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mediates, and may be related to the nature of the 
H atom equivalent present in irradiated solutions. 
Thus the special case of 02 remains to be fully 
explained and deserves more detailed investigation 
in the future. 

The nature of the FeH2+ complex should be 
briefly considered. This may in all probability 
be a ferric hydride possibly consisting of a Fe3+H- 
"charge transfer" complex in which a labile ion 
pair is formed. Similar intermediates were re- 
cently postulated in the homogeneous activation of 
HZ in solution by some transition and post-transi- 
tion cations.22 For the negative iodide ion the 
formation of such an ion pair is unlikely. 

The possibility of such hydride complex inter- 
mediates was also postulated by Ifiasna and Rit- 
tenbergZ3 in the enzymatic activation of molecular 
hydrogen by the enzyme hydrogenase of Proteus 
vulgaris, and recently reinvestigated in the case 
of Desu l fo~ ib r io .~~  The enzyme is considered to 
contain iron, 

The rate of exchange of solvent molecules from 
the hydration layer of some transition cations with 

(22) J. IIalpern, Quart. Rev., 10,463 (1956); J .  r h u s .  Chem.. 63, 398 
(1959). 

(23) A. I. ICrasna and D. Rittenborg, J. Am. Chem. Sac., 76, 3015 
(1954). 

(24) A.  I. I l i s n a .  E. Riklis and D. Ilittenberg. J .  E d .  Chem., 236, 
2717 (1960). 

the medium was shown from n.m.r. meas~ren ien t s~~  
to be of the order of lo5 liter mole-' set.-' for the 
reaction 

which is of the same order of magnitude as the 
upper value for the rate of formation of the ferrous 
complex with H atoms derived in the present work. 

According to the mechanism now proposed the 
oxidation of non-labile ferrous complexes, e.g., 
ferrocyanide, will not occur by the hydride mech- 
anism, but by the H2+ mechanism, in agrcemcnt 
with our previous results. l7 

Combining the value nom obtained of ka - lo5 
liter mole-' see.-' for the rate of reaction of Fe2+ 
with H atoms, with the value of the ratio of the 
rate constants between H atoms and Fe2+ or 0 2 ,  
respectively, gives an approximate value of I ~ F I + O ~  

lo8 - lo9 liter mole-' set.-', in imsonable ngree- 
ment with the results of Riesz and Ilow- 
ever in this respect one has to bcar in mind thc 
reservations regarding the possible specific re- 
actions of 0 9  with intermediates in irradiated 

H20 + LIn+ H&* + HzO* + Ll"+ 1320 

solutions. 
We thank Prof. J. Halpern for valuable com- 

ments. 
Israel Atomic Energy Commission. 

This investigation n-as supported b y  the 

(25) R. E. Connick and K. E. Poulmn, J .  C'cm.  I ' h y ~ . ,  30, 729 
(1959). 
(26) I'. Riesr and E. J. Ilart ,  J .  P h p .  ( ' h e m . ,  63, 8:,9 (1939). 

THE ItOLE OF HYDROGEN ATOXIS I N  THE DECObIPOSITIOS OF 
HYDROGEN PEROXIDE AND I N  THE ItADIATION CHEMISTRY OF WATER 

BY GIDEON CZAPSKI, JOSHUA JORTNER AND GABRIEL S m m  
Department of Physicul Chemistry, Hebrew University, Jerusalem, Israel 

Received October 91, 1960 

Atoiiiic hydrogen geiierated by an electrodeless high frequency discharge in lIa gas and introduced iiito aqiitwub soliitionc 
105 liter mole-' sec.-l, unaffected by ch:ingiiig the pli  froin 

The reactions involved are discussed and compared with those postulated for the radiolysi,. of aqueous IizO, 
rcncts with IO-e10-j ill 11202 with a velocity constant of k 
1 to 13. 
solutions. 

In the radiolysis of dilute aqueous solutions 
electrons are one of the primary products. Elec- 
trons may react directly with suitable acceptors, 
or may form H atoms through reacting with water, 
with Haq+ or with HzO+.H atoms themselves may 
also result directly from, e.g., the dissociation of 
excited water molecules or by dissociative electron 
capture by H20. The ratio eaq/H may depend on 
the pH. 

Once formed, H atoms may react with Haq+ to 
form Hzaq+ ions. The ratio H/Haq+ will depend 
on the pH. 

In  addition to these general considerations re- 
cently experimental evidence became available 
showing that two different forms of H atom equiva- 
lent are present in irradiated solutions, these two 
exhibiting widely different reactivity with specific 
acceptors. Thus Barr and Allen' have recently 
obtained evidence that the two forms show very 

(1) N. F. Barr and A. 0. Allen, J .  Phys.  Chem., 63, 928 (1959). 
See also A. 0. Allen and H. A. Sohwarz, PTOC. Int. Conf. Peaceful Uses 
o/ Atomic f ineryy,  29, 30 (1958). 

different velocity constants with €bo2. The pos- 
sible pairs considered weree,, and I-I or alternatively 
H and Hz+. No decision n-as made betwcen the 
two alternatives. 

Allan and Scholes2 investigating the reactioiis 
in irradiated aqueous solutions of' some organic 
acceptors, came to similar conclusions, but identi- 
fied the pair of reactants as the electron in water 
and H atoms. The considerations of Weiss3 point 
in the same direction. 

To differentiate between the two possibilities 
and provide evidence for the identification of the 
species involved in the radiolysis of water, we in- 
vestigated the rate of reaction of atomic hydrogen 
with Hz02 in dilute aqueous solution. 

Experimental 
Atomic hydrogen was produced as described before,4 

by an electrodeless high frequency discharge a t  30 Mc. in 

(2) J. T. Allan and G. Scholes. Nature, 187, 218 (1960). 
(3) E. Hayon and J. Weiss, Proc. Int. Conf.  Peaceful Uses of Atomzc 

(4) G. Czapski and G. Stein, J. Phys. Chem., 63, 850 (1959). 
Energy. 29, 80 (1958); J. Weiss, Nature, 186, 751 (1960). 
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HZ gas a t  30 mm. pressure. The dose rate in the present 
series of experiments was A = 2 X lo-' mole liter-'sec.-' 
determined by the ferricyanide dosimeter.5 The gas was 
pumped through the solution at a velocity of 150liter min.-l, 
producing a very vigorous bubbling and stirring. Ex- 
periments were carried out a t  about 4'. Blank experi- 
ments were carried out by passing Hz through the solution 
without discharge. In  the absence of H atoms no decom- 
position was observed. Initial and final HZOI concentra- 
tions were determined iodometrically a t  the higher con- 
centrations, and below [H202] = 10-5 M by the oxidation 
of FeSA. Water was triply distilled. €1~02 was Hopkin 
and Williams' Analar. 

Results and Discussion 
In  neutral solutions, a t  pH-6, the decomposi- 

tion was investigated a t  several concentrations of 
H202. The results are shown in Table I. We 
assume the mechanism 

H + H202 + HzO + OH 
OH + H202 + HzO + HOP 

OH + Hz + H + HzO 

( 1) 
(2) 
(3) 

2H01+ HzO2 + 0 2  (4) 
2H + Hf (5) 

Our solutions were saturated with H2 gas a t  30 
mm. pressure. Assuming that the solubility of 
Hz is 0.8 X M per atmosphere, the Hz con- 
centration in the solution is 3 X M .  The 
rate constants k2 and ka are about equal.' We 
shall neglect reaction 2 compared with reaction 3 
for H202 concentrations of 2cI or lower. We 
shall also disregard the radical recombinations 
H + OH and OH + OH. Under these simplify- 
ing conditions, assuming homogeneous kinetics (the 
justification for which was discussed separately6 
and is considered again in the Appendix) steady- 
state treatment gives 

Setting' IcS = 1O'O liter mole-'sec.-', the values 
of K1 shown in Table I are obtained. Of the sig- 
nificance of these values it may be said that as the 
concentration of Hz02 increases to M or higher, 
reaction 2 may no longer be neglected; as the con- 
centration increases further, the chain decompo- 
sition of HzOz, negligible below 5 X M be- 
comes of increasing importance. On the other 
hand at concentrations of 10" 11.1 and lower, the 
determination of H202 becomes less accurate. 
We thus conclude that from these experiments kl = 
1 X lo6 liter mole-'sec.-'. This value should be 
compared with that of kl in the gas phase, which is 
of the order of lo6 liter rnole-lsec.-l.g 

To investigate the pH dependence of kl the ex- 
periments shown in Table I1 were carried out in 
approximately lo-* lll H202, where analytical 
accuracy is good. The results show that from 
pH-1 to -13 the decomposition yield is ap- 
proximately independent of p H .  As to the ab- 
solute value of kl these experiments a t  about lo-' 
M H202 probably give a slightly too low value 
for the reasons discussed above. 

The rate constant for the reaction of H atoms 
with 0 2  was recently founds to be lo8 to lo9 liter 

-d[HzOz]/dt = [Hz02]kp4'/2/k5'/2 (6) 

(5) G. Czapfiki and G. Stein. J .  Phys. Chena., 64, 219 (1960). 
(6) G. Czapski, J. Jortner and G. Stein. ibad., 66, 956, 960 (1961). 
(7) H. L. Friedmann and A. H. Zeltman, J. Chem. Phys. ,  28, 878 

(1959). 
(8) K. H. Geib, 2. physik.  Chem., 8169, 161 (1934). 
(9) P. Riess and E. J. Hart, J .  Phys. Chem., 63, 859 (1959). 

TABLE I 
DECOMPOSITION OF UNBUFFERED H z O ~  SOI~UTIONS RY 

ATOMIC HYDROGEN AT 4' 
kl, 

AC/ 104 1. 
[HrOrlinitial. [HzOn ]final, AC. [HrOz 1 mole -1 

mole 1.-1 mole 1.' mole 1.-1 mean sec.'l 

6.15 X 10" 

0.78 x 10-6 

0.78 x 10-6 
3.30 x 

3.21 X 10-6 
0.815 X 10-4 

0.865 X 

7.02 X 10- 5.85 X 10" 1.02 X 10" 0.16 6.0 

1.01 X 0.67 X 10-6 0.26 X .29 10.5 

4.04 X 10-6 3.26 x 10-6 0.81 X 10-6 .23 8.4 

1.00 x 10-4 0.860 x 10-4 0.15 x 10-4 .x 6.0 

mole-' sec.-l. By an independent method we 
reached6 a similar result. Barr and Allen' have 
shown that one of the species in which the hydrogen 
atom equivalent appears in irradiated solutions 
reacts with H202 a t  a rate comparable to that with 
which it reacts with 02. The other form, obtain- 
able also by the reaction of OH radicals with molec- 
ular H2, reacts with O2 so much faster than with 
HzOz, that added Hz02 is not an efficient scavenger 
for it in the presence of 0 2 .  

Our results are entirely consistent with the as- 
sumption that this species, reacting relatively 
slowly with H202, is the H atom, as kl is found to 
be some 10* times lower than ?CH + or. 

This conclusion agrees also with the finding of 
Bunn, et aE.,l0 that reaction 3 leads to the formation 
of atomic hydrogen and does not proceed by 
charge transfer. 

We conclude therefore that the pair of reactive 
entities under the conditions of irradiation dis- 
cussed by Barr and Allen' is eaq and atomic H. We 
thus agree with the conclusions of Allan and 
Scholes.2 We consider that the fast radiation- 
induced decomposition process of H202 in neutral 
solutions is 

e., + Hz02 + OH + OH,,- 

e., + Ha,+ + H 
will proceed efficiently. On the other hand the 
formation of Haq.+ from H and Haq+ is a relatively 
slow process1* with k ~ + = +  - lo3 liter 
We thus conclude that the acid form of the pri- 
mary radiation product, electron in water, is the 
H atom as such. These results are consistent with 
the sequence eaq --f H ---f H28q+, as the pH de- 

H +  H +  
creases. Haq + will become kinetically important 
a t  low pH values only in systems where no other 
acceptor can directly and rapidly react with 
eaq or H atoms by other pathways. Recently 
additional experimental evidence has been ac- 
cumulating regarding specific reactions of electrons 
with suitable acceptors in the radiolysis of water. 

(7) 

(8) 

In  acid solution the process 

(10) D. Bunn, F. 8. Dainton, G. A. Salmon and T. J. Hardwiok, 
Trans. Faraday SOC., 66, 1760 (1960). 
(11) G. Czapaki, J. Jortner and G. Stein, J. Phus. Ckem , 63, 1769 

(1959). 
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TABLE I1 
THE pH DEPEXDENCE OF THE DECOMPOSITION OF H202 SOLUTIONS 

PH [HzOzIinitial, [HzOzIfinal, AC AC/ 
Soln. approx. mole L-1 mole 1. -1 mole 1.-1 [HzOalmean 

o 950 x 10-4 
HzS04 0 16 N 1 I 12 x 10-4 934 x 10-4 o 18 x 10-4 0 18 
No addition 6 1 00 x 10-4 85 x 10-4 15 x 10-4 16 
NaOH 4 x 10-4 N 10 o 99 x 10-4 855 x 10-4 135 x 10-4 15 

NaOH 0 1 N 13 0 63 X 57 x 10-4 85 x 10-5 14 
.52 x 10-4 

These data include the increased hydrogen yields 
in aqueous monochloroacetic acid3 and aqueous 
methanol12 a t  low pH, the QH dependence of the 

and the relative stability of HzOz in acid solution kJHI2 (la) 
under irradiation.14 Similar to the case of HzOz DoHb2[0Hl/dX2 = k2[OHl[Hzl  - kl[HI[H2021 (2a) 
in acid solution is that of N2Ol6 where Dainton 
and Peterson attributed the sharp drop in decom- 
position at  lower pH values to the formation of 
the acid form of H atoms. The analysis of their 
results16 shows that the reaction of H atoms as 
such with NzO is a relatively slow process, with a D E ~ * [ H ] / ~ X '  = ks[H]' ( 3 4  
rate constant of the order of 103-104 liter mole-' 
sec.-l. It may be concluded accordingly that the 
precursor of atomic hydrogen in irradiated neutral boundary conditions + and b[HllbX + 

solutions is the electron in water, while the acid when --t , and to the 
form is the H atom as such. D H J ~ ~ [ H ] / ~ X ~  dV = d* (44 

purely diffusion controlled conditions the homo- 
geneous steady-state equations should be replaced 
by 

ratio of the reduction of Cu2+ and formic acid,12 l 3  D ~ b ~ [ H ] / d x '  = ki[H] [HzOz] - kl[OH] [Hzl + 

where DH and DOH are the diffusion coefficients of 
H and of OH. As DH>DOH and [Hl>[OH], the 
diffusion of the OH radical is neglected and we set 
DOH b2[OHl/dX2 = 0. Hence we obtain 

The solution of this equation is subject to the 

The present work provides also good support 
for the considerations6 regarding the absolute 
value of the rate constants obtained by the present 
method. The value of kl = lo5 liter mole-' set.-' 
was obtained by the application of homogeneous 
kinetics. It was shown6 by comparison with 
heterogeneous kinetics that under our experimental 
conditions rate constants derived from homogeneous 
kinetics are lower by probably not more than one 
order of magnitude than the true one, and may pos- 
sibly closely correspond to it. We see that in the 
present case not only does the value of ICl thus ob- 
tained agree well with the results of radiation 
chemistry, but is consistent with the value of kl 
obtained from gas phase experiments. 

Appendix 
In this paper homogeneous steady-state kinetics 

were applied. It is interesting to compare the 
results with those obtained by applying mass trans- 
port controlled kinetic processes. This problem 
was discussed in detail.6 In the present case for 

(12) J. H. Baxendale and G. Hughes, Z. phgszk .  Chem. N .  F., 14,323 
(1958). 

(13) D. M. Donaldson and N. Miller, Rad. Res.. 9, 487 (1958). 
(14) T. J. Sworski. J .  4 m .  Chem. Soc.. 76, 4687 (1954). 
(15) F. S. Dainton and D. B. Peterson, Nature, 186, 878 (1960). 
(16) G. Czapski and J Jontner, zhzd , 188, (1960). 

where V is the total volume of the system and A* 
is the total dose rate in mole set.-'. The de- 
composition yield of Hz02 is obtained in the form 

The solution of equation 3a is given by6 

where (p is the effective mean surface for the dif- 
fusion process estimated6 as of the order of 10 cm.*. 
The decomposition yield is 

d[H202]/dt = (kl[HzOn] p2/3/V)(18DaA*/k,2)'/3 (7a) 

Setting DH = 4 X sec.-', A* = 5 X 
mole set.-', V = 25 cm.3, k, = 1013 C M . ~  

mole-' see.-' and by using the data of Table I 
we get kl(p2/a = 2 x 107 liter mole-1~ec.-lcm.'/~ 
and thus kl is of the order of lo6 liter mole-'sec.-'. 

We thus see that the homogeneous kinetic treat- 
ment gave a lower limit of kl, while as discussed 
previously, the purely diffusion controlled treatment 
leads to an upper value for k,. In the actual 
forced convection situation of our experiments the 
employment of homogeneous kinetic will probably 
yield a value for the rate constant which is in agree- 
ment with the true value to hetter than one order 
of magnitude. 

d[H202]/dt = k1[H2O2]/VJ[H]dV (Sa) 

(6a) H = I/ ( p z / 3 (  2k,DH/3A *2)1/3 + ( k,/DH) 'hX) 




