}.

PtClZ™ is also oxidised by Cl; in acidic solution {137,138] and by Brs [138]
in neutral solution; the role of acid is merely to facilitate the production of
Cl; (see Sect. C(vi)). In each case the species which absorb at 450 nm and
410 nm are completely suppressed, and new absorptions are observed in the
UV. Storer et al. [137] reported an absorption with Ap,x = 260 nm and e,
~ 13000 dm?® mol~! ecm~! for the product of Ci; oxidation, whilst Broszkiewicz
and Grodowski [138] found A, to be 290 nm with €5, ~ 7000 dm® mol™!
cm™!. The reason for the large discrepancy may be due to a small contribu-
tion from Pt! species giving an apparent peak at 290 nm since Storer et al. ob-
served a slight shoulder at ca. 300 nm. For the Br; oxidation product A,y is
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at 310 nm and €5, = 8.4 - 10° dm?® mol~' cm~! [138].
Broszkiewicz and Grodowski [138] concluded that the most probable
mechanism of oxidation of PtCIi™ by Cl; and Bry is

PtCl12~ + Cl; - {PtCli- - Cl;) » PtClz + 2 CI- (91)
PtCl:~ + Br; - (PtCli™ - Bry) > PtBr,Cls_, + 2 X~ (92)

where 1 € 2 and X~ is Cl~ or Br™. Both reactions are rapid with ks, = 1.6 - 10°
and kg, = 1.7 * 10° dm® mol~* s7! at an ionic strength of 0.1 dm®* mol™' [138].

The pulse radiolysis method has been applied to the study of the equilib-
rium between PtI2~ and PtIZ~ {I1I) [139]. Following irradiation of solutions
of PtI3~ + I-, a small yield of I3 is formed via reactions (93)—96) equivalent
to %(G‘,gq + Goy). By monitoring the decay of the absorption of I3, or the
growth of that of PtI12-, Barkatt and Kobayashi [139] obtained values of ks,
=2-108dm?® mol-'s !and k_g; = 1.4 - 10° dm?® mol~! 571,

PtIZ- + [ = PtIi- + [ (93)
ez, + N;O B N, + OH + OH- (3)
OH+1 - OH +1 (94)
[+1- =13 (95)
I+l -1I7+1" {96)

Amino-complexes. The platinum(II} amine complexes Pt(en)3", Pt{dien)Cl"
and Pi{Et,dien)Cl" have been investigated by pulse radiolysis of their aque-
ous solutions [137]). They react rapidly with e7, and H (¢ ~ 10'° dm?® mol™!
s™!} to form products which absorb in the region 240—450 nm. Their kinetic
and spectral properties indicate that the products of reaction of e;, and H
with these complexes, unlike PtCl2-, are different. Direct eleciron addition
probably occurs with eZ,, but H may form an adduct or abstract a hydrogen
atom from the ligands. In general, the absorbing products disappear by sec-
ond-order kinetics, suggesting disproportionation, and no new absorbing
species are formed. In the case of Pt{dien)CI" substitution of C1~ by H,O (k =
(2.83% 1.3) - 10° 57!} is believed to occur [137].

Oxidation of the amine complexes by OH and CI5 is rapid and, since Cl;
does not react with the free ligands, attack at the metal centre is implied.
Transient species are formed which absorb in the UV. These react rapidly witt
Cu¥ and are considered to be Pt!!! species. Confirmatory evidence for this
assipnment was obtained [137] from a study of the reactions of the reducing
radicals e5, H, -CH,OH and (CH;),COH with the Pt'¥ complex trans-Pt(en),-
Cl%*. Absorbing products very similar to those obtained in the oxidation of
the Pt¥ complexes were observed, consistent with one electron reduction of
the Pt'Y complex. Small differences in the spectra and kinetic properties of
the Pt species were rationalised in terms of them having different structural
forms [137] due to the high lability of the axial co-ordination sites.
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Cyano-complexes. Tetracyano platinum(II) is reactive with e;, and OH, giv-
ing rise to transient absorptions at 360 nm and 293 nm respectively. The Pt
ion formed by reaction with e;, has reducing properties, reacting rapidly
with N.Q and O, for instance [128]. In the absence of oxidising solutes a
complex decay is found. As with the amine complexes, a different Pt! species
having Amax = 280 nm is formed by H atom attack on Pt(CN)5™ [128].

{x) Gold

Reduction of the Au' complex Au(CN); by ej, gives a transient species
having an absorption maximum at 410 nm (€40 = 7.5 - 10° dm® mol™! cm™)
[140]. Reduction of the same complex by hydrogen atorns produces a dif-
ferent absorbing species with A, at 270 nm and &, = 3.2 - 10°> dm? mol~!
cm™' [140]. Both transients decay by second order kinetics to produce metal-
lic gold in the absence of reactive solutes. The 410 nm transient, however,
reacts rapidly with N,O (£ = 5.5 - 10° dm® mol~! s™!) {140} whereas the 270
nm transient is much less reactive. On the basis of these observations it was
suggested [140] that the 410 nm is an electron adduct of Au(CN}z which
can be written as Au(CN); - e;q, whilst the 270 nm transient is Au®,

Transient Au'' species have been produced by oxidation of Au{CN); by
OH, and by reduction of AuCl; by H or e;, [140,141]}. The exact nature of
these transient species is not known, but there is both spectral and kinetic
evidence that the number of co-ordinating ligands is dependent on the con-
centration of free ligand in the solution {140,141].

A selection of rate constants for transient gold species is shown in Table 5.

{xi) Mercury

Mercury forms two stable ions in aqueous solution, Hg}" and Hg?". Hgi' is
reduced by reaction with H atoms (97) to give a species absorbing with Ap,,
= 2585 nm, €25: = 3000 dm? mol~' em™" {142]. It decays by a second order
reaction with 2 % =1.4 - 10'°dm? mol~' s~! attributed to reaction {98).

Hgi" + H~ Hg; + H' (97}
Hg; + Hg) ~ 2 Hg® + Hgi’ {98)

Hg?* is also reduced radiolytically. In glassy media Hg" has been detected
as the product by ESR [143—145] and optical methods {110,145]. Pulse
radiolytic reduction of Hg** in acidic aqueous solution has been studied by
two groups of workers, but there is little correspondence between their re-
sults. Faraggi and Amozig [142] observed a transient absorption at A,y =
272 nm, €44, = 7800 dm* mol~! cm™!, and found that it decayed by a second
order process with 2 kg3 = 8.0 - 10° din? mol~! s~!1. These results were attrib-
uted to the dimerisation of Hg' ions (reaction (99)).

Hg" + Hg" » Hg3" (99)
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TABLE 5

Rate constanls of farmation and decay af Anl and Au® [140)

Reaction = 10”7 £)dm?® mol 57! pH
Aul+ OH -« Aul' + QH~ 47 .08 7
Auls OH -~ Aull « OH" 2.6 2
Aut s Hieg) —~ Auft+ H' 57 +£15P 4
2 Aull - Auf+ Aull! 0.48 + 0.12 4,7
2 Aull — Au’+ Ault ~D.24 2
Aul + €~ (au®),- 80 =05 11
2{Au?)y~ - produ:?. 3.2 : 09 11
:Z(Au“);"-CI — product 29 :0.8 13
2(Au°}HaE- product 50 =1.0 2
(Au"}c;q + O3 ~ product 3.6 13
{Au”),- + N, O — product 0.55 13
{Auﬂ).::-q + Fe(CN)3~ — product 0.55 13

a Salute is Au{CN)37, P Solute is AuCl;.

In a more detailed study Fujita et al. [146] made the following observations:

(i) The initial product of the reaction H + Hg" absorbs in the UV with Apmux
= 225 and 255 nm {€355s = 1.4 - 10° dm® moi~! em™?).

{ii) It decays by a second order reaction (2 &£ = 5.0 - 10° dm? mot~'s~', u
= (0}, which is independent of pH, but dependent on ionic strength as ex-
pected for a reaction between two singly charged cations.

(iii} Following this reaction there was a pseudo-first order growth of ab-
sorption in the region 220—250 nm resulting in a species with Ap,; = 236 nm,
€236 = 2.4 - 10 dm? mol~! cm™!, identified as Hg$'. The pseudo-first order
growth rate of this species was proportional to { Hg"'} and increased sigmoi-
dally {mid-point pH ca. 3.5) with increasing [H"]. A novel sequence of reac-
tions ({(100) and (101}) was proposed to explain these observations.

Hg* + Hg" - Hg® + Hg*' (100)
Hg" + Hg*" ~ Hgi’ (101}

This mechanism suggests that the disproportionation reaction {100) is faster
than the alternative dimerisation reaction which occurs with other Hg' spe-
cies (see below). Presumably ligand exchange by Hg" is too slow for
dimerisation to compete with reaction (100). The differences in the spectra
of the transient absorbing species reported by Faraggi and Amozig [142]
and by Fujita et al. {146] has been attributed [146] to scattered light effects
in the former case.
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The reduction of HgCl, by ez, Hor (CH,),COH results in a transient spe-
cies absorbing with A, ca. 245 nm, €245 = 7500 dm® mol~! em~!, N4y = 330
nm, €33 = 2300 dm> mol~! cm~! {147]. The product is believed to be HaCl
on the basis of (i} the lack of effect of ionic strength on the decay and (ii)
conductivity measurements [147]. In the presence of OH scavengers HgCl
dimerises (reaction {102)) with 2 k4, = 8.0 - 10° dm® mol~' s7*; in their ab-
sence reaction (102) competes with reoxidation by OH (reaction (103), 2103
~10'°dm® mol~' s7'). HgCl shows reducing properties, transferring an elec-
tron rapidly to such species as tetranitromethane and O, [147].

Hg(Cl + HgCl -~ Hg,Cl, {102}
HgCl + OH - HgCl™ + OH" (103)

The iodine analogue of HgCl has also been detected [148,149] following
flash photolysis of Hgl, solutions {reaction (104}) and absorbs at A« =
340 nm [148,149].

Hgl, 25 Hgl + I’ (104)

Flash photolysis of mercury{[I} chlorides and bromides gives rise to the re-
spective radical anions, X35, and gives no information on short-lived species
of mercury [148]. :

There is some evidence [145] that an Hg'" ion is formed by OH oxidation
of Hg?", for it has been observed that an absorption centred at 340 nm is
formed when ~-irradiated H,SO, or NaClO, glasses are warmed to ca. 130 K,
approximately the temperature at which OH radicals disappear, in these
glasses.

Mercuric oxide, HgO, is rapidly reduced by e;, in neutral solution (& =
2.3-10'°dm® mol~*s7!) to yield [150] a transient species the spectrum of
which differs from that of Hg" in that it has a peak at 233 nm and a shoulder
at 260—270 nm {€1¢6 = 5.3 - 10° dm? mol~! em~! [1501]). The species decays
by second order kinetics {2 2 = 4.4 - 10° dm?® mol~! s7!) and the decay rate
is independent of ionic strength. Reactions (105)—(107} were proposed {150}
to account for these observations.

H,0

e;q + HeO — HgOH + OH- (105)
HgOH + H' = Hg(H,0)" (106)
2 HgOH ~ Hg,0 + H,O or Hg,(OH), (107}

From the effect of pH on the absorption spectrum pKq6 was estimated {1501
to be 5.1.

Fuijita et al. [150] pointed out that the dimerisation of HgOH in neutral
solution parallels that of HgCl [147] and is in contrast to the disproportiona-
tion which they reported for Hg® in acidic solution {146]. They suggest {150]



226

that the lack of charge on HgOH and HgCl facilitates the dimerisation reac-
tions.

The product of reaction {(107) decays by a slow first order process with & =
2 -10? min~! [150] which is attributed to reaction (108).

Hg,O or Hg.(OH}, -+ Hg + HgO or Hg(OH}. (108}

At high [HgO] (>10"* mol dm~?) the decay is retarded, possibly due to the
formation of long lived polynuclear species such as

Hg.O + nHgO - Hg,O - nHegO (109)

Fujita et al. [151] also investigated the pulse radiolysis of Hg(CN), solu-
tions. Similarities with the HgCl, and HgO systems are observed. Thus, reduc-
tion of Hg(CN}, by e;, (2 =1.3-10'dm> mol ' s"!) and CO; (k = 3.4 - 10°
dm?® mol~! s~'} produces a transient species, assigned as HgCN, which absorbs
with A ., at 285 nm and €., = 3.8 - 10* dm? mol™?! em™~*. HgCN decays by
second-order kinetics (2 k = 8.4 - 10° dm?® mol~! s7!) to produce another spe-
cies which absorbs at shorter wavelengths than HgCN. This is believed to be
{HgCN}; which decays slowly (first half-life ~ 4 s} to produce a third species
exhibiting a narrow absorption band with A, near 254 nm. On the basis
that this species is Hgﬁq formed in reaction {110), Fujita et al. [151] estimate
€354 = 2.8+ 10* dm® mol™! em™* for Hgl,.

(HgCN). ~ Hgz, + Hg(CN). (110)

Aleohol radicals do not react with Hg(CN},, but they do react with HgCN
(k=4,39,24and 1.6 - 10° dm> mol~! 5! for CH,OH, CH,CHOH, (CH,),-
COH and CH,(CH,),COH respectively}. No evidence for the formation of
any organomercury species was obtained, and in the case of the radical
{CH;3),COH acetone vields were consistent with the occurrence of reaction
(111).

(CH,),COH + HgCN - (CH,),CO + Hg” + H® + CN~ (111)
E. LANTHANIDES
{i} Reduction of the trivalent ions

The stable valency state for the lanthanide elements is +3. Europium also
forms a stable divalent ion in aqueous solution, whilst divalent samarium
and ytterbium can be produced, but the ions are readily oxidised by water.
Cerium forms also a stable tetravalent ion.

There is no known interaction between the hydrogen atom and the triva-
lent lanthanide ions, and only Ce!''' and Pr!!! are oxidised by OH (see Sect.
E(ii)} and E(iii} respectively). The hydrated electron reduces all the trivalent
lanthanide ions® except Ce!!! (see Sect. E(ii}} and Pm {no data available), but
only in the case of Eu, Sm, Tm and Yb has the reaction been exploited o
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characterise the divalent state. All four of these divalent ions have absorption
spectra with maxima near 280 nm and secondary peaks at longer wavelengths
(not Tm) in the UV—visible region [39,152] {Table 6). The spectra of Eu**
and Yb? obtained by pulse radiolytic methods are very similar to those mea-
sured by conventional means. In the absence of OH scavengers and oxidising
solutes the divalent ions (Ln?") are rapidly oxidised by reaction with OH
{reaction (112)) [39,153]. In the presence of OH scavengers reaction (112)

is prevented, and the divalent ions are quite long-lived [152] (Eu?’ is stable).

Ln*" + OH -+ Ln*" + OH" {(112)

When formic acid is present in Eu?® solutions, an additional yield of Eu** is
formed through reactions {5) and (3113) {&;2>> 7 - 10°dm’® mol~* 57"} {421

OH + HCO,H - H,0 + CO,H (5)
CO,H/CO; + Eu* -+ CO, + H' + Eu®* (113}

No such reaction occurs with Yb*" {42]}. Eu?", Sm** and ¥Yb?' are powerful
reducing agents and react rapidly with solutes such as oxyanions, O, H,0,,
Co™ complexes etc. [ 39,152,154]. Some typical rate constants are shown in
Table 7. The order of reactivity is Sm > Yb > Eu, which is also the order of
the Ln!/Ln'! redox potentials.

Tendler and Faraggi {155} examined the relationship between the oxida-
tion potentiale of lanthanide({II) ions and their rate of electron transfer to
NQ3 (reaction (114)) in more detail.

NO;3 + Lntf -+ ILn'l (114)
ery + Lo/ o [nf (115)
Ln" was generated pulse radiolytically by reaction {(115). By applying the

TABLE 6

Ahsorption spectra of divalent lanthanides

Metal Amax/nm Emax/dm® mot~ ' cm™?

Eu 260 [39,152,158] 1600 [152,158], 1650 [39]
320 [39,152] 800 [89.1521

Sm?2 310 (152} 315 {391 850 {397, 1000 [152]
540 [39] 565 [152] 300 [152], ca. 400 [39]

Tm 280 [39] ca. 750 {39]

Yh 255 [39], 260 [152] KO0 [152), 1100 [39]. ca. 1300 [159]
350 {152], 355 [39] 500 [152]), ca. BOO [159]), 650 [39]

2 Other bands at 425 (€ 600 dm® mol™! ¢em™') and 480 (€ ca. 350 dm® mol™! em™) ac-
cording to Pikaev et al. [391], but not observed by Faraggi and Tendler {152].
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Marcus theory for outer sphere electron transfer [156,157] to reaction (114)
they obtained the relationship {116}

log Raes = A + BE® (116)

where k., is the activation controlled rate constant for (114}, A and B are
constants and E° is the redox potential of the Ln'"/Ln! couple. Tendler and
Faraggi showed that a plot of log &,., against the known values of £° for Eu,
Yb and Sm was linear so that they were able to evaluate E° for other lantha-
nides knowing k,.,. Values were obtained for Pr, Nd, Tb, Dy, Ho, Evand Tm
and in each case E® was close to 1.7 V.

(ii} Cerium

Cerium has two stable valency states in aqueous solutions, +3 and +4. Ap-
parently Ce! does not react with either e;, or H [3,5], but it is oxidised to
Ce'V by OH [4], iSO, [161] and HO, [98,162,183]. The latter reaction is
of interest because of its involvement in the Ce!V + H,0O, reaction where a
Ce™M—HO, complex is implicated [164]. This same complex has been detected
by ESR when HO, oxidises Ce'!! in perchloric acid [98,165,166]. The com-
plex has not been observed, however, in sulphuric acid solution {Ce'" com-
plexes strongly with SO%") [16%7] using either ESR [98,168] or spectro-
photometric [162] detection methods. In the latter case a value of 2(Ce'! +
HO,) = 2.1 - 10° dm® mol~' s~ has been measured [162] from the rate of
formation of the Ce'V product. Further studies are needed to establish the
reason for the dependence on the counter ion.

Radiation induced reduction of Ce!V occurs in strongly acidic solutions
containing small amounts of Ce™! with G(—Ce!V) = G(Ce™) = Gy, o, +* Gy —
Gou, independent of whether the solutions are aerated or not {169,170]. This
equation implies that reduction of Ce'V occurs by reactions (117)—(119).
Reaction (119} does not involve formation of an intermediate complex when
either sulphate or perchlorate ions are present [98,168].

Ce!V + H— Ce''' + H* {117)
Ce!'V + H,Q, + Cef' + H* + HO, {118)
Ce'™V + HO, > Ce' + H' + O, (119

(iit) Praesodymium

Hydroxyl radicals oxidise Pr3* with a rate constant of 2 - 10® dm?® mol~! s~!
[29,41]. The species formed absorbs with A, = 290 nm, €, = 1050 dm®
mol~! em™ [41] (possibly an f—d transition {41]) at pH 5.8, but at lower
pH’s the absorption is weaker [39,41]. This behaviour is thought to be due
to the hydrolysis of the Pr'V {possibly as in egn. (120}), and from the varia-
tion of the absorption with pH, a value of pK;;3 = 3.2 has been measured {41},
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Pr*” + H,0 = PrOH* + H* (120)

Pr!VY decays by a second order reaction at pH 5.8 with 2 £ = 8 - 107 dm? mol™!
s™! [41}, Sut by a first order reaction at 2 < pH < 3.8 [41]. The latter is atirib-
utable to reaction (121), for which £ = 2 - 10° dm?> mol~! 57! has been deter-
nmined [41]. Pr'V is a powerful oxidant, and its reactions with NOz, H;O, and
Br-.

Pr'Y + HSO; - Pr! + HSO, (121)
have been studied {41].

F. ACTINIDES
(i} General Rernarks

The radiation chemistry of the actinide elements has received considerable
attention, mainly because of its importance in nuclear reactor fuel technol-
ogy. The elements of principal interest here, U, Np, Pu and Am, all form
stable tri- and hexavalent ions, which in acidic aqueous selution can be rep-
resented as M*° and MO3" respectively. The tetra- and pentavalent ions (M**
and MO); respectively) are also known, but, with the exception of U**, are
subject to disproportionation, some rapidly (Am!Y}, others only in strong
acid (AmY, NpV). Heptavalent Np and Pu are known in strongly alkaline
solution. The situation is complicated, however, by hydrolysis, complexation
with anions other than perchlorate, and not least by autoradiolytic effects.
Thorum, the other actinide considered here, is known only as the tetrava-
lent ion.

(ii} Thorium

Little is known about the oxidation or reduction of Th'Y by OH, H or e3,.
The HO, radical is reported to react with Th'Y to give a complex written as
Th!VO.H (122) [98,99,162]. This intermediate has both an ESR signal (singlet
line, g = 2.01828) [98], and an optical absorption (Apmax < 270 nm) [162].

Th'Y + HO, = Th'YO,H (122)

The rate of formation of Th*YO,H has been determined following pulse radi-
otysis of Th!V solutions containing an excess of H,0,. It was found to be first
order in both [HO,.] and [Th!V] * giving £ = 1.8 - 10° dm® mol~' s~! [162}.
The equilibrium constant for (122) was found to be K,;; = 4 - 10* dm® mol~*
by monitoring the absorption due to Th'VO,H as a function of [Th!V] [162].

* A minor pathway independent of [ ThI¥] was detected, but because of the large errors
invoived in these experiments, no reliable rate constant could be estimated {162]
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This value is ~4 times smaller than that estimated from ESR measurements
in flow systems [99]. ThfY O,H decays by a second order process *, probably
due to reactions such as {123} and (124}.

THVYO,H + Th*'VO,H -+ 2 Th'Y + H,0, + O, (123)
Th*YO,H + HO, - Th!¥Y + H,0, + O, (124)

By monitoring the decay of the ESR signal of Th'VO,H values of 2 ky;; =
5-102dm?3 mol!s ! and k,5: = 8.0 - 10° dm?® mol~! s~} have been determined
[171].

(iii} Uranium
Haissinsky [172] investigated the radiation induced oxidation of U'Vin

sulphuric acid solutions in the absence and presence of oxygen. In the absence
of oxygen the yields of UY! are accounted for by the following mechanism

UOH™ + OH -~ UQ; + 2 H® + H,0 (125)
Uot + OH 1. U0 + H,0 (126)

In the presence of oxygen G{UV!) is as high as 18 depending on the condi-
tions. From a study of the effects of dose rate and [O,], Haissinsky [172]
deduced that U'Y is oxidised to UY! by the chain reaction sequence

UOH* + OH - UO} + 2 H* + H,0 (125)
U0} + 0, - U0 + 05 (% HO,) (127)
UOH* + HO, > UO?* + OH + H' (128)
Uo; + OH %5 U0 + H,0 (126)

Other radiation chemical studies with uranium in aqueous solutions have
been: performed with UV, the most stable valency state. UO3" is reduced by
reaction with e, [3], but the product, UV, has only a weak absorption spec-
trum [76,173]. The reaction of UY! with HO, has also been studied [162].
The chemistry of the product, a complex written as UY'0,H, shows many
similarities with the Th'YO,H complex discussed in the previous section.

(iv) Neptunium

y-Irradiation of NpO%* in deaerated acidic solutions gives rise to a net re-
duction with G(—NpOj3)} = 5.0 [174]. Oxygen is also formed with G{0O,)} = 1.5,
and arises through the reduction of NpO?® by H,0,, a reaction which occurs
with the stoichiometry given in eqn. (129} [175]. Since the measured yield

* A first order process is detected under certain circumstances [98], but this is probably
due to reaction with impurity.
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of O, is twice that of the maolecular peroxide, Gy, 0, = 0.75, there must be an
additional source of H,0,.

2 NpO3* + 11,0, = 2 NpO3; + 2 H" + O, (129)
This is most likely to be the combination of OH radicals (reaction {130)),

which presumably occurs in competition with the reoxidation of NpO; (reac-
tion {131}). NpO%® is also reduced by H atoms [174].

OH + OH - H,0, (130}
OH + NpOj; - OH™ + NpO3* (131)

In alkaline solutions NpY, NpY! and NpV! are all reduced by the hydrated
electron {40], whilst O~ oxidises NpY! [176].

Aerated solutions of Np!'V in H,S0, are reported [177] to be oxidised
radiolytically with yields identical to those in the Fe® /H,SO, (¥ricke dosi-
meter) system. The mechanism is presumably somewhat different since a
Np'Y peroxide complex has been detected [177]. The known radiation in-
duced redox reactions of Np can be summarised as follows

OH,HO, OH o~
Np:v va - Np\ﬂ ;.Np\"ll

eag.-H eaq H faq

(v} Plutonium

The principal isotopes of plutonium, #*®Pu, >*°Pu and ***Pu all decay by
emission of a-particles with energies of ca. 5.4, 5.1 and 4.9 MeV respectively
f176}, and in consequence autoradiolytic effects are an important aspect of
plutonium solution chemistry. For instance solutions of Pu'V are ultimately
converted into 2 complex mixture of tri-, tetra-, penta- and hexavalent plu-
tonium [178—180]. Molecular hydrogen is also formed, a fact which has re-
ceived considerable attention {181,182} because of its significance in the
commercial handling of plutonium solutions. There is, however, only a poor
understanding of the mechanistic details and rates of these radiolytic reac-
tions. The known radiation-induced redox reactions of plutonium can be sum-
marised as follows

OH,H.HO,,Ci5 on
B ———e

o-
PuVi_—=puvil
e;q‘H.lloz, Ea-q

Pt putv 25 py¥
The dismutation of Pu*V and PuV, and their slow reactions with H,O, are
also important [178,179], and account for many of the post-irradiation

changes that have been observed.
v-Radiolysis of aerated acidic Pu®f solutions under conditions where a-

radiolytic effects are negligible gives Pu'Y with G(Pu'V) = 6.6 {183]. This
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high yield indicates oxidation by both OH and HO., the iatter, formed in re-
action (28), being reduced to H, O, {G{H,0,)} = 4.0) [183]. There is also net
oxidation with G{Pu'¥) = 5.5 in deaerated solutions. Here no HO,; radicals are
formed, so that oxidation by H atoms must occur {reaction {133)), and it is
found that G{H,) = 3.6 [183].

H + 0, - HO, (28)
Pul™ + HO, %5 Pu'Y + H,0, (132)

pul! + H* 55 pulV + H, (133)

The mechanism of the reaction has not been studied, but presumably involves
the formation of a hydrido complex similar to that formed by reaction of H

with Fe?', Cr?" etc. (see Sect. C{vi)).
Puv" is unstable in acidic solutions [179], but is sufficiently long-lived in

concentrated alkali (f,;; = 8 hrin 1 mol dm~?* NaQH) [184] for its reduction
by ez, to be studied by pulse radiolysis [40]. Pu¥" may be conveniently pre-
pared by radiolytic oxidation of Pu¥! in N,O saturated alkaline solutions,
and is formed with G(Pu¥") = 5.4 (i.e. Gz, + Gy + Go- — 2 Gg,0,) [40]. No
ret oxidation occurs in oxygenated solutions [40]. v-Radiolvsis of alkaline
deaerated PuV! solutions brings about reduction to Pu¥! with G(—Pu"") =
2.35 (i.e. Gz + Gy + 2 Guyo, — Go-) [40].

fui) Americium

Most studies with americium have employed *** Am which decays by emis-
sion of an a-particle {energy ca. 5.4 MeV} [178]. Its half life is 458 yr [178],
considerably shorter than that of the principle isotopes of either neptunium
or plutonium, so that autoradiolytic effects are more significant for americi-
um. Acidiec solutions of both AmY and Am"! are ultimataly reduced to Am'",
out little is known of the mechanistic details {177,178,185]. In a study of
the rate of the auto-reduction of oxygenated AmY and Am"! solutions in
the presence of HNO; + $,03" a2 mechanism has been proposed involving re-
duction of both valency states by HO,, and oxidation of AmY by OH and
SOz [185]. If has also been observed {186] that the rate of the autoradiolytic
reduction of AmY in HCl decreases with increasing [HCl}, a result possibly
due to the oxidation reaction AmV + Cl;. The known radiolytic redox reac-
tions of Am can be summarised as follows

OH.503.Cl3

Am'V — AmY ———— AmV!
HO7 HO2
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Am!VY is unstable in solution, and rapidly undergoes dismutation. No pulse
radiolysis studies of americium have been reported.

G. GROUP !I[IB METALS
(i) Aluminium, gallium and indium

For these three metals the only important stable aquo ions are trivalent.
Going down the group there is an increase in the stability of the monovalent
ion; In* can be formed for instance, but is slowly oxidised by H* [187],
whilst for thallium, TI" is the mest important aquo ion. The trivalent ions
are all reduced by reaction with the hydrated electron to give transient di-
valent ions. Al*" has too weak an absorption in the range 250-—500 nm (<300
dm?® mol™! em™! [188]) to be studied directly by puise radiolysis. The only
reactions of Al** reported are those with CICH,CH,OH and BrCH,COz, which
result in dehalogenation [189]. Ga*' and In?" both have large absorptions in
the UV (for In?*" A, = 260 nm, €,4 = 9500 dm®* mol~! cm™' [187,188];

Ga?* has an absorption rising towards shorter wavelengths) [110]. Similar
absorptions have been detected following y-irradiation of Ga* or In*" doped
H,S0, glasses at 77 K [110]. Ga*' has also heen identified by ESR in -
irradiated HCI1OQ, glasses containing Ga*‘ [143].

In solution In** disappears by a second order reaction. Taylor and Sykes
[187] found this to he independent of the presence of an OH scavenger, but
more recent results [188,190] suggest that the rate is ca. 3 times slower in
the presence of the OH scavenger. This indicates that the disappearance is
due principally to the reactions

In? + OH - In™ + OH- (133)
In* + In® {134a)
In?* + In?
Ing* (134b)

with rate constants of 2,33 = 4.9 - 10° dm® mol~* 57! and %k,34 = 1.6 - 20° dm?
mol~! s-' [188]. Taylor and Sykes [187] were unable to find any absorption
attributable to In" (Apa, = 209 nm [187]) following reaction {134), but this
was probably because of the optical limitations of the apparatus employed
{see also comments in ref. 33). With other metat ions, such as Cd’, the dismu-
tation is known to result in a binuclear ion, and this may be the fate of In?".
No studies of the chemistry of Ga®" or In?" have been reported.

(ii}) Thallium
T1* is rapidly reduced by reaction with both ez {E;'} and H [5]. The im-

mediate product of the reaction is undoubtedly TI®. However the intensity
of the absorption of the transient species observed (Aqmayx = ca. 400 nm [15])
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on pulse radiolysing 107° mal dm~? T1" solutions shows a marked depend-
ence on {T1'], and it is suggested [15] that the T1° complexes with T!" to
form the ion TI] (reaction (135}). The same species has been detected in
solid KCI/TIC1 {191]. TI also absorbs [122,192], apparently at shorter wave-
lengths than Ti;.

TI° + TI' = Ti3 {(135)

Flash photolysis of T1° at ca. 300 nm yields TI" and e;, (reaction (136)) [119],
and it is concluded that the absorptiion is due to a charge transfer to solvent
band [122]. Both TI? and Tl] show reducing properties and z selection of

their reaction rate constants is shown in Table 8.

T + hy =~ T1' + e, (136)

T1" is oxidised by OH to T1!f [4], Some difference of opinion exists regard-
ing the absorption spectrum of TI"! in solution. Three groups of workers, in-
vestigating wavelengths 32240 nm have found A, ca. 260 nm, €,,,, = 5400
dm? mol~! em™ at [H*] = 0.01—1 mol dm~3 115,193,194]. Schwarz et al.
[45] reported an absorption rising towards shorter wavelengths in the range
225—400 nm, [H*} = 1 mol dm~?, with a shoulder at ca. 280 nm, €349 = 3000
dm?® mol~' ¢m™!, and suggested that earlier work was complicated by scat-
tered light effects. In Schwarz et al’s. [45] experiments, however, calcula-
tions indicate that significant amounts of the hydrogen atcms were scavenged
by the T1' present. Since the products of that reaction, TI%/T];, may absorb
appreciably elow 300 nm (definitive studies have not been reported) we
tentatively conclude that the earlier work of Cercek et al. {15], of Burchill
and Walodarsky {193] and that done more recently by Falcinelia at al. [194]
is the more precise. Furthermore, two of these groups {193,194] used a
flash photolytic method of generating TI!, which is free from complications
arising from the presence of hydrogen atoms. Some of the differences may
also be due to the equilibrium (1387) for which pK;,s = 4.6 + 0.2 m dm™3 {21}
which may also account for the wide variation in estimates of 2 &, 35.

Ti* + H,O = TIOH" + H (137}
TH! + TP - TI* + T1%* (138)
TH! has long been recognised as an intermediate in TI'/T1** redox chem-
istry. The reduction of TI** by Fe?", for instance, is retarded by addition of
Fe?', the mechanism being {195]
TP* + Fe? = TI*' + Fe™ {139)
TI?* + Fe* — TI* + Fe¥' (140}
Studies of the reaction by conventional means gives values for &3, and

k_;39iB140. Measurements of &__,1, and k;4, have been made by fast reaction
techniques, so that a value of K,3; can be found. Since the redox potential
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TABLE 9
Standard reduction potentials involving T12"

E%v
'1‘13: +e  =Ti¥ 0.312,0.30%
'1‘1’+ +e =T 2,222
T3+ 2e” =11 1.25 ¢

2 From ref. 194. P From ref, 45. © From W.M. Latimer, Oxidation Potentials, 2nd Ed.,
Prentice-Hall, New York, 1952.

for the Fe?* /Fe® couple is known, that for T1*" /T1?* can be calculated. Two
recent estimates using this methed are shown in Table 9. Similarly using data
for the T1' + Co”" reaction, for which the mechanism is {196]

TI* + Co™ = TI** + Co® (141)
TI** + Co® - TI* + Co? (142)

and a value for k_,4; measured by flash photolysis, Falcineilaet al. [194] were
able to find E°(TI*/T1") (see Table 9).

These measurements of the redox potentials have important implications
for the mechanism of the thermal T1"/TI3" exchange reaction. One proposed
mechanism involves reaction {143) [197]. The data in Table 9 may be used
to estimate the equilibrium constant for this, and since k_,45 is known (Table
B), k143 can be deduced. The value found, ca. 10°2° dm® mol-! s™? [45,194],

T + TI* = TI* + T1** (143)

is extremely small, completely ruling out reaction {143) in the exchange reac-
tion.

v-Irradiation of acidic, deaerated T1?* solutions containing simple aliphatic
aleohols such as ethanol or isopropanol leads to reduction of Ti*' by a chain
reaction [198]. The mechanism proposed involves reactions (144) and (145)
as the propagation steps. The second of these is of particular interest, and
illustrates the powerful oxidising nature of TI*'. Rate constants for the reac-
tion are ca. 3-10*dm?® mol~*s~* J198].

R'R?*COH + TI** -~ R'R2CO + TI** (144)
T1** + R*'R*CHOH - TI" + R'R*COH (145)

T1?* also oxidises methoxylated benzenes rapidly (£ ~ 5 - 10® dm> mol~!
s™') to produce radical cations [199], e.g. reaction {146).

1% . CHpo ——— T+ CHyO o

Since OH generally adds to the benzene ring, Ti' can be used to catalyse the
electron transfer process through reactions (147} and (146)

OH + TI" - TI*> + OH- (147)

(146)
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The pulse radiolysis method has also been used to study the equilibria be-
tween T1*" and Cl- [200]. A surnmary of the stakility constants measured is
given in Table 8. The same work {200] indicates that the preferred path for
reduction of TI"-chlore complexes by H atoms is ligand abstraction, e.g.

H + TICI*" - TI*" + HCI {(148)
H. GROUP 1VvB METALS

fij Lead

Pulse radiolysis of deaerated Pb?' solutions gives rise to a transiert species
absorbing with A.. = 300 nm [76,77]. This is identified as Pb” produced by
hydrated electron reduction of Pb2* {149).

Pb? +ej, + Pb’ (149)

The absorption disappears by an approximately second order process [201],
which by analogy with other divalent ions (see section J) is probably due to
reoxidation by OH andjor dismutation. In neutral deaerated solutions con-
taining 1 mol dm~3 methanol, metallic lead is produced with G(Pb®) = 1.2
[115]. This implies that the dismutation (or its equivalent) 1s the major reac-
tion pathway for the decay of Pb” in the absence of OH, and that the hydroxy-
methy! radical (formed in reaction {4)} does not effect reduction. However,
Pb?* is reduced by Cd* and Zn" [201] (see Sect. J(i}(b)). Pb* shows reducing
properties, reacting rapidly {k ~ 4 - 107 dm?® mol~! s™!) with O, {201],
guinones and similar compounds [202,2031.

There appears tc be no report of any reaction between either the hydrogen
atom or the hydroxyl radical and Pb?’. The possibility of the occurrence of
the latter reaction merits attention, particularly in view of the formation of
Pb>* centres in a series of y-irradiated Pb™ and Pb'V salis or doped glasses
{144].

{ii) Tin

The hydrogen atom and the hydrated electron both reduce Snif (3], and
pulse radiolysis studies have shown [188] that the Sn' formed has a spectrum
consisting of an absorption rising towards shorter wavelengths {€.4, = 3800
dm?® mol™' ¢! at pH 3.2} with a shoulder or minor peak at 320 nm (€3;0 =
2300 dm® mol™' em™! at pH = 3.2). Hydroxyi radicals react [4] to produce an
Sn'M species with a featureless absorption rising towards shorter wavelengths
(€260 = 4500 dm> mol~! cm~! at pH 3.2 [188]). Both transients were found
[188]} to decay by reactions which were approximately second order.

A number of reports on the steady state radiolysis of Sn'"! solutions have
been published. Boyle et al. [204}, in a study of the 7y-radiolysis of Sn" in
0.4 mol dm~? H,80,, reported a net oxidation to Sn!Y with a yield equal to
Gy,. Reactions (150)—(156) are in keeping with this, and Boyle et al. [204}
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were gble to confirm their occurrence by studying the effect of additions of
Fe®" and Fe?*.

H + Sn" -+ H* + 8n’ (150)
OH + Sn" + OH~ + Sn'" (151)
Sni+ Sp'™ - Sn™ + gn!* (152)
Sn™ + Gl o SuIT 4+ GV (153)
Sn!+ SnfV » SpH + snlH (154)
Snl+ H,0,~ Sn!"+ QOH + OH" {155)
sn'' + H,0, - 8n'Y + OH + OH" (156)

Stepenuck [205] has reported that G(—Sn'!) = 0.51 in 0.4 mol dm~*
H,80,, in agreement with the results of Boyle et al. [204], but that in 1—3
mol dm~2 HBr and at low doses G(—Sn**) = 2.5 and G(H,) = 2.0. Similar re-
sults were obtained [205] in 1 mol dm™? HCl, whilst in more dilute HCI (just
enough to effect solution of the Sn') containing 1 mol dm~ methanol
Philipp and Marsik [115] found a very small yield (0.1) of metallic tin. The
high vields of H, in the presence of the concentrated halogen acids indicate
inefficient scavenging of H by Sn'', and can be equated with Gy, + 3 Gy. The
oxidising species, in this case H,O, and X3 (X = Br or Cl) must, therefore, be
responsible for the removal of Sn'!, Likely reactions are (156} and (157) fol-
lowed by (153), which predict G(—Sn'") = { Goy + Gu,0, = ca. 2.2) *, close
to the value measured.

Sn™ + X5 -~ Sn* + 2 X- (157)

The lack of reactivity of H atoms with Sn species in the halogen acids is prob-
ably due to extensive complexation of the tin ions by halide ions. The metal-
lic tin formed in the more dilute HCl solutions probably arises via reactions
{158) and (159), the small yield being due to the fact that the hydrated elec-
trons are scavenged by Sn!' in competition with the reaction with H".

Sn' + e, — Sn' (158)
Sa! + Sn — 8n® + s5pt {159)
I. COPPER

(i) Reduction of Cu*' by free radicals

Cu?' is rapidly reduced to Cu’ by &;; [3] and H [5], and pulse radiolysis
provides a very canvenient way of generating Cu’ in aqueous solution.
The absorption spectrum of Cu’ consists of a weak band rising into the UV

* Yields taken from Fig. 4.1, p. 47 of A.Q, Allen, The Radiation Chemistry of Water and
Agueous Solutions, Van Nostrand, Princeton, 1961,
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[77,206] {€240 ~ 600 dm® mol~' cm™*) so that its reactions can only be fol-
lowed conveniently by observing the other reactants or the products. Cu”
forms relatively stable complexes with olefinic compounds (reaction (160))
and these show characteristic and fairly intense absorption bands in the near
UV [207—2101. Rates of formation and stability constants of a number of
these complexes have been measured by pulse radiolysis {209,210] and the
data are given in Table 10. The high values of %, 4, are not unexpected since
the water exchange rate by Cu,,, a d'° cation, is likely to be rapid.

Cu’ + olefin = {Cu—olefin)’ (160)

Cu?" is also rapidly reduced by organic free radicals. The rates of these re-
ductions can be measured by direct observation of the decay of the radicals or,
more conveniently, by observing the rate of formation of {Cu—olefin)" under
conditions where reaction {161) is rate controlling (R = free radical).

R+Cu*™ -~ R"+Cu (161}

Rates of reduction of Cu®*' by simple hydroxyalkyi radicals have been mea-
sured in this way and they agree well with data obtained from direct observa-
tion of the decay of the radical (see Table 11). In each case the reaction rate
is proportional to {Cu®']. Kochi [211] showed that reaction (161) generally
proceeds via the formation of a radical—Cu'’ complex (reaction (162)) which
can then undergo either fi-proton elimination (reaction {163)) or electron
transfer {reaction (164)) (R. = H or alkyl group).

HCR! R’——(EJR’ + Cu'l > HCR‘R’—(T‘R"'—CU“ {162)
OH OH
CR! R’=(|3R3 +Cu' +H" (183)
HCR'R*>—CR>—Cu!! OH
“HCR! R"-—(:JR’ + Cul (164)
OH

Since the values of & obtained by both methods of measurement are the same
(Table 11), reaction (162) must be the rate determining step of the reduction

TABLE 10

Vahues of k; 40 and k_y g5 for the formation of Cul—olefin complexes

Olefin Fig0 (dm® mol™ s B_ye0 (5~H) Ref.
Acrytamide 2 -10° 1.1-10° 213
Maleic acid 2 -10° 1.8 - 10° 210

Fumaric acid 1.7-10° 2.4 - 10°% 210




TABLE 11
Specific rates of reduction of Cu** by some organic radicais [213]
Radical 1078 & (dm?® mol™57Y)
a b
-CH,OH 1.9 1.6
1.1 [50]
CH;CHOH 0.74 150} 0.94
(CH;3):COH 0.5 0.52
0.45 [50]
CH,C(CH;).0H - 0.032
CH,CH,0OH - 0.22

a From rate of decay of the radical. ® From rate of formation of (Cu—acrylamide)’.

as Kochi has suggested. Further evidence for the formation of an organocop-
per intermediate in the reduction of Cul! by organic radicals is provided by
the observation that when the radical contains a §-hydroxyl group the prod-
uct is the corresponding epoxide [212], presurnably formed through reaction
(165).

H?R‘—CR2R3—CU” - HCR\‘—/CRZR’ + H® + Cu! {165)
OH

The reactivities of a-hydroxyalkyl radicals with Cu*" (Table 11) decrease in
the order primary > secondary > tertiary. This suggests that the transition
state cannot have a high degree of carbonium ion character because the car-
bonium ion stability is in the reverse order. A similar order of radical reactiv-
ity occurs with Cr*" [49] and Ni' [51] where organometallic intermediates
are formed in each case,

(it} Reaction of Cu' with free radicals

When agueous solutions of Cu?* are pulse irradiated under conditions where
reactions (162)—(164) occur, secondary reactions become evident if the solu-
tion is repeatedly pulsed. These are manifested by the appearance of species
which absorb strongly in the region 400—500 nm and which are believed to be
complexes between Cu’ and the organic radicals [213]. The formation and de-
cay of these complexes has been interpreted in terms of the following reactions
{213] (R = free radical)

R+ Cu* + Cu" + H" + products (166)
R+ Cu® = CuR' (167)
CuR' + H - products (168)
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TABLE 12
Rate constants for the formation ard decomposition of CuR"*

R k167 (dm® mol ™t s™1) Fyer (s Bigs (dm> moi ' s™!)
CH, OH 1 100 10° —

(CH3),COH 6 -10° 6-10° 3.2-107
CH,C(CH;3), OH 2.6 - 10° — —

CH,CH,0H 1.9 - 10'° — -

Data for these reactions are given in Table 12. The organic radicals react
much more rapidly with Cu' than with Cu?®’ {c.f. Table 11).

The CuR" complexes are very short-lived and may decay via reactions (169)
and (170), e.g- for R = (CH;).COH,

Cu—C(CH;),OH" = Cu® + (CH,),C=0+H" (169)

Cu—C(CH,),0H* & Ccu?* + (CH,),CHOH (170)

Of these the latter seems to be the more likely since the decay of CuR” in
this case is accelerated by increasing [H"]. Although some Cu® is produced in
these systerms it may arise from the disproportionation of Cu’.

Reactions similar to (166)—(170) may be responsible for the enhanced dis-
proportionation of hydroxymethyl radicals which is observed when Cu?" is
present in methanol under irradiation [214].

No metallic copper is formed when R is a 8-hydroxyalkyl radical such as
CH,C(CH;),OH or CH,CH,OH [ 2131, and in the former case isobutene is a
product, shawing that reaction {(171) occurs

Cu® + CH,C(CH,),0H » CH,=C(CH,), + Cu?" + OH" (171)

This reaction also occurs when the radical reacts with Cr?* [49], Ni" [51] and
Cd” [215] or is reduced polarographically [216].

(iiti; Copper—oxygen systems

The chemistry of copper—oxygen systems is of considerable interest in
relation to the catalytic activity of copper in oxidation—reduction processes,
both chemical and biochemical. In recent years the investigation of the copper
enzyme bovine superoxide dismutase (see Sect. K(ii}} has prompted pulse
radiolysis studies of the reactions between copper ions and Oz, HO, and O,.
Rabani et al. [217] have shown that the catalytic effect of Cu?* in enhancing
the dismutation of O3 and HO, involves alternate reduction and oxidation in
reactions (172} and (173)

Cu?’ + O3 (or HO;) » Cu* + O, (+H") 172)

+ 2 HpO . - *
Cu'® + O; (or HO,;) —— Cu*' + H,0, + 2 0H" (+H") {(173)
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They obtained %+, = 8 * 10° and ~10® dm® mol * 57', and &,s; ~ 10'° and
>10° dm?® mol~! s~! for O3 and HO, respectively.

Rabani et al. [217] suggested that the complexes CuQ; and CuQ,H?" may
be intermediates in reaction (172}, depending on the pH, but that the life-
time of CuQj must be shorter than that of CuO,H?. Subsequently, Meisel et
al. [218] obtained evidence for equilibrium (174} followed by reaction {175}
in 0.1 moi dm~* HClO, solution.

Cu?* + HO, = CuO,H** (174)
CuO,H* ~ Cu’ + O, + H' (175)

They reported K;qs = (5.1 £ 1} - 107 dm?® mol™' and k45 = 80+ 557!, and
pointed out that CuQ,H*' might resemble complexes of Cu” with O, which
have been suggested as intermediates in the oxidation of Cu® by O,
[219—222].

In an investigation of the oxidation of {(Cu—volefin}" complexes by O; Bux-
ton et al. {209] found it necessary to invoke equilibrium {176}, (177} and
{174} to account for the observed kinetics, and they estimated K, - K 77 =
10° dm® mol~Z

Cu® + O, = CuO; (176)
CuQj; + H" = CuO,H* (177)

Although solutions of Cu* are sensitive to oXygen, the reaction of Cu” with
0, is apparently relatively slow since Rabani et al. [217] observed an absorb-
ing product of reaction {172} in the presence of O, which they attributed to
Cu'. It showed no decay in 400 us, which means that equilibrium {176} lies
well to the left, or that Cu” and CuQ; have similar spectra.

(iv) Cr'f

Hydroxyl radicals oxidise Cu?* to Cu!!! [5]. Some early pulse radiolysis
studies by Baxendale et al. [119] showed this species to have an absorption
spectrum with A, = 300 nm, the intensity of which increased with increas-
ing pH in the range 2—7. Subsequent studies [77,223,224] have confirmed
these observations, but indicate ¢he situation to be quite complex. Meyerstein
[223] reported that the intensity of the absorption of Cu!ll, and its decay are
dependent on both pH and [ Cu?’]. This behaviour was suggested to arise be-
cause of the Cu'™ acid—baz< equilibrium, and the reversibility of the OH +
Cu®* reaction. Evidence for the latter was also claimed from measurements
of the reaction of Cu'! with Br-, H,O,, CH;0H etc., in acidic solutions,
where it was found that the ratio of the rate constants was very similar to
those for the reactions with OH, but the absolute rate constants were about
a factor of 10 less.

Buxton and Sellers [224] investigated the Cu'™' + Br~ reaction in some de-
tail, and from the dependence of the pseudo-first order decay of Cu' on pH,
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[Br~] and [Cu?®*] found that the following mechanism agrees with the data
most closely

Cu™ + Br- = Cu''Br (178)
Cu™Br - Cu®* + Br (179)
Br + Br~ - Br; (180)

where reaction {179) is the rate determining step. Also the dependence of the
spectrum of Cul! on pH was found [77,224] to show two steps giving pK =
2.4 and >86, and all previous data {119,223] can be normalised within experi-
mental error to a titration curve drawn using these values regardless of the

[Cu?"] used. Conductivity measurements {224,225] indicate that approx-
imately 2 protons are formed in the reaction of OH with Cu?’ at pH ~ 5, so
that acid-base equilibria can be written

CuOH? = Cu(OH), + H* pK=24 {181)
Cu(OH); = Ci{OH), + H® pK=>6 (182)

Copper(ill) complexes with NH;, ethylenediamine, and various amino acids
have also been characterised by pulse radiolysis [226] (see also Sect. K(i)).

J. CADMIUM, COBALT, NiCKEL AND ZINC

The monovalent states Cd", Co®, Ni’ and Zn™ were among the first hyper-
reduced metal ions to be studied by radiation chemical methods in a series of
experiments by Baxendale and co-workers | 76,81,227]. Subsequent studies
by others have tended to follow the pattern of comparing the properties of
these monovalent metal ions, largely becausze thay all ahsorb strongly in the
near UV, which makes their reactions easy to follow by optical spectroscopy.

(i) Cd’*, Cc*, Ni* and Zn*

Formation. The monovalent ions (M") are readily formed by reaction (1),
ey, + M*T - M (1)

Rate constants are listed in Table 1. The radieal ion COj3 reduces Cd?**, Co**
and Ni?*, but not Zn?’, by reaction (183} [36,38],

CO; + M*" -+ M + CO, (183)

but only for Cd?" is the reaction fast enough {kg; ~ 10° dm” mol~" s7') {361}
to be measured by pulse radiolysis. Other reducing radicals such as the hydro-
gen atom and simple hydroxyalkyl radicals do not react with any of the di-
valent ions.

Reaction (1)} results in the formation of intensge optical absorption bands
in the near UV, as shown in Fig. 2, which have been assigned to the corre-
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Fig. 2. The spectra of M End of pulse spectra from the pulse radiolysis of deaerated 1072
or 107 mui dm™ M%* solutlons and corrected for absorption due to OH and Ha.0,.
Te— Cd """""" . Co's-----n , Ni*; . Zn'. (From ref, 36. Reproduced by per-
m:ssmn of the Chemical Society.)

sponding M* ions [36,76,81]. That the absorbing species carry unit positive
charge has been demonstrated by ionic strength effects [22,228] and conduec-
tivity measurements [225]. Flash photolysis experiments have demonstrated
[229] that the absorption bands are only partly due to a charge-transfer-to-
solvent process. The long wavelength edge is mainly due to other transitions.
This is particularly evident for Co" where the band at 370 nm {see Fig. 2) is
not due to CTTS [229].

Absorption bands similar to those in Fig. 2 have been observed in <y-irradi-
ated sulphuric acid glasses at 77 K and metaphosphate glasses at room tem-
perature, which contained M?' ions [110,230]. ESR studies of y-irradiated
glasses or single crystals containing M?* reveal a single line spectrum in many
cases [61,230,231], but for Cd?" doped glasses and crystals Cd” and Cd3" have
been identified [232—234] from the hyperfine interactions of the isotopes
lilCd a_nd 113Cd'

‘Reactivities. The redox potentials of the couples M?* /M’ have been estimated
[235] (see Table 13) and they indicate that Cd*, Co”, Ni’ and Zn’ should be
powerful reductants. In a systematic study of the reduction of inorganie
substrates by M, Meyerstein and Mulac [228] found that the order of reac-
tivity was generally Zn" = Cd" > Ni'. They correlated this order with the
electronic structure of M", pointing out that the extra electron is likely to be
located in an exposed s orbital in Zn" and Cd', whereas in Ni’ it may be ina
less accessible 3d orbital. Subsequently, it has been shown [22] that Co” has
the same reactivity as Zn" although its electronic structure is likely to be sim-
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TABLE 13
Estimated values of the reduction potentials of M2 /M couples
Redox couple —E? (V)
a b
cd’/ca?’ 1.9—2.5 1.8+ 0.4
Co /Co 3.1 —
Ni'/Ni?" 2.7 0.7 0.4
Zn'fZn? 2.5-3.2 2.0 0.4

2 Thermodynamic values [235]. P Calculated on the basis of the Marcus theory [4B].
€ Based on the Marcus theory [21

ilar to that of Ni*. The relative stability of the M" oxidation state probably
also influences its reactivity. That Zn" is generally more reactive than Cd" ac-
cords with the expected trend in stability of the +1 oxidation state of the
group IIB metals. Typical rate constants of M" with inorganic oxidants are
listed in Table 14.
In an attempt to clarify the mechanism of reduction by M', Meyerstein
and Mulac [236] measured the rates of reaction of Cd", Ni*, Zn" and e;; with

TABLE 14

Specific rates of reaction of Cd+, Co", Ni’ and Zn" with some inorganic oxidants

107% & (dm‘1’ mot ! s’l}

Oxidant
Co’ 2 Zn' b cdty Ni‘P
BrO3 4.8 21 0.125 <0.0084
103 4.3 3.6 2.3 0.22
NOj; - . 2.2 2.0 0.15
NOj3 1.8 2.1 0.35 <0.0014
S,0%" 2.8 1.32 242 0.1542
Cr03” — - gga —
Cr, 0% — 162 162 -
Cu?’ 0.41 0.25 0.12 <0.024
H,0, 1.6 1.8, 1.55, 0.043,
2.32 2.28 0.0322
0, 6.0 2.4 2.4, 1.4,
3.62 2,24
N, O 1.0 0.013, <0.002, <0.0063,
0.037 ¢ 0.00385 2 0.0091 =

2 From ref. 22, ionic strength = 0.019 mol dm~3. ® From ref. 228, ionic strength >=0.08

mol dm™3,
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a series of complexes Co!!'' (NH,}sX and Co'* {en),YZ, where X, Y and Z are
typically NH;, H,O, halides or pseudo-halides. For the Co™ (NH;);X com-
plexes the order of reactivity is Zn* > Cd* > Ni’ (see Table 15} as above, but
for the Co'™ (en), XY complexes the order is Cd* = Zn* > Ni*, suggesting
that the two series of complexes are reduced by different mechanisms. The
effect of changing X, Y and Z was quite small for Cd" and Zn", but much
larger for Ni*, and it was concluded [236] that Zn" is mainly an outer-sphere
reducing agent, Ni* is mainly inner-sphere, and Cd" reacts via both mecha-
nisms,

In a similar study of Ru{NH,), [48] the rates of reaction of M" were found
to be faster and more similar {see Table 15). Navon and Meyerstein [48] sug-
gested that the difference is due to the transferred electron entering a £;; or-
bital on Ru to form low spin Ru'!, whereas it enters an e, orbital on Co, which
involves a change from low spin Co'" to high spin Co!l. In addition, consider-
able reorganisation energy is involved because of the antibonding nature of
the ¢, orbitals.

On the assumption that the reactions of M" with Ru'™ are outer-sphere,
Navon and Meyerstein applied the Marcus theory [156,157] and estimated
the reduction potentials of the M*'/M' couples shown in Table 13. The values
are to be compared with those estimated from thermodynamic data [2350].
When the Marcus theory is applied to reaction {1}, the reduction potentials
obtained are quite different {see Table 13}, probably because the theory is
not applicablie in this case. For exampie, e;, may react by bridged transfer
or by tunnelling [9].

Baxendale et al. [201] measured the rate of reaction of M* with M?* in an
attempt to place the redox potentials of M?**/M' in order. They found that
Zn" reacted with Cd?’, Pb*" and Ni?*, Cd" reacted with Pb?", and that no mea-

111

TABLE 15
Specific rates of reaction of Cd+, Ni* and Zn' with some transition metal camplexes
Oxidant 107 A {dm®* mol ™ g7 )2
cd’ nNi' Zn'
Ru{NH)2" 2.2"b 0.40° 22b
Co(NH,)3" 0.17 <0.005 0.84
Co{NH;3}sH, 0" 0.62 <0.005 1.56
Co{NH;)sOH*" 0.9 0.013 1.1
Co{NH,)sC1%" 2.2 0.65 2.2
cis-Cof{en), NH,C1?* 1.75 0,47 1.47
cis-Cofen);Clg 2.3 0.59 1.91

2 From ref. 236. ® From ref, 48.
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surable reaction occurred in the case of Co” and Pb*. On this basis they con-
cluded that the reduction potentials of M?*/M* are in the order Zn?*/Zn" >
Cd?*/cd’ > Pb?*/Pb* and Zn?*/Zn* > Ni?*/Ni’. No reaction of Co" with these
M?* was observed [201]. Meyerstein and Mulac could not detect a reaction of
Zn* with Cd?" or Ni?' in their experiments [228].

Rao and Hayon [237] claimed that the efficiency with which free radicals
transfer an electron to acceptors is apparently related to the two electron
redox potentials of the acceptors. They postulate a kinetic potential, EY,
which is the redox potential of the acceptor for which 50% of the reaction
is electron transfer, the remainder being assumed to be addition of the radi-
cals to the acceptor. They have applied the same treatment to the reactions
of M" with electron acceptors [203] and, on this basis, the values of Ef’ ob-
tained are in the order Zn* ~ Co* ~ Cd* > Pb* > Ni'. However, there is no
reason why there should be any correlation between the rate of electron
transfer to an acceptor and the acceptor’s two-electron redox potential, and
this should be borne in mind when extrapolating the correlation to predict
the reactivities of M’ with other acceptors.

Although many of the reactions of M" with oxidants probably involve
simple electron transfer, in some instances other mechanisms operate. For
example, Buxton et al. [22,38] showed that the following reactions oceur

M + N,O -~ MO" + N, {184)
M + O, ~ MO; {185)
M + olefin - (M—olefin)" (186}

Reaction {184) is interesting since it involves O atom transfer and formation
of the +3 oxidation state of the metal. This reaction, therefore, provides a
way of obtaining this little known oxidation state of Cd, Ni and Zn in solu-
tion.

The properties of MO’ have not been studied in any detail. They all absorb
weakly in the UV and oxidise Br~and I~ but not CI~ [22]. Evidence from
kinetic studies [ 381 of a radiation induced chain reaction between M** (Cd,
Co, Ni}, N,O and HCO; indicates that NiQO" and Cd0Q" react with water to
form OH {reaction {187)), and the chain reaction mechanism is reaction
{184) fcllowed by

MO" + H,O ~ M*" + OH + OH~ (187)
OH + HCO; - CO; + H,0 (5)
CO; + M* - M' + CO, (183)
CO; + MO* ~ CO, + MO (188)

For Co reaction (187) does not occur. Instead, it appears from spectral
changes that CoO" is converted to more stable Cof! species {22,38], which
are undoubtedly hydrolysed and may be polynuclear.

Evidence for reaction (185} is based on (a) the difference between the ab-
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sorption spectra and decay kinetics of MO; and the alternative product G;
{reaction {189)), and (b} the ability of O3 to transfer an electron to benzo-
quinone [238].

M* + O, > M?* + O3 (189)

Ni is the only case where it is certain that reaction (189) does not occur {22,
238]; and it has been suggested [238] that NiQ; may be an inner-sphere com-
plex. If so, water exchange by Nij, must be faster than 3 - 10° s™' since NiO3
is formed in less than 2 us in oxygen saturated solution.

Investigation of the reaction of NiQj with tetranitromethane [238] re-
vealed (a) that NiQ3 protonates {(pK = 3.2 + 0.3), and {b) that the proton-
ated and unprotonated forms decompose unimolecularly to give HO, and Oz
respectively. The latter accords with the observation that the ultimate proc-
uct of reaction (185) is H,O, [22].

There is no evidence for the reverse of reaction {189) which occurs with
Cu?* (see Sect. I(ii}), which may be associated with the much slower water
exchange by NiZ; (k = 2.7 - 10%s7!) [239] compared to CuZ; (k=2 - 10°s77)
[239].

Reaction (186) is characterised by the formation of a long-lived {¢;; >>
10-%s5) absorbing product [22] which has been attributed toa 1 : 1 complex
between M* and the olefin (allyl alcohol). Thus M* shows an interesting sim-
ilarity to Cu! and Ag' which also form 1 : 1 complexes with olefins [207,240].

Reaction between M* and halogen substituted aliphatic acids has also been
observed [189], and is exemplified by reaction {190). It is thought to involve
halogen atom transfer to M" rather than dissociative electron transfer to the
acid [1891. In this respect M* resembles H rather than e;,. Co” and Zn" react
rapidly with CICH,COj3, whereas Cd* and Ni* do so slowly.

M* + BrCH,COj; - M?* + Br- + -CH,CO; (190)

Reactions of M* with free radicals. A number of studies have been made of
the reactions of M* with inorganic and organic free radicals, and of the reac-
tion of M* with itself. Such reactions occur when M’ is generated by radiol-
ysis of agueous solutions containing no oxidising solutes. Under these condi-
tions the major reactions of M* have been shown [ 36} to be reactions {191)
and (192), with the former being approximately diffusion controlled and the

M + OH -+ M?*" + OH~ {191}

M+ M* - M2* or M® + M?" {(192)

latter a good deal slower. When organic compounds (RH}, such as simple ali-
phatic alcohols and formate ion, are present to scavenge OH (reaction (193)},
the organic radical R in many cases reacts rapidly with M" and results

OH+ RH- R + H,0 {193)
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in precipitation of the metal [36,51,1151. In fact, the yield of precipitated
metal is generally only significant when R is present, suggesting that reaction
{194) may be much more efficient than (192)

M’ + R + M° + products (194)

For Ni* Kelm et al. {51] showed that reaction (194) proceeds via the for-
mation of organonickel compounds, NiR*, and they proposed that the re-
duction to Ni® occurs through reactions (195) and/or (196) (for example
when R is {CH;),COH)

(CH;),COH + NiC{CH3),OH" ~ H* + Ni® + (CH;),COH + (CH;),CO (195}
Ni* + NiC(CH,},0H" — Ni** + Ni® + {(CH,),COH (196)

They also found that NiR" reacts with H, O, and is slowly hydrolysed by
water. Rate constants for these reactions are given in Table 16. Both reac-
tions will occur more readily as the reducing power of R is increased, and the
yvields of Ni obtained [51] followed this trend.

In a similar study of Cd*, Kelm et al. [215] found no correlation between
the reducing power of R and the yield of Cd. In this case reaction {192} com-
petes strongly with (194) and Cd%’ is formed as a pracursor to Cd.

Reaction of Ni* and Cd" with the radical from tert-butanol results in oxida-
tion of M" and isobutene is formed,

M* + (CH,),C(CH,)OH - M*" + (CH,),C=CH, + OH" (197}
A similar reaction occurs with Cu’ {see Sect. I{ii)).
(ii}) Formation and reactivity of camplexes of M*

M’ complexes are readily produced by radiolytic reduction of the corre-

sponding M** compiex, but relatively few have been studied.
Meyerstein and Mulac [241] investigated Cd!! complexed with glycine,

TABLE 16

Rate constants for reactions of Ni' with R and of NiR' &

R R(Ni" + R) E{(NiR" + H,0,) R{NIiR" + H,0)
{dm3 mol™! s“l) {(dm> mol™ &7t} (s“)

-CH,OH 4.2-10° 7.3-19° 7

CH;CHOH 2.3 - 107 2.3-10° 5

{CH;),COH 1.4-10° 1.1-10° <1

CoH;0C;H, — 1.3-10° <1

(ofoy 6.6-10°% - <1

c-CsHy 2.8-10° <5 -10° 49

2 From ref. 51.
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ethylene diamine, EDTA and nitrilotriacetic acid (NTA). Each complex is
rapidly reduced by e, to produce species which all have similar absorption
spectra with A,,., at 320~330 nm. These are assigned [241} to Cd’ complexes,
but they are red shifted by about 25 nm from Ap,, for Cdg,, suggesting that
the long wavelength side of the Cd;, spectrum is not due to a CTTS transition
[229] as noted above in section (i}.

The Cd! complexes react rapidly with oxidants and the effects of ligands
are relatively small (see Table 17), which implies that the mechanism is gen-
erally the same. An exception is the reaction between Cd' and NOj which is
the most strongly affected by changing the ligand. It was suggested [241]
that when NOj; reacts with Cd;, it penetrates the inner co-ordination sphere
of the metal, whereas reaction with CA’'—EDTA proceeds via an outer-sphere
mechanism.

Of particular interest are cobalt complexes containing macrocyclic or tetra-
dentate ligands because they can serve as models for the reactions of vitamin
B12 in biochemical processes [242]. Co'! complexes containing macrocyclic
ligands such as the following are rapidly reduced by ez, (k ~ 5+ 10'° dm” mol™"

NN H N
C. X, 7
NH N AT
7l\xﬂ\
Meg[14 14,11-diene N4 Me,{1471,3,8,10-tetraene N,

s} to the corresponding Co! species [243]. The latter are powerful reducing
agents, transferring an electron rapidly to a variety of organic and inorganic
acceptors [243] (see Table 18). They also react rapidly with N;O and O, but

TABLE 17
Specific rates of reaction of some Cd! complexes with inorganic oxidants *
Matrix P pH ue 1078k -(Jﬁa mol~! 571

BrOj 103 NOj NOj
0.02 CdS0, 4.5 0.08 1.25 23 20 3.5
0.01 CdS04 11.4 0.64 1.28 25 11.2 4.5
0.2 enS0,
0.01 CdS0, 10.5 0.21 0.61 18 8.5 24
0.2 yglycine
0.01 CdSO, 10.7 0.1 0,10 6.1 0.42 0.45
0.02 NTA
0.01 CdSO4 11.3 0.16 0.089 2.7 0,032 0.166
0.02 EDTA

-3

8 From ref. 241. P Concentrations in mol dm™? . © lonic strength,
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TABLE 18
Rate constants for reaction of macrocyclic complexes of Co! with oxidants *
Oxidant k(dm> mol™! s~1)
Co'(4,11-diene Ng) Co'(1,3,B,10-
pH=9.2 tetraene N4}

pH =6.0
Organic ©
Menaquinone 4.6 -10% —
Indigosulphonate — 4.9 -10°
9,10-Anthraquinone-2,6-disulphonate — 3.8 10°
Ribofavin - 1.0 - 10°
9,10-Anthraquinone-2-sulphonate 3.4-10°? -
Flusrenone 4.3-10° -
3-Benzoylpyridine 4.6 - 10° -
Metal complexes €
Cr(bpy}3” 1.2-10° 1.6 - 10%
Co(bpy)} 1.2-10° 8.5 - 107
Fe(bpy)3” 2.3 - 107 —
Ru(NH)3 4.0 - 10% -
Ru(NH;);NO** 3.9-107 —
Co{en)3” 7.9+ 10° -
Co({NH,)2' 7.5+ 10° —
[Co(4,1]1-diene Na)(OH), 1 4.0-10% —-
[Co{1,3,8,10-tetraene N, OH), T 6.7 - 10° -
Others
Qs 1.7-10° 1.1 - 10°
N,O 3.9-107 -
CH;l 4.7 - 10° <10%

* From ref. 243. ® Tonic strength = 0.004 mol dm™>. © lonic strength = 0.016—0.028 and
0.002 mo! dm™? for diene and tetraene compounds respectively.

the spectra of the original Co!! species are not regenerated [243], which sug-
gests that reactions corresponding to (184) and (185} occur.

Pratt and co-workers [ 244] showed that a number of relatively stable Co'
complexes and vitamin B12s react rapidly with N,O with the overall stoichi-
ometry of reactions (198) and (199). This provides another indication of the
occurrence of reaction {184) for Co* complexes.

Co' + N,O » Co’™M + N, (198)
Co' + Co! - 2 Col! (199)
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Reduction of Ni{CN)2~ to Ni,{CN){~ by CO; has been studied [47] and the
observations are consistert with the following mechanism

COj; + Ni(CN)3~ - Ni(CN)3~ + CO, (200)
Ni{CN)2- + Ni(CN}2- + CN-~ (201)
2 Ni(CN)3- - Ni,(CN)E- (202)

Reaction (200) {ks00 = 1.2 - 10° dm?® mol~' s7!) is very much faster than the
corresponding reaction of Ni?** for which 10? < k/dm?® mol~! s~! < 10% has
been estimated [36], and probably reflects the greater ease with which CO;3
can approach the metal centre in the square planar Ni{CN)3~. The intermedi-
ate Ni{CN)3~ absorbs with A, at 360 nm and €, = 4.8 * 10° dm> mot~!
em™! [47): kaor = 8.1 -10%s P and 2 kyp, = 1.5 - 102 dm? mol~! s,

Hydrogen atoms also reduce Ni{CN)3~ rapidly with k;0; = 1.7 - 10!° dm?
mol~! s~ [47]. As with CO3, this is in marked contrast to the unreactivity of
H towards Ni?",

H+ Ni(CN)2- - H Ni(CN)Z- {203)

(iii) Formation of Ni''! complexes

There is no evidence for the oxidation of Ni** by OH [36], but reaction
does occur with Ni*! complexes although only a few have been investigated
(see Sect. K(i}). Reaction of OH with Ni{CN);™ produces an absorbing species
with A., at 250 and 270 nm having €250 = 9.5 + 10% and €520 = 1.25 - 10°
mol dm~2 em~! {47]. The reaction is written as {204) and k04 = 9.1 - 10% dm?

mol~! s-t,

OH + Ni{CN};~ - Ni{CN); + OH~ {204)

Oxidation of Ni'' complexed with NI5;, ethylene diamine and glycine has
also been studied [245,246]. NH, was the oxidant for the NH; complex and
OH was the oxidant of the othkers. In all cases the oxidation products have
similar spectra with A .« ~ 295 nm and €4, ~ 1300 dm® mol~! em~?, and
on this basis are attributed to Ni*!! complexes [245,246]. They decay by a
second-order process which is pH dependent.

K. METAL COMPLEXES
(i) Coordinated free radicals and intramolecular electron transfer reactions

Electron transfer reactions invelving metal complexes may involve direct
reduction of the metal centre, or electron attachment to a ligand followed by
a slower, intramolecular electron transfer to the metal. Reactions of the latter
type have been postulated in a number of conventional kinetic studies [247],
particularly where one of the ligands contains a system of conjugated double
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bonds. Where the reactant is a radiolytically generated radical such as e;q or
OH, coordinated free radicals are produced. A number of these have been

characterised by pulse radiolysis.

Reactions of e;, and other reducing species. Co(bipy)3’ is a low spin complex
which on reaction with the hydrated electron yields as the final product high
spin (t3ze;) Co(bipy)i’. An absorbing intermediate has been detected in this
system, whose identity has been the subject of some difference of opinion.
Waltz and Pearson [14] detected a weak absorber at A > 400 nm, which reacted
with such additives as O,, Na,50,, Mg50,, BaCl, and the original complex,
Cofbipy)3” itself. Since these additives are known guenchers of excited states,
it was concluded [14] that the transient absorption was due to low spin {3,
€y} Co(bipy)3’. Baxendale and Fiti [16} reinvestigated this work, and, with
the exception of the reaction of the intermediate with Na,50,, MgS0, and
BaCl, where only a siight salt effect was detected, were able to duplicate all
of Walitz and Pearson’s results, including seeing absorption ai A > 400 nm and
reactivity with Co(bipy)3’ for which &z = 8 - 10® dm” mol~? s~! was measured.
Similar results were found with Ru(bipy)}’ and Cr(terpy)3* [16]. They sug-
gested [16], however, that the results were consistent with the intermediates
being radical anions coorclinated to the metal produced by electron attach-
ment to one of the ligands, No explanation was given for the reaction of the
intermediate with the starting material, but it was coneluded that formation
of the stable products (Co'’ etc.) did not occur by simple internal electron
transfer from ligand to metal.

Hoffmen and Simic [17] also investigated this problem using Co{bipy)3*
and Cr{bipy)3’. With the Co'" complex they detected an intermediate with
an intense absorption {Agax = 300 nm, €, = 4.2 - 10° dm?® mol~! em™?) fol-
lowing reduction by e;,, CO; and (CH,;),CHOH. The intermediate decayed
by first order kinetics which were independent of pH (0.5—10.5) and the
concentration of the parent complex (18 - 10°° mol dm ™"} and showed no
reactivity with 1,4-benzoquinone. Very similar results were found with Cr-
(bipy)}3”. This behaviour is to be compared with that of the radical formed
by electron attachment to the free bipyridyl ligand which absorbs with A,
365 MM, Epmex = 3.0+ 109°dm? mol~! cm~! at pH 9.5 (unprotonated form),
reacts rapidly with 1,4-benzoquinone, and decays by pH dependent second
order kinetics [17]). It was concluded [17] from these observations that the
300 nm absorption was completely unrelated to that detected by the earlier
workers. The 300 nm absorption was attributed to the reduction of the com-
plex by addition of an electron to a ligand orbital which, although similar to
that formed by reduction of the free ligand (e.g. intense UV absorption), is
perturbed by interaction with the metal centre causing a blue-shift in the spec-
trum and !ack of reactivity with the quinone. The slow first order process
was assigned to intramolecular electron transfer to the metal centre, whilst
the earlier results of Waltz and Pearson [14], and Baxendale and Fiti [ 16]
were thought {17} to be due to species formed m the reaction of e, with
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impurities or the reaction of H atoms with tiie complexes.

The reaction of CO3 or (CH;),COH with p-nitrobenzoatopentaammineco-
balt({I1I) provides a more direct demonstration of electron attachment to the
ligand [248]. Pulse radiolysis of aqueous solutions of this complex containing
formate ion or isopropanol yields a transient absorbing at A, = 330 nm,
€max = 2.1 * 10°dm® mol~! cm™~' [248). Irradiation of the Iree p-nitrobenzo-
ate ligand produces an almost identical absorption, and in this species the
electron is predominantly associated with the nitro group. It is reasonable,
therefore, to suppose that in the intermediate produced by electron reduction
of the Co'!! complex the electron is also associated with the nitro group (re-
action {205)). This intermediate decays by a first-order reaction, due to intra-
molecular electron transfer reaction (206}, giving ultimately Co*” with G =
6.3 * 0.3 in solutions containing formate ion [248].

s {205}
CO; + (NHylCoTOOCCEHMND, ~— {NH3}5ComOOC—©—N\
o
[al)
{NH;JSCOMODC@—N/ - e (NM15CaT OOCCH N,
No- (206)

A similar set of results has been obtained with the ortho- and meta-nitrobenzo-
ate Co'!! [249].

In very acidic solutions, where the radical anions are protonated (the acid
dissociation constants of the radicals formed from the free ligands have val-
ues in the range 2-—4 [250]), the decay is different from that in near neutral
solutions. The meta- and pera-nitro derivatives both decay by second-order
processes [249], presumably involving electron transfer to give equimolecular
amounts of the nitro and (after water elimination)nitroso benzoate com-
plexes. The ortho-nitro substituted derivative, however, undergoes intramoiec-
ular electron transfer as in neutral solutions [ 249], the differences probably
arising through steric effects.

When reduction is effected by e;, rather than CO; or (CH, },COH some-
what different behaviour results. With p-nitrobenzoate only some 70% of 7,4
react with the ligand (reaction {207b)), the other 30% reducing the cobalt
centre directly (reaction (2072})). This has been confirmed hoth by optical
{251 ] and conductivity [252] measurements.

Co(NH,);0,CCH,NO, (207a)
e;q + COHI( NH3)503006H4N03
Cot¥{NH1)s0O,CCH:NO; {207b)

No such coordinated radical intermediate has been detected following elec-
tron reduction of benzoatopentaamminecobalt{Ill}. If electron attack at the
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benzoate ligand does occur, this implies a very rapid (k > 107 5~} intramolec-
ular electron transfer to the cobalt. This, it is suggested [248], is because the
electron enters a w orbital conjugated throughout the ligand, such that over-
lap with the metal orbitals at the carboxylate group provides a facile path for
the electron transfer.

An attempt has been made to assuss the significance of the carboxylate
group in these reactions by studying the kinetics of electron transfer from the
p-nitrobenzoate radical anion to a series of pentaamminecobalt(1IT) complexes,
[{NH;);CoL*]1[253]. By considering the reaction to occur in two steps,
reactions (208) and (209), involving the formation of an outer sphere com-
plex, Cohen and Meyerstein [2£3] concluded that the intermeolecular electron
transfer rate (reaction (209}) for tha ligands studied was similar to that for
the intramolecular reaction {(206). Indeed for L = NH;, C;H;CO7 and p-NO,-
CH4COJ k.ye was greater than k.qe, and it was suggested that this was due to
the poor “electron permeability™ of the carboxylate group [253].

Co™(NH;);L + “Q,CCH,NO; = [Co'™(NH,);L - “O,CC*H,NC7} (208)
[ColY(NH,)sL - “0,CC,H,;NO;} -+ Co?* + 5 NH, + L. + p-NO,C,H,CO; (209)

The reaction of the hydrated electron with the nitroprusside ion produces
an intermediate which has acid—base properties and absorbs with A, = 425
nm [19]. Originally this was thought to be associated with some Fe'! species,
but as noted in Sect. A(iii) Hart and Anbar [7] attributed it to a long-lived
excited state. It seems likely, particularly in view of the foregoing, that some
of the electrons reduce the NO ligand rather than the metal centre, and that
subsequently there is an intramolecular electron transfer. An intermediate in
which the unpaired electron resides in a #¥ orhital on the NO ligand has been
detected in y-irradiated solid sodium nitroprusside [254,255]. The one elec-
tron reduction of the Ru{(NH,);NO?" complex, on the other hand, produces
an intermediate (A,a, = 280 and 360 nm} which does not exhibit acid—base
properlies [2561. There does seem to be some unpaired electron density as-
sociated with the NO ligand, however, since the reduced form of the complex
reacts with the ¢-butanol radical (& = 3.7 - 10° dm® mol~!s7?) {257]. The
product is a stable ruthenium(II) alkylnitroso complex, [ Ru(NH;)}sN{O)}CH,-
C{CH,),OH}" {257].

Degradation of one of the ligands occurs in the reaction of e;, with bis-
{glycinato)copper{Il} [258]. The mechanism of the reaction is unknown, and
its elucidation must await pulse radiolysis studies, but on the basis of the
yields of products {258] formed the stoichiometry of the reaction is

ez, + Cu!(NH,CH,CO;); + H,O » Cu'{(NH;(NH,CH,CO;3) + CH,CO; + OH-
(210)

Deamination also occurs in the reaction of e;, with the free ligand {258}
However, neither free ethylene diamine nor its Cu'! compiex show any deam-
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ination on reaction with ez, [259]. Rate constants for some intramolecular
electron transfer reactions are shown in Table 19.

Reactions of OH and H. Coordinated free radicals may also be produced by
hydroxyi radicals and hydrogen atoms. A typical example, and one of the
first of this type of species to be described, is the intermediate produced by
OH addition to the aromatic ring of benzoatopentaamminecobalt(Iil) [260,
261]. This has been found to absorb with A, = 340 nm, €, = 3700 dm?
mol~* ¢m™*, which is similar, but not identical, to the OH adduct of the ben-
zoate ion [260,261]. The intermediate decayed by second-order kinetics, and
it was suggested that thz intramolecular electron transfer reaction did not
occur under the conditions employed. In support of this view, it was found
that at high dose rates only small amounts of Co?' were formed as the stable
product (probably arising from a small fraction of the hydrated electrons
scaverniged by the complex}, together with some other material absorbing at
ca. 290 nm {261]. Under low dose rate conditions however, G(Co*") = 1.6
was determined in N, saturated solutions, suggesting that intramolecular
electron transfer may occur under favourable circumstances. Very similar re-

TABLE 19

Rate constants for intramolecular electron transfer reactions

Intermediate R ohs z"h Ref.
CoM{bipy ), bipy ) T 3.5 ) . 17
Crll{ bipy bat brpy ) a.5 17

{NHlsCoT ooc@uo; 2.6-10° 248
(NH, 3 Colll ooc@ 150 245

NO;
{NHysCo™ ooc—@ 4.0-10° 249
TOuN
tNH3)sCo T 0oC 9.5+ 10 249
HO,N
OH
{NH35Co T ni@/ 6.0 o7
O+
(NH315COE OOC—@ <102 261

H

tNHy 5 CoT OOC—@ <10% 261
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sults were obtained with the hydrogen atorn adduct. The intramolecular elac-
tron transfer reaction has been observed in the species formed by OH addition
to pyridine pentaamminecobalt(IIf}, and is slow {see Table 19} [27].

Ligands having abstractable hydrogens rnay also react with the hydroxyl
radical etc. to give coordinated radicals. No such species have been character-
ised by pulse radiolysis, but their formaticn can be inferred from the yields
of the products formed after steady state radiolysis. The y- or X-irradiation
of the EDTA complexes of Co''! [262, Cu' [263] and Fe'" [264] gives the
G{—complex) values shown in Table 20. These can be equated with the pri-
mary yields shown, * and clearly indicate that OH attack brings about reduc-
tion. Hydrogen abstraction (reaction (211)) followed by intramolecular elec-
tron transfer {reaction (212)) is the most obvious path by which this can oc-
cur. Another possibility, which seems unlikely for EDTA complexes, but
may be important for more labile complexes, is that the radical ligand be-
comes detached from the metal {reaction (213}), and reduces another metal
complex (reaction {214)). In aerated solutions reaction {(212) is probably
prevented by oxygen addition to give a peroxy radical (reaction {215)).

[MRCH,R']"* + OH -+ [MRCHR'I"* + H,0O (211)
[MRCHR']"" - [MRCR'J""—* + H" (212)
[MRCHR']*" -~ M"" + RCHR’ (213)
[MRCH,R']"* + RCHR' » [MRCH,R']*"~!" + RCR' + H" (214)
[MRCHR']™ + O; - [MRCHO,R'T"* (215)

The intramolecular electron transfer apparently does not oceur with Ni'l.
EDTA, since in deaerated soluticns of this complex G(—complex)is only ; Gay
(see Table 20). Bhattacharyya and Kundu [265] interpreted this as being due
to reaction (211) followed by the disproportionation reaction (216}. A mech-
anism not considered consists of reactions (211) and (212) (or production of
a Ni! complex by electron reduction) followed by the repair reaction (217).
The reaction of the Ni* aquo ion with radicals is well established [51] (see
Sect., J(ii)).

fMRCHR'})"* + [MRCHR']"”” -~ {MRCH,R'}** + [MRCR']*" (216)
[MRCHR']™* + [MRCH,R' 1"~ % 2[MRCH,R'1"* (217)
The reaction of OH with NillEDTA has also been studied pulse radiolyti-

cally by Lati and Meyerstein [267], and they have found evidence for the

formation of a relatively long-lived Ni'lEDTA complex as the product {267,
268]. They suggest that OH does not react with the ligand, but oxidises the

* The average energy of the X-rays in Bhattacharyya and Kundu's experiments was 27 KeV
[2683—266 ] The primary yields under these conditions are approximately given by

3.8 H,O—W 2.0 ez + 2.00 H+ 0.6 H + 0.9 H,0, + 0.6 H, + 2.0 H”
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metal centre directly to the trivalent state. The rate constant for the reaction
of OH with the hexaquo Ni' ion is <5 + 10° dm? mol~! st [36]. It is perhaps
noteworthy that all Lati and Meyerstein’s [267,268] experiments were cax-
ried out in N, O saturated solutions, and it seems possible that the pathway
for Ni'" production involves a Nil species, formed sither by reactions (211}
and (212) or by electron reduction of the Ni!! complex, and which is oxidised
in a two electron process by N;O (218). Further experiments are required to
distinguich between these suggested pathways.

Ni'L + N,O 225 NilllL + N, + H,0 (218)

The reaction of OH with the ethylene diamine complexes of Cu'!, Ni'!, Pb!
and Pt! brings about deamination of the ligands [259]. It seems that the met-
al ions have little or no influence on the reaction since the free ligand is also
deaminated following OH attack {259], and it is possible that the radical lig-
and dissociates from the complex before rearranging.

Coordinated radicals have also been detected following flash photolysis of
trisoxalato cobalt{III) [269].

(ii}) Metallo-proteins and reilated compounds

A humber of studies have been made of the radiation chemistry of some
metal containring compounds of biological importance. The mode of interac-
tion of the primary radiolytic species with these compounds has many feature:
in common with the simpler complexes described in the previous section,
such as electron or radical attack a¢ the ligand, followed by an intramolecular
electron transfer to the metal centre. However the situation is more complex,
in part because of the multiplicity of sites at which the radicals can attack,
and also because these reactions may bring about conformational changes. In
this section we describe briefly some of the more important observations.

Cu: superoxide dismutase and related systerms. The Cu* aquo ion, copper(II)
complexes with ligands such as formate, ammonia and amino acids, and the
copper containing enzyme superoxide dismutase all catalyse the dismutation
of O3, as has been demonstrated by pulse radiolysis [217,270—272]. The rates
of reaction of O3 with Cu' species are summarised in Table 21. For the sim-
ple complexes increasing the number of ligands produces a progressive * de-
crease in rate constant, whilst for the amino acid complexes the rate constants
for reaction with O3 are 2—3 orders of magnitude below those of the aquo ion
The reaction of O; with bovine superoxide dismutase has been studied in
detail by Klug-Roth et al. {273] and by Fielden et al. [274]. The enzyme
contains two atoms each of copper and zinc, and the former are involved in

* The apparent ancmalies ohserved when formate is the ligand disappear after correetion
of the rate constants to zero ionic strength.
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TABLE 21
Rate constants for the reaction of O; with copper complexes and enzymes
Cu species 3 k(dm® mal~' s )P Conditions Ref.
ou2” g8 -109 pH —6 217
Ccu®* 1.9-10° I=2moldm™? 271
cu?’ 2.7-10° pH 7.8 270
Cu?’ (+ HOy) 1 -108 pH ~2 217
Cu(HCO,)" 1.7 - 10° [=2moldm™3 271
Cu(HCO;); 3.0-10° I=2moldm™ > 271
Cu(HCO;)3 £.0-10% I=2moldm™3 271
Cu{HCO,)2" 4.0- 108 i+ 2 mol dm™3 271
Cu(NH3»*' 2.2 1p° pH7.0-8.5 271
Cu{NH,)3" 2.2-10° pH 7.0—8.5 271
Cu{NH3)3" 1.0- 107 pH 7.0—8.5 271
Cu{NH3)2’ ca. 2-10°% pH 7.0—8.5 271
CuEDTA?" no reaction detected
Cull{glycine}, 2.1-10° pH17.9 271
Cull{glycyl glycine), 2.0- 107 pH 6.7 271
Cul'{glycylhistidine), 2.9-10®% pH 7.8 270
Cull(glycyl histylleueine), 2.1-10% pH 7.8 270
Cul{lysine), 5.6 - 10° pH 7.8 270
Culf(hydroxy proline}, 1.0 - 10° pH 8.1 271
Cull(proline), 5 -10° pH 1.5 C2m
Erythrocuprein 1.3-10° pH 7.8 270
Hemocyanine <10 pH 8.0 2371
Plastocyanine <108 pH 8.0 271
Superoxide dismutase 2.3- 197 pH 4.8—9.5 272
Bovine superoxide dismutase 1.2-10° in the presence 274

of9.1-1078

mol dm ™ of

catalase

2.4-10° pH 9.0—8.5 274

2 Reaction with O3 unless otherwise stated. P 7= 23 + 2°C in all cases.

the functioning of the enzyme. In its native form the enzyme contains two
Cu?* ions which can both be reduced to Cu’ by H,0, [275].
The mechanism by which the enzyme functions involves altemate reduc-
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tion and oxidation of copper in reactions (219} and (220)

ECu* +0;+ E{u" +0, (219)
E—Cu* + 05 255 B—Cu? + H,0, (220)

The rates of these processes ave the same (2 = 2.4 - 10° dm® mol~! s~! [274])
as is the catalytic efficiency of the native and fully reduced forms of the en-
zyme [274]. Klug-Roth et al. [273] reported the fully reduced form to be
less active than the native enzyme, but it is likely that the reduced form was
partially inactivitted under their experimental conditions [2741].

Although the two Cu®’ ions in native superoxide dismutase are indistin-
guishable, ESR and pulse radiolysis studies reveal that only one copper is in-
volved in the catalytic action. This is true both for the native enzyme (2 Cu*")
and for the fully reduced enzyme {2 Cu'). Fielden et al. [274] proposed that
reduction of one Cu?®" or oxidation of one Cu* renders the second copper ion
transiently unreactive towards O7. The mechanism of this inactivation is un-
known, but Fielden et al. [ 274] favour conformational changes. These would
have to be different for the native and fully reduced enzymes and very rapid
[274] (2 > 10%s™t).

It is noteworthy that catalysis of the dismutation of Os by {ree Cu?’ [247]
is a factor of four faster than by superoxide dismutase. This is a unique situa-
tion in which a simpie chemical model of the enzymic reaction is more effi-
cient than the enzymic reaction itself. On the other hand, Cu?* complexes
such as those listed in Table 21 are much less efficient catalysts [271]. This
may be connected with changes in the redox potential of the Cu'', and the
possibility that, in some cases, catalytic action involves reactions (221} and
{222) cannot yet be ruled out [271].

05 + Cu'! 224 1,0, + Cul" (221)
O; + Cu = O, + Cul! (222)

Although these reactions are written as simple electron transfer processes,
formation of copper—oxygen intermediates cannot be excluded {see Sect.
I(idy).

The radiation induced inactivation of superoxide dismutase has also been
studied [276]. With Br; radicals the effect is negligible at pH 7, but increases
sharply above pH 10. This is thought {276] to be because at the lower pH’s
the copper protects essential histidine residues from damaging reactions with
Brz, and hence that strong copper—histidine interactions are necessary for
enzymatic activity.

Cu—hemocyanine. The radiation-induced inactivation of hemocyanine has
been studied by Schubert and Ke [277}. They found that the inactivation in
neutral deoxygenated solutions which is brought about by the oxidation of
the Cu! centre to Cu', can be reversed by irradiating in the presence of an OH
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scavenger such as formate, again in deoxygenated solutions. The regenerated
metallo—enzyme appeared to be identical with the starting matenal. These
observations are interesting in that they imply a high degree of specificity in
the attack of OH, e;, and CO; on the protein.

Both hemocyanine and plastocyanine show no catalysis of O3 dismutation
in pulse radiolysis experiments [271], indicating that %.,s and #3215 <10° dm?
mol~!s~!,

Fe—cytochrome c¢. A number of studies have been made of the radiation
chemistry of ferricytochrome ¢ {Fe'E). Early y-radiolysis studies showed
that reduction occurs to give a species identical with the enzymatically re-
duced compound [278]. Some variation in the yield of the ferrocytochrome
¢ {Fel'E} formed is evident [ 279—281], but yields as high as ca. 6.0 have
been reported in deaerated solutions buffered to pH 7 containing OH scav-
engers such as formate, ethanol etc. [280,281]. In the absence of an OH scav-
enger a value of G(Fe''E) = 5.2 (pH = 6.5) has been reported {281], sug-
gesting reduction not only by e;, and H, but also following OH attack. Re-
duction also occurs in aerated solutions, but here OH damage is fixed by O,,
preventing electron transfer to the Felll centre.

Pulse radiolysis experiments show that quite complex changes occur fol-
lowing the reaction of ferricytochrome ¢ with radiolytic transients. Unfortu-
nately the agreement between the various studies is poor. Land and Swallow
[282,283] reported the formation of a transient Fe''E species, following re-
duction of ferricytochrome c at alkaline pH’s by e;, or CO;3, which decays
with £;;, ~ 0.1 s at pH = 9.2. Further optical changes over a period of minutes
were also evident before the full spectrum of ferrocytochrome ¢ was obtained.
At pH 6.84 reaction with e;, was found to occur at practically the same rate
as the formation of ferrocytochrome ¢, no intermediate being detected [282].
The reaction of hydroxyl radicals with ferricytochrome ¢ gave a complex
series of changes involving a fast initial reaction with ¢,,; ~ 3 us, followed by
slower reactions following no simple kinetic order, but independent of en-
zyme concentration [282].

Pecht and Faraggi [284] also detected an intermediate following reduction
by e;, which was converted by a first order process to the ferro form with &
= 8.5s"! at pH 6.7. A smaller reduction yield in alkaline than in neutral solu-
tions was found, and this was thought to be associated witlt some pH linked
conformational equilibrium of ferricytcochrome ¢. Both Land and Swallow
[282,283] and Pecht and Farapggi [ 284] attribute the slow reactions observed
following electron reduction to conformational changes, the intermediate
representing an Fe'! ion in the conformational environment of Felll,

Lichtin et al. [ 286] also observed a first order reaction (£ = 1.2 - 10°s~! at
pH 6.8) under similar conditions. They also detected a further, slower first
order process with k = 1.3 - 10257%, but found no evidence of the much slow-
er process {k = 8.5 s7') reported by Pecht and Faraggi {2841, Lichtin et al.
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[286] attributed both the processes which they observed to conformational
relaxation of ferrocytochrome c. A recent study by Witting et al. [285] of

the reduction by €,q at pH ~ 7 has found evidence for a much shorter lived
intermediate. The results can be interpreted according to the following scheme

e;q + Fe'"E -+ FeE- £=45-10'°dm® mol~'s? (223)
Fe''E- =+ (Fe"'E) k=5D-10%s"" (224)
(Fe'EY - Fel'lE  k=1.3-10°s"! (225)

where reaction (224) represents an intramolecular electron transfer to the Fe
centre following attack by e;, at some remote site (223), and (225) represents
a conformational change.

The reduction of ferricytochrome ¢ by malate and other organic radicals,
and by hydrogen atoms has bheen reported by Shafferman and Stein [287].
The former proup all react at less than the diffusion controlled rate (ca. 10®
dm? mol~' 57!}, and with ~100% efficiency. Hydrogen atoms on the other
hand were found to react more rapidly, but with 50% efficiency and with
only 15% of tbhe reaction yielding ferrocytochrome ¢ rapidly. The differences
were suggested to be due to attack by malate elc. at some specific point on
the enzyme surface, whilst H atoms reacted by H atom abstraction giving
radicais only some of which were able to transfer an electron intramolecularly
to the Felll centre.

Further experiments are required to characterise these reactions more fully,
and to resolve the apparent conflicts hetween the results of the various
workers.

Fe—haemoglobin and related compounds. Both haemoglobin and oxyhaemo-
globin are oxidised when their aquecus solutions are rradiated, whilst met-
haemoglobin is reduced [ 288,289]. A pulse radiolysis study of the reduction
of the latter by e;, has been made {290]. The initial reaction is very rapid
(k=5.8-10'"°dm?® mol~!s™! at pH 7.83), and remains unchanged when the
B{93)SH groups are blocked with iodoacetamide. It is foHowed by two con-
secutive first order reactions which are independent of enzyme concentra-
tion. The more rapid reaction occurs with ¢y, = 15 * 2 us, and disappears
upon addition of inositol hexaphosphate, The latter is known [291,292] to
praomote a change of the quatemary structure of methaemoglobin with H,O
as a ligand to the deoxy structure, and this is, therefore, taken to be the mech-
anism of the reaction. The slower process shows a sigmoidal dependence on
pH with pX ~ 8, and is thought to be du# to the release of heme bound water
{low pH) or of OH" (high pH) [290]. Metmyoglobin is also reduced by the
hydrated electron, but here only the slower pH dependent reaction is ob-
served.

Co. Blackbum et al. [293—295] made some studies on the radiation chem-
istry of the cobalt containing vitamin B12 system. Reduction of the Co' and
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Co'! forms of the vitamin occurs readily on reaction with ez, but less readily
or not at all with reducing radicals such as COj;. The reactions which have
been characterised can be summarised as follows

Collt Coll Co!
B12 + Cag

eyt CO7 5
B19a + e B12r S R19s
{CH3)2COH

coenzyme B12 e,

Not all the products specified are formed in 100% yield [294—296]. The
actual percentages are given in Table 22. Presumably this behaviour arises be-
cause the enzymes are attacked at many sites; some, such as the corrin ring
or the benzimidazole moiety, giving rise to radicals which rapidly transfer an
electron to the cobalt centre, whilst others such as amide functional groups
act as electron “sinks’’. No intermediates have been detected in these reac-
tions, and the reduced cobalt product forms at very nearly the same rate as
the starting material is consumed. The intramoleciilar electron transfer reac-
tions mus¢ therefore be very rapid. Also, since vitamins B12 {cyanocobalamin),
B12a (aquo- and hydroxocobalamin} and co-enzyme B12 are all reduced to
the same compound, vitamin Bl12r, some rapid rearrangement reactions must

TABLE 22

Percentage vields of products in the reactions of some radiolytic transients with vitamin
B12 and related compounds

Reaction % conversion Ref.

to product
shown
eiq+ B12— Bigr 67 294
CO; + B12 — Bi2r ~Q 2 294
OH+ B12 -~ Bl12r 0 294
€3q + B12a — Bi2r 65 pHG.1 296
CO; + Bi2a — B12r {66 pH 9.2 294
95 pH 6.0
€2q + coenzyme B12 — Bl2r 80 295
CO3z/(CH;3),COH + coenzyme B12 -+ B12 <152 295
CO; + B19%: — Bl1% ~100 294
{CH1),COH + B12r - B12a ~100°% 294
CH,;CHO + B12r -+ B12a ~100% 294

& Reaction is slow if it occurs at all. B In acidic solutions.
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accur. These invoive the detachment of a cyanide ligand bound directly teo
the Co ion in the case of vitamin B12, and the loss of an adenosine moiety
from coenzyme B12, . i

The reactions of (CH,),COH, CH,CHO etc. with vitamin B12r are of inter-
est because they result in oxidation of the Co®® centre [294]. In alkaline media
the radicals add to the metal giving a species which can formally be described
as a Co'"-—carbanion complex (reaction (226)). At acidic pH’s the stable prod-
uct of the reaction is vitamin B12a [294]. It seems probable that this forms
via hydrolysis of the Co'™ E.R~ (227).

R + CoE - Col“E.R" (226)
Co™ME.R™ + H,0 - Co'ME.OH™ + RH (227}

Hydroxy! radicals react rapidiy with these vitamins to give uncharacterised
transient and permanent products {293—295]. The reactions do not result in
reduction of the cobalt centre | 293--295].

Mn. Pulse radiolysis has been employed to measure the rate of dismutation of
Q; catalysed by Escherichia coli manganese superoxide dismutase [297]. The
decay of the O3, formed by the radiolytic reduction of O,, was found to de-
pend on the ratio of the initial [ O3] and [enzyme]. With [Oz]o < 0.1 [enzyme},
a first order decay with &, = #[enzyme], was found, & having a value of (1.6

+ 0.15)-10° dm?® mol~? 571, When [0, }; = 15{enzyme], the decay consisted

of two consecutive first order reactions. The results were found to be consistent
with either of the following mechanisms (E = anzyme).

Mechanism A Mechanism B Rate constant
{dm?® mol~! s~}
-+
E+OQ;—> E- +0, E+0; 4 E +H,0, 1.8 - 10°
E- + 03 25 E + H,0, E '+ 05~ E+0, 1.6 - 10°
E-+0;>E*+0Q, E+0;+E +Q, ~2 107
E + 07 255 B- + H,0, E-+ 03 2% B+ H,O, ~1 -107

The enzyme (E} is thought to contain manganese in valency state three, and
so the intermediate forms may involve Mn!, Mn" or Mn!V,

Zn. The reduction of the zinc hematophorphyrin complex has been studied
{298] by pulse radiolysis, three intermediates being detected. The starting
material (ZnP) is reduced by the {CH;),CO" radical (2 = 1.0 - 10° dm? mol-?
s 1), to give an intermediate, which has an absorption spectrum with at least
fhree maxima in the visible region, thought to be the reduced form of the
compiex, ZnP~, or its protonated equivalent, ZnPH. This decays by a second
order process {2 2 = 2.1 - 10% dm?® mol~! s7'), which may be a disproportiona-
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tion or dimerisation, and is followed by two further first order processes

(t);» = 40 ms and =5 s} (298] before formation of the stable products. In view
of these subsequent reactions, the process obeying second-order kinetics is
thought to be a dimerisation {if it were a disproportionation the conversion
of the intermediates formed to the stable products would involve either loss
or gain of proions, processes likely to be rapid) to give (ZnPH),. This is pre-
sumed to rearrange to give a dihydroporphyrin complex and the starting
material.

Radiation chemical studies have also beenn made on the Zn containing
enzymes yeast alcohol dehydrogenase [299] and bovine carbonic anhydrase
[300]. Both are inactivated by oxidising radicals such as OH, Brj ete., where-
as with bovine carbonic anhydrase the metal ion exerts a protective effect in
comparison with the metal free enzyme. Presumably this is because it acts
as an electron “‘sink™.

(it} Kinetics of ligand-——solvent exchange reactions

A novel application of the pulse radiolysis technique has been the measure-
ment of ligand—solvent exchange kinetics following electron reduction of
the meta! centre of some complexes. With the Co(NH,)z' complex, for
instance, electron reduction produces Co{MNi;):" {reaction (228)), and, since
Co' is labile, rapid exchange of the ammine ligands with the solvent occurs.

e1q + Co(NH;)E" ~ Co(NH;)?' (228)

The kinetics of the latter process can be monitored through changes in the
conductivity brought about by reaction of the detached ammonia molecules
with protons, and by this means Simic and Lilie [301]} found that the ex-
change of the first three ammine ligands (reaction (229)} is too rapid to be
detected with their apparatus, but that the subsequent reactions occur in
three distinguishable steps as follows

Co{NH;):" + 3 H,0 —+ Co(NH,)s(H;0);" + 3 NH, k> 10%s5™! (229)
Co(NH;),{H,0)3" + H,0 - Co(NH,),(H.Oj2" + NH, E=6-10°s" (230)
Co(NH3)»(H,0)3" + H,O —~ Co(NH,}{H,0):" + NH, R=1-10%s"" (231)
Co{NH;}(H,0)}" + H,0 ~ Co(H,0)% + NH; k=1.5-10s" (232)

The rate constant for reaction (229) can be compared with £ = 5 - 10°s™! for
the exchange of one NH, by another [302], whilst the value for k,;, com-
pares favourably with that of k3, = 1.1 - 10% 57' (at 20° C} measured by the
temperature jump method {303]. A similar situation was found to exist fol-
lowing reduction of Co{NH,);Cl*" [301].

Lilie et al. [1161 also studied the ligand—water exchange reactions of a
number of Rh'! complexes generated by pulse radiolytic reduction of the cor-
responding Rh'" compounds. The first two ligands are very rapidly exchanged
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(ty2 < 1 us), so that irrespective of the starting material (Rh(NH,;};X** or Rh-
(NH,).X3"), the first intermediate detected is Rh{INH;)Z" (see also Sect. D(v)).
This exchanges two further NH,'s for water with rate constants of 350s~' and
40s~' [116].
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