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experiments definitely rule out the mechanism of
Franck and Haber® for this system,

The results with N;O prove also that the role
of the positive H* ion is not unique and that an-
other, neutral electron scavenger can lead to a
similar process.

The present picture involves a thermal electron
detachment process from the excited state of the
solvated negative ion, leading to the formation of
& solvated electron in the aqueous solution. The

(28) J. ¥ranck and F. Haber, Sitzher. preuss. Akad. Wiss. Physik
Math. Klasse, 750 (1931).
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formation of a thermalized cleciron is plausible
in the case of an excited iodide ion, where the elec-
tron in the expanded orbital is acted upon only
by the polarization field of the medium.

Franck and Scheibe?? in their original work postu-
lated a photodetachment process as the primary
light absorbtion act of negative jons in solution.
Our results show that this oceurs only as the
result of a secondary thermal process,
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The effect of O, on the photochemistry of aqueous iodide solutione was investigated. O, was found to act as a scavenger

for both electrons and H atoms.

The reaction mechanisms are discussed and kinetic data for the reaction of O, with elec-

trons and H atoms are derived. The photochemical results are compared with data from radiation chemistry,

Introduction

Radiation chemical investigations® indicate that
oxygen dissolved in aqueous solutions acts as an
efficient scavenger for both solvated electrons and
for H atoms.?

Following the preceding work,? the effect of
O, on the photochemistry of the iodide ion was
investigated. The investigation of the oxygen
effect on this system is of importance for a further
insight into the specific scavenging mechanisms
of H atoms and their precursors.

Experimental

The experimental technigue was similar to that previously
employed.? Evacuated neutral potassium iodide solutions
were equilibrated with air or oxygen for 2-3 hr. The pH
was adjusted by acid added just before irradiation, which
was carried out as fast as possible to avoid thermal oxida-
tion. The kinetics of the post-irradiation effect in aerated
solution were measured by the determination of the time
dependence of the I, concentration in the reaction vessel after
stopping the irradiation. The thermal oxidation was fol-
lowed by a similar technique.

Resuilts

Some experimental difficulties were encountered
in the experimental investigation of this system
at low pH. The effect of the thermal oxidation of
1- at pH < 2.5 is appreciable. Short irradiation
times (15 sec.) were used, and corrections for
thermal oxidation were introduced. The deriva-
tion of the experimental results for the initial
quantum yields was further complicated by the
observation of a post-irradiation effect in aerated
solutions. It was assumed that this effect is due
to the production of H,0, in irradiated solutions.
To confirm this hypothesis a kinetic study of this
process was carried out. We measured the de-
pendence of the I, concentration (determined as

(1) N. F. Barr and A. O. Allen, J. Phys. Chem., 63, 928 (1959).
(2) J. Jortner, M. Ottolenghi, and G. Stein, ibid., 66, 2037 (1962).

the optical density D,) on the time r after stopping
the irradiation. First-order kinetic curves were
obtained by plotting In (D. — D,) as a function of
7 (Fig. 1). The experimental values of D, were
corrected for thermal oxidation. From the first-
order rate constants &k the second-order rate con-
stants k/[I~] were obtained, in agreement with the
result for thermal oxidation of I~ by Hy04.2 These
results indicate that HyO, is produced in the photo-
chemical gystem.

TaBLe I

Posr-Irrapiation ErrecTt 1N Irrapiated KI Sonvrions
[I-] =015 M, J = 15 X 1077 einstein gec, 7 ], 71

k, E/[17) 1,
pH min.”! mole " min, ~! Ds Do
1.29 0.048 0.75 0.265 0.02 0.48£0.03
0.83 0.22 3.37 0.26 =002 0.50%£0.03

As the thermal oxidation of I- by H;O. during
the short irradiation period is negligible, the initial
{I5]o concentration corrected for the post-irradiation
effect was obtained from extrapolation of log (D& —
D) to r = 0. We find (Table I) 2Dy = Do,
i.e., 2[Is)y = [I2]». Thus the quantum yield for
H,0, production is equal to that of I, during ir-
radiation. The quantum yield at low pH could be
evaluated by measuring v(I) + ~v(H:0,). This
was done by determination of I, yield after the
completion of the post-irradiation effect about 60
min. after stopping the irradiation.

Dependence of y on pH and O, Concentration—
In Fig. 2 and 3 we represent the dependence of the
initial quantum yield for I, production on pH and
0, concentration. These quantum yields were cor-
rected for thermal oxidation and do not include
contribution of the oxidation by H,0.. v at

(3) H. A. Liebhafsky and A. Mohamed, J. Am. Chem. Soc., 68, 3977
(1933).
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[02] = 2 X 10~* M in air saturated solution at
pH 2.56 and 3.56 was found to be independent of
the light intensity J. The pH dependence of
v(Iy) in Fig. 2 is represented in the concentration
region of O, where v(I;) is independent of O. con-
centration.

At low pH values (below 2) v;(I,) is independent
of H+ concentration and attains the limiting value
i = 0.20 = 0.02 at 25°, which is again identical
with the limiting quantum yield obtained in other
scavenger systems.?

When the pH is increased vi(I,) decreases. The

independence of v on J indicates that this decrease
has to be assigned to secondary radical recombina-~
tion.
At pH 2.56 in air saturated solutions {I,) =
0.26. This value is identical with the result v =
0.26 obtained in the presence of high concentration
of aleohols at this pH.* Thus it appears that at
pH 2.5-3.0 the decrease of the quantum yield is
due mainly, as in the case of alcohols, to the forma-
tion of the radical pair (I + H)j; and the scaveng-
ing of the H atom by O.. However at higher pH
values the v values obtained in the presence of
0. and alcohols do differ markedly. - At pH 3.56
v(I) = 0.16 in air saturated solutions and v(Is) =
0.225 in the presence of 1 M methanol or isopropyl
aleohol.* This indicates that in the presence of
oxygen an additional mechanism is operating. As
radiation chemical studies! indicate, O; is an ef-
ficient scavenger for electrons. Thus at low H+
concentrations (pH > 3) electron capture by O,
will oceur. This reaction will compete efficiently
with electron capture by H¥, leading to the forma-
tion of O,~. This ion may however reduce an
iodine atom to I~ leading to a deactivation back
reaction. Alternatively O.™ can react with H+ ion
vielding HO,. This scavenging reaction will com-
pete with the back regetion I + O,~. The hydro-
peroxy radical yields HyO, by oxidation of another
I~ ion.

Reaction Mechanism in the Presence of O, —
The experimental results for the initial quantum
yield in oxygen containing solutions are interpreted
in terms of a parallel—consecutive scavenging
mechanism

I4en+Hr—> I+ Hu kgree (1)
I+ Hyr 4+ 0, —> 1+ HO; ko, +u (2)
A4+er+ 00—+ 0 koywe (3)
I+ 0 +Hr—>1+HO; kyg+yo~ (4)

Followed by
I= 4+ HO; —>1 4 HO,~ 6)
21— 4+ H,0, + 2H+ —> I, 4+ 2H,O (6)

The radical pairs I, II, and III may also con-
tribute to the residual yield.
. An exact mathematical treatment of this system
Is complicated. We attempt to present an ap-
proximate treatment applying simplifying assump-
tions as presented before.?4

(4) J. Jortner, M. Ottolenghi, and G. Stein, J. Phys. Chem., 66,
2029 (1962).
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Fig. 1.—Post-irradiation effect of aerated solution: [I=] =
0.15 M, pH 0.83.
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Fig. 2.-—The pH dependence of y(I;) (corrected for the
contribution of the post-irradiation effect) in aerated
solutions.

The quantum yield in the presence of O is pre-
sented in the general form

v =7+ Al W(l — B’ e~ Can/8mVaKor) |

(1 —_— VV) (]_ — BIII, 6~—(2a111/[3m’)\/7rKH+’)] (7)
A represents the total cross-section for electron
scavenging from cage I by O, and H+, Assuming
that the radical pair I yields the residual yield

v, independent of the two seavenger concentrations
we set

A =Tl — /e~ 2a/a) VKo T Kuv)] — 4,1 (8)
The constants K in eq. 7 and 8 are defined by
Ko, = Ko, +¢[02]
Ko," = ko, + u[0Oe]
Kp+ = hy+ 1 o[H¥]
Ku+' = ku+ 4 o [H*]

W represents the fraction of radicals from cage I
scavenged by H*, e, W = Ky+/(Kua++ Ko,);
thus the cross-section for the formation of cage
ITisWA.
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Fig 4.—Secavenging of H atoms by O, at pH 2.56.

Equation 7 can be transformed into the form

v = 'YrI + A“ _ Hfﬂn’ e—(?au/ﬂn’)\/-eroZ’ —

(1 — W)y’ e—Qam/éu)’ VeKas’] (77
Scavenging of H Atoms by O,—At sufficiently
high H+ concentrations, at pH < 3, we assumed
that the reaction path involves scavenging by H+
(reaction 1) and the contribution of reaction 3 is
negligible. Equation 7’ is reduced to the form

v = vl 4 [T(L — 81’ e—2av/8’ VrKu-) — ~ 1] X

(1 — B’ e“(2a11/25n’)\/¢rK02) (9)
This equation was applied for the treatment of the
dependence of y(I,) on O, concentration at pH

2.56. At limiting high O, concentration the
quantum yield is (Fig. 3)
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r<1 - &’ e“(?al/,@l')\/ﬂTH"> — 0.26

The rate constant ko, + u was evaluated by plotting
log [(0.26 — ~)/(0.26 — 0.08)] as a funection of

A/10,]. From Fig. 4 we obtain 81 ~1 and 2011 X
vV 7k 1 0, = 260 mole=/2 1,

Scavenging of O,~ by H+.—For high pH K, >
Ky +and at high O, concentration where 4 = T ~-
v we set W = 0 and thus obtain from eq. 7/, for
the scavenging reaction of Oy~ by H+

T —~
In <f‘_—— ’)ZI> = In B’ —

2ar11
’
B

We have assumed that eq. 10 is applicable for
pH > 3.5. From the experimental results in this
high pH region we obtained 8111’ = 1 and 2a111 X
A/ 7kt + 0 = 60 & 20. This result indicates that
the rate constant FH* + @~ {3 high, in agreement
with kinetic data® which indicate that the rates of
neutralization of bases in solution are diffusion
controlled.

Semiquantitative Treatment of Experimental
Results in the Presence of O,—The numerical

Values fOI‘ ,811’, BIII/; 2aII'\/7|'kH+02; and 2(11]1 X
A/ 7hor + m+ obtained from the above approximate
treatments may be substituted now in eq. 7’
yielding
v = 0.08 + [0.29 (1 —

0.725¢=50 VIHT +al0d) — 0.08] X

Vs 1o [HY] (10)

) ¢—260 /104 o080 \/IH ]

- (e~ e @vens)
(11)

where a = Ko+ e/ku++. For the parameters

specifying electron scavenging by H+*, appearing
in 4, wechose f1 = 0.725 and (2a1/81" )V 7hu+ £ e =
50, This value is somewhat lower than that ob-
tained in the presence of alcohols,* but is congistent
with the results for competitive scavenging of
electrons by Ht and N;O.2

The experimental results do not make possible
the exact evaluation of a. However, reasonable
agreement of the experimental results with eq. 11
is obtained for a = 1—35 showing that the ef-
ficiency of Oy and H* as electron scavengers is of the
same order of magnitude.

The comparison of the experimental results with
those obtained from eq. 11 is presented in Table IT.

The good agreement of the calculated and ex-
perimental results should be accepted with some
reservation. The general treatment presented in
this work is too approximate for a quantitative
treatment of this complicated system.

Discussion

The Residual Yield in O, Solutions.—The quan-
tum yield obtained at pH > 4.5 in air and oxygen
saturated solutions is independent of pH. This

(3) M. Eigen and K. Kusten, J. Am. Chem. Soc., 82, 5952 (1960).
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TasLE I1
QuantuMm YiELps 1N THE PrEsEnce o Oxyveex. Cancr-
LATED RESULTS FROM EQUATION 11 WITH « = 3

[Oa], (12, v (12,
pH mole 1. 71 expt. caled.
1.0 2.3 X 10~ 0.290 =& 0.005 0.290
2.15 2.3 X 10— 285 £ .005 275
2.6 2.3 X 107¢ 260 &= 005 .270
2.8 2.3 X 10¢ 246 &= 005 .250
3.9 2.3 X 10— 1133 = .005 .155
4.1 2.3 X 10¢ .110 = .005 .140
2.56 6.6 X 108 .250 &= .005 . 240
2.56 3.95 X 10 .230 £ .005 235
2.56 2.5 X 1073 207 = 005 210
2.56 1.32 X 10-3 190 &= .005 175
2.56 0.83 X 1075 .150 £ .005 .170
3.56 6.6 X 10-° 180 = 005 171
3.56 3.95 X 1075 167 = .005 .168
3.56 2.5 X108 (160 = 005 153
3.56 1.32 X 103 .137 £ 005 142
3.56 0.83 X 10— 122 = 005 133

quantum yield, v = 0.065 = 0.01, represents the
experimental determination of the residual yield.
In the presence of oxygen the residual yield repre-
sents the sum of the residual yields +.! and ..
As indicated by the experimental results in the
presence of alcohols at high pH? hydrogen atom
scavengers are not efficient for the residual yield
in neutral solution. On the other hand, O, is an
efficient scavenger for electrons. The residual
yield in the presence of O, is about equal to the
extrapolated values of ! = 0.07 and 0.08 ob-
tained?* from the pH dependence in the presence
of aleohols and from scavenging by N,0. These
results indicate that the residual yield from cage
I involves solvated electrons and not H atoms dif-
fusing into the bulk.

Relative Rate Constants for the Reactivity of H
Atoms.—The experimental results from the
scavenging experiments make possible the evalua-
tion of relative rate constants for the reactivity of
various scavengers with H atoms and electrons.
The relative rate constants for the reactivity of
H atoms with various scavengers are shown in
Table 11T and compared with kinetic data obtained
from radiation chemical investigations.® These

(6) J. Rabani, J. Phys. Chem., 66, 361 (1962).
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rediation chemical investigations were carried out
at low pH to assure that H atoms as such are in-
volved in these reactions.® The agreement be-
tween the photochemical and radiation chemical
data is fair and indicates the consistency of the
mechanisms derived.

Tasue I1I
Kineric Data For THE REACTIVITY OF H ATOMS
ka+s kH+8
kn+ 0, kH+ 0,
2a114/7k,  (photochemical (radiation-
Scavenger mole="/21.}/2 data) chemical data)®

Methanol 3.88 16 X 10— 8.5 X 1078
Isopropyl alc. 20 5 X 10— 2.6 X 108
H* 2.6 104
O, 260

The Reactivity of Electrons.—Molecular oxygen
in the photochemical system was found to act as an
efficient scavenger for electrons. The rate constant
for the reaction

Oz + eaqg = O27aq (12)

is about equal to the rate constant for the reaction
Htug + €aq—> H (13)

This result is in complete agreement with a recent
radiation chemical investigation of the pH de-
pendence of the decomposition of HyQ, in the
presence of 0,7

Czapski and Allen” concluded that for the reduc-
ing radicals produced from the radiolysis of neu-
tral aqueous solutions, the rate constants for re-
actions 12 and 13 are equal within a few per cent.
In a similar way agreement was obtained? between
photochemical and radiation chemical data for
the relative rate constants for scavenging electrons
by H+ and N,O. These results indicate the ident-
ity of H atom precursors formed by thermal
electron detachment from the excited state of the

iodide ion, with the reducing species formed from

the radiolysis of neutral aqueous solutions.
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