
1232 J .  JORTNER, R. LEVINE, 33. O F T O L E N G H I  AND G. STEIN Yol. G5 

THE PHOTOCHEMISTRY OF THE IODIDE IOK IK AQUEOUS SOLUTION 
B’Y JOSHUA JORTNER, R A P H A E L  LEVINE, MICHAEL O T T O L E N G H I  A N D  GABRIEL S T E I N  

Department of Physical Chemistry, Hebrew University, Jerusalem, Israel 
Receazed February 9, 1961 

The photochemistrv of evacuated potassium iodide solutions a t  2537 b. was investigated. The dependence of the initia 
quantum yields on pH, iodide ion concentration and light intensity was investigated. The nature of the residual pH inde- 
pendent yield a t  pH >3 is discussed. The pH dependence of the initial quantum yields could be represented by a linear 
dependence on the square root of H T  ion concentration. It is shown that this is in agreement with a mechanism based on the 
theory of diffusion controlled scavmging. The H +  ion acts as an electron scavenger for a species (electrons or H atoms) 
formed in the photochemical cage and yield H atoms in the bulk of the solution. The reactivity of H atoms photochemically 
produced in solution was investigated, and evidence for a pH dependent oxidation mechanism of I- by H atoms is presented, 
which may involve the Hz+aq ion as the actual oxidizing agent. 

Introduction 
In  ibe ultraviolet region aqueous solutions of 

iodide show an intense absorption‘ E2262 = I .32 
X lo4 a t  2 5 O ,  characlerized hy a high oscillator 
strength f == 0.25. This band has been classified 
as a charge transfer s p e c t r ~ m . ~ . ~  For the alkali 
halides in aqueous solutions the absorption band 
is typical of the anion and no spectroscopic evi- 
dence for ion pair formation has been found 
The nature of the cmted  state has been a matter 
of cont ro~ersy .~  5 s  5 b  

As has been well k l i w n  for a long time6 aerated 
aqueous iodide solutions liberate free iodine on 
illumination. More recently the same was shown 
to occur in deaerated The photo- 
chemical wave length t hrwhold was shown to 
coincide with the absorption band onset.’ Farkas 
and Fark,zsQ showed that 1 hn quantum yield was 
pH dependent, a conclu-iozi cupported by Franck 
and Platznian,lo who suggc.st a competition between 
the decay oi’ the excited c+Ete and its interaction 
with H30+ ion as the reason Tor the pH dependence. 
On the othe:. hand Rigg a i d  \Yeisss conclude that 
the p H  dependence a r i m  out of thr competition 
in bulk between the back rwclion of H + I and 
TT2+ formation by the reaction hctwcen €I + II+. 
The two 1 heories thus differ 111 their interpretation 
of radical forrriztioii and the rtclntively low 
quant lam yield. 

Reccntly the system has bemi investigated j i i  
the wholc pII region in the presence of S20111 rind 
hy flash photolysis technique,12 l 3  where the 
txistenre ol i he Iz- ion as intermediate w-as demon- 
s t rated. 

The purpose of the present nork was to investi- 
gate the mechanism of primary radical formatioil 
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in this system, and the possible specific role of the 
H30+ ion in this process. Another aspect of this 
work is the investigation of the chemistry of 
radicals photochemically produced. It mas postu- 
lated by we is^'^ that H atoms in aqueous solutions 
may act as an oxidizing agent through the inter- 
mediate formation of Hz+. The occurrence of such 
oxidation reactions is now well established. Using 
H atoms externally generated i t  was showni5 
that in the case of the I- ion the results are con- 
sistent with the view that the actual oxidant is 
the I-IZ + ion. Further independent investigation 
of this problem appeared desirable in the case of 
the photochemistry of I-. 

Experimental 
Light Source.-The light source was a low pressure mer- 

cury lamp operated a t  1000 v. drawn from a step up trans- 
former fed from stabilized mains. The current through the 
lamp (30-150 ma.) was varied by means of a Variac in the 
primary circuit of the lamp transformer. The output of the 
lamp was monitored by an I.P. 21 photomultiplier tube con- 
nected to a Photopolt instrument. About 90% of the light 
output is a t  2537 A .  

The radiation was filtered through a 5 cni. quartz cell 
containing KI-I2 aqu$ous solution permitting the isolation 
of the strong Hg 2537 A. line. 

Actinometry mas carried out by means of the uranyl oxa- 
late actinometer.16 The chemical change was linear in light 
intensity as determined by the monitoring photocell. As a 
check a ferri oxalate actin~rneter’~ w a ~  used. In a typical 
experiment we obtained for the light intensity, J 

J(uran)l oxalate) ,I = 6.35 X einstein 1.-’ sec.-l 
J(ferri oxalate) 

Agreenient between the results was satisfactory. 
Reaction Cell.-The reaction cell was adapted from a 4 

cm. quartz ahsorption cell with flat optical yindows of 3 
em. optical length for light ahsorption at  9537 A.  and 4 cm. 
optical length fo r  spcrtrophotometry. I t  was connected to 
a vacuum ST stem through a valve. The cell orientation re- 
ative to the lixht source was held fixed during all experi- 
ments. In this cell 13 cc. of solution v-as used for each 
irradiation. Another cell was emplo) ell for gasometric 
analysis, consisting of quartz c> lindrical cell with flat optical 
windows as b‘tsis, nnd 5 cm. optical length holding 60 cc. of 
solution. 

Analysis.-Hydrogen was determined by a microgaso- 
metric method. The pressure was determined by a RlcLeod 
gauge. 

Iodine was determined by its absorption as I3-. The 
epeetrophotometric light source was an ordinary 6V 3.Y 
tungsten hot mire bulb, nith a cut, off filter above 400 mF. 
An empirical calibration was carried out by introducing a 

J = 6.20 x 10-7 cinstein 1.-1 sec.-l 
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ltnown amount of I, in  :iqueoiis iodide solutionr, into tlir 
rcyiction cell, anti measriring optical denaitic~~ by mean2 of 
the IP 21 photomultiplier and the Photovolt instrument. 
I t  was found that the optical density was independent of 
iodide ion concentration above lo-* A2 and a linear depend- 
ence of D on the iodine concentration up to 1,2 X 10" 
mole liter-' was found with an apparent molar abeorption 
coefficient t = 9 X 103 mole-' liter cm.+ (compared to t g s g  = 
26500 mole-' liter cm.-'). At lower I- concentrations a 
similar rooedure was employed. The lower limit of iodine 
cieteetelis about :2 x 10-7 mole liter-' and the upper limit, 
n x s  2.3 X cnolr lit,er.-'. This technique enabled an 
accurate (!etc'rmin:ition of initial reartion yidds. 

Material:;.--hli cliemicnls used w r e  of hnalm grade. 
Solutions were prepared in triply distilled watcr (ordinary 
ciiat,illation fol!owod by distillation from alkaline perman- 
ganate md.  phosphoric acid). Control experiments were 
carried out using water purified by irradiation xith 200 kv. 

d ticconipoeif,ip of the € 1 2 0 2  tlius iorined by irra- 
til the :.'537 A.  line of a low pressure TIg lamp. 

T h t w  exprimerits yieldid t,he same rcsrilt,s as obtained in 
triply distilled water. 

Procedure .-.I known amount of freshly prepared neutral 
potassium iodide solut.ion or solid IiI was int,roduced into 
tlie reacitiori vessel and the acid or biiffer vwre added from 3. 
separate container, after evacuation, to avoid thermal osida- 
ticm. S o  tIierm:\l oxidation could be detected. Erratic 
results were obtained in sohhons containing initial iodine 
roncent,ration tiigh'er than 5 X ~ l i  camin:: a decrease of 
the initial :bkkl. This effect was most important at high 
pFI and 1ov.- I -  concentration. The p l l  1)c~low 3.5 was ad- 
jiistc'd by 1f2S04 and above pII 3.5 by liH~l'Oa-Ka21iPQ4 
buffer Jf). The pII mas determined at the end of 
each run. 

The contruts of the reaction cell were stirred continuously 
hy a Tetlon coated magnetic stirrer. For experiments on 

utions the reaction cell was connected to the 
em for 20 seconds every five minutes until, 
mate!y 3.5 hours. its equilibrium vapor pres- 

eiire was 1-2 X 10-5 mm. The small reaction cell was kept 
in a thermcist:ttecl brass compartment in which water  was 
c-irculatect. Expciriments were carried out at 23 i 0.2". 

At suitable intervals aft,er the beginning of irradiation a 
mechanical shutter separating the cell and the lamp was 
closed and t h e  amoiint of free iodine detcrmined. Hydrogen 

Rt:suIts and Discussion 
Dependence of Initial Yields on pH and Light 

Intensity.--An init,ial quantum yield yi was ob- 
tniried fro:m the exprs . '  ,.>loll 

nhere J i? the 1 gtit iiiteniity. The  dcprndcncae 01 
y, in evacuated solutloils on glI, iodide ion con- 
centration arid light intensity a as inr-estigated. 

Figure t prescwts the dependence of the yield of 
T ?  at  coiiqtaiit l g h t  intmsity on irradiation time. 
'The iiiitial slopl-s could be determined and hence 
yi 'was approuin i a t  ely evaluated. 

The pI1 depcndmce of yI is shon-n in Fig. 2 .  
Above pH 3.3  a resitluul pII independent qumtum 
yield is ohserl-ed. This is corisiitent with recent 
observations. l 3  The pronounced dependence of 
y,  in acid solutions is in qualitative agreement with 
previous iiivestigations.b 

The initial quantum yield is independent, of light 
iiiteiisity. This ohser\ation was confirmed with 
reasonable accuracy for a low pH region (pH 0.8). 
These data are presented in Fig. 3, and are con- 
sistent with other recent results. l1 

The Nature of the Absorption Act and Primary 
Products.--There is good agreement between the 

I i / /  

0 50 100 150 209 ";o 
t ,  see. 

Fig. 1. --Photo-oxidation yields of iodidr solutions at 
corn:titnt light intensity, I- = 0.15 ill, J = 9.7 X lo-' 
eiiistein liter-' sec.-l: Curve 1, 0.74 31 1:$3C)i; 2 ,  pII 
O.G5; 3 ,  pH 0.99; 4, pH 1.10; 5 ,  pH 1.36; 6, pH 1.78; 
7, pH 2 . 2 ;  s, plI 2.6. 

I - -  - . L _ _ _ _ L - - i  - 1  L L- 

0 1 2 3 4 5 6 7  
PH. 

Fig. 2.--The p H  dependence of the initial quantum J ields. 

esperimeii tal spectroqcopic results tinJ their recent 
theoretical interpretations regarding the nature of 
the primary absorption act. Both the theory of 
Smith and Symoris'"9 and that of Stein and 
Treinin420 agree in that they postulate as did 
I'latxman and FranclP a symmetrical excited state 
in which the cleclroii is not hourid to 2 single sol- 
vent n1olec11leg but lather is 1)ound 111 the field 
formed by the oriented m i c r  molecules of ihe sol- 
vent mediuni. In spite of detailed differences, 
coneenling the struciiire of the rxcitctl level, both 
groups recently have c o ~ i c l u d e d ~ ~ ~ ? ~  that 111 the 
excited state the electron probably is confined to 
the first hydration layer of water molecules. 

The restrictions imposed by the Franck-Condon 
principle 011 the optical electron transfer jxocess 
have to  be considered. The life time of the ipheri- 
cnlly symmetrical excited state of thc iodide ion,5 
is of the order of the relaxation time of the Polvent 
molecules. After a period of lo-'" to sec. 
:In iodine atom and an electron are formed. There 
is no ecperimeritally observed fluorescence in 
aqueous iodide solutions. The life time of an 
(18) A I  Smi th  and M. C. R Syinons. Trans.  Faraday Soc., 64, 338 

f 10 58). 
(It,) T. R. Criffiths and LS C .  R Pyinons zbzd.. 66, 1125 (1960). 
(20) G. Stein and A. Trelnin, % b i d . ,  66, 1393 (1'360) 
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106j, Einstein 1.-’ sec.-l. 

Fig. 3.--The dependence of the initial photo-oxidation 
vields ef 5 X 10-2 ,V KI solutions on light intensity a t  p H  
0.8. 

excited state required before fluorescent radiative 
transition to the ground state occurs IS of the order 
of 10-8 sec. or longer. Therefore in systems like 
that of aqueous iodide after lo-” to  see. 
the process of thermal degradation of the excited 
state may lead to an intermediate state, in which 
the electron is less confined, and may undergo a 
quasi random walk process in the vicinity of the 
iodine atom over the water molecules. A dissocia- 
tive electron capture of this electron by a water 
molecule may result in the formation of an H 
atom by a ,DH independent mechanism. This 
may occur by localization of the electronic charge 
on a prestretched H-OH bond. The kinetic 
scheme will be presented in the form 

hv 
+ 1 -&q* + (I + el1 + (I  + H)rr (1) 

where ( ) represents the solvent cage. The radical 
pairs in 1 or in I1 may undergo primary recombiiia- 
tion, which is kinetically equivalent to a thermal 
deactivation of the excited state. The radical 
pairs which escape primary rec~ombination may 
undergo diffusive serondary recombination with 
their original partners. 2 1  The radicals escaping 
recombination diffuse into the bulk. The residual 
p H  independent yield observed iu evacuated 
solutions above pH 3.5 indicates the operation of 
this mechanism. This model for the “residual 
yzelcl” is, actually a modification of the original 

(21) .I. C Roy, a’. €1. Ifamill and R. R. Williams. J A m  Chem Soc 

(22) J Franck arid F. Haber, Satcungsber. Preuas. Akad Wzss , 250 
71,  2953 (1955). 

(1931) 

Franck-Haber mechanism, 2 2  taking into account 
the Franck-Condon principle. 

The Residual Yield.-Independent evidence 
derived from the investigation of the chemistry of 
hydrogen atoms in iodide solutionsl5 indicates 
that a t  p H  above 3 no oxidation reaction of I- ion 
by H atoms occurs. Thus in this pH region the 
possible reactions of the radicals in bulk will be 
hydrogen atom recombination 

and iodine formation by the mechanism proposed 
by Grossweiner and MathesonI2 

3H + H2 (2) 

I + I- 1 - 2  (3)  
21-2 + 1-3 + I- (-1) 

1 - 2  + 1 + 1-3  ( 5 )  
21 + I* ((j) 

These back reactions are possible 
H + I +  H +  + I- 

H + 1-3 + H +  + 21- 

9 s  these experiments were carried out a t  rela- 
tively high [I-] concentration, i t  is reasonable to 
assume that every iodine atom introduced into 
the bulk is converted into the 1 - 2  ion. This as- 
sumption is consistent with the results of Gross- 
weiner and Illatheson.12 Including reactions 2,3,4 
and 8 in the kinetic scheme the steady-state treat- 
ment for the intermediates I, 1, and H readily 
leads to 

( 7 )  
( 8 )  

where a is the quantum yield for tht: introduction 
of radicals into the bulk. 

The relation between the experimental residual 
yield yIr and IY will be considered for two limiting 
cases 

(a) kz = k4 = 1,s , L  (1 
1 

1 
2 

* r -2 

(Y ( b )  ka hc >> ks y b r  .= 

.is both reactions 2 and 4 arc diffusion coiitrolled2a ?i 

these are the relevaiit cases. Thus a is of the order 
of 2y1r - 3y1’. 

In  Fig. 4 the photochemical curves a l  wrious 
I- concentrations a t  pH 5.5 are presented. From 
the initial slopes the residual yield is obtained 
~ i r  = 0.03 =t 0.005. The initial residual yield is 
independent of I- concentration. 

Graphical Evaluation of Initial Yields.--In the 
photochemical system the iodine yield versus time 
curves (Fig. 1) are departing from linearity indicat- 
ing an efficieiit back reaction. This effect causes a 
considerable iiiaccuracy in the estimation of the 
initial quantum yields. This difficiilty is mainly 
manifested a t  high pH and low I- coiicentrations. 

The initial yields \vere calculated on the basis 
of the assumption, to be discussed later, that a t  
relatively low pH below 2.0 hydrogen atoms in 
the bulk act as oxidizing agents for I- ions; or 
alternatively may reduce Iz. Disregarding for the 
moment the actual oxidation and reduction mech- 

(23) N. Davidson, J .  Chem. Phys , 19, 1311 (1951). 
(24) H. L. Frledman and A. H. Zeltman. %bad., 28, 1113 (1955). 
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anisms the rate of formation of 1, can be repre- 
sented by 

(11) 
where k,, and k ,  are the composite rate constants 
for oxidation of I -  and reduction of 1, by H atoms. 
In  the pH region belou- 2 it is assumed that the 
rate of introduction of radicals into the bulk is 
equal to the initial photo-oxidation yield. 

Integration of equation I1 for the initial stages 
of the reartion Iexperimentally investigated when 
I- can be considered as effectively constant, leads 
to the result 

The plots ol t I' [I2] versus [I21 are presented in Fig. 3 
and 6 for various H+ and I- concentrations. The 
plots are linear up to [Iz] = 2 X 111, in good 
agreement with equation 111. 

From the intercepts in Fig. 5 and 6 the initial 
photo-oxidntioii yields are obtained. The initial 
quantum yields a t  various pH obtained by this 
method are presented in Table I. These results 
are compared with the initial yields obtained di- 
rectly from the initial slopes of the curves in Fig. 1. 
The results thus obtained by the extrapolation 
method are about 5-20y0 higher, although they 
show the same general pH dependence as the initial 
yields directly tobtained. These results clearly 
indicate that in the low pH region the initial 
quantum yield is pH dependent. 

TABLE I 
I~ ITIAL QGA\TLM YIELDS FOR PHOTO-OXIDATIOX OF 

EVACGATED 0 15 dl KI SOLUTIOUS 
Y *  Y l  

PH From Fig. 1 Fioin intercepts of Fig. j 

0 65 0 226 0 240 
0 9 "00 .212 
1 1  .IO; .18T 
1 36 13'1 163 
1 78 10.5 138 

The pH Dependence of y1.--The pH depciideiice 
of the initial quantum yield iii the region below 
pH 3.5 may be due to either of the causes: (a) 
Interaction of the H +  ion with the excited state of 
the iodide or with one of the species participating 
in the secondary recombiiiation in the photo- 
chemical cage. These possible mechanisms mill 
lead to a pH dependent rate of introduction of 
radicals into the bulk. (b) It was proposed by 
Rigg and Weisus that a wavenging reaction of I3 
ntonls o('curs 

11 +- 1 l  ' r' H A  

follo\ved 1)s' 
I I , ' + I - + H , + I  (10) 

These react ions are assumed to compete with the 
back reactioiis 7 and 8. 

In  this mechanism8 no clear cut distinction be- 
tween secondary cage recombination and bulk 
recombination was presented. However, the treat- 
ment is based on conventional steady-state ki- 

50 100 l d  I J d  223 0 
t ,  sec. 

Fig. 4.-Photo-oxidat~ion curves at various I-- concentra- 
tions a t  p H  5 . 5 ,  J = 9.7 X 10-7 einsfein liter-' see.-' 
(1) I-- = 0.6 JE, ( 2 )  I- = 0.3 Jf, (3) I- = 0.15 J I .  

I 

0 10 20 
lo6 [I*], mole l.-]. 

Fig. 5.-Graphical determination of initial yields a t  
different pH values: I- = 0.15 M; curve numbers the 
same as in Fig. 1. 

netics8 leading to the dependence of the initial 
photo-oxidation rate on J2I3. These results for 
bulk scavenging are inconsistent with the inde- 
pendence of the quantum yield of light intensity. 
Thus the pH dependence is attributed to mecha- 
nism (a) which, however, is not unique. Farkas 
and F a r k a ~ ~ ~  postulated the direct interaction of 
the excited electron with the Hf ion. This idea 
was supported by Franck and Platzmanlo who re- 
ported a h e a r  dependence of y, on H+ which is in 
variance with our experimental results. The in- 
dependence of yi of light intensity is coiisistent 
either with Farkas' mechanism or with a model 
of radical scavenging by H+ from a photochemical 
cage, this scavenging reaction competing efficiently 
with secondary recombination. By investigating 
the p1-I dependence of yi we intended to distinguish 
between these possibilities. 

Our experimental results caii bt. represented by 
the equation 

where a t  23" 
y ,  = q + W[H+]'/% (IV) 

7 = 0.092 f 0.005 
W = 0.33 f 0.02 
This equation is satisfactorily fulfilled in the pH 

(25 )  A. FarXas and L. Farkas, Tians. Faraday Sac., 34, 1113 
(1938). 
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0 1- I I I I 
5 10 13 LC) 

106 [Iz] mole 1-1. 

Fig. fj.--Graphical determination of initial yields a t  
M ;  

M ;  (3) pH 0.87, I- = 5 X 
various I- concentrations: 
( 2 )  pH 0.87, I -  = 1.5 X 
10-2 M ;  (4) pH 0.90, I- = 1.5 X lo-' kf. 

(1) pH 0.87, I- = 5 X 

region up to' pH 2.0 and I- concentrations under 
investigation. The square root law is presented 
in Fig. 7. [n this plot we have used the initial 
quantum yields obtained by the extrapolation 
method. The intercept of the line in Fig. 7 yields 
the value of 0.092 i 0.005 which is equal to 3y,- 
in good agreement with the prediction of equation 
I. 

At pH > f! deviations from linearity in the linear 
plot of Fig. 7 occur due to the change in reaction 
mechanism. At low DH below 0.7 the deviations 
are predicted by the theory of diffusion controlled 
scavenging. Theoretical predictions for efficient 
scavenging reactions competing with secondary 
recombinations predict such a functional depend- 
ence on scavenger concentrations.26 

Application of the Theory of Diffusion Controlled 
Scavenging.--The square root law was derived by 
application of two models: a continuous modelz7 
and random walk in three dimensions.28 The 
approach developed by Noyes26p28 will be applied 
here. 

Denoting by p' the total probability of two 
original partners to react and by h(t)dt the prob- 
ability of these radicals to react between the time 
t and t -+ dt, then 

P' = h(t)dt 

(26) R. M. Noses, J .  Am.  Chem. Soc., 77 ,  2042 (1955). 
(27) L. Monohick, J .  Chsm. Phys. .  24, 351 (1956). 
(28) R. M. Noires, J .  Am.  Chem. Soc., '74, 5486 (1956). 

The residual yield for the introductioil of the 
radicals into the bulk is 

TI here F is the cross-section for primary photodm 
sociation followed by the formation of radical pair 
in a solvent cage. 

In the presence of a scavenger the probability of 
a radical to escape geminate recombination is26 23 

p' - kr2/B,2 nt-812 e - ~ s ~ t  dl = 

Sa2k 
8' 

nhere It. is the long time bulk rate constant for the 
qcavenging reaction, 28 [S 1 the scavenger concen- 
tration, and a is a parameter defined by Koyes.26 

The integration of h(t)  is valid according to this 
approximation only after a certain period cor- 
responding to the formation of distinct chemical 
qpecies and subsequent few diffusive disp!acements. 
This period is selected as the relaxation time of the 
solvent molecules IO-" sec. Thus we set 4a2/P'* 
= 10-l' sec. and as @'-1 hence 4 ~ ~ - 1 0 - ~ ~  see. 
The theoretical expression for relatively lorn 
scavenger concentrations is thus gir-en by 

cy = cyr + 2 ~ r ( ~ k [ S ] ) ~ / z  
Fitting our experimental results into this scheme 

using the value of TY = 0.33 obtained from Fig. 3 
me obtain k = 3 X lo8 M-' see.-' as an upper 
limit, assuming r = 1. 

The nature of the scavenging reaction will  no^ 
be considered. A plausible mechanism for hydro- 
gen atom scavenging by I-If is that of H2+ forma- 
tion according to reaction 9.d However indc- 
pendent experimental work'6 indicates that the rate 
constant of H2+ formation is relatively low, li9 - 
lo3 AI-I sec.-', a result which is iniicah lower than 
the scavenging rate constant. Thus we are forced 
to conclude that 112-1- formatioil is uot ~nvol\-ed 111 

the scavenging reaction. The niagnitide or' thc 
rate constant IC shows that the scavenging proteas 
involves electron transfer. IIOTT e\-( r at present IT c 
cannot decide v-hether it is an IS atom or an elcctron 
which undergoes the random walk process in t h  
photochemicnl cage and which iiittlracts with I{+. 

Thus the scavenging mechanisin~ inay ilir.oh L' 
the charge transfer process 

( I  + H) + €I+ --+ I + 11+ + 11 

Theoretical  estimate^?^ indicate the t~fficicti~y of 
this reaction at  relatively large separnfloiis. 

illternatively the scavenging r c : ~  t ion m:ly in- 
volve thermal electron capture 1)y the hydrow- 
nium ion, which may be an efficient process. Thc 

(I  + e) + H + + I  -t T I  

possibility of specific reactions of thermalized 
electrons was considered in detail in radiation 
chemi~try.~0>3' Recently the question 01 the dis- 
tinction between hydrogen atoms and related 
species was raised. Thus Barr and Allen32 postu- 

= r(i - 6') (17) 

J h ( t )  ( 1  - e-k[slt) dt  = 8' - J h ( t )  e-LlSll dt = 

[SI (T'II) 2a (Trc [SI - I 

(VIII)  

(29) W. F. Libby, J Phy9. Chem., 66, 863 11932). 
(30) €1. Frohlioh and R. L. Plataman, P h y 3  Ea., 92, 11.52 ( 1 9 M  
(31) D. Armstrong, E. Collinson. F. S. Uainto.1 D. 31. Dona1riio.r 

E. Hayon, N. Miller and J. Weiss. Proc. end Int Conf. Peaceful Cses of 
Alomzc Energy, Geneva. 29, SO (1988). 
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lxted the esistcnce of two forms of H atoms in 
aqueous solutions. One of these probably is t,he 
thermalized electron. R3,31 

Dependence orC y i  on I- Concentration.-The 
experimental results presented in Fig. 6 indicate 
t'hat the initial quantum yield is independent of 
initial iodide concentration in the concentration 
region 5 X lo-" to 0.15 AI a t  low p H .  These 
results were obtained under conditions of total 
light absorpttion which hold up to the lower I- 
concentration employed. These results are in 
variance with previously reported experimental 
data8 and indicat>e that contrary to previous sug- 
gest,ions8si1 the iodide ion concent,ration does not 
affect t,he rate of introduction of radicals into the 
bulk. 

Radical Reactilons in the Bulk.-As a result of 
the scavenging reaction, or by diffusion away from 
original part,ners, hydrogen and iodide atoms are 
introduced into the bulk. At relatively low pH 
below 2.0 h.ydrogen atoms act as oxidizing agents 
for the iodide ion. Recently this fact was demon- 
strated 1)y oxidation of the iodide ion by H atoms 
ext,ernally generated, and i t  was shown that the 
results are consistent with an oxidation mechan- 
ism involving H 2 - C  as the actual oxidizing species. l 5  

In  this lorn p1-I region the initial rate of introduction 
of €I atoms into the bulk is equal to the initial 
photo-oxidn tion mto. 

The natu.re of the oxidation reaction of I- by 
atomic hydrogen in the photochemical system was 
investigated. by considering the compound rate 
constants mtio k , / k o x .  This value was obtained 
from the ratio of slope to intercept from Figs. 5 
and G. The accuracy of the rate constants obtained 
is about 57,;. These data are presented in Table 
11. 

TABLE I1 
THE DEPENI)RNCK O F  k r / k o x  ON pE1 AND IODIDE ION C O N -  

CESTRATIONS 

10-4 kr_ 
P I 1  I -, !%I 1/"+, M - l  kox 

0.6.5 1 . 5  x 10-1 4.15 0.58 
.87 ;i x 10-3 . . .  0.89 
.87 1 . 5  x 10-2 . . .  1 . 0  
.87 5 x 1 0 - 2  . . .  0.76 
.9 1.5 x 10-1 7 . 7  0.71 

1.1 1 . 5  x 10-3 11.9 1.46 
1.36 1 . 5  x 10-1 23.3 2.25 
1 i 8  I . ,? x 10-1 57.0 5.20 

The ratio of the rate constants is found to be pH 
dependent. A plot of t,his ratio as a function of 
11 [H+] is a st'raight line, with a positive intercept. 
(Fig. 8). The experimental resu1t)s can be 
fitted hy the expression 

900 k t  = 1.5 x 103 + - - -  
k,, [H +I 

S o  dependence of kr /ko ,  on I- could be detect,ed 
up to 1.5 x 10-' '11. For higher iodide concentra- 
tions the results mere not accurate enough to 
establish this point. 

132)  N. F. Bair and A .  0. Allen, J. Phys. Chem., 63, 928 (1958). 
(3'3) J. T. Allrn and G. Sclioles, Nature, 187, 226 (1960). 
(34) G. C7ap~hi .  .J Jor tncr  and G .  Stein, J .  I 'hys  Chem , 6G, 964 

(1941). 

/ 
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t / H  +, mole'/z 1. -1'2. 

Fig. 7 -The dependence. of initial quantum vicAltls nn the 
square root of H + ion concentratiou 

0 10 20 30 40 50 
1/[H+], 1. mole-'. 

Fig %--The dependence of the compound rate constants 
ratio k , / k o ~ ~  on 1/H+ for 0.15 M I- .  

We wish to show that these results are consistent 
with the oxidation mechanism involving Hz+. 
We assume that oxidation of the I- ion proceeds 
by reactions 9 and 10. The possible reaction 

is not introduced because of the low steady state 
concentrations Iz- compared with that of I-. 
The rcduction reaction of iodine and I- may pro- 
ceed by 

Iz + Hz+ + I- + 2H+ + I 
I~ + H -+ I- + H +  + I 

It- + H --+ 21- -+ H +  + I 

Hz+ + Iz- + Hz + Iz 

( I l a )  

(12a) 
(12b) 

I s -  + Hz+ + 21- + 2H+ + I (1lb)  

Under our experimental conditions iodine is 
present mainly as T3-. However the pronounced 
dependence 01 the rcduction yield of iodine on I- 
concentration a t  pH 5.5 (Fig. 4) indicates that tri- 
iodide ions are more stable toward reduction com- 
pared with free Iz. 

The concentration of free Iz can be obtained from 
the expression 

where K,  = 1.4 X 
constant for the reaction 

at  25' is the equilibrium 

Is- * 1 2  + I- 

and [Izjt is the total iodine concentration. Appli- 
cation of st,eady state treatment to the biilk re- 
actions 9, 10, 11 and 12 leads to the result 
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Thus we obtain 

For relatively low I, concentrations the linear 
term in 1 2  can be neglected. This is indicated from 
Figs. 5 and 6 where no deviations from linearity 
mere observed. 

The pH dependence of the ratio of the rate con- 
stants is consistent with the oxidation mechanism 
involving H, +. The oxidation mechanism involv- 
ing abstraction of H atoms from the hydration 
layerz5 requires that the ratio of the rate constants 
should not be dependent on pH, while the triple 

collision mechanism36 requires that the intercept 
in Fig. 8 should be zero. Seither of these condi- 
tions is fulfilled. 

It should be pointed out however that while the 
photochemical data indicate a pH dependent 
mechanism for the oxidation of I- by H atoms, 
these results by themselves do not yield absolute 
evidence for the oxidation mechanism involving 
Hz+. The main effect of Hf ion on the photo- 
chemistry is due to the pH dependence of the rate 
of introduction of radicals into the bulk. The 
difficulties of the detection of the dependence of 
koX,'kr on I- ion concentration which probably 
cancels out due to opposite effects remain to be 
elucidated. 

(35) N. Uri. Chem. Revs., 60, 376 (1952). (36) J. P. Ethier and F. Haber, Natummss., 18. 266 (1930). 
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Chromium(I1) reacts with diphenylcarbazone in aqueous solution to give an intense magenta color. A molar absorbanry 
The absorption spectrum is very 

It is conclvded 
index of 3.6 X IO4 (based on chromium(I1) concentration) has been obtained at  546 mp. 
similar to that of the magenta product of the aqueous chromium (VI)-1,Sdiphenylcarbohydrazide reaction. 
that the same colored substance, a chromium complex, is formed in both reactions. 

Introduction Experimental 
In  several previous investigations3-j it has been 

found that chromium(I1) reacts with diphenyl- 
carbasone (phenylazoformic acid-2-phenylhydra- 
zide) in aqueous media to give an intense magenta 
color, similain to that arising from the aqueous 
chromiiim(VI:)-l,5-diphenylcarbohydrazide reac- 
tion. Very recently, however, Babko and Get'mans 
have reported that chromium(I1) does not' react 
with diphenylcarbazone. They at'tribute the re- 
sults of prev:ious investigators to the use of chro- 
mous acetate. Since they hare found that diphenyl- 
carbazone in acetic acid has the same color whether 
chromium(J1:) is present or not, Babko and Get'man 
conclude that, the color observed by previous work- 
ers must hate  resulted from the side reaction of 
diphenylcarbazone with acetic acid. 

Because of the doubt, thrown on the existence of 
t,he chromium(I1)-dipheiiylcarbazone reaction, 
which had seemed to be closely related to tehe 
chromium(V1)-1,s-diphenylcarbohydrazide reac- 
tion, UY: have made a detailed investigation of this 
and related systems. 

(1) This. work v a s  assisted by a research grant from the  National 

(2) Sbstracted in part from the Ph.D. Dissertation of I r a n  E. Lich- 

(3) M. Bose, A?iaZ. Chim. Acta, 10, 201, 209 (1954). 
(4) R. T. Pflaiiin and L. C. Howick, J .  dm.  Cliem. Soc., 78, 4862 

(1956). 
(5) B. l)as Sarnia and J. N. Ray, Sei. and Culture ( India) .  21, 477 

(1956). 
(6) A. E;. Babko rand T. E. Get'man, Zhur. Obshch. Khim. ,  29,2416 

(1959). 

Science Foundation. 

tenstein, Cniversity of California, Davis, 1960. 

Materials.-Pure diphenylcarbazone was obtained from 
its double compound with 1,5-diphenylcarbohydrazide by the 
method of I h m h o l z  and Iirumholz? The diphenylcarba- 
zone was recrrstallized from 1:2 EtOH-H20, m.p. 123- 
126"; lit? 125'. Anal .  Calcd. for CL3H12iY40: C, 64.97; 
H ,  5.03; X, 23.32. Found: C, 64.80; H,4.91; N, 23.49. 
The double compound was recrystallized from 1: 1 EtOH- 
H20, m.p. 154-157'; lit.' 15&-158". Eastpan 1,5-di- 
phenylcarbohydrazide, lot 42, m.p. 173-174 , was used 
directly. Acetone was Eastman Spectro grade. Mathe- 
son prepurified nitrogen and "bone-dry" COZ were used. 
Other substances viere reagent grade. 

Solutions.-A 1 M chromium(I1) solution, used in the 
qualitative expts., was prepared by reduction of a chromic 
chloride solution with zinc amalgam. The deep blue solu- 
tion was stored under CO1. For the quantitative expts. a 
more dilute chromous solution was prepared by the method 
of Stones and stored under nitrogen. The all-glass appara- 
tus used to store and dispense the solution was similar t o  
the gravity type of apparatus described by Stone! Chro- 
mium(I1) was determined both i~dimetrically~ and poten- 
tiometrically.lo The average of four such determinations 
was 1.17(&0.02) X M. This solution also contained 
significant amounts of chromium(II1). The presence of 
chromium(II1) should not interfere with a study of the 
chromiiim(I1)-diphenvlcarbazone reaction, as chromium- 
(111) does not react with diphenvlcarbazone or 1,5-diphenyl- 
carbohydrazide under the conditions of these e x p t ~ . ~  Yever- 
theless, blanks containing appropriate amounts of chro- 
mium(II1) were used. The rhromium(II1) stock solution 
containrd 0.018 M CrC13 and 0.2 M HCI. Zinc(I1) also was 
added to the blanks, since the chromous solution contained 
this species owing to its manner of preparation. The zinc- 
(11) stock solution contained 0.5 -If ZnCL and 0.1 M HCI. 

(7)  P. Krumtiola and E. Krumholz, Monatsh.. 70, -181 (19371. 
(8) H. 1%'. Stone. Anal. Chem., 20, 747 (1948). 
19) H. W. Stone and R. L. Eichelberger, ibid., 23, 8fi8 (1951), 
(10) J. d.  Linyane and R. L. Pecmk, i h i d . ,  20.  42; (1948). 




