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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 sznusual vakncy states of metal ians in aqueous solution. For the 
most part attention has been focussed on hyper-reduced states produced in 
reaction (l), 

e,, f M”” -, &@“-I)+ 

which affords a simple and often unique method of their formation. Reac- 
tions of hydroxyl radicaIs and hydrogen &urns, and of simple radica.Is 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. C.&bin 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 19’75. 

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 --vlr, 2.6 e& + 2.6 OH + 0.6 H + 2.6 H’ + 0.4 H, + 0.7 H202 (2) 

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

The distinguishing feature of radiolysis is the formation of the products in 
isolated volume elements called spurs and tracks which may contain one or 
more pairs of reactive species which are e,, 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 Hz, Hz02 and H20, 
and the remainder escape into the bulk solution and become homogeneously 
distributed. This process can be regarded as complete after about 10m7 s where- 
as most of the experimental observations which we shall be concerned with 
here were made at l.0e6 s or longer times. 

Absorption of ionising radiation by matter is non-specific so that in aque- 
ous solutions, for example, direct absorption of radiation by the solutes can 
be neglected when they constitute only 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 dme3 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- 
diiing system is obtained apart from the small number of hydrogen atoms 
also present. 

e& + N20 -+ Nz + O- (2 OH f OH-) (3) 

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

Ii or OH f CH30H -+ CHZOH + H2 or Hz0 (4) 

H or OH + HCO; + CO; + H2 or Hz0 (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 Co60 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 10 -6 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 lo-* mol dme3 of a transient species can be 
generated by a single pulse. For further details of radiation chemical methods 
see refs. 1 and 2. 

(iii) Reactiuity of e,, OH and H with metul ions 

Extensive studies have been made of the reactivity of the primary radicals 
of water radiolysis, a&, 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 f4] for 
OH, and by Anbar et aI. [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 CHIOH 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 161. 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 f 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 eaq and the ion. Alternatively, the ligands on the metal ion may act 
as bridges for electron transfer, in which case orbital overlap between ezQ 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 eiQ and the ion in view of the invariant activation energy [ 71. 
Tunnelling certainly provides an explanation for the extremely high reaction 
rates observed in some cases in terms of large effective encounter distances 
[31- 

In some case; complexation of the metal ion with ligands other than Hz0 
can produce a dramatic reduction in reaction rate (see Table 1) although the 
activation energy is unaffected [ 71. Anbar [ 91 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 [lo,11 ]_ 

The product of these reactions is initially in a vibrationally or, in some 
cases, electronically excited state because of the Frank-Condon restriction. 
De-excitation of the vibrationally excited state occurs too rapidly (<lo-l2 s) 
for it to be of any chemical significance, but an electronically excited prod- 
uct has been identified [12] when e& reduces Ru(CN)i-. Claims for the de- 
tection of long-lived excited products of the reduction of Tl’ [X3] and Co- 
(dipy)y [14], however, are now recognised to be incorrect [15-171. Excited 
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TABLE 1 

Rate constants for reactions of e&, H and OH with metal ions 
-. - 

Metal ion fi(dm3 moi-’ s-If a 
____~_.____. _ _._.__-... .._..- --- ---- 

e&E31 tf (53 OHldI 

Aquo ions 

&J* 
Ai”+ 

Cd2* 

CC? 

CeXV 

Co2” 

CT 

cr3+ 

cu2+ 

D$+ 

Er3” 

Eu2+ 

Eu3+ 

I?e2* 

I%?+ 

c.&* 

H$’ 

wo3+ 

1a3* 

Ix* 

r&l”+ 

Mn2’ 

NZS+ 

Nd3+ 

NY 

NpV 

NpV’ 

NpV” 

Pba+ 

x+3+ 

PUTI 

PUVE 

3.6 - 10” 

2.0 - la9 

5.6 _ 10” 

<109 

1.1 * 10’0 
4.2 * 1O’O‘ 
6.0 - lOi e 

3.0 - 1o’O 

4.6 - 10s 

7 - 10’ 

5.5 - 108 
f 

6.6 * X07; 2.4 * IO9 

5.6. 10” 

3 . IO4 

2.5 * 108 

5.1 - IO7 

<lo5 

5.9 - 108 

2.2 - 1Q’Q 

4 - lop E401 

1.5 - lo”0 f4Of 

1.8 * lo’O f401 

3.9 * la’0 

1 . IO7 

1.3 - IO’@ f40f 

2.1- lo”* $401 

I.1 - loLo 

<1#” 

3.4 * 10’ = 

<103d 

1.5 - IO9 1293 

6 * lo8 

1.6 - lo7 

9.0 * 10’ 

2.5 - Ito’O 

2.5 * 10’ 

<IO5 

-z 3 - IO9 b 

<5 - lo5 [36) 

7.2 * IO7 

a .10s 122) 

1.2 - loZQ 

3.2 - 10’ 

3.5 * IO8 

4.4 - 108 

21.4 - IO8 

45 - lo5 [363 

f (with 0-J 

4 - 10” [ 39,41 J 

f (with 0-j 
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TABLE 1 (cantinued) 

Metal ion k(dm3 md-‘. se1 ) a 

!h3* 

Sm2+ 

Sm3+ 

SP 

Sn4’ 

TfJ3+ 

Ti3+ 

T1+ 

T13+ 

Tm’+ 

Tm’+ 

uo;+ 

VOZf 

Y3+ 
Yb2+ 

Yb3+ 

zn*+ 

G4 * lo* [42J 

2.5 - 10" 

3.4 - 109 fz 

6.3 * lo8 fi 

1.7 - lo7 

~8 - lo9 [42f 

3.0 - lOi 

3 * lo9 

7.4 - 1o’O 

2 * 10” 

Oxy anions 

2- 
Q-2 07 3.3 - log0 

z- Cr04 5.4 - loto 

MnOL; 3.0 - 1o’O 

vet; 4.9 - lo9 

Metal complexes 

&(CN)2 

AgEDTA3 - 

A&NW; 

Au( CN); 

Cd(CN)j- 

CdEDTA2 - 

Cd(I?H&” 

Co(CN);:- 

CoEDTA- 

ca. 8 I 10” 

4.2 - 10’ 1431 

LO - lo8 

3.9 * 10’ [45] 

-=X0$ 

I.6 * 10” 

1.0 ” 1o’O 

2.4 - 1o’O 

>2 * lo9 

a0 - IO7 

6.2 * lo9 [39] 

2.5 * IO9 

5.0 - 108 

3.2 * lo9 (391 

<5 - lo* [36] 
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TABLE 1 (continued) 

Metal ion k(dm3 mol-’ s-r) a 

Co( en):+ 

Co( NH3): 

FeEDTA’- 

Fe( CN)g- 

Fe( CN)z- 

Ni(CN)i- 

NiEDTA*- 

Nilen): 

Pt(CN)Z,- 

Ptcli- 

ptc12,- 

Ru( CN);- 

Ru(NH& 

Zn( CN)2,- 

ZnEDTA’- 

Zn( NHs)$ 

7.8 - 10” 

8.5 - 10” 1.6 - lo6 

<l-O * log 

lo5 4 - 10’ [46] 1.1 - 1o’O 

3.0 - log 4 - lo9 

5.5 - lo9 1.8 7 10” [47 1 9.1 - 109 1471 

1.0 - lo8 

G2 - 10’ 

3.2 - lo9 1.0 * IO’O 

9.2 - log 8 - log 

2.0 - 10’0 

Cl06 

7.0 - 1o’O 1.8 - lo6 f48f 

1.8 - 10” 

<1.8 . lo6 

6.5 * 10s 

a Measured at ea. 25O C; see refs. for other conditions. b Estimated from data in ref. 35. 
c Calculated from data in ref. 37. d Estimated from data in ref. 38. e For CrOIfZ+. f Reac- 
tion occurs. g For SnO$-. n For SnO?j-_ 

states have also been invoked to explain the formation of Fe(CN)5H203- in 
the reduction of Fe(CN)z- [18], and Hart and Anbar [7] interpreted some 
observations of Buxton et al. 1191 on the reduction of Fe(CN)5NOZ- 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 oxidiiing agent 
(E” (OH/OH-) = 1.9 V) and reacts with many metal ions. Several different 
mechanisms of oxidation have been characterised. 

(a) 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 controlling. 

M”+(H,O), + OH --f (H20)5M”+OH + H20 (6) 

(~*O)~Mn~OH --f (H*O)~M(“+‘~OH- (7) 
Reaction (6) is limited 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 [ 201 suggested that inner-sphere substitu- 
tion is likely for Sn2’ and Tl’ where the co-ordinated water is very labile, and 
in fact TIOH’ has been identified [ 211 as the oxidation product in the latter 
case. Oxidation of Co*+ by OH is slow (h = 8 * 10s dm3 mol-’ S-I) 1221 and 
may also occur by an inner-sphere path. 

(bj Hydrogen atom abstraction. In order to account for the absence of a 
correlation 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,O), -+ (H,O),M”+OH + H,O (8) 

Berdnikov 1201 pointed out that the rate constants for oxidation of several 
metal ions (e.g. Fez+, Mn*+, Cu2*, Ce3’, Cr3’) by OH are all approximately 
3 . 10' dm3 mol-’ s-‘, which he takes to be the upper limit of reaction (8). 
This value is to be compared with kg - lo4 dm3 mol-’ s-l 

OH+H*O+ H,O+OH (9) 

which has been estimated [2Ol for free water and Berdnikov infers that the 
O-H bond strength in co-ordinated water is weaker by 40-80 kJ mol-‘. 

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

M”+(H,O), + OH -+ M(‘z+1)+(H20)6 + OH- (10) 

This is undoubtedly the mechanism of the oxidation of substitution inert 
species such as CT:: and Fe(CN):-. In the latter case it has been suggested 124 
that the cyanide ligands play a significant role in view of the lower reactivity 
of the protonatedcomplexes Fe(CN),H3- and Fe(CN),H:- with OH. 

Jayson et aI.‘[25] attempted to distinguish between mechanisms (b) and 
(c) by measuring the rates of oxidation of Ferq by hydroxyl radicals in Hz0 
and I&O. The rate constant is 2.7 times lower in D20 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 
PtC1;4- is believed to go by a novel mechanism involving addition of OH as a 
ligand at one of the vacant axial positions 1263 (see also Sect. D(vii)). 

Very recently it has been shown [27] that reaction of OH with (NH3)5- 
Co*“py3 results in addition of @H 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. Ti3+, V’, Cr’*, Fe*’ and Pu3+, the hydrogen atom 
acts as an oxidising agent, itself being converted to molecular hydrogen. In 
the cases of Fez”, [28] and Cr& [29] an intermediate hydrido complex has 
been identified which reacts with hydrogen ion so that oxidation occurs 
through reactions (11) and (12). 

H + Fe:: -+ Fetch- (111 
Fez: H- + H’ + Fezi + H, (12) 

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

(b) Outer-sphere electron transfer. The majority of reactions of H with 
metal ions probably fall into this category. 

(c) Atom transfer. This has been suggested [30-321 for the reactions of Ii 
with complexes of the type Co(NH&Xn+, where X is a halogen or pseudo- 
halogen, based on the magnitudes of the reaction rate constants. 

TABLE2 

Rate constants for reactions of COGand C&OH with metal ions 

Metal ion co, CHzOH 

-1 

- 
k(dm3 mol S--l) Ref. h(dm3 mol-’ s-l) Ref. 

cci2+ 
COZf 
Cr2+ 

CU2+ 
Eu3+ 

Ni* 

Ni2+ 

Ti3” 
zl12+ 
Co( bipy )i 

=(N% ): 

Fe(CN)SN02- 

Ferricytochrome-c 

Ni( CN)i- 

Ru(NH& 

ca. 10’ 36 

lo* < h < lo5 36 

1.1 - lo9 a 42 

>7 - 106 42 

6.6 - 109 a 51. 

102<k < 10' 36 

ea. 5 - lo6 42 
<lo2 36 

7.6 - lo9 52 

1.1 - 108 52 

3.7 * lo8 19 

ca. 5 - 108 53 

1.2 - 109 47 

2.0 - 109 50 

<lo2 36 

<lo2 36 

1.6. lo* = 49 

1.1 * 10” = 50 

4.2 * log = 

<lo2 

<lo2 36 

1.4 - lo8 

4.1 - 107 

51 

36 

50 

50 

a Metal radical complex formed. 
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(iv) Reactivity of the carboxyl 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 C02H (p& = 1.4 [33]) means that 
CO; can be employed as a reducing agent under conditions where cap reacts 
predominantly with H’ (e.g. see Sect. C(ii)). CH,OH (pK, = 10.7 1341) is a 
very much weaker acid than COzH. 

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 relativeIy long- 
lived metal--radical complexes. 

B. GROUPS I AND II (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 MO (for group I) and M (for group 11) in aqueous solutions. For instance, 
a transient species formed in continuously photolysed, Hz saturated NaOH 
solutions at pH 11 has been tentatively attributed to an Na+-e,, adduct [54]. 
A similar absorption with X,,, = 725 nm has been reported [55-571 in pulse 
irradiated or flash photolysed 14.5-16-O M KOH and assigned [55--571 to 
Is%?&. There is also a growing body of evidence for these M-e& adduets in 
non-aqueous solvents [58-60], and Fisher et al. 1581, in addition, found Na” 
as a transient species in tetrahydrofuran solutions. The formation of Mg+ in y- 
irradiated frozen Mg2’ 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 dme3 Mg(C104f2 glass at 77 K. 

C. FIRST ROW TRANSITION ELEMENTS 

(i) Scandium 

The stable oxidation state for scandium is three. Attempts to produce di- 
vale& scandium by reduction with e&, H and CO; have failed 1423, although 
reaction of ScEDTA- with e, has been reported [3]. There is no evidence 
for oxidation of SC”’ by OH. 

(ii) Titanium 

Hexa-aquo~~nium(III) is extensively hydrolysed in solution (p& = 2.7) 
[63], and in order to prevent precipitation of the metal it is necessary to worE 



205 

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 COzH (pK, = 
1.4) or CO; 1333 reaction with Tim occurs (k - 5 - IO6 dm3 mol-’ s-‘) [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’ 
s-’ at 25” C) [ 641, and must therefore be outer sphere, and (ii) that no similar 
reaction with CH,OH was observed [42]. Tit’ is unstable under these condi- 
tions, and is believed to be rapidly oxidised by water [65]. 

Hydrogen atoms react with Tim [43,46], and the yields of molecufar hydro- 
gen (G = 3.0) and ‘T’iIv (G = -7.0) produced indicate that Tim is oxidised with 
a stoichiometry given by eqn. (13). 

H + Tim + I-I’ = Ti’” + I& (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 
CH3, CH(COIH)2, CHzCOzH [66], Cl; [42] and OH /42,44] also oxidise Tim. 

(iii] Vanadium 

The y-radiolysis of deaerated acidic v* solution gives V3‘ 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 V3’ 
by OH, HOz and H,O, and reduction by H. Some studies on the y-radiolysis 
of acidic Vv solutions suggest that VOl’, is reduced by both H and H02, and 
that V02’ is oxidised by OH with k = 5.5 - 10’ dm3 mol-’ s-’ 1681. A similar 

4- 

0 I 1 I 
250 300 350 400 

A/nm -.- __. 
Fig. 1. Ultra&let s&&rum of titanium(II) at pH 1.4 in 1 M-formic acid (0), spectrum in- 
dependent of initial titanium(II1) concentration, and in 0.1 M-formic acid, (0). (From ref. 
42. Reproduced by permission of the Chemical Society.) 
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rmte constant has been found by pulse radiolysis methods [44]. Reduction of 
peroxyvanadate, VO:, 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 (i.e. kX4 - IO’* M-’ s-l), although such a high rate constant for an oxy- 
gen atom transfer reaction seems unreasonable. This reaction deserves further 
study. 

VO; + OH + VO; + HO* (14) 

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 Neyer- 
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+ + Hz0 + Cr”’ + H, (15) 
Cr*+cr’+Cr*+@+ (16) 

Cr+ + HzO, + Cr2+ + OH + OH- (17) 

The formation of Cr”’ from Cr” suggests that Cr’ is not involved in the dis- 
solution of Cr metal in acidic solution since the latter results almost exciu- 
sively (ea. 95%) in C!r2+. 

Hydrogen atoms react with Cr2’ to give a hydride-complex (A,,, = 380 nm, 
e3s0 = 190 dm3 mol-’ cm-l; h,, = 260 nm, e260 = 1000 dm3 mol-’ cm-‘) 
[29]. This complex decays by a first order reaction dependent on [H’] with 
a specific second order rate constant of 1.8 - lo4 dm3 mol-’ s-r [29]. Organic 
radicals, for instance those formed by OH attack on simple aliphatic alcohols 
or acids, react in a similar manner with rate constants of (5-100) - 10’ dm3 
mol-’ s-’ 1491. The complexes formed have two absorption bands, an intense 
one in the range 250-310 nm and a weaker one at 390-410 nm 142,491. The 
rate constant for their decay is of the form 

k obs=a+b [H’] (13) 

whieb can be understood in terms of the reactions (Z9) and (20) 

CrR2”+H20+Cr3++RH+OH- (19) 

CrR2’ -f- H* + Cr3’ + RH (26 ) 

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”’ products which 
depend on the conditions employed_ This system is usefuf in identifying re- 
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action pathways because Cr”’ is substitution inert, and can trap out in the 
form of readily recognisable 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, probabiy 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. Sellers and Simic [70,71], for example, used the pulse radio- 
lytic reduction of Cr”’ to study the reaction’Cr” + 0,. The reaction is rapid, 
k 21 = 1.6 - 10’ dm3 mol-’ s-I, and was shown to result in the formation of a 
long-lived intermediate (t 1 ,t * 1 s), which absorbs with h,,, = 245 nm, e245 
= 7800 dm3 mol-’ cm-‘, h,, = 290 nm, ~290 = 3200 dm3 mol-’ cm-‘, and is 
assigned to CrO$‘. Very similar results have been obtained by Ilan et al. [72], 
who also found evidence for oxidation of Crz’ to chromic acid. Interestingly, 

Cr*+ + 02 -f Crof’ (21) 

CrO; had not been detected in previous studies [73] using conventional tech- 
niques, probably because these had always employed conditions where [Cr”] 
>7 [O,], so that reaction (21) is rapidly followed by reaction (22). 

no:+ + Cr*+ + Cro,Cr4* (22) 

Cr”’ is oxidised by hydroxyl radicals, but this fact seems not to have been 
exploited pulse radiolytically to characterise Crxv, a valency state of chromium 
about which little is known. y-radiolysis of aerated chromite solutions (Cr”’ 
at pH 13.9) yields chromate with G = 10.2 (i.e. 2 Ge, + 2.Gn + GOH) [743. 
It was suggested here that the superoxide radical anion oxidised chromite 
according to (23) f74], Radiolysis of acidic Cr”’ solutions results in no net 
change of valency state. 

cro,- + o,- = cro* + OH- + HO; (23) 

Chromate and c&chromate are reduced by both eiq and H to give Crv spe- 
cies (CrOq- and Cr20G- 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, 
771. In the chromate case the end of pulse absorption decays to a residual 
level by a second order process with 2 k/fq00 = (7 +- 3) * lo6 cm s-’ [ 77). The 
large removal yield measured, G(-chromate) = 7.3 1781 or 5.8 1771 (in Ar 
saturated solutions), implies 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;- •i- H’ = CrO,H- (24) 

C!r04H- + CrO,H- * C!r20$- + Ii,0 (25) 
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Little attention was paid in this investigation [7&3 to either the concomitant 
formation of Crv 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], end only the reactions 
of e,b and H need to be invoked. Many studies [79,SO] of the y-radiofysis of 
dichromate solutions have been made, mostly in 0.4 M HzS04, to measure 
values of Gn, Gon etc., but these provide little information on short-lived 
valency states of Cr. 

Mn2’ is reduced by the hydrated electron to produce a weakly absorbing 
species with A,,, = 300 nm, thought to be Mn’. It is oxidised by OII in neu- 
tral solutions to give another weakly absorbing species, which decays over a 
period of milliseconds to a permanent product [ED]. The initial absorption is 
similar to that of manganic ~yro~hospha~ in acidic solutions, conditions 
under which Mn”’ is stable [83]. Permanganate ion is reduced to manganate 
by reaction with CO;, H and e;, [84]. 

(vi) Iron 

The two stable oxidation states of iron, +2 and 1-3, are readily intercun- 
vertibfe by the primary radiation produced species; ferrous being oxidised by 
H and 9H, whilst ferric is reduced by H and e& [3-5 3. The oxidation of Fe2+ 
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, FeH2’, 
which absorbs with A,, = 325 nm and cszs = 650 dm3 mol-’ cm-‘, by pulse 
radiolysis of ferrous perchlorate solutions [ 28], The intermediate hydrido 
complex decays by reaction with H’ with kg2 = 1.1 - 104 dm3 mol-’ s -’ [ZS] 

Fe” + H + FeH” (11) 

Fe@* + H’ + Fe3* + H, (121 

The hydrated electron reduces Fez’ but the p r o duct, presumed to be Fe+, dues 
not have any convenient absorption in the region 240-700 nm by which it 
may be characterised [76,85]. 

Without doubt the most important radiation chemical system containing 
iron is the Fricke dosimeter, which involves the radiolytic oxidation of Fe2’ to 
Fe3” in aerated 0.4 dm3 mol-’ HzS04 solutions [84,86,87]. Ferric ion is pru- 
duced w%h a yield given by eqn. (26). Equations (2?)--(31) show how this 
stoichiometry arises. 

G( Fe3”) = 2 GHzOz + Gon + 3 Gn = 15.5 (261 

Hz0 --%-’ H, OH, H20z (371 

H + O2 + HO, (9% 



Fe*’ + HO2 %Fe3’ + H202 

Fe** + HzOz -+ Fe3’ + OH + OH- 

209 

(29) 

(36) 

Fe*’ + OH 2 Fe3’ + Hz0 131 

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 Fe3’(HzO)&10: 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), k29 = 1.2 - lo6 dm3 mol-’ s-i and AH$ = 39.6 
kJ mol-’ at 25” C, are not inconsistent with an inner-sphere substitution con- 
trolled mechanism operating [go]. 

When ferrous ion is replaced by the ion-pair FeS04, which occurs to a sig- 
nificant extent in the F’ricke dosimeter, the rates of oxidation by OH and HOZ 
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 inner-sphere sulphatoferric complex is formed, but at a rate faster than 
that of reaction (32) (see Table 3). 

Fe3’ + SO’ - 4 -+ Fe3’SO%- (32) 

Oxidation of Fe*+ by other simple oxldising radicals has also been investi- 
gated [90-92]. Thornton and Laurence [90] studied the oxidation of Fe*+ by 
I3r; and Cl;, generating these radicals by flash photolysis of X- and FeX*’ (X 
= Br- and Cl-). The results, which are included in Table 3, were interpreted 
f90] in terms of an inner-sphere substitution controlled oxidation in each 
case. For Cl;, however, it was evident 1901 that outer-sphere oxidation also 
occurs. Jayson et al. 1911 also investigated the reaction of Cl; and Cl with Fe*‘, 
generating the radicals pulse radiolytically in reactions (33) and (34). 

OH+cl-Ht-cliH20 (33) 

Cl + Cl- + Cl, (34) 

Their kinetic data are in good agreement with the photochemical study [90] 
(see Table 3), but they did not observe FeCl*’ as a product and concluded 
that the reaction is predominantly an outer-sphere electron transfer process. 
Oxidation of Fe’* by Cl is very rapid (see Table 3), and is also most likely to 
he an outer-sphere process. 

Oxidation of Fe2+ by the azide radical, N3, provides a clear demonstration 
of outer-sphere eiectron 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 



TABLE 3 

Rate constants and equilibrium constants for reactions of intermediates in the Fricke dosimctcr 

Reaction 
- ----- 

k(dm3 mol-’ s-l) a 
L_____-. - 

Ionic strength 
(mol dme3) 

A& a 
(kJ mol-‘) 

Ref. 

OH + Fe’+ -c Fe3+ + OH- 2.3 '10' 

HOz + FI.?’ -* Fe3+HO; L 1.2 *lo6 

Cl; + Fez+ -, FeC12+ + Cl’- 4 *IO6 

Cl; + Fe’+ - Fe3+ 4 2 Cl- IO7 

Cl; + Fe2+ - Fe3+ + 2 Ci- 1.4 * lo7 

Cl .+ Fe2+ - Fe3* + Cl’ 5.9 * lo9 

Br2 + PC’+ 3 FeBr*+ + Br” 386 e lo6 

SO2,- + Fe3+ e FeeSO+, 302 *lo' 

Fe3+HO- 2 -4 Fe”+ + HO; 1.8 + lo3 c 

Fe3+H02’&*+ * FeS+ + Fe?+ + HO, 2.5 * lo4 c 

Fe3’H0~S0~- -) PeSOi + HO; ca. 10” c 

Fe3+H02’Pe2+S02 - 4 -. Fe3+SO;-Fe*+ + HO, cil. 10” c 

Equilibrium K(dm3 mol-‘) 

Fe3+H02” + Fe2+ e Fe3+HOiFe2+ 27 1.0 88 

SO%-’ + Fe3+H0; e Fe3+H0,-SO:- 90 0.5 89 

SO;” + Fe’+HO;Fe’+ N Fe3+HO;Fe2+SO$- 100 0.5 89 

1.0 

0.2 

0.2 

0.1 

0.1 

0.2 

1.0 

1.0 

1.0 

0.5 

0.5 

39.6 

31.5 

22.7 

25.2 

99 

8.3 

45.5 

25 

88 

90 

90 

91 

91 

90 

a9 

88 

88 

39 

89 

a 25°C. b Considered to be Fe3’(H20)6HO; [88]. c Units of s-‘. 
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1921 that the mechanism is reactions (35) and (36). 

fast N3 + Fe” + Fe” + Nj 

slow Ng + Fe”’ + Fe”‘N; 

(35) 

- (36) 

The system was at pH 5.6 so that any iron(II1) species will have been exten- 
sively hyclrolysed. The rate constants obtained were !zz5 > 1.7 - 10’ dm3 mol-’ 
s-’ and &, = 8.4 - 10’ dm3 mol-’ s-i. This latter value is consistent with the 
much higher lability of co-ordinated water in hydroxy complexes of ferric 
ion 1931. 

The intermediate HOz is. also capable of reducing Fe3+, according to (37) 
and (38) 1941. The deprotonated form of Fe0,H3’ is probably the initial spe- 
cies produced in the oxidation of Fe*’ by molecular oxygen (reaction (39)) 
2951. 

Fe3’ + HO1 + FeOH3+ (37) 

Fe02H3* -+ Fe*’ + O2 + I-I’ (38) 

Fez’ + O2 + Fe@’ (39) 

Like the aquo-complexes, hexacyano ferrate (II) and (III) are readily inter- 
converted in water radiolysis, In this case, however, only OH is capable of 
oxidising the divalent state [24]. Nitroprusside is reduced by e;, and H to 
give ultimately Fe(CN),N03- [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 TJ3IRD ROW TRANSITION ELEMENTS 

(i) Zirconium, niobium and hafnium 

The stable higher oxidation states of these metals, ZrrV. NbV and HfrV, ail 
form long-lived complexes with HO2 [96--983. The species, whose chemical 
composition is not fully known, have been 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 [98], 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 HOz with the metal ion (with the exception of Nbv ) or by reac- 
tion of OH or HO* with the metal ion-H202 complex [98]. The ZriV02H 
species is also produced by the reversible reaction of Zrxv with UV’O,H (K = 
18 dm3 mol-‘) [99}, and reacts reversibly with ThrV to give Th’“O*H (K = 
3.6 dm3 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, Mob-, is rapidly oxidised 
by OH radicals 1100 J to the stable Mo(CN)z- ion [ 1011, and is reduced by 
e, [3]. MoV1 is reported [97] to form a complex of uncertain composition 
following reaction with HOz. 

Baxendale et al. [lOZ] observed reduction of molybdenum(I1) trifluoro- 
acetate by the solvated electron in methanol. An absorbing species is pro- 
duced having A,,, at 780 nm and E,,, = 2.6 - lo3 dm3 mol-’ s-’ which is be- 
lieved to be the product of reaction (40);and he0 = 4 - lo9 dm3 rnol-‘~-~ [102]. 

e; + Mo2(02CCF3),, -+ Mo,(02CCF& (40) 

ESR studies of this reaction in glassy methanol [ 1021 indicate that Mo2(02- 
CCF& is a molybdenum{1 : ) species. In methanol solution it decays rapidly 
by two consecutive second-order processes with iiz = 4.5 - 109 and 2.5 - lo* dm3 
mol-’ s-* respectively. One of these processes is thought to be associated with 
reaction (41). 

2 Mo&02CCF3)z --f Mo2(02CCF& + Mo2(0&CF3)%- (41) 

As Baxendale et al. pointed out [ 1021, this rapid decay indicates that the pos- 
sibility of isolating the reduction products of molybdenum(I1) carboxylates 
is unlikely. The decay of Mo,(OzCCF3); is accelerated by oxygen (k = 5.9 - 10 
dm3 mol-’ s-‘) but does not result in its reoxidation to Mo~(O~CCF~)~. Pre- 
sumably an oxygen adduct is formed. 

Reduction of MOO:- 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 MO” and MoV’ oxides (molybde- 
num blue). 

Papaconstantinou [I043 studied the reduction of the heteropolyanions 18- 
molybdodiphosphate [NH416[ PzMo 1 8062], 3.3tungstodiphosphate [ NH416- 
I PzWt 8O,,] and 124ungstophosphate [Na,][ PW ,,O,,] 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&H&OH 0.27 ta 0.10 

&&OH -G.dX to -0.65 

COIH -0.42 to -0.65 

CH&HOH -c-O.65 

CH&H&HOH, CH,CHCHzOH < -0.65 

(CH&OH <-0.65 

co; <--0.65 
~-~_ .._._.----- _____--_-...----- 

Icu” complexes. Irradiation of the divalent ruthenium complex, Ru(NH~)~N~+, 
in neutral solutions containing methanol as an OH scavenger gives rise to a 
precipitate of ruthenium metal with the stoichiometry given by reaction (42) 
[lOS]. 

Ru(NH,),Nii+ + 2 e& = Rue + 5 NH, + N, (42) 

In solutions containing 0.1 mot dmm3 HC104 no precipitation of Ru metal or 
changes in the absorption of the parent complex take place [105], indicating 
that the CH*OH radical, into which all the radiation produced radicals are con- 
verted at this pH, does not reduce the complex. 

Pulse radiolysis of this complex shows [ 1051 that the initial reaction is its 
reduction by the hydrated electron to an Ru’ complex, Ru(NH,),N’,, which 
absorbs with A,, = 300 nm (E = 700 dm3 mol-’ cm-‘). This species was found 
to decay by a second order reaction (2 k = 2.7 - 10’ dm3 mol-’ s-i) [105] to 
produce another, weaker, absorption of similar shape to that of the Ru’ com- 
plex. It is suggested 11051 that dismutation of the Ru’ according to (43) oc- 
curs, and that the weak absorption remaining is due to either Ru’ or Ru(NH3&- 
Nt- 

Ru(NH,)& + Ru(NH,)& -+ Ru(NH,),NT + Ru(NH&N, (or Rue + 5 NH3) 

(431 

The Ru(NH,),N$’ complex also reacts with the OH radical [105]. In ni- 
trous oxide solutions nitrogen is produced with G = 9.7 + 0.3, of which G = 
3.1 arises from the reaction of e& with N?O (3). The reaction of OH with 
Ru(NH,),N$+ results therefore in G(N2) = 6.6 f 0.3. 

eg;, + N20 %Nt + OH + OH- (3) 

The optical 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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11051. These observations establish the stoichiometry to be eqn. (44). Pulse 

Ru(NH,),N:+ + OH = Ru(NH~)~OH~+ -I- Nz (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, e430 = 2250 dm3 mol-* cm-‘, attributed to Ru( NH,),N;’ . This de- 
cays by a first order process with k = 250 + 20 s-l, which is independent of 
[ Ru(NH,),N~‘] and dose. Concurrently an absorption at 300 nm (the hydroxy 
Rumcomplex) grows in by a first order process with k = 270 + 20 s-l 1105 J, 
showing that aquation of the Rum intermediate (46) leads directly to the 
stable product. 

Ru(NH&N$+ + OH -+ Ru(NH,),N$’ + OH- (45) 

Ru(NH,),N,3* + Hz0 + Ru(NH,)~OH~* + H’ + Nz (46) 

The radiation chemistry of a number of other Ru” complexes has been 
briefly reported. The bipyridyl complex, Ru(bipy)2,‘, reacts with the hydrated 
electron [14,16,17], but the evidence is that the interaction is predominantly 
with the ligands 116,171. This is dealt with more fully in Sect. K(i). The 
Ru(CN)z- complex is oxidised by OH to give the stable complex, Ru(CN)g- 
[loo]. 

Ru”’ complexes. The hexa-ammine Rum complex is reduced to the corres- 
ponding Ru” complex not only by e&, and H [48,106], but also by CO; and 
several o-alcohol radicals [50]. Reaction of OH with Ru(NH3)r in neutral 
solutions results in the formation of a transient RuTV species, which absorbs 
with Am,,, - 400 nm (c = 350 dm3 mot-’ cm-‘) and 280 nm (e = 720 dm3 
moi-’ cm-‘) [106]. This absorption decays by a second order reaction (2 k = 
4.5 - 10’ dm3 mol-’ s-l) to another which changes over a period of seconds. 
Even then absorbing species (A,,, = 280 nm) remain in the solution [106]. 
The initial reactions can be written as 

Ru(NH&+ + OH --f Ru(NH,): + OH- (47) 

Ru(NH&+ + Ru(NH&+ + Ru(NH&+ + Ru(NH& (43) 

The chloropenta-ammino complex of Ru”’ is also reduced rapidly by e& 
[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 Run complex, which 
aquaks (reaction (50)) with k = 4.7 s-i (1061. The aquo ion then reduces a 
further equivalent of Ru(NH,)&12* according to (51) with Iz = 1.0 - lo3 dm3 
mol-i s- l [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- 
ammines under reducing conditions f 1071. 

Ru(NH3)&12 + eiQ + Ru(NH,)&l+ (49) 
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Ru(NH&Cl+ + H,O + Ru(NH~)~H~O~+ + Cl- (50) 

Ru{NH~}~H*02+ + RufNH3)&12+ --, Ru~N~~}*H~03+ + ~u{NH~~~~~ 151) 

Ruvi. A study of the y-radiolysis of strongly alkaline solutions of the ruthenate 
ion has been made by Ha&in&y and Dran [108]. In deaerated solutions a 
precipitate of RuO, 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 (Ge& = 3.3 *; GHOs = 0.55) and oxidising species (Go- = 3.0). 
The reactions that occur are probabfy the following ** 

RuO$- + O- % RuV” + 2 Of-f- G-m 
RuO$- + e& -t Ruv (53) 

RuV + Ru”” --f RuV’ + R_uv’ (54) 

RuV + RuV -+ Ru’V(RuO,) + Ruv’ (55) 

The HO; present also brings about reduction. Two reactions were considered 

RuO2,- + HO; Hzo -Ru02+30H-+O, (56) 

Ru”” f HO; -+ Ruv + H’ + O2 (57) 

In the absence of any information about the relative rates of (56) and (57) it 
is not possible to say which is the more important. Reactions (52)-( 57) give 

G(-Ru0;4-) = i [Z GHoZ + Ge& - Go- ] = 0.7 

in good agreement with the experimental findings. 

Pulse radiolysis of deaewted 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 foilowing X-irradiation 
of Pd** doped metaphusphate glass [109], but could not be detected after r- 
irradiation of sulphuric acid glasses containing PdSO.+ [llO]_ 

PdCl$- is reduced by e& and H to monovalent Pd which absorbs with X,,, 
= 340 nm (in solut.ions also containing 1 mol dmd3 NaCl) [ill]. Reduction 
of PdCl:- has also been observed in irradiated solid K,PdCl, and (NH4)2PdC14, 
and ESR measurements show PdClz- to be the product [112,113]. The fate of 
the pulse radiolytically produced Pd’ is uncertain_ Broszkiewiez [l 1 l] found 

* Under the conditions of Ha&&sky and Dran’s experiments [ 1081 all H radicals are con- 
verted into eiq via H + OH- + e& 
** In the mechanism proposed hy Haissinsky and Dran reaction (54) is replaced by RuVDl 

c G& + P-u”_ 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 p in the presence of an OH scavenger, and that no metal pre- 
cipitate was formed. In contrast, Spitsyn et al. El.141 observed Pd* precipita- 
tion after ~-irradiating PdCl$- and Pd2+ solutions with G(Pd’) =: G(-Pd”); and 
Philipp and Marsik [1X5) obtained palladium metat with G(Pd”) = 4.7 on y- 
irradiating PdClZ,- solutions. PdCl$’ is oxidised by OH, and the product, for 
which A,,, = 320 nm and ~320 = 4700 dm3 mol-’ cm-‘, decays by a rapid sec- 
ond order reaction, which is probably a dismutation (reaction (58)) [ill]. 

Pd”’ + Pd”’ --f Pd” + Pdiv (58) 

Another, quite different, transient Pd”’ species with A,,, - 340 nm and 
e340 = 1.8 * lo4 dm3 mol-’ cm-’ may also be produced by pulse radiolytic re- 
duction of PdClz-. Broskiewicz [ill] found that this decayed by a first order 
reaction (t1,2 = 16 p), which he ascribed to reaction with ClO-; it was neces- 
sary to have CIO- in the solution to maintain the palladium as PdIv_ 

(v) Rhodium 

The Rh”’ complexes Rh(NH3)&12+, Rh(NH3)50Hr and Rh(NH,),Brl are 
rapidly reduced by reaction with e;, [116]. Ligand exchange with water takes 
place within 1 p to form an Rh” complex, identified by conductivity mea- 
surements as Rh(NH&(OH,)r 11161 (e.g. reactions (59) and (605). Further 
hydrolysis reactions ensue ((61) and (62)) with kEil = 350 s-’ and kb2 = 40 s-’ 
11161. 

Rh(NH3)&12 + e,, -+ Rh(NH,)&l+ (59) 

Rh(NH3)&l’ + 2 Hz0 + Rh(NH,),(OH&+ + Cl- + NH, (60) 

RWJWdOWf + Hz0 --, Rh(NH,),(OH&+ + NH3 (61) 
Rh(NH&(OH&+ + Hz0 + Rh(NH,),(OH,)26 + NH3 (62) 

fn fact somewhat less than the stoichiometric 2 NH33 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 NH3. The intermediate Rh(NH,),(OH&’ com- 
plex reacts rapidly with O2 (k = 3.1 + lo8 dm3 mol-’ s-’ [116]) to yield a long- 
lived species absorbing at A,,, = 265 nm, emax = 9600 dm3 mol-* cm-’ [116]. 
This is thought to be Rh(NH,)4(0,)0H~‘, the formation of which demon- 
strates the extreme lability of the axial positions of Rh”. 

In solutions where the tetra-ammino Rh” complex is formed by radiolytic 
reduction of Rh(NH,),Br: extremely large increases in conductivity are pro- 
duced (AA = lo4 !ZL-’ cm2 mol-l) 11161. It is suggested that this occurs by 
exchange of the Br- ligands in the starting material for Hz0 by a chain reae- 
tion. The propagating steps are 

Rh( NH3)4( OH,)? + Rh( NH3)4Brl -+ Rh(NH,),(OH,)~ + Rh(NH3)9Br2 (63) 
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Rh(NH&Br2 + 2 H,O -+ Rh(NH,),(OH,):* + 2 Br- (64) 

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

(vi) Silver 

Aquo ions. y-Radiolysis of aqueous solutions of Ag’ gives a precipitate of 
metallic silver with a yield equivalent to Gezq + Gn - Go, under optimum 
conditions 11171. Addition of ethanol as an OH scavenger increases this 
yield to ea. 5.5 (GezQ f G, + GOH), but only under conditions where 
[C,H,OH]/] Ag’] is large, 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;] : [Ag’] is small. This interpreted as being due to the two elec- 
tron reduction of Ag2’ by NO; in reaction (65). 

&2’ + NO; zi20 ---Ago -+ NO; + 2 H’ (65) 

Haissinsky Ells] studied the radiolysis of Ag+ solutions in detail and 
found 

G(-Ag”) + 2 G(Hz) = 2 G(Hz02) + 4 G(0,) 

with 

G(-Ag’) = G(Ag’) = 1.8 

A mechanism comprising reactions (66)~(72) is consistent with these results. 

Ag’ + H -+ Ago i- H’ (66) 

Ag” + e, -+ Ago (67) 

Ag++OW+Ag’++OH- (68) 

Ag2+ + Ago --f 2 Ag+ (69) 

Ag2’ + HzOz -+ Ag+ + H’ + HO, (79) 

AgZ’+H02-+ _Ag++H++02 (71) 

and/or 

Ag’ + HO, -+ Ago + H’ + HO* (72) 

Early pulse radiolysis studies [ 82,119,120] showed that several of the in- 
termediates had intense absorptions in the UV region, although there was 
some confusion as to their assignment. A mechanism proposed by Pukies et 
al. [353 is now generally accepted [121,122], and has been substantiated in 
part by more recent work 11211. They found 1351 that following the initial 
reduction of Ag’ by e;, and H to give Ago (IL,~~ = 360 nm), (reactions (66) 



and (67)), there was reaction with a further three equivalents of Ag’ as 
follows 

Ago + A$ + Ag; (73) 

Ag; f Ag’ + Ag’+ + Ag, (74) 

Ag, + Ag’ - Ag: (75) 

Absorption maxima for the intermediates Ag;, Ag, and Ag; were reported at 
310 (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 10s4 mol dmq3 Ag+ solutions_ Subse- 
yuently there are complex optical changes leading to the formation of col- 
loidal silver [ 351. Irradiation of Ag’ in glassy media also gives rise to metallic 
silver. A number of intermediates such as Ago, Ag: and Ag; have been char- 
acterised by ESR methods [123], results which show a close parallel with the 
pulse radiolysis work described above. However the reduction of Ag’ by I-I 
atoms in H2S04 glasses apparently gives AgH’ [124] rather than the Ago pro- 
duced in aqueous solution. 

Ag’ is oxidised by OH to Ag2’ which absorbs with h,,, = 310 nm [35]. 
This decays by a second order process producing a species absorbing with 
x max =: 260 nm, believed to be Ag”’ fAg3’ ?) [SS]. This is unstable, but its 
fate is unknown. 

Ag2+ + Ag” + Ag+ + Ag3’ (76) 

The pulse radiolysis method has also been applied to a study of the reac- 
tion of Ag* + Cl- [X25]. Here the chloride ion was generated in the presence 
of Age by the reaction of e& with chloroacetic acid (reaction (‘77)), so that 
immediately c;“ter the pulse the solution contained Ag’ and Cl-. 

e, + ClCH,CO,H -+ Cl- + CH2COzH (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) 

Ag* + Cl- i= AgCl (78) 

AgCl f Cl- = AgCl; (79) 

By studying the rate of formation of the absorption and treating reaction (78) 
as a pre-equilibrium, Schiller and Ebert [X25] were able to determine kT9 = 
4.1 - lo* dm3 mol-’ s-i_ Conversion of the AgCl to a precipitate took place 
over a period of tens of seconds, and could be described by an empirical 
equation of the form 

log t = -ri log c + constant 

where t = incubation time, c = geometrical mean of ion concentrations and 
the constant n has a value of 8.9 t 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 A$ to give Ag#IH& (reaction (81)) [126]. 
This may decay by two pathways depending on [Ag’]. At low concentrations 
there is a dimerisation (2 k = 2.6 - 10” dm3 mol-’ s-l [126]) possibly giving 
rise to Ag,(NH,)“,, and then Agq. 

e, + Ag(NH& + Ago + 2 NH3 

Ago + &W-W; --f &dNH,)‘, (81) 

&,(NW’, + &z(NHd+n -+ &,W-L)z,+ (3 --f Ag: + 2 &W-L)f (82) 

&,PW; + &WW; -, &,W&):: -+ 48 + &tNHd;L, (33) 

At higher concentrations of Ag’, reaction of Ag*(NH& with the Ag’ pre- 
dominates, although this also leads to the formatjon of Ag!. 

A&NH,); is oxidised by reaction with OH to give an ammoniated Ag” spe- 
cies (h,,, = 260 nm) [126]. Note that in these transient valence states the 
number of coordinating Iigands is unknown. 

(vii) Osmium 

Little work has been done on the radiation chemistry of osmium com- 
pounds. The osmium (II) ion Os(CN)z- is oxidised by OH to the stable 
Os(CN);- ion [loo]. Studies on the catalytic effect of 0~0, in radiolytic ox- 
idations have also been reported fl27]. 

Like its ruthenium analogue, Os(NH&@* reacts rapidly with OH (k = 10” 
dm3 mol-’ s-l) [128] to form a species which absorbs with h,,, at 380 nm. 
In N20 saturated solution, however, G(N,) = 5.0 f 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(Z)). For this reason Venturi et al. 
[128] suggested that OH abstracts a hydrogen atom to form OS(NH~)~NH~N: 
(reaction (85)) and they identified the absorption at 380 nm with this species. 

Os(NH&g+ -+ OH = OS(NH~)~OH*+ + Nz (84) 

Os(NH,),NZ,’ + OH + ~(NH~)~NH~N~ + Hz0 (85) 
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at 310 nm and emaX = 8.4 - lo3 dm3 mol-’ cm-’ [138]. 
Broszkiewicz and Grodowski 11381 concluded that the most probable 

mechanism of oxidation of PtCla- by Cl; and Br; is 

Ptc1;- + Cl, + (PtC12,_ - cl;) + PtCI, + 2 cl- (91) 

PtCli- + Br; + (PtCli- - Br;) + PtBr,Cl& + 2 X- (92) 

where n < 2 and X- is Cl- or Br-. Both reactions are rapid with kg1 = 1.6 * 10’ 
and hg2 = 1.7 - 10’ dm3 mol-’ s-’ at an ionic strength of 0.1 dm3 mol-’ [138]. 

The pulse radiolysis method has been applied to the study of the equilib- 
rium between PtI$- and PtI2,- (III) [139]. Following irradiation of solutions 
of PtIi- + I-, a small yield of I; is formed via reactions (93)--(96) equivalent 
to i(G,,, + Gou). By monitoring the decay of the absorption of I;, or the 
growth of that of PtI2,-, Barkatt and Kobayashi [139] obtained values of kzq3 
= 2 + lo8 dm3 mol”’ s-r and k_g3 = 1.4 - lo3 dm3 mol-’ s-l. 

PtI$- + I; = PtIZ- + I- (93) 

e;,+N20%N1+OH+OH- (3) 

OH-+-I-+OH-+I (94) 

1+1--+ I; (95) 

I; + I; + I; + I- 

Amino-complexes. The platinum(H) amine complexes Pt(en)!‘, Pt(dien)Cl’ 
and Pt(Et,dien)Cl’ have been investigated by pulse radiolysis of their aque- 
ous solutions [137]. They react rapidly with e& and H (k - lOi dm3 mol-’ 
s-l) 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 I%Cl~-, are different. Direct electron addition 
probably occurs with e,, 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)Cl’ substitution of Cl- by Hz0 (k = 
(2.3 + 1.3) - 10’s_‘) is believed to occur [137]. 

Oxidation of the amine complexes by OH and Cl; 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 wit1 
Cu” and are considered to be Pt”’ species. Confirmatory evidence for this 
assignment was obtained f137] from a study of the reactions of the reducing 
radicals e,, H, XH20H and (CH,),eOH with the Ptrv complex trans-Pt(en)z- 
Cl;‘. Absorbing products very similar to those obtained in the oxidation of 
the Pt” complexes were observed, consistent with one electron reduction of 
the Ptrv complex. Small differences in the spectra and kinetic properties of 
the Pt’” species were rationalised in terms of them having different structural 
forms 11371 due to the high lability of the axial co-ordination sites. 
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rise to transient absorptions at 360 nrn and 295 nm respectively. 

ion formed 
N&J and Qz for instance f128]. ~~i~si~g ~~I~t~s a 
lex decay is found. As kth the f a diffident IFi? species 

hating x,,, =; 290 nm is formed by H atam attack on Pt(CN)‘L,- [128f, 

max at 276 nm and ~270 =; 3.2 - 1Q3 dm3 mol-’ 
rder kinetics to product metal- 

evidence that 
centration of 

ctral and ~~~e~~~ 
-ordinating ligands is d ndent on the con- 
solution [l.40,141], 

te constats for transient gold species is shown in Table 5. 

Mermry Esrrns two stable ions in aqueous solution, k&g;* and Hg”. Hg;’ is 
reduced by reaction with 3-1 atoms (97) ta give a species absorbing With X,,, 
2 285 nm, Ezss = 9000 dm” mol’” cm-” [142]. It decays by a second order 
~~~~tio~ ante 2 k = 1.4 - 1 lo dm” mol-’ s”” att~b~t~d to rea~t~~~ ( 

2*++* 3, (971 





225 

The reduction of HgC& by e&, H or (CH&(?OH results in a transient spe- 
cies absorbing with A,,, ca. 245 nm, ezq5 = 7500 dm3 mol-’ cm-‘, A,,, = 330 
nm, e330 = 2300 dm3 mol-’ cm”’ [ 14Tj. 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 J. In the presence of OH scavengers HgCl 
dimerises (reaction (102)) with 2 /z,~* = 8.0 * 10’ dm3 mol-’ s-l; in their ab- 
sence reaction (102) competes with reoxidation by OH (r&action (103), la,o3 
- 10” dm3 mol-’ s-l). HgCl shows reducing properties, transferring an elec- 
tron rapidly to such species as tetranitromethane and O2 [147]. 

HgCl i- HgCl -+ H&Cl2 0021 

HgCl f OH + HgCl’ + OH- (103) 

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

HgI, 2 HgI + I’ (104) 

Flash photolysis of mercury(H) chlorides and bromides gives rise to the re- 
spective radical anions, XT, and gives no information on short-lived species 
of mercury 11481. 

There is some evidence 11451 that an Hg’” ion is formed by OH oxidation 
of Hg2+, for it has been observed that an absorption centred at 340 nm is 
formed when y-irradiated H,S04 or NaCIOa glasses are warmed to ca. i.30 K, 
approximately the temperature at which OH radicals disappear, in these 
glasses. 

Mercuric oxide, HgO, is rapidly reduced by eiq in neutral solution (la = 
2.3 l 10" dm3 mol-’ s-‘) to yield [ 1503 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 (ezeo = 5.3 - lo3 dm3 mol-’ cm-’ [150]). The species decays 
by second order kinetics (2 k = 4.4 + 10' dm3 mol-’ s-l) and the decay rate 
is independent of ionic strength. Reactions (105)-(107) were proposed [ 1501 
to account for these observations. 

e,g + HgO Hz HgOH + OH- (105) 

HgOH + H’ = Hg(HzO)+ (106) 

2 HgOH + Hg,O f f-I,0 or Hg,(OH)-L GO71 

From the effect of pH on the absorption spectrum pKlo6 was estimated [150] 
to be 5.1. 

Fujita et al. [ 1 SO] pointed out that the dimerisation of HgOH in neutral 
solution parallels that of HgCl f1473 and is in contrast to the disproportiona- 
tion which they reported for Hg* in acidic solution [146]. They suggest ZlSO] 
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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 k = 
2 - lo2 min-’ [150] which is attributed to reaction (108). 

HgzO or Hg,(OH), -+ Hg + HgO or Hg(OH), (168) 

At high [ HgO] (>10W4 no1 dmm3) the decay is retarded, possibly due to the 
formation of long lived polynuclear species such as 

HgzO + nHg0 + Hg,O * nHg0 (16%) 

Fujita et al. [ 1511 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)2 by e;, (k = 1.3 - lOI* dm3 mol-’ s-l) and CO; (h = 3.4 - lo9 
dm3 mol-’ S-I ) produces a transient species, assigned as HgCN, which absorbs 
with kn,X at 285 nm and emax = 3.8 * lo3 dm3 mol-’ cm-‘. HgCN decays by 
sedond-order kinetics (2 k = 3.4 - lo9 dm3 mol-’ s-‘) to produce another spe- 
cies which absorbs at shorter wavelengths than HgCN. This is believed to be 
(HgCN)2 which decays slowly (first half-life - 4 s) to produce a third species 
exhibiting a narrow absorption band with X,,, near 254 nm. On the basis 
that this species is Hg,O, formed in reaction (llO), Fujita et al. [151] estimate 
czs4 = 2.8 * IO3 dm3 mol-’ cm-’ for Hg&_ 

(H&N)2 -+ Hg:, + Hg(CNL (110) 

Alcohol radicals do not react with Hg(CN)I, but they do react with HgCN 
(_k = 4, 3.9,, 2.4 and 1.6 - lo9 dm3 mol-* s-’ for CH20H, 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 
(Cff&COH acetone yields were consistent with the occurrence of reaction 
(111). 

<CX,),COH f HgCN -+ (CH,),CO f Hg* + H’ + CN- (111.) 

E. LA~THANIDES 

(i.1 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 GUI 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 Prm are oxidised by OH (see Sect. 
E(ii) and E(iii) respectively). The hydrated electron reduces all the trivalent 
lanthanide ions3 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 to 
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Marcus theory for outer sphere electron transfer [156,157] to reaction (114) 
they obtained the relationship (116) 

log kact = 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”‘fLn” couple. Tendler and 
Faraggi showed that a plot of log h,,, against the known values of E“ 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, Ev and Tm 
and in each case _l!? was close to 1.7 V, 

Cerium has two stable valency states in aqueous solutions, +3 and +4. Ap- 
parently Ce In does not react with either e, or H [3,5], but it is oxidised to 
Cerv by OH 141, ISO [161] and I-IO;? [98,162,163]. The fatter reaction is 
of interest because of its involvement in the Ceiv + HzOz reaction where a 
Cern-HO2 complex is implicated [164f. This same complex has been detected 
by ESR when HO2 oxidises Ce”’ in perchloric acid [98,165,166 J_ The com- 
plex has not been observed, however, in sulphuric acid solution (Ce”’ com- 
plexes strongly with SO:-) 11671 using either ESR [98,168] or spectro- 
photometric 11621 detection methods. In the latter case a value of k(Ce”r + 
HOz) = 2.1 - 10’ dm3 mol-’ s-* has been measured [162] from the rate of 
formation of the Cezv product, Further studies are needed to establish the 
reason for the dependence on the counter ion. 

Radiation induced reduction of Cerv occurs in strongly acidic solutions 
containing small amounts of Ce”” with G(-Cexv) = GfCe”‘) = GHzoz + Gn - 
G OH, independent of whether the solutions are aerated or not [169,170]. This 
equation implies that reduction of Cerv occurs by reactions (ll?)-(119). 
Reaction (119) does not involve formation of an intermediate complex when 
either sulphate or perchlorate ions are present [98,168]. 

~xv+H~~m+-H+ (117) 

Ceiv + H20t + Cein + H’ + HO, WS) 

&Iv f HO2 + &“’ + H’ + 0, (119) 

(iii) Fraesodymium 

Hydroxyl radical oxidise Pr3” with a rate constant of 2 - 10’ dm3 mol-’ s-l 
[39,41]. The species formed absorbs with X,,, = 290 nm, emax = 1050 dm3 
mol-’ cm- ’ 1411 (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 l?rrv (possibly as in eqn. (120)), and from the varia- 
tion of the absorption with pH, a value of pKI13 = 3.2 has been measured 1411. 
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Pr4+ + Hz0 * PrOH3’ + H’ (120) 

Priv decays by a second order reaction at pH 5.8 with 2 k = 8 - 107 dm3 mol” 
s-’ [4X], but by a first order reaction at 2 < pH < 3.8 [4X]. The latter is attrib- 
utable to reaction (123. ), for which k = 2 * 10’ dm3 mol-’ s-r has been deter- 
mined [41]. Prrv is a powerful oxidant, and its reactions with NO;, H,O, and 
Br-. 

I?? + HSO,’ -p Prrrr + HSO,: 

have been studied [41]. 

F. AC’I’INIDES 

@_,I General Remarks 

The radiation chemistry of the actinide elements has received considerable 
attention, mainly because of ifs 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 solution can be rep- 
resented as M3* and MOT respectively. The tetra- and pentavalent ions (M”* 
and MO; respectively) are &so known, but, with the exception of U4+, are 
subject to dispropo~io~at~on, some rapidly (AmrV), others only in strong 
acid (AmV, NpV). Heptavalent Np and Pu are known in strongly alkaline 
soIution. The situation is complicated, however, by hydrolysis, ~omplexat~on 
with anions other than perchlorate, and not least by autoradiolytic effects. 
Thorium, the other actinide considered here, is known only as the tetrava- 
lent ion. 

(ii) Thorium 

Little is known about the oxidation or reduction of ThrV by OH, H or ei;,. 
The HO, radica.l is reported to react with Thxv to give a complex written as 
ThiVO,H (122) [98,99,162$ This intermediate has both an ESR signal (Singk?t 
fine, g = 2.01823) [98], and an optical absorption (h,,, < 270 nm) f162]. 

ThrV f HO* = ThrV02H (122) 

The rate of formation of ThiV02H has been determined following pulse radi- 
olysis of Thrv solutions containing an excess of HzOz. It was found to be first 
order in both [HO?] and [Thrv] * giving k = 1.8 * IfI6 dm3 mol’* s-* [l&Z]. 
The equilibrium constant for (122) was found to be XC,,, = 4 - IO4 dm3 mol-* 
by monitoring the absorption due to ThrVO,H as a function of [Thrv] 11621. 

* A minor pathway independent of [Tb”“] was detected, but because of the large errors 
involved in these experiments, no refiab!e rate constant could be estimated [X62]. 
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This value is -4 times smaller than that estimated from ESR measurements 
in flow systems [99]. Th’“02H decays by a second order process *, probably 
due to reactions such as (123) and (124). 

ThrVO,H + ThxVO&I --f 2 ThsV + I=ItOt + O9 (123) 

ThlVO,H + HO2 + Th’” + HzOz + 0, (124) 

By monitoring the decay of the ESR signal of Th’“02H values of 2 A?,73 = 
5 - lo2 dm3 mol-’ s-i and k I 24 = 8.0 - 10’ dm3 mol-’ s-’ have been determined 
[Ill]. 

(iii) Uranium 

Haissinsky [ 1723 investigated the radiation induced oxidation of Ufv in 
sulphuric acid solutions in the absence and presence of oxygen. In the absence 
of oxygen the yields of Uv’ are accounted for by the following mechanism 

UOH3+ i- OH + UO; + 2 H’ + Hz0 (125) 

UO; + OH H+ UOj+ + H,O (126) 

In the presence of oxygen G(U”‘) is as high as 18 depending on the condi- 
tions, From a study of the effects of dose rate and CO,], Haissinsky 11721 
deduced that Urv is oxidised to Uvl by the chain reaction sequence 

UOH3+ + OH -f UO,’ + 2 H’ + Hz0 (125) 

UO; f 0, + UO;’ + 0; (5 HOz) 027) 

UOH3+ + HO2 --f UO;’ + OH + H* (128) 

UO; f OH H+ UOf’ f Hz0 (126) 

Other radiation chemical studies with uranium in aqueous solutions have 
been performed with U”‘, the most stable valency state. UOf’ is reduced by 
reaction with e& [3], but the product, U “, has only a weak absorption spec- 
trum [76,173]. The reaction of U”’ with HO* has also been studied [ 1621. 
The chemistry of the product, a complex written as UV102H, shows many 
similarities with the ThxV02H complex discussed in the previous section. 

(iv) Neptunium 

y-Irradiation of Np0,2‘ in deaerated acidic solutions gives rise to a net re- 
duction with G(-NpO;) = 5.0 [174]. Oxygen is also formed with G(0,) = 1.5, 
and arises through the reduction of NpOx’ by Hz02, 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 198 J, but this is probably 
due to reaction with impurity. 
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of O2 is twice that of the molecular peroxide, G,,,, = 0.75, there must be an 
additional source of HzOz. 

2 NpO$+ + H20, = 2 NpO; + 2 H+ + Oz (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)). NpOZ’ is also reduced by H atoms 11743, 

OH + OH + H,O, (130) 

OH + NpO; + OH- f NpO;* (131) 

In alkaline solutions NpV, NpVT and Npvn are all reduced by the hydrated 
electron [40], whilst O- oxidises NpVX [176]. 

Aerated solutions of Nprv in H2SOd are reported [X77] to be oxidised 
radiolytically with yields identical to those in the Fe2’/H,SU4 (Fricke dosi- 
meter) system. The mechanism is presumably somewhat different since a 
NprV peroxide complex has been detected [177]_ The known radiation in- 
duced redox reactions of Np can be summarised as follows 

Np'V 
OII.HO2 OH 

_ 
%q* 

ff NpV ~Npvr$Npvn 

(v) Plutunium 

The principal isotopes of plutonium, 238Pu, 23gPu and 242Pu all decay by 
emission of cr-particles with energies of ca. 5.4, 5.1 and 4.9 MeV respectively 
rf76], and in consequence automdiolytic effects are an important aspect of 
plutonium solution chemistry. For instance solutions of purv are ultimately 
converted into a complex mixture of tri-, tetra-, penta- and hexavalent plu- 
tonium [178--1803. Molecule 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 

Pum 
oR.H.no~.Cl~ Purv 2 Puv T OH , , p,vr0_ puvxr 

%&HJl~Z, -% 

The dismutation of PL?’ and Pu”, 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. 

y-Radiofysis of aerated acidic Pum solutions under conditions where Q- 
radiolytic effects are negligible gives PuXv with G(PulV) 7 6.6 [183]. This 
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high yield indicates oxidation by both OH and H02, the latter, formed in re- 
action (28), being reduced to H202 (G(HzO,) = 4.0) [183]. There is also net 
oxidation with G(PurV) = 5.5 in deaerated solutions. Here no HO2 radicals are 
formed, so that oxidation by H atoms must occur (reaction (X33)), and it is 
found that G(Hzf = 3.6 [L83]. 

H + O2 --* HO, (28) 

Pun1 + HOz % pUrv + H202 (13% 

Purr* f H’ Ir: puIv f Hz 

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 Fe2+, Cr2‘ etc. (see Sect. C(vi)). 

Puvn is unstable in acidic solutions [ 1791, but is sufficiently long-lived in 
concentrated alkali (tllz = 8 hr in 1 mol drnd3 NaOH) [184] for its reduction 
by e& to be studied by pulse radiolysis [40]. Puvrr may be conveniently pre- 
pared by radiolytic oxidation of Puvr in N20 saturated alkaline solutions, 
and is formed with G(Puvn) = 5.4 (i.e. GezQ + G, + Go- - 2 Gti20Z) [40]. No 
net oxidation occurs in oxygenated solutions 1401. y-Radiolysis of alkaline 
deaerated Puvu solutions brings about reduction to Puv’ with G(-PuV”) = 
2.35 (i.e. Gegq + GH + 2 GHZo2 - Go-) [40]. 

(vi) Americium 

Most studies with americium have employed 24’Am which decays by emis- 
sion of an ar-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. Acidic solutions of both AmV and Amw are ultimately reduced to Am”‘, 
but little is known of the mechanistic details [177,178,185]. In a study of 
the rate of the auto-reduction of oxygenated AmV and AmVx solutions in 
the presence of HNOB + S,O,‘- a mechanism has been proposed involving re- 
duction of both valency states by HO*, and oxidation of AmV by OH and 
SO; 11851. It has also been observed 11861 that the rate of the auto~di~~yti~ 
reduction of AmV in WC1 decreases with increasing [HCI], a result possibly 
due to the oxidation reaction AmV + Cl;. The known radiolytic redox reac- 
tions of Am can be summarised as follows 

OR.SOq.Cl~ 
AmrV HO; AmV T . AlllV1 

HOa 
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ArnIV is unstable in solution, and rapidly undergoes dismutation. No pulse 
radiolysis studies of americium have been reported, 

G. GROUP lIiB METALS 

(i) Aluminium, gallium and indium 

For these three metals the o&y important stable aqua ions are trivalent. 
Going down the group there is an increase in the stabiiity of the monovalent 

ion; In’ can be formed for instance, but is slowXy oxidised by H* 11873, 

whilst for thallium, Tl* is the most important aqua ion. The trivalent ions 
are all reduced by reaction with the hydrated electron to give transient di- 
valent ions. All’ has too weak an absorption in the range 250-5UU run (G33of.l 
dm3 mol-’ cm-’ [188]) to be studied directly by pulse radiolysis.. The only 
reactions nf Al” reported are those with ClCH,CH20H and BrCI&CO;, which 
result in dehalogenation [X89]. Ga2* and In*’ both have large absorptions in 
the UV (for In2’ h,,, = 260 nm, ez6s = 9500 dm3 mol-’ cm-’ [28?,188]; 
Gaze has an absorption rising towards shorter wavelengths) [llO). Similar 
absorptions have hem detected following y-irradiation of Ga3’ or In3’ doped 
l&SO4 grasses at 77 K [ZlO]. Gaze has also been identified by ESR in T- 
irradiated HC104 glasses containing Gas’ 1143 3. 

In solution In2* disappears by a second order reaction, Taylor and Sykes 
[187] found this to be independent of the presence of an OH scavenger, but 
more recent results [188,190] suggest that the mate is ca. 3 times slower in 
the presence of the OH scavenger. This indicates that the disappearance is 
due princip~ly to the reactions 

I$+ f OH ‘-* In3’ f OH- 033) 

In2* + In2+“* 
In’ f In3+ (134a) 

L 
Ini: f334b) 

with rate constants of klJ3 = 4.9 - 10’ dm3 mol-’ 5-l and h1s4 -L 1.6 - 10’ dmJ 
mol-i sex fl881. Taylor and Sykes f187] were unable to find any absorption 
attributable to In” (X,,, = 209 nm 11873) following reaction (X34), but this 
WB probably because of the optical limitations of the apparatus employed 
(see also comments in ref. 33). With other metal ions, such as Cd*, the dismu- 
tation is known to result in a binuclear ion, and this may be the fate of In2’. 
No studies of the chemistry of Ga2+ or In’+ have been reported. 

(ii) Thallium 

Tl* is rapidly reduced by reaction with both e,;g [sf and H [5]. The im- 
mediate product of the reaction is undoubtedly TP, However the intensity 
of the absorption of the transient species observed (h,,, = ca. 400 nm [lS”j) 
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on pulse radiolysing 210m4 mol dme3 Tl* solutions shows a marked depend- 
ence on [Tl’], and it is suggested [15] that the T1° complexes with Tl’ to 
form the ion T1; [reaction (135)). The same species has been detected in 
solid KCl/TICI [191j. TP &so absorbs f122,192], apparently at shorter wave- 
lengths than ?I”,. 

T1° + Tl’ + Tl; (135) 

Flash photolysis of Tl* at ca. 300 nm yields Tl* and e& (reaction (136)) [119j, 
and it is concluded that the absorption is due to a charge transfer to solvent 
band {122j. Both Tl” and ‘I’I: show reducing properties and a s&&ion of 
their reaction rate constants is shown in Table 8. 

Tl*+hv-+ Tl’i-e, (136) 

Tl’ is oxidised by OH to Tl” 141. Some difference of opinion exists regard- 
ing the absorption spectrum of Tf” in solution. Three groups of workers, in- 
vestigating wavelengths X240 nm have found A,,, ea. 260 nm, emax = 5400 
dm3 mol-’ cm-* at [H’J = 0.01-l mol dmm3 :15,193,194]. Schwarz et al_ 
[45] reported an absorption rising towards shorter wavelengths in the range 
225-400 nm, [IV] = 1 mol dmb3, with a shoulder at ca. 280 nm, ezso = 3000 
dm3 mol-’ cm-‘, and suggested that earlier work was complicated by scat- 
tered light effects. In Schwarz et al’s, f45f experiments, however, caleuIa- 
tions indicate that significant amounts of the hydrogen atoms were scavenged 
by the Tl’ present. Since the products of that reaction, TlO/Tl;, may absorb 
appreciably below 300 nm (definitive studies have not been reported) we 
tentatively conclude that the earlier work of Cercek et al. [15], of Burchill 
and Wolodarsky f193f and that done more recently by Falcineffa et al. fl94j 
is the more precise. Furthermore, two of these gruups [ 193,194 j used a 
flash photofytic method of generating TlrC, which is free from complications 
arising from the presence of hydrogen atoms. Some of the differences may 
also be due to the equilibrium (137) for which pKIz8 = 4.6 f 0.2 m dmm3 [ 211 
which may also account for the wide variation in estimates of 2 k,gg. 

T1” + Hz0 * TIOH’ + H” 0371 

Tl” + TIT’ -+ Ti+ + T13+ (136) 

Tl” has long been recognised as an intermediate in T1+/T13+ redox chem- 
istry. The reduction of T13* by Fe*‘, for instance, is retarded by addition of 
Fe”, the mechanism being 11951 

T13’ i- Fe2’ G T12+ + F’e3+ (1391 

T12+ -I- Fe** + m’ + Fe3’ (140) 

Studies of the reaction by conventional means gives values for h f39 and 
k-13SI~kfQlt. Meastsurements of L-139 and klaO have been made by fast reactiun 
techniques, so that a value of KI, can be found. Since the redox potential 
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TABLE 9 

Standard reduction poteEtia)s involving Tl*+ 

EO/V 
--- --.-- 

m3* + e- F= Tl** 
Tl’++e-+Tl+ 

0.31=, 0.30 b 
2.22 a 

‘lJ3+ + 2 e- * Tl+ 1.25 = 
- __---..-. .--. ___- - 

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

for the Fe3’/Fe2’ couple is known, that for T13*/T12’ can be calculated. Two 
recent estimates using this method are shown in Table 9. Similarly using data 
for the Tl’ + Co3+ reaction, for which the mechanism is 11961 

Tl+ + Co3+ += Tf2+ + m2+ (141) 

T12* + a3+ + T13+ -t az+ (142) 

and a value for k-141 measured by flash photolysis, Fakinella et al. [ 1941 were 
able to find E”(T12+/Tl*) (see Table 9). 

These measurements of the redox potentials have important implications 
for the mechanism of the thermal Tl*/T13’ exchange reaction. One proposed 
mechanism involves reaction (143) 11971. The data in Table 9 may be used 
to estimate the equilibrium constant for this, and since k_-143 is known (Table 
El), kle3 can be deduced. The value found, ca. 1O-25 dm3 mol” s-’ [45,194], 

'JJ' + m3+ + 'j"*+ f m2+ U-43) 

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

y-Irradiation of acidic, deaerated T13+ solutions containing simple aliphatic 
alcohols such as ethanol or isopropanol leads to reduction of T13+ by a chain 
reaction Cl.981. 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 T12’. Rate constants for the reac- 
tion are ca. 3 - lo4 dm3 mol-’ s-* [198]. 

R’ R2i=OH + T13+ -+ R’ R*CO -I- Tl*+ (144) 

T12+ + R’R2CHOH + Tl’ + R’R2cOH 045) 

T12” also oxidises methoxylated benzenes rapidly (k - 5 - 10’ dm3 mol-’ 
s-‘) to produce radical cations 11991, e.g. reaction (146). 

TP + CHjO / 1 - 
0 

(146) - 

Since OH generally adds to the benzene ring, Tl’ can be used to catalyse the 
electron transfer process through reactions (14’7) and (146) 

OH f Tl’ --+ Tl*+ f OH- (147) 
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e S8Knf3 wur 
reduction of TFchloro complexes by H ato is &and ab&~~t;ion, e.g. 

the latter r~~tion merits attenti 
Pb3+ ~~~tres in a series of @33d 
[X44], 

&on between eN=ker the I-3 
possibility of the occurrence 

in vkw of the forn:ation aE 
bPV sz3Ms or daped glasses 

er or mxnor pea 
cals react [4] to produce an 

shorter wavelengths 

been published. Buyle et al. f ZCM], in a study sf the y-radiolysis of Sn” in 
0.4 mol dmM3 &SO+ reported a net oxidation to SnXV with a yield equal to 
G Hz. Reactions (150)--(156) are in keeping with this, and Boyle et al. [204] 
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data are given in Table 10, The high values of !z,,, are nat unexpected since 
the water exchange rate by Cu&,, a cI’O cation, is likely to be rapid, 

Cu* + oiefin + ~~~~~~~~~~~ ~~~~~ 

Zy reduced by or ic free radic&_ The rates of these re- 
duetions can be ured by direct ervation cf the decay of the radicals or, 
xmx=e ~o~~~~~~~~~y by obs~~~g the r&e of f~~matiu~ of ~~~~~~~~n~* under 

action (161) is rate contro]iIiing (R = free rad~c~ ). 

I; cu2+ -a. R” f cer* u-w 
Rates of reduction of Cu2* by simple bydroxy~k~~ radicals have been 
sured in this way and they agree well with data obtained from direct o 
tion of the decay 0 In each caSe t 
is ~ro~o~~~~~ to f tIIat r~~~~~o~ 
proceeds via the fo complex (reacti 

then undergu either P-proton ation (reaction (163)) or &?ctron 
sfer ~~ea~t~on (164)) (R 2= H or 

HCR1R2 3 + Cul” + ~~~~R2~~~-~~~ U-63 
QH OH 

Since the dues of fi obtained by both methods of memurement are the 
(Table ll), reaction (162) must be the rate d~~ermin~~ step of the redu 
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TABLE 11 

Specific raLrts of reduction of CIA** by some organis radicals [ 213 1 

b 

a From rate of decay of the radical, b Fran rate of fwmation of (Gu rylamidef. 

as Kochi has suggested. Further evidence for the formation of an organacop- 
uction of CLP by or 

the ion 
uct rres 
(365). 
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TABLE 12 

Rate constants for the formation ard decomposition of CUR+ 

R k167 (dm3 mol-’ s-l) f+67 (S-I 1 k168 (dm3 mo’r-’ s-l) 

~~:H~OH - 1o’O lo6 - 

(_CH&C0Is * log 6. lo4 3.2 * IO7 
CH2C(CH&0H 2.6 * 10' - - 

CH~CH~OH 1.9 * 1o’O - - 

Data for these reactions are given in Table 12. The organic radicals react 
much more rapidly with Cu* than with Cu” (cf. 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(CH3)20H+ + CU’ + (CH3)2C=O + H’ (169) 
+ 

Cu-C(CH3),0H’ s Cu2+ + (CH,),CHOH (176) 

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 Cue is produced in 
these systems 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 Cu2’ is 
present in methanol under irradiation [ 2141. 

No metahic copper is formed when R is a P-hydroxyalkyl radical such as 
CHZC(CI$&OH or CH2CH,0H [ 2131, and in the former case isobutene is a 
product, sho;ting that reaction (171) occurs 

Cu+ + cH2C(CH3)20H + CH,=C(CH& + Cu2+ + OH- (171) 

This reaction also occurs when the radical reacts with Cr2+ [ 491, Ni’ [ 511 and 
Cd’ [ 2151 or is reduced polarographically [ 216 J. 

(iii) 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 O;, HO2 and 02. 
Rabani et al. 12171 have shown that the catalytic effect of Cu2+ in enhancing 
the dismutation of 0; and HOz involves alternate reduction and oxidation in 
reactions (172) and (173) 

Cu2+ + 0; (or HOa) + C!u” + O7 (+H+) (172) 

Cu’ + 0; (or H02) 2 Cu*+ + H202 + 2 OH- (+H+) (173) 
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They obtained h1,2 = 8 - 10’ and -lOa dm3 mol-’ s-‘, and kly3 - 10” and 
>lOg dm3 mol-’ s-l for 0; and HO2 respectively. 

Rabani et al. [ 2173 suggested that the complexes CuOt and CuO,w’ may. 
be intermediates in reaction (1721, depending on the pH, but that the life- 
time of CuO; must be shorter than that of Cu02W’. Subsequently, Meisel et 
al. [218] obtained evidence for equilibrium (174) followed by reaction (175) 
in 0.1 moi dmm3 HClO, solution. 

Cu2+ + HO, =: Cu02W’ (174) 

Cu02W+ + Cu’ + O2 + H’ (175) 

They reported IciV4 = (5.1 + 1) * lo7 dm3 mol-* and l~,,~ = 30 f 5 s-i, and 
pointed out that CuOIW’ might resemble complexes of Cu’ with O2 which 
have been suggested as intermediates in the oxidation of Cu’ by O2 
]219-2221. 

In an investigation of the oxidation of (Cu--olefin)’ complexes by O2 Bux- 
ton et al. [209] found it necessary to invoke equilibrium (176), (177) and 
(174) to account for the observed kinetics, and they estimated KIT6 - K,,, 2 
lo5 dm6 mol-‘. 

cu’ + 02 * cuof (176) 

CuO: + H’ = CuO,W+ fl77) 

Although solutions of Cu” are sensitive to oxygen, the reaction of Cu’ with 
O2 is apparently relatively slow since Rabani et al. [217] observed an absorb- 
ing product of reaction (172) in the presence of O2 which they attributed to 
Cu+. It showed no decay in 400 p, which means that equilibrium fl76) lies 
well to the left, or that Cu’ and 6.~0~ have similar spectra. 

Hydroxyl radicals oxidise Cu2’ to Cu”’ [ 51. Some early pulse radiolysis 
studies by Baxendale et al. [ 1191 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 ihe situation to be quite complex. Meyerstein 
[223] reported that the intemity of the absorption of Cum, and its decay are 
dependent on both pH zuuld [ 2u2’]. This behaviour was suggested to arise be- 
cause of the Cum acid-bze equilibrium, and the reversibility of the OH + 
CL? reaction. Evidence for the latter was also claimed from measurements 
of the reaction of Cum with Br-, HZ02, CH,OH 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 Cum on pH, 
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Wavelength / nm 
Fig.2. The spectra of M”. End of pulse spectra from the puke radiolysis of deaerated lo-* 
or 10-l mof dm -3 M’+ solutions and corrected for absorption due to OH and HzOz. 
e _ e -, Cd+; ~~~~~~~~~~*, Co’; _ _ _ _ _ _, NiC; -, %n4. (From ref. 36. Reproduced by per- 
mission of the Chemical Society.) 

sponding hir’ ions [36,76,81]. That the absorbing species carry unit positive 
charge has been demonstrated by ionic strength effects [22,228] and conduc- 
tivity measurements 12251. 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 12291. 

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 tern- 
perature, which contained M2’ 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 cry&& Cd’ and Cd:’ have 
been identified [ 232-2341 from the hyperfine interactions of the isotopes 
*“‘Cd and l13Cd. 

keactivities. The redox potentials of the couples M*‘/M’ have been estimated 
12351 (see Table 13) and they indicate that Cd’, Cd, Ni’ and Zn’ should be 
powerful reductants. In a systematic study of the reduction of inorganic 
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’ i-i; may be in a 
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 M*‘/M+ couples 

Redox coupie --E’(V) 

a b c 

_c(--- 

Cd+/Cd*+ 1.9-2.5 1.8 + 0.4 -0.5 
CdlCo2’ 3.1 - 

Ni*/Ni*+ 2.7 0.7 + 0.4 -0.7 
zn+/zn*+ 2.5-3.2 2.0 + 0.4 -1.0 

a Thermodynamic values [ 2351. b Calculated on the basis of the Marcus theory [48]. 
c Based on the Marcus theory [9]. 

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’, Meyer-stein 
and Mulac [236] measured the rates of reaction of Cd’, Ni’, Zn’ and eg with 

TABLE 14 

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

Oxidant lo-’ k (dm3 rnol-‘~-~) 

co* a Z&l+ b Cd+7 Ni+ b 

BrO; 4.8 2.1 0.125 GO.0084 

10; 4.3 3.6 2.3 0.22 

NO; - _ 2.2 2.0 0.15 

NO; 1.8 2.1 0.35 60.0014 

s*o;- 2.8 1.3 a 2.4 a 0.15 a 

CrO$- - - 9.8= - 
Cra O’, - - 16a 16a - 

cu*+ 0.41 0.25 0.12 60.024 

I-&O, 1.6 1.8, 1.55, 0.043, 
2.3 = 2.2 a 0.032 a 

02 6.0 2.4 2.4, 1.4. 
3.6 a 2.2 a 

N2O 1.0 0.013, GO.002, 90.0063, 
0.037 a 0.0035 = 0.0091 a 

- 
a From ref_ 22, ionic strength = 0.019 mot dm -3 b From ref. 228, ionic . strength aO.08 
mol dm-j. 
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a series of complexes Co”’ (NH&X and Co”’ (en)zYZ, where X, Y and 2 are 
typically NH3, H20, halides or pseudo-halides. For the Co”” (NHx&X com- 
plexes the order of reactivity is Zn” > Cd’ > Ni’ (see Table 15) as above, but 
for the Coin (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 2 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(N~~~~ [48] the rates of reaction of &I’ 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 tze or- 
bital on Ru to form low spin Run, whereas it enters an eg orbital on Co, which 
involves a change from low spin Co”’ to high spin Con. In addition, consider- 
able reorganisation energy is involved because of the antibonding nature of 
the eg orbit&. 

On the assumption that the reactions of M? with Rum are outer-sphere, 
Navon and Meyerstein applied the Marcus theory [ 156,157] and estimated 
the reduction potentials of the M2’/M? couples shown in Table 13. The values 
are to be compared with those estimated from thermodynamic data [ 235 J. 
When the Marcus theory is applied to reaction (I), the reduction potentials 
obtained are quite different (see Table 13), probably because the theory is 
not apphcable in this case. For example, e,, may react by bridged transfer 
or by tunnelling [9]. 

Baxendale et al. [ 2011 measured the rate of reaction of M with M*‘ in an 
attempt to place the redox potentials of M2’/M’ in order. They found that 
Zn* reacted with Cd’+, Pb*+ and Ni’+, Cd* reacted with Pb2’, and that no mea- 

TABLE 15 

Specific rates of reaction of Cd+, Ni+ and Zn’ with some transition metal compiexes 
-- 

Oxidant lo-’ k (dm3 mol-’ s-l) a 

G-l+ 

Ru( NH&+ 

WNH,)3, 

Co(NH3)sH203+ 

Co( NH&OH=* 

C!o( NH&Cl*+ 

&s-C~(~~)~NH~CI~+ 

ck-Co(en)2& 

2.2b 0.4 b 

0.17 <o-o05 

0.62 <0.005 

0.9 0.013 

2.2 0.65 

1.75 0.47 

2.3 0.59 

Ni+ Zn 
+ 

2.2b 

0.84 

1.56 

1.1 

2.2 

1.47 

1.91 

a From ref. 236. b 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* > 
Cd2’/Gd’ > Pb*‘/Pb+ and Zn*+/Zn’ > Ni*‘/Ni+. No reaction of Co’ with these 
M*’ was observed [ZOl]. Meyerstein and Mulac could not detect a reaction of 
Zn+ with Cd*’ or Ni*+ in their experiments [ 2281. 

Rae and Hayon (2371 claimed that the efficiency with which free radicals 
transfer an electron to acceptors is apparently related to the two electron 
redox potentiaIs of the acceptors. They postulate a kinetic potential, Eg, 
which is the redox potential of the acceptor for which 50% of the reaction 
is eiectron 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 EE 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 
exampIe, Buxton et al. 122,383 showed that the foliowing reactions occur 

M+ + N20 -+ MO+ + N2 (184) 

M+ + O2 4 MO; (185) 

M+ + olefin + (M-olefin)” (186) 

Reaction (184) is interesting since it involves 0 atom transfer and formation 
of the +3 oxidation state of the metal. This reaction, therefore, provides a 
way or’ 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 Cl- [22]. Evidence from 
kinetic studies [38] of a radiation induced chain reaction between M*’ (Cd, 
Co, Ni), NzO and HCO; indicates that NiO+ and CdO’ react with water to 
form OH (reaction (187)), and the chain reaction mechanism is reaction 
(184) fcllowed by 

MO+ + II20 + M*+ + OH + OH- (187) 

OH+ HCO;-+ CO,- + Hz0 (5) 

co;+W+-+M+ +-co, (183) 

CO; + MO+ + CO2 + MO (188) 

For Co reaction (187) does not occur. Instead, it appears from spectral 
changes that COO’ is converted to more stabIe Co”’ 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 0; 
(reaction (189)), and (b) the ability of 0; to transfer an electron to benzo- 
quinone [ 2381. 

M+ f 0, + M*+ + 0; (189) 

Ni is the only case where it is certain that reaction (189) does not occur [22, 
2381; and it has been suggested [238] that NiOi may be an inner-sphere com- 
plex. If so, water exchange by Ni:, must be faster than 3 * 10’ s-’ since NiO; 
is formed in less than 2 i.rs in oxygen saturated solution. 

Investigation of the reaction of NiOd with tetranitromethane [238] re- 
vealed (a) that NiO: protonates (pK = 3.2 + 0.3), and (b) that the proton- 
ated and unprotonated forms decompose unimolecularly to give HOz and 0; 
respectively. The latter accords with the observation that the ultimate prod- 
uct of reaction (185) is H,Oz 1221. 

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 Ni$ (k = 2.7 - lo4 s-i) [239] compared to Cuz’, (h = 2 - lo8 s-‘) 
[ 2391. 

Reaction (186) is characterised by the formation of a long-lived (t1,2 >> 
10e4 s) absorbing product 1221 which has been attributed to a 1 : 1 complex 
between M” and the olefin (ally1 alcohol). Thus M’ shows an interesting sim- 
ilarity to Cur and Ag’ which also form 1 : 1 complexes with olefins [20’7,240]. 

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 [l89]. In this respect M’ resembles H rather than e&. Co’ and Zn’ react 
rapidly with ClCH,CO;, whereas Cd’ and Ni’ do so slowly. 

M’ + BrCH,CO; + M2’ + Br- + *CH,CO; (199) 

Reactions of M’ with free radicals. -4 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 radiof- 
ysis of aqueous solutions containing no oxidising solutes. Under these condi- 
tions the major reactions of M” have been shown 1361 to be reactions (191) 
and (192), with the former being approximately diffusion controlled and the 

M?+OH-+Mz’+OH- (191) 

M? + M’ --, Mz’ or MO + M2* (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+HzO 093) 
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in precipitation of the metal I36,51,115]. 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 -+ MO + products (194) 

For Ni’ Kelm et al. [ 511 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) 

(CH3)&OH + NiC(CH&OH* + H‘ + Ni” + (CH3)&OH + (CH,),CO (195) 

Ni’ + NiC(CH&OH* -+ Ni” + Ni” + (CH,),~OH (196) 

They also found that NiR’ reacts with H,O, and is slowly hydrofysed 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 
yields of Ni obtained [ 511 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 precursor to Cd_ 

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

M+ + (CH,),C(~H,)OH -+ M2+ + (CH&C=CH2 + OH- 

A similar reaction occurs with Cu’ (see Sect. I(ii)). 

(197) 

(ii) Formation and reactivity of complexes of M” 

M’ complexes are readily produced by radiolytic reduction of the corre- 
sponding M”’ complex, 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* a 

R k(Ni+ + R) k(NiR* + Hz02) h(NiR+ + HzO) 
(dm3 mol-’ s-l) (dm3 mol-’ s-l) (s-l) 

*CH,_OH 4.2 - IlO9 7.3 - lo3 7 
CH3CHOH 2.3 * IO9 2.3 * lo3 5 
(CH&cOH 1.4 * lo9 1.1 - IO6 <I 
QH50CZH4 - 2.3 - lo3 <1 
Cq; 6.6 ’ zag - <l 
c-C* H9 2.8 * IO9 <5 - 10s 49 

a From ref. 51. 
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TABLE 18 

Rate constants for reaction of macrocyclic complexes of Car with oxidants 2 

~~~~~~t Ir (dm’ rr~l--~ s- ’ ) 
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Reduction of Ni(CN)z- to Ni,(CN)4,- by CO; has been studied [ 47 j and the 
observations are consistent with the following mechanism 

CO; + Ni(CN)i- -+ Ni(CN)$- + CO* (200) 

Ni(CN)$- -+ Ni(CN)$- + CN- (201) 

2 Ni(CN)$- + Ni2( CN)z- (202) 

Reaction (200) (kzoo = 1.2 0 log dm3 mol-’ s-‘) is very much faster than the 
corresponding reaction of Ni2’ for which lo* < k/dm3 mol-’ s-i < lo5 has 
been estimated [ 361, and probably reflects the greater ease with which CO; 
can approach the metal centre in the square planar Ni(CN)$-. The intermedi- 
ate Ni(CN)i- absorbs with A,,, at 360 nm and E,,, = 4.8 * lo3 dm3 mol-’ 
cm-i [47]; k,,, = 8.1 - lo3 s-’ and 2 kZ,,2 = 1.5 * lo8 dm3 mol-’ s-l_ 

Hydrogen atoms also reduce Ni(CN)Z,- rapidly with kzo3 = 1 7 - 10” dm3 
mol-’ s-l [473. As with CO;, this is in marked contrast to the Lnreactivity of 
H towards Ni”. 

H + Ni(CN)$- + H Ni(CN)Z,- (203) 

(iii) Formation of ~Zirrr carnplexes 

There is no evidence for the oxidation of Ni” by OH 1361, but reaction 
does occur with Nix1 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 elZSO = 9.5 - lo3 and ~270 = 1.25 * lo4 
mol dmq3 cm- 1 [47]. The reaction is written as (204) and k204 = 9.1 - 10’ dm’ 
mol-’ s-i_ 

OH f Ni(CN)i- -+ Ni(CN); + OH- (204) 

Oxidation of Ni” complexed with NHJ, ethylene diamine and glycine has 
also been studied [245,246]. NH2 was the o_xidant for the NH3 complex and 
OH was the oxidant of the others. In all cases the oxidation products have 
similar spectra with A,,, - 295 nm and E_, - 1300 dm3 mol-’ cm-l, 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 

fi) Coordinated free radicals and inframoiecular electron transfer reactions 

Electron transfer reactions involving metal complexes may involve direct 
reduction of the metal centre, or electron attachment to a l&and 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 





impurities or the reaction of H stoms with the complexes. 
The reaction of CO; or (CH,),&?H with p-nitrobenzoatopentaammineco- 

b~t(rri) 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 X,,, = 330 nm, 
E max = 2.1 - lo4 dm’ mol-* cm-’ [2481. Irradiation of the freep-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 Con1 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 Co2* with G = 
6.3 2 0.3 in solutions containing formate ion 12481. 

CO; + (NH,),Co=OOCC6H,N0, -- (NH,),ComOOC 

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 Iigands have val- 
ues in the range 2-4 [250]), the decay is different from that in near neutral 
solutions. The meta- and pare-nitro’derivatives both decay by second-order 
processes [ 2491, 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 eIectron transfer as in neutral solutions [ 2491, the differences probably 
arising through steric effects. 

When reduction is effected by e;, rather than CO; or (CH,),(?JOH some- 
what different behaviour results. With p-nitrobenzoate only some 70% of e;, 
react with the ligand (reaction (207b)), the other 30% reducing the cobalt 
centre directly (reaction (207a)). This has been confirmed both by optical 
[ 2511 and conductivity f 2521 measurements. 

/ 
Co”( NH3),0XC6H4N0 _ 2 (207a) 

e& + Co”r( NH3)501CC6H4N02 
\ 

Conx(NH&02CC,~NO; (207b) 

No such coordinated radical intermediate has been detected following elec- 
tron reduction of benzoatopentaamminecobalt(II1). If electron attack at the 
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benzoate ligand does occur, this implies a very rapid (/z > 10’ s-l) intramolec- 
ular electron transfer to the cobalt. This, it is suggested [248], is because the 
electron enters a x orbital conjugated throughout the figand, such that over- 
lap with the metal orbit& at the carboxylate group provides a facile path for 
the electron transfer. 

An attempt has been made to assess 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(IIT) complexes, 
[(NH3)=JZoL3+] 12531. 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 [ 2531 concluded that the iiltermolecular electron 
transfer rate (reaction (209)) for th2 ligands studied was similar to that for 
the intramolecular reaction (206). Indeed for L = NH3, C,H,CO; and p-N02- 
C&H&O; klo9 was greater than kzo6, and it was suggested that this was due to 
the poor “electron permeability” of the carboxylate group [253]. 

CO”‘(NH~)~L + -O,CC,H,tiO; * [Co”‘(NH,),L - -02CC6H&O;j (208) 

[ Co”‘(NH,)SL - -O,CC,H&O;f + Co*+ + 5 NH3 + 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 X,,, = 425 
nm 1191. 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 TT* orbital on the NO ligand has been 
detected in y-irradiated solid sodium nitroprusside [ 254,255]. The one elec- 
tron reduction of the Ru(NH,),N03+ complex, on the other hand, produces 
an intermediate (X,,, = 280 and 360 nm) which does not exhibit acid--base 
properties 12563. There does seem to be some unpaired electron density as- 
sociated with the NO ligand, however, since the reduced foml of the complex 
reacts with the t-butanol radical (k = 3.7 - lo9 dm3 mol-’ s-l) 12671. The 
product is a stable ruthenium(H) alkylnitroso complex, [Ru(NH&N(O)CH,- 
C(CH&OH]‘+ [257]. 

Degradation of one of the ligands occurs in the reaction of e& with bis- 
{~ycinato)cop~er~II) [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 12581 formed the stoichiometry of the reaction is 

e& + Cu”(NH,CH,CO;), + Hz0 --f Cu’“(NH,)(NH,CH&O;) + cH&O; + OH- 

1210) 

Deamination also occurs in the reaction of e& with the free ligand [258]. 
However, neither free ethylene diamine nor its Cu” complex show any deam- 



ination on reaction with e, [259]. Rate constants for some intramolecular 
electron transfer reactions are shown in Table 19. 

Reactions of Off and H, Coordinated free radicals may also be produced by 
hydroxyl 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 benzoatopentaamminecobaIt(II1) [260, 
2611. This has been found to absorb with h,,, = 340 nm, emax = 3700 dm3 
mol-’ cm-‘, which is similar, but not identical, to the OH adduct of the ben- 
zoate ion [260,261]. ‘“h L e intermediate decayed by second-order kinetics, and 
it was suggested that tl.2 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 Co2’ were formed as the stable 
product (probably arising from a small fraction of the hydrated electrons 
scavenged 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 I??,0 saturated solutions, suggesting thst intramolecular 
electron transfer may occur under favourable circumstances. Very similar re- 

TABLE 19 

Rate constants for intramolecular electron transfer reactions 

Intermediate 
~._~__- 

Com(btpy)2(b~py‘l 

C+( btpy-1 brpyf$ 

.---- 

&S (s-l) Ref. 
--- __-... -- 
3.5 17 

3.5 17 

( NH3)5Co 2.6. lo3 248 

( NH, L&o 
150 249 

(NH&CO 4.0 * lo5 249 

-OzN 

9.5 - lo3 249 

H02N 

(NW&CO 
6.0 27 

( NH&Co= OOC <102 261 
H 

(NH~1+3 = ooc <102 261 
- 





r- 
2 
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The reaction of OH with the ethylene diamine complexes of CU”, Nif’, Pb” 
and Ii%"' ~~~~~ a~~~~ dea~~at~o~ of the ~g~ds [259& It seems that tfr 
3f. ions have fitt1e or no ~~~~e~c~ reaction since the fEe aged is 

and it is possible that the radkal fig- 
and dissociates from %k~e complex befork xearr~~#ng. 

Coordinated radic s have also been detect&I futiowing fla.& photolysis sf 
t~s~x~~t~ ~~b~t~I~1~ [ 2691. 

ber of studies have been made of the radiation chenr~i~try of somtz 
metat cur&king compounds of biological importance_ The mode of interac- 

r~~~Iytic s~~~~~s with th compounds has many fixture 
e simpler complexes desc 

ecause of the; muftiiplicity of sites at which the ra s can attack, 
and alsa because these reactions may bring about conformational. changes. In 

* The 
of tile 

m-ent ancmaiiies observed when farmate 
rate constants Ec3 zerc2 ionic strength. 
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scavenger such as formate, again in deoxygenated solutions. The regenerated 
metallo-enzyme appeared to be identical with the starting material. These 
observations are interesting in that they imply a high degree of specificity in 
the attack of OH, eiq and CO; on the protein. 

Both hemocyanine and plastocyanine show no catalysis of 0; dismutation 
in pulse radiolysis experiments [271], indicating that kz19 and Jz27_0 <lo6 dm3 
mol-* s-l. 

Fe-cytochrome c. A number of studies have been made of the radiation 
chemistry of ferricytochrome c (Fe’uE). Early y-radiolysis studies showed 
that reduction occurs to give a species identical with the enzymatically re- 
duced compound [ 278 J. Some variation in the yield of the ferrocytochrome 
c (Fe”E) formed is evident [ 279-2811, 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 J. In the absence of an OH scav- 
enger a value of G( Fe”E) = 5.2 (pH = 6.5) has been reported E281 I, sug- 
gesting reduction not only by eaq and H, but also following OH attack. Re- 
duction also occurs in aerated solutions, but here OH damage is fixed by Olr 
preventing electron transfer to the Fe”’ centre. 

Pulse radioIysis experiments show that quite complex changes occur fol- 
lowing the reaction of ferricytochrome c 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;, which decays 
with tl12 - 0.1 s at pH = 9.2. Further optical changes over a period of minutes 
were also evident before the full spectrum of ferroeytochrome c was obtained. 
At pH 6.84 reaction with eiq was found to occur at practically the same rate 
as the formation of ferrocytochrome c, no intermediate being detected [282]. 
The reaction of hydroxyl radicals with ferricytochrome c gave a complex 
series of changes involving a fast initial reaction with t1,2 - 3 ps, followed by 
slower reactions following no simple kinetic order, but independent of en- 
zyme concentration [ 2821. 

Pecht and Faraggi [ 2843 also detected an intermediate following reduction 
by e,;, which was converted by a first order process to the ferro form with k 
= 8.5 s-l at pH 6.7. A smaller reduction yield in alkaline than in neutral solu- 
tions was found, and this was thought to be associated with some pH linked 
conformational equilibrium of ferricytcochrome c. Both Land and Swallow 
[282,283] and Pecht and Faraggi f 2841 attribute the slow reactions observed 
following electron reduction to conformational changes, the intermediate 
representing an Fen ion in the conformational environment of Fern. 

Lichtin et al. [286] also observed a first order reaction (k = 1.2 - lo5 s-l at 
pH 6.8) under similar conditions. They also detected a further, slower first 
order process with k = 1.3 - lo2 s-*, but found no evidence of the much slow- 
er process (k = 8.5 s-‘) reported by Pecht and Faraggi 12841. 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 e;, at pH - 7 has found evidence for a much shorter lived 
intermediate. The results can be interpreted according to the following scheme 

e iQ + FeinE + Een*E- fz = 4.5 * 1Oio dm3 mol-’ s-i (223) 

Fe”‘E- + (Fe”E) /Z = 5 * lo6 s-’ (224) 

(Fe”E)’ -+ Fe”E k = 1.3 - lo5 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 c by malate and other organic radicals, 
and by hydrogen atoms has been reported by Shafferman and Stein [287]. 
The former group all react at less than the diffusion controlled rate (ca. lo8 
dm3 mol-’ s-l), 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 the reaction yielding ferrocytochrome c rapidly. The differences 
were suggested to be due to attack by malate etc. at some specific point on 
the enzyme surface, whilst H atoms reacted by H atom abstraction giving 
radicais only some of which were abIe to transfer an electron intramofecularly 
to the Fe” centre. 

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

Fe-haemoglobin and related compounds. Both haemoglobin and oxyhaemo- 
globin are oxidised when their aqueous solutions are irradiated, whilst met- 
haemoglobin is reduced [ 288,289]. A pulse radiolysis study of the reduction 
of the latter by e, has been made [290 1. The initial reaction is very rapid 
(k = 5.8 * lOlo dm3 mol-‘~-~ at pH 7.3), and remains unchanged when the 
/3(93)SH groups are blocked with iodoacetamide. It is followed by two con- 
secutive first order reactions which are independent of enzyme concentra- 
tion. The more rapid reaction occurs with tl,t = 15 F 2 pis, and disappears 
upon addition 02 inositol hexaphosphate. The latter is known [291,292] to 
promote a change of the quatemary structure of methaemoglobin with Hz0 
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 p.X - 8, and is thought to be due to the release of heme bound water 
(low pH) or of OH- (high pH) (2901. Metmyoglobin is also reduced by the . 
hydrated electron, but here only the slower pH dependent reaction is ob- 
served. 

Co. Blackbum et al. [293-2951 made some studies on the radiation chem- 
istry of the cobalt containing vitamin B12 system. Reduction of the Co”’ and 
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Con forms of the vitamin occurs readily on reaction with e&, but less readily 
or not at all with reducing radicals such as CO;. The reactions which have 
been characterised can be summarised as follows 

CO”’ co” co’ 

B12 + - eacl 
\ 

B12a + _ 
C&Oz’l 

. B12r coz B12s 

coenzyme B12 e& /’ 

Not all the products specified are formed in 100% yield [ 294-2961, 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 intramolec&rr electron transfer reac- 
tions must therefore be very rapid. Also, since vitamins B12 (cyanocobatamin), 
BlZa (aquo- and hydroxocobalamin) and co-enzyme BI2 are all reduced to 
the same compound, vitamin B12r, some rapid rearrangement reactions must 

TABLE 22 

Percentage yields of products in the reactions of some radiolytic transients with vitamin 
B12 and related compounds 
~- 
Reaction 

--___ .-----.-__._-. _-_ 
% conversion 
to product 
shown 

Ref. 

__._-- - 
eiq + B12 -r BlZr 

CO; + Bl2 -, BfPr 

OH + B12 - BlZr 

e, + B12a -+ B12r 

CO; + B12a - B12r 

67 

-03 

0 

65 pH 6.1 

I 
66 pH 9.2 
95 pH 6.0 

e,b f coenzyme B12 - B12r 

CO$/(CHa)aCOH + cocnzyme B12 -+ B12 

CO; + B12r - Bl2s 

(CHa),COH + B12r - B12a 

CH~CHO f B12r - B12a 
-- 

80 

Cl5 a 

-100 

-lOob 

-100 n 

a Reaction is slow if it occurs at ail. b in acidic solutions. 

294 

294 

294 

296 

294 

295 

295 

294 

294 

294 
--- 
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tian or dimerisation, and is followed by two further first order processes 
(trlz = 40 ms and 25 S) [ZH?‘J before furrn~t~~~ of the stable produets. In view 
of these subsequent reactions, the ~r~~~s~ abeyi 
tfnaugfit to be d~~e~~ati~~ (if it were a disprop 
of the inte~m~ iates formed to the stably ~r~duc 

Radiation ~~~rn~~~ studies have also been made on the Zn c~~~~~~i~~ 
enzymes yeast alcohol dehydragenase [Z ahd bovine carbonic anhydrase 
[3003_ Both are inactivated by oxidising cals such as WI, Br; etc., where- 
as with bovine carbonic anhydrase the metzkl ion exerts a protective effect in 
comparison with the metal free enzyme. esumably this is because it acts 
as ZJm electron ‘%inkyz* 

A navel a~~l~~~ti~~ of the pulse ra~~lys~ technique has been t 
mend of ligand~~lv~~t exchange kinetics fc~llow-ing electron r~du~t~~n of 
the metaf centre sf somie complexes. Gina X;he ~ufPIITH&+ complex, for 
instance, electron reduction produces C~(~~~~~ (reaction (ZZS]), and, since 
C# is labile, rapid exchange af the ammine ligands with the solvent cxxurs. 

e& + Co(NH3)~ 3 Ca(NW,)~ ww 

r pxocess cm be m 

e 13011 ~~~~d that tire ex- 
~~~n~e of the fir hree ammine ligands (~~~cti~~ ~22~~~ is too 1: id to be 
detected with th apparatus, but that the subsequent reactions cur in 
three distinguish steps as foliows 

Co(NH,)2,4 + 3 II2 + ~~(N~~~~(~~U~~ + 3 NJ& h > lo6 s-” (229 1 

C~WW,(WW y -c Hz0 -+ Co(NI-I,)#12Q)~ -i- NH3 k = 6 - 1O4 s-j (230) 

k = 1 . IO4 s-’ (231) 

Cu(~~~~(~~~~~+ + II,0 + Co( k = 1-5 + IO3 S-t ~~~2~ 

The rate CcmS ~~~~~~d its h =f 5 * 
the exchange whikt the vnxue for hr 
pares favourably with that of kTTS2 = 1.1 - 20” s-” (at ZQ*C) measured by the 
temperature jump method [303], A sirnil= situation was found to exist fol- 
lowing reduction of Co(NH,)&12’ [3013. 

Lilie et al, ~~~~~ also studied the lig~d~ater exchange reactions of a 
number of Rh” complexes generated by pulse radiolytic reduction of the core 
responding IUP” ~~rn~~u~ds~ The first two Iigands are very rapidly exchanged 
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tt ,,2 G 1 /JS), so that irrespective of the starting material (Rh(NH3)5X3* or Rh- 
(NH&X:+), the first intermediate detected is Rh(NH&’ (see also Sect. D(v)). 
This exchanges two further NH3’s for water -with rate constants of 3EO s-’ and 
40 s-* [116]. 
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