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Scavenging mechanisms in the photochemistry of the iodide ion nxre investigated. The nature of the scavenged species 
is discussed. H* ions promote specificalll- the 
formation of H atoms from these electrons. H' ion aiid aliphat.ic alcohols were emplo7ed as scavengers for the H atoms. 
At high scavenger concent'ration a limiting quantum yield of 0.290 f 0.005 ix-as observed a t  25" and 2537 1. independent 
of the nature of the scavenger. Application of specific scavengers made discrimination possible between H atoms and their 
precursors formed from the diasociation of t,he excited state of the ion. The dependence of the quantum yield on the scav- 
enger concentration, was found t o  be in agreement with general scavenging equations. 

An iodine a,tom-electron pair is formed from the primary excited state. 

Introduction 
In previous work1 the photochemistry of evacu- 

ated aqueous KI solutions was investigated. The 
pH dependence of t'he init,ia'l quantum yield, which 
was found to  be independent of I- concentrat>ion 
and light intensity, could be int,erpreted ade- 
quatcly by a diffusion controlled scavenging mech- 
anism.* The int,roduction of H atoms into the 
bulk was found to be facilitated by H+ ions, acting 
as an efficient scavenger. However, we were 
unable to establish witmh certainty the nature 
of the species scavenged by the H+ ion, It was 
postulate'd that in the photochemical cage together 
with an iodine amtom either an electron or ai1 H 
atom is formed, and undergoes a random dif- 
fusion process. It may then be captured by the 
I atom, leading to  a secondary rec'ornbination, 
scavenged by H+ ion, or diffuse into the bulk. 

The purpose of the present' work is the invest'i- 
gation of' the nature of the fragments formed 
from tthe excited state of the ion. We attempt to 
discrimini3te bet,meen H atoms and their precursors 
by using specific scavengers, I:urther theoretical 
and experimental in~estigat'ion of diffusion con- 
trolled sc:tvenging mechanisms is presented. 

Theoretical 
Diff usion-Controlled Scavenging.-Radicals pro- 

duced in pairs in the liquid phase by a thermal, 
ratliatioii--chemical, or photochemical process may 
uiidergo primary recombination which is kinetically 
ccyuiva,leiit to  thermd deactivation of the excited 
state. Radicals escaping primary recombination 
may undergo secondary diffusive recombinatiou 
with their original part'ners or diffuse into the 
bulk. 

Various semiquant'itative t'reatments were pre- 
sented for the effects of an efficient scavenger on 
secondary recombinat , i~n.~-~ The experimental 
results of our work will be treated by applying t,he 
general approach of X 0 y e s . 2 ~ ~  
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(7) I.. AIonchick, J .  Citem. P h p ,  94, 381 (1956). 
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The total rea,ction probability of the two original 
partners is given by 

E Lm h(t)  dt 

In thc presence of a scavenger capable of reacting 
with one of the radicals the probability of this 
radical being scavenged, instead of it recombining 
with another radical in z1 secondary geminate 
recombination, is 

where [SI is the scavenger concentration and k ,  
is the long time rate constant for the scavenging 
reaction. The dependence of the reactivity on the 
"age" of the radicals produced"l0 mas not con- 
sidered in the present treatment. 

The residual yield yr is defined as the quantum 
yield in the presence of the scavenger at concentra- 
tion which is sufficient to prevent radical recombi- 
nation in the bulk, but is too low to compete with 
secondary recombination. We denote by r the 
cross-section for radical production, ;.e,! the 
quantum yield of radical pairs escaping primary 
recombination. Thus we set 

Yr  = r  (1 - p i )  (3 1 

Thc total quantum yield for radical scavenging 
obtained in the presence of a scavenger S a t  a con- 
centration at  which it prevents radical recombina- 
tion in the bulk and competes with secondary 
recombination will be denoted by y, and given by 

y = yr + I' lo" h ( t ) ( l  - e-kSfS1t)  dt (4)  

In  Soyes' early treatment2 h(t) was introduced in 
the form 

h( t )  = 0 0 < t < 4a2/p12 ( 5 ,  

(10) R. 11. Noyes, J .  PILUS. Chem., 65, 763 (1861). 
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Substitution of (5) in (4) leads to Noyes' formula2 

I'4a21c, [S ] + (6) P' = Y. + 2 n r d X 3 T l  - 

for low [SI values 

4 r  + .~.V"is]^ (ea) 
where 

a = 2 a f i  

This equation yields the theoretical basis for the 
linear dependence of the quantum yield on the 
square root of the scavenger concentration at  low 
[SI, and it wafi previously applied by us.' How- 
ever, at high scavenger concentrations deviations 
from linearity in the plot y zts. [SI appear. 

We attempt to derive a scavenging cquation 
adequate for the whole concentration region. 
h(f) is described by the contiiiuous function3 

(7) h(t)  = at-"/" e - w P ' z t  

Substitution in eq. 4 leads to the result 

The Laplace transform f(I;BISI) of h(t)  is given by 

f ( ] c , [ S ] )  = suop ,-los[s]t h(t)dt = p ' e - ( z a @ ' ) d m  

Thus the general expression for the quantum yield 
is obtained 

(9) 

_--- 
= r(i - f i / , - ( - ' a /4 '~d \ / , ks Is l )  (io) 

Applicatioii of ey. 3 leads to  the resultJ 

For the limiting casea eq. 10 and I1 reduce to 

s +  m ; Y - + r  (12) 

The general scavenging equation is reduced to 
Noyes' equation for relatively lorn scavenger con- 
centration. When 

(13) 
2a __-- 
- d T k S  [SI < 1 
P' 

the exponent in eq. 10 can be expanded leading to 

leading to eq. 6. 
Thus the linear dependence of y on d[s] will 

hold for S << @2/uz, For typical values of a = 
1 1.''~ mole-'/2 obtained in this work Koyes' 
relation will hold within 5% or better up to scaven- 
ger concentrations of 0.1 AI. 

It is interesting to compare the results of IC'oyes' 
treatment with the equation of Roy, Hamill,, and 
Williams6 which is based on similar assumptions. 
Their equation can be written in the form 

In 7 = A + B 1/m (15) 
where A and B rcpresent constants related to micro- 
scopic diffusion parameters. For low [S] values 
(15) is identical with (6) if 

All cage-scavenging models of this type lead to the 
conclusion that the quantum yield should be inde- 
pendent of light intensity. 

The species formed in the scavenging process 
may be a reactive radical. In  the presence of 
added scavengers consecutive scavenging may 
occur, in which a speciea formed by the interaction 
of one of the scavengers with a radical originally 
produced reacts with a second scavenger specifically. 
To treat this mechanism we consider the general 
reaction scheme 

(Ri + R~)I---+ R1 + RZ ~ r '  (17) 

(RL + &}I + S1-+ (R, + R%)II IC., (18) 

(Rz + RSi)II --+ RZ + Rf& YE" (19) 

(Rp + RSJn + S, 4 Products k,, (20) 
The radical pair R, and R, in cage I may undergo 

diffusion into the bulk with quantum yield yrI, 
or the radical RI may be scavenged by SI leading 
to a new radical pair in cage II, The scavenging 
of the radical R81 by Sa from cage I1 should be 
treated by application of the general eq. 10, As- 
suming that the scavenger concentrations [SI] 
and [a,] are sufficiently high to  prevent any radical 
recombination in the bulk the general expression 
for the quantum yield for the products formation 
is given by 

y Yr1 + rII(l - p I 1 r ~ - ( % t ' f l l l ' ) d * ~  (21) 

where I'II,, the cross-section for radical production, 
in cage I1 is relat,ed to r by 

rII = r(1 - p1~e-(*5d~l')dZQSl - Y r ~  

pi' and PII' present the total reaction probabilities 
in cages I and 11. yrl is the residual yield from 
cage I presented by eq. 3. The residual yield 
from cage IT is presented in an analogous way 

Yrl l  = rII(i - P,,') (22) 

In  this approximation rII depends on [SI], reaching 
at  high S1 concentration the limiting value (I' - 
rrl). For sufficiently low Sz concentration and 
at  constant [SI] the extended form of Noyes' 
relation is obtained 

y = Y ~ I  + yPrr + I'jr2air d ~ k . , ~ [ 8 2 ]  (23) 

This result, indicates that within the framework 
of the present approximation Noyes' relation holds 
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Fig. 1,--The pR dependence of initial quantum yields. (1) Iodine and hydrogen yields in evacuated solutions. The 

pH values below pH 0 represent -log [H+]. (2) Hydrogen yield in the presence of alcoho!s: 0 ,  1 142 methancl, HzSO, 
solutions. +, 1 M Lsopropyl alc., HzSOa solutions; 0, I M isopropyl alc., 5 X 1 0 - d  Af acetic acid-acetate buffer; ., 1 M 
isopropyf ah., 5 x 10-8 M sodium monophosphate buffer. 

for both ordinary and consecutive scavenging 
mechanisms. 

The most serious approximation involved in the 
present treatment is the assumption that YrI is 
a constant independent of SI concentration. The 
simple tr'eatment of scavenging from a photo- 
chemical cage by Si  does not discriminate between 
radicals scavenged in the bulk and in the solvent 
cage. However when consecutive scavenging is 
considered the spatial distribution of the radicals 
formed by interaction with the ncavenger SI should 
be taken into account. At extremely high 81 
concentrabion the cross-section for the formation of 
cage I1 mity reach the limiting value I' and then the 
simple sca,venging eq. 10 will be applicable and the 
residual yield will be due to  diffusion from cage 11. 
Because of this difficulty i t  is not easy to determine 
quantitatively the source of the residual yield, 
which may be due to  diffusion from both cages 
I and 11. We have used the two limiting approxi- 
mations (a), is constant independent of Si so 
that PI1 -= r - yFI; (b), yrl = 0 so that rII = r. 
It was found that the parameter 2 a 1 1 d z  is not 
very susceptible to  the approximation involved. 

Experimental, 
Photoche,mical experiments were carried out a t  2537 A., 

using a low pressure mercury lamp. The experimental 
technique was subetantially that previously used.' Experi- 
ments were carried out a t  2 j P .  

Materials and Solution.-Solutionei a t  high acid concen- 
trations weire prepared by evacuation of freshly prepared 
neutral KI solution8 and the acid solutions in two different 
vessels and mixing in the vacuum system. The initial Iz 
concentration did not exceed 2 x 10-7 M .  The pIi below 
4.5 was adjusted by HgS04. In  the pH region 3.4-5.9, 5 X 
10-3 M acetic acid-sodium acetate buffer was employed 
while at pH :7-8,5 X ~O-~KHZPO~-X~PHPO~ buffer was used. 
At certain gH values the acetate and the sulfate systems 
were used in alternate experiments and identical results ob- 
tained. Thus acetate has no specific influence on the result,s. 
All chemicais used were of Analar grsde. The water used 
was triply dlistilled from alkaline potassium permanganate 
and phosphoric acid. D20 was prepared by distillation from 
alkaline permanganate followed by distillation from potas- 
sium hydrosulfate (to remove traces of permanganat,e), and 
two final distillations. 

Analysis.--The analytical procedures for the determina- 
tion of hydrogen and iodine were described previously.1 
Formaldehyde was identified and determined in irradiated 

aqueous methanol solutions by chrornotropic acid." The 
deuterium contenl, of the gas wolved from methanol-D20 
wolutions waa determined by mass-spectrographic analysis. 

Results and Discussion 
The pH Dependence of yi in Evacuated Solu- 

tions.-In ref. 1 the pH dependence of the initial 
quantum yields, y;, in evacuated solutions was in- 
vestigated in the pH region 0.6-7. In  the present 
work the H+ concentration region was extended 
and experiments were carried out up to  4 N H2804. 
Figure 1 curve 1 represents the dependence of 
y; on [H+] over the whole region in the absence of 
any other scavenger. The hydrogen yields ob- 
served were equal t o  the Iz yields. At high acid 
concentration the quantum yield reaches an upper 
l imiting yield yilim = 0.290 f 0.005 at 25". Such 
behavior is theoretically predicted for efficient 
scavenging competing with secondary recombina- 
tion. At relatively low pH the analysis of the 
bulk reactions in this system indicates1 that every 
H atom introduced into the bulk oxidizes another 
I- ion. Thus the limiting value obtained for the 
quantum yield of Iz and H, production in this 
system leads to the value T = 0.29 for the crosx- 
section for photodissociation. 

The pH Dependence of y1 in the Presence of Ali- 
phatic Alcohols.-The photochemistry of the iodide 
ion in aqueous solutions in the presence of isopropyl 
alcohol and methanol was investigated. These 
aliphatic alcohols were chosen, as recent radiation 
chemical investigations indicate that they act as 
specific scavengers for hydrogen atoms.12 The 
initial quantum yields for H P  evolution from these 
solutions were found to  depend on pH and alcohol 
concentration (Fig. 1, 2 ,  3).  Figure 1 curve 2 
represents the pH dependence of the initial quan- 
tum yields for HB evolution investigated over a wide 
pH region in the presence of aliphatic alcohols. 
These results were obtained at  high alcohol con- 
centration where the quantum yield is independent 
of this scavenger concentration. Identical results 
were obtained in 1 J1 methanol and 1 1l.I isopropyl 

(11) C. E. Rricker and H. R. Jolin?on, Ind. Cng Chem , Anal. Ed., 

(12) J. T. Allan arid (2 Sclioles, Nature,  187, 218 (1960). 
17, 400 (194,53). 
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Fig. 2,--Wrdrogen vielda in iwopropi 1 ale, solutions. (1) 
1,01 M iaopsopyl a h ,  pH 1,72, (2) 2 , i  x 10-3 -11 isopropxl 
ah,, pH 2.Y2; ( 3 )  1.01 x 10-2M isopropyl alc pH 1 i 2  
(4) 1.45 X 10-8 hfisopropr.1 alc , pH 2 92, ( 5 )  1 4 X 10 - 4  1) 
isopropll ale., pH 2 !32 
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Fig 3 -Hydrogen yields in methanal solutions: ( I )  1 Jf 

methanol, pH 2 92, (2) 0.22 iM methanol, pH 2,92; (3) 
0 022 M methanol, pH 2.92; (4) 0.01 methanol, pH 2,W. 
alcohol wolutions. Exueriments carried out in 
H2S04 solutions and inLthe presence of j X IOW3 

acetate buffer did not reveal any specific anion 
effect on the mechanism of HI evolution in the pres- 
ence of alcohols. 

The pH dependence of the initial Hz yields in this 
system indicates that these aliphatic alcohols may 
act as efficient scavengers only at relatively low 
pH. At pH < 2 the yield is independent of H* 
ion concentration, and total sca\7eiiging occurs 
yielding the limiting value 029  + 0.01 which is 
identical with the yield in evacuated solutions at 
high acid concentration. 

The pH dependence of y(H2) in the presence of 
an efficient scavenger for H atoms cannot be re- 
conciled with any mechanism involving a direct 
H atom formation from the excited state of the 

l4  These experimental results can be ex- 
plained only if we assume the presence of two forms 
of "H atoms" formed in the photochemical system.' 
The acid form present at pH < 2 efficiently dehy- 
drogenates the aliphatic alcohols Tvhile the other 

cage. Thus Tlith decreasing pH the nature of the 
species available to the aliphatic alcohol is changed, 
1 hese ronchisions are CoriPiFtPnt with thP  scheme 
for ronwriitive sraveligiiig 
r,  

11 L' 
I-aq - T-aq% -+- 

H+ 
(I + e)I + (I + Hhr (24) 

\\-here ( ) represents the solvent cage where particles 
may undergo secondary recombination. 

In  this scheme it IS assumed that the atomic 
hydrogen precursor formed by the dissociation of 
the excited state of I- is an electron, which does 
not lead to dehydrogenation of the aliphatic 
alcohol. This electron can undergo a secondary 
recombination process with the iodine atoms in the 
solvent cage I, or be scavenged by a H* ioii yield- 
ing a hydrogen atom, resulting in the formation 
of cage 11, It will be whoan later that the quantum 
yield for the processes in which H atoms such 
are scavenged is also independent of light intensity. 
This shows that cage type recombination exists 
between I and H too and t,hat the distribution of I3 
atoms is not homogeneous. The pH dependent 
yield at  high alcohol concentration represents the 
efficiency of electron scavenging by H+ from cage 
I. This pH dependence of yi (curve 2, Fig. I) 
was analyzed according to the general scavenging 
mechanism The experimental results were found 
to  be in agreement with eq. 11. These results 
presented in Fig 4 yield a support for the scaveng- 
ing mechanism. From Fig, 4 v e  obtain for the 
scavenging reaction of electrons by H+ ions 

2a ~ - . \ / ~ l i ~ +  + e = 83 r n ~ l e - ~ ' ~  
8' 

p' = 0.725 and 

Application of the square root plot according t o  
eq, 6 leads to  a lower value of 2 ~ ~ d z - k ~ ~  + = 
30 * 10 rnole-i'5 16-1/2. The difference obtained 
between these tq-9 treatments will be discussed. 

Depefidence of y1 an Alcohol Concentration.- 
Eydrogen atonis formed in cage I1 can be scavenged 
by any efficient scavenger for H atoms. To get a 
further insight into this reaction mechanism the 
dependence of the quantum yleld, yi(H~), on the 
concentration of methanol and isopropyl alcohol 
TYRS investigated. These results are presented in 
Fig. 3 .  

The dependence of the quantum yield on meth- 
anol concentration at  constant pH indicates that 
down to 0.2 Jd methanol the quantum yield is inde- 
pendent of the sca1-enger concentrations. At 
lower concentrations the quantum yield decreases, 
indicating the effect of secondary recombination. 
The gerneral mechanism for this system is 
in the form 

form does not, a i d  react's with t'he iodine atom (I + eh -+ I + e 

(I + H)rI --+ T + 13 

( 2 5 )  

(I + e ) ,  + Hi (I + H)II (26) 

(37) 

leading mainly t80 a back reaction in the solvent' 
(13) T. R i g  and J. Weiss, J .  Chmm. Snc. ,  4148 (1952) .  
(14) J. Franck and F. Haber, Sz fzber .  p i ~ e u a r ,  Aknd .  W ~ R S .  Phiisik. 

JUQ~/L~ Klaase, 260 (1Qal).  
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0.1 . =,- 

2033 

(I + e)I -+ I- 

(I 4- WII -+ 1- + H+ 

(28) 

(29) 

(I + H)IT + RH --+ I + R + Hz (301 

(I -+ H)rr + H + +  I + H +  + H (31) 

H + + e + l H  (32) 

H + R H - - - t R + H z  (33) 
reactions 28 and 29 represent secondary recombi- 
nations in the solvent cage. The residual yield is 
due to reactions 25 and 27. The scavenging re- 
action 30 leads to  the formation of He. Thcse 
results will be treated by application of a general 
equation for consecutil-e diffusion controlled 
scavenging. 

Scavenging of H Atoms by Methanol and 
Isopropyl Alcohol.-The dependence of the quantum 
yield on methanol concentration is interpreted in 
terms of B atoms scavenging from cage 11. In  Fig. 
6 the experimental results are plotted according to 
the scavenging equations. From the extended 
Noyes relation (23) we obtained 7: + yrl* = 
0.08 * 0.005 and rI12aI11/&HsoB+ H = 0.45 
mo1e-1/2 1.'/2. At pH 2.9 the yield is 0.260 and by 
setting ~ r '  = 0.08 obtained from Fig. 4 we get I'll 
= 0.26 -- 0.08 = 0.18. Hence we obtain 2a11 x 
~ / T ~ C H ~ O H  + H = 2.5 mole-'/% l,-'/a, 

The general consecutive scavenging equation (21 ) 
was applied in the form 

(34) 
2aII VTakCHsOH + H [CH30Hl 

P I I f  

with yrI = 0.08 and l?II = 0.18. This treatment leads 
to 011' = 1 and ~ U I I . \ / T ~ H  + C H ~  = 3.8 mole-'/' 
l.l/2. A similar treatment for the scavenging of 
H atoms by isopropyl alcohol leads to ~ I I ~  = 1; 
2a11l /nlccr3,c~.o~~~~ + H = 20 l.'I2. The 
result 811' = 1 indicates that the scaTTenging of 
the electron by H+ t o  give an H atom has not 
significantly changed the probability of recombi- 
nation in cage IT. However this result does not 
mean that the residual yield from cage I1 is zero, 
since we have set TI1 = T - yII in the present ap- 
proximation. 

Consecutive Scavenging by I3 + Ions.--H+ ions 
act in this system as scavengers in two consecutive 
steps. In the first step hydrogen atoms are formed 
in cage I1 through electron capture by H+  ions 
(eq. 17). The effect observed in the pH region 2.5-6 
in the presence of organic scavengers is due to this 
(curve 2,  Fig. 1). A pH dependence in evacuated 
solutions in the absence of organic scavengers 
(curve 1, Fig. 1) is observed in the pH region below 
pH 2 . 5 .  'This pH dependence is interpreted in 
terms of H atom scavenging by hydroxonium ions,l 
given scheinatically by eq. 31. The scavenging of 
H atoms by H+ ions takes place in the pH region 
where complete scavenging of cage I has occurred 
already. 

0.8 

do 0.6 

I 
i 0.4 

- 0.2 + 
0 

-0.2 

- 0.4 

v 
aL 

i 

10 20 30 40 

1 0 8  ./TI mole1/2 liter-'/2. 

Big. 4.-The dependence of y(H9) on .\/".? according to 
eq. 11. 

[isopropyl alcohol] mole 1. -1, 

2 x 10-3 4 x 1 0 - 8  10-2 1 
Sca.e for curve 1. 

3 x 10-3 5 x 1v-J 10-1 10 -3  

0.3 

0 0.1 0.2 0.3 0.4 
Scale for ouwe 2. [CHsOH] mole liter-1. 

e ,  isopropyl ale. solutions; (2) 0, methanol solutions. 
Fig. 5.-Dependence of *,(HP) on alcohol concentration: (1 

0.2 c 
0 0.1 0.2 0.3 

V'YC~~ZFI mole'/? liter-1/2. 
Fig. 6.-Scavenging equations for H atoms. Scavenging bv 

methanol: (I) extended Koyes' eq. 23; (2)  eq. 21. 

It was shown1 that the experimental results can 
be represented adequately by the Soyes relation. 
The parameters previously obtained1 have to be 
interpreted in terms of eq. 23, setting r I I  =I? - 
-yrI = 0.21. Similar results have been obtained 
by application of the Roy-Hamill-Williams equa- 
tion (Fig. 7). At high H+ concentration (pW < 0.7) 
deviation from Koyes' relation was observedl which 
is due to the inadequacy of eq. 23 at high scavenger 
concentration. The experimental results over the 
whole H+ conrentration region were adequately 
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Fig. 8.-General equation for consecutive scavenging by H + 

ions (eq. 35): (1) = 0.08; ( 2 )  yrl  = 0. 
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represented by the consecutive scavenging equation 

2 U I I  7 d / a l ~ ~ ~ + ~ +  [H+] (35) 
PI1 

Two limiting approximations were applied for 
the treatment of eq. 35. (a) It mas assumed that 
the residual yield -yrI is given by its maximum value 
of 0.08. This treatment is analogous to that in the 
presence of alcohols. (b) As the experiments con- 
sidered were carried out in the low pH region where, 

as indicat'ed by Fig. 3, H+ completely scavenges 
cage I we set' YrI  = 0. This is equivalent to the 
assumption that the cross-section for cage I1 is 
r, and eq. 35 is reduced to eq. 11. 

The results obtained from these treatment's (Fig, 
8) are presented in Table I. The two limiting 
approximations of eq. 36 yield identkal scavenging 
constants, However these results do not make 
possible the identification of the source of the resid- 
ual yield. 

TABLE I 
S c ~ w m m x G  DATA FOR THE REACTIOIL' H + H * 

S a d r l c n i n c ,  
Ea. mole - ' / r  ].'/a -/*I + Y P  all 
23 1 . 5 7  0 092 =t 0.003 
13 1 . 2  0.100 i 0.01 
35 2,6 1 
11 2 . 5 5  0.8 

The inspection of the results obtained for H 
atom scavenging by H + and methanol indicates 
that the sate constants hi + H -  and JCH + M ~ O H  are 
comparable. Application of the "absolute" rate 
constanti5 JCH + M ~ O H  = lo5 1. mole-' sec,-1 obtained 
from radiation chemical study at low pH leads to  
the estimation k~ + H +  = 5 x IO4 1. mole-1 sec.-l, 
lower than our previous teiitat,ive estimation.' 

The scavenging reactjion 31 may proceed by t,he 
formation of H1+ 

(I + H)II -I- H+ -+ I + H2+ (31a) 

or alternatively by a charge transfer from H to H+ 

(I + H)11 + H +  + I + H +  + H (31b) 

leading to the separation of H and I which is 
kinetically equivalent to scavenging. 

In  a previous work1 we attempted to discard 
the mechanism involving H2+ formation as it was 
previously shown that this reaction is a relatively 
slow process.l6 The kinetic treatment present'ed 
in that work16a involves a homogeneous kinetic 
treatmentlEb that leads to a lower limit for the 
rate constant,16b'C which may be underestimated 
by one order of magnitude. Thus the reaction 
mechanism 31a cannot be definit'ely excluded. l7 

Scavenging Mechanism by the Aliphatic Alco- 
hols.-Hydrogen atoms will react with aliphatic al- 
cohols by hydrogen atom abstraction. The scaveng- 
ing mechanisms by the two alcohols will be pre- 
sented in the form 

(I + H) + CH8OH + I + CHzOH + Hz 
(16) J. Rabani, J .  Phys. Chern., 66, 361 (1962). 
(16) (a) G. Czapski, J. Jortner, and  G. Stein, i b i d . ,  6S, 1769 (1959): 

(b) 66, 956 (1961): (c) 66, 960 (1961). 
(17) The  charge transfer mechanism (31b) requires tha t  in acid 

solutions, deuterium atoms should exchange with water a t  a rate 
which is a t  least as  high as  k~ +H+ observed in this work. The  avail- 
able experimental da ta  show tha t  this exchange reaction is slow. (T. 
W. Davis, S. Gordon, and E. J .  Hart ,  J .  Am. Chem. Soc.,  80, 4487 
(1958); H. L. Friedman and A. H. Zeltman, J .  Chem. Phys., 28, 878 
(1958); K. C. Kurien and  M. Burton, Summary of Proceedings of the 
Fourth Informal Conference on the Radiation Chemistry of Wat'rr, 
University of Notre Dame, Indiana, 1961.) The  lack of exchange in 
tlie case of H2 + may be resolved, e.g.. by assuming tha t  in the species 
usually referred to  as tlie solvated hydrogen molecule ion thr  protons 
are not equivalent. 

(36) 
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TABLE II 
INI'TIAL QUANTUM YIBLDS I N  EVACUATED KI SOLUTIONS IN THE PREEIDNCE OF h C O H O L 8 .  11-1 = 0.15 M 

Bystem Conon,, mole L - 1  PH 
Isopyopyl ale. 1 2.05 
Isopl-opyl LlC. 1 3.40 
Isop,ropyl ale. 4.3 x 10-3 2.92 
Methanol 2 . 2  x 10-1 2.92 

(I + €I) + C€I,CI-IOHCII, -* 
OH 

1 

Very low I? yields are obtained in the presence 
of alcohols. These results are summarized in 
Table 11. 

The low y values for Iz production are due to 

CH,CCH, + II, + I (37) 

back reactions. 
In  met'hanol solution the radical CH20H formed 

acts as a reducing agent in th,e reactions leading 
to  the formation of formaldehyde. 

CHzOH + 1 + CH,O + H +  + I- (38) 

CH20H -+ 1 2  --* 
CHzO + H +  + I + I- (or Iz-) 

The presence of formaldehyde in irradiated 
methanol solution was confirmed by analysis 
with chromotropic acid. The quantum yield of 
CHIO in this system yields 

(39) 

r(Hz) = r(Iz) + r(CHzO) 

The experimental results lead to a reasonable ma- 
terial balmce, 

The Effect of Monophosphate Ion in the Presence 
of Alcohol s.-An interesting influence of the HzP04- 
ion on the reaction mechanism was observed jn 
neutral solutions. At pH 6.25 we find y(H2) = 
0.05 in 1 M isopropyl alcohol solution in the pres- 
ence of 5 X IO-? &2 KH2P04. This value is higher 
than r(Hs) = 0.033 obtained at this pH in the 
absence of the monophosphate ion. In  the same 
system at pH 5.92 in the presence of 1 14'1 KH2PO4 
we obtain, y(He) = 0.23 compared with r(H2) = 
0.040 in the absence of monophosphate. These 
preliminary results indicate a specific effect of the 
monophosphate ion on the mechanism of the con- 
versiop of electrons of H atoms, 

The Nature of the Residual Yield in the Presence 
of A1cohoKs.-The quantum yield y (HJ obtained in 
1 M alcohol solutions at pH > 8 is much lower than 
the value 0.08 expected for the residual yield from 
the semiquantitative treatment, of the scavenging 
mechanism. These results indicate that the species 
diffusing into the bulk are not efficiently scavenged 
by alcohols. Thus we conclude that the residual 
yield in the neutral pH region consists mainly of 
electrons diffusing into the bulk. The conversion 
of a small fraction of these electrons to H atoms, 
scavenged by the alcohols, may occur through the 
bulk readion 32 or, alternatively, may involve a 
dissociatite electron capture by HzO18 leading to 

(18) D. M. Lea, "Action of Radiation on Living Cells," Cambridge 
Uuiversity Press, 1917. 

r(Id r(Hd 7(CHzQI 
10 -3  0.28 f 0.01 
10-3 .24 =I= .01 

6 X .26 f .01 
10 -z .26 f -01 0.27 f 0.02 

H and OH-,,. The experimental data available 
in this pH region are not accurate enough to make 
a discrimination between these two processes pos- 
sible. However, the small value of y(€L) in this 
region indicates that, these reactions are not efficient. 
In  alkaline solutions a t  pH 14 the quantum yield 
in the presence of 1 M methanol or isopropyl 
alcohol was found to be less than 0.005. Similar 
results on the effect of alkali on the residual yield 
were obtained by Norrish and Edge~0mbe. l~ 

Photochemistry of I- in the Presence of Methanol 
in DzO.-The decrease of r(HJ with decreasing 
methanol concentration a t  constant pH is attri- 
buted to secondary recombination of I and H atoms. 
A further support to the assumption that this 
decrease is not due to bulk recombination reactions 
"as obtained from experiments in DzO. The iso- 
topic composition of the gas produced by irradiation 
of I- in 98% D20 in the presence of CHDOD is 
presented in Table 111. 

TABLE I11 
PHOTOCHEMISTRY OF 0.15 M K I  IN 98% DzO IN THE PRES- 

ENCE OF CH,OD. HZSOI = 1.4 x 10-3 N 
CHdOD, yin ?in HD, He, Dr, 

0.22 0.33 0,260 89.8 9.6 0.6 1.22 
0 055 0 22 0 185 91.7 7 . 3  1 1.10 

These resultEi indicate that the quantum yields 
for gas evolution in DaO are higher than in HXO. 
The results for ordinary water are presented for 
comparison in the third column of Table 111. 
These conclusions were confirmed by a detailed 
investigation of the photochemistry of I- in Dz0.20 
In DzO a similar dependence of y on methanol con- 
centration as in Hz0 was observed. The main 
gaseous product is HD in agreement with the pro- 
posed scavenging mechanism by methanol, These 
results provide a further support for the cage effect 
in this system, ruling out the possibility that the 
decrease of y is due to  bulk recombination re- 
actions. The rninor content of Dz rules out any 
appreciable contribution of D atom recombination 
in the bulk. The increased H content in the 
gaseous phase compared to the hydrogen content 
of the solution is due to the photochemical 
isotope effect.21J2 The results presented in Table 
I11 yield an isotope separation factor S = (D/H)l x 
(H/D), of the order of 5 in qualitative agreement 
with previous results. 

The Applicability of the Scavenging Equations.- 
The experimental results of the present work can 

M IJnO HpO % % % (13,'D)~ 

(19) R. G. W. Norrish and  F. H. C. Edgeoombe, Proc. Roy. Soc. 

(20) J. Jortner,  >I. Ottolenghi, and G. Stein, to be published. 
(21) A. Farkas and  L. Farkas, Trans. Faraday Soc., 34, 1120 

(22) J. Jortner and G. Stein, J .  App l .  Radiation and Isotopes, 7 ,  198 

(London). 83113, 154 (1959). 

(1938). 

(1960). 



2036 J, JORTAXEH., hl, OTTOLEXG~I ,  ASD G. STEIN Vol. 66 

8 P L o g  ( 1 4 )  
A 

0.6 

0.4 

0.2 OS - 

0 2 4 6 8 1010'- 

0.98 - 

0.96 - 

0 2 4 6 8 10 10% 0 2 4 6 8 10 lZlQ*f i  
Fig. 9.-General annlysis of some thermal and photochemical scavenging reactions: I, 11, photolysis of azo -his- 

isobutyronitrilez6; I, eq. 6; 11, eq. 11; 111, IT', thermal decomposit'ion of acetyl peroxideza; 111, eq. 6; IF', eq. 11. 

be int'erpreted in terms of scavenging mechanisms 
of two distinct species: the H atom precursors, 
(which presumably are electrons) and the genuine 
B atom. The treatment of t8he scavenging se- 2a d X s ,  
action by application of eq. 6 and 11 leads to some- System Emyenget' r p' Yr Eq.G Eq. 11 what differing results. The application of the PhaZalyDis of Ana-bin-isa- 

n'oyes relation (6) hadB to resL1lts for the param- buryPonitrile in benuan@ 

results obtained from the more general eq, 11. ':;:;; ~ ~ ; ; ; ~ ~ ~ ~ ; ~ l ~ ~  

able l i t e r a t ~ r e , ~ ~ - ~ ~  which c'an be int,erpreted in 
terms of radical scavenging competing with seton- to the initial reactivity and the long-time rate 

constant lc are related by2I1O dasy recombination of a radical pair, wa3 treated 
by application of eq. 6 and 11, These results in- 
clude the photolysis of azo-bis-isokutyronitrilalS and For the scavenging mechanism in the case of the 
the thermal decomposition of acetyl peraxide.2ah iodide system 1x-e find p' = 0.7, Thus the scave11g- 
The experimental results for t,he phot'odissociation ing rate consta,nt decreases by a factor of 3 until its 
of the trihalide ionsz3& were not applied as the value final long-time value is reached. The Koyes re- 
of p is not available. These experirnenta,l results lations 6 and 2,s are applicable for low scajrenger 
are reproduced in Fig. 9 a'iid in Table IV. c'oncentration in the region where the long-time 

The scavenging parameters obtained for t8hese rate constant can be applied. On the other hand 
two systems show the same trend as indicated by the slope of t'he curve obtained by application of 
our result,s. We at'tribute the discrepancy be- eq. 11 is mainly det'ermined by experimental 
tween t,he results of eq. 6 and 11 to  the approxi- results at, high scavenger concentrat'ions. This 
mations involved in our treat,ment. It was as- procedure leads to higher values of the scavenginp 
sumed that the reactivity of the radicals with the  rate constant. 9 s  this complication was not' taken 
scavenger is independent of t,he time since its for- into account in t'he present work t'he treatment 
mation. However the rate constant, O k  applicable should be regarded as ~emiyuantit~at~ive and tk c 

scavenging parameters as approximat'e. 

take into account ionic effects on reaction ratrs 
between t8he scavengers and the species scavenged. 

(28) J. C. Roy, J. R. Nasli, R. R. Williams, and JV. H. Hamill, i b i d . ,  hs this latter may be the negatively Charged 
elect,ron, t8he dist,ribut'ion of ionic scavengers and 

the Israel Atomic Energy Commission. 

TABLE IT: 
APYLICATIOX OF EQVATIOSS 11 AND 6 TO 

~ I F F ~ ' S I O N - ~ O S T R O I ~ I ~ F , D  8CAVi3XuSIXO PROCESSES 

rno1e'h 1 -I/? 

eter 2 a d ~ X  which are 30-60% lower than the aoln. (ref. 2 5 )  In 1 --I 0 .03  1 . 2  1 .8  

In order to investigate this point further, the avail- ene soln, (ref, 23b) Iz 1 0.08 0,935 0 ,17  0.28 

k = %(l - p ' )  (40) 

(23) (a) J .  C. Ray ,  W. H. Hamill, and R. R. Williams, J .  Am.  Chem. 

(24) D. L. Banbury, R. R .  Williams, and W. H. HamiIl, J .  Am. 

The treatment present,ed in this work did nc.t 
S O C . ,  7 7 ,  2953 (19.55); (b) J .  P h y s .  Chem.. 60, 823 (1956). 

Chem. Soc., 78, 6228 (1956). 

78, 519 (1956). 
(26) J. R. Nash, R. R. Williame, a n d  !T. 1%. Hamill, i b i d . ,  52, 5971 

(27) 13. -2. Gillis, R. R. Wil l inms,  and Vi, E€. Hamill, i h i d . ,  83, 17 

tjhe presence of added ions may be of 
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