
1264 JOSHUA JORTNER AND GABRIEL STEIN Vol. 66 

deactivation reaction: Fez +,,* + Fe2 +,, --+ 2Fe2 
molecular hydrogen formation: Fez+,,* + HfaS + 

+ Hz + OH- 

Eesides, the reaction of the “molecular” formation 
of hydrogen is not consistent with the oxygen effect 
on the reaction mechanism. 

The pronounced effect of oxygen on the rate of 
the photochemical oxidation is important for the 
elucidation of the primary photochemical process. 
This effect may be applied as a diagnostic criterion 
for hydrogen atom formation by the dissociation 
of the excited state. As in the case of the radiation- 
chemical oxidation of the f‘errous ion, i t  appears 
that the photochemical system fulfills the predic- 
tion of the free radical theory where competitive 
scavenging reactions of the hydrogen atoms by two 
different solutes occur. The quantitative agree- 
ment between the photochemical and radiation- 
chemical results provides an additional support 

Fez+,, + 2 

for the proposed mechanism. Comparison with 
the reactions of atomic hydrogen” indicates that 
in both systems in acid solution H atoms as such are 
involved. 

Kinetic data derived from radiation-chemical 
and photochemical experiments may be compared. 
The application of a homogeneous kinetic treatment 
is justified a t  relatively low rates of radical forma- 
tion and moderately low scavenger concentrations. 
This assumption is consistent with some experi- 
mental kinetic data on the reactions of hydroxyl 
radicals in aqueous s o l ~ t i o n s . ~ ~ ~ ~ ~ ~ ~ ~  

The investigation of the photochemistry of oxy- 
gen-containing solutions yields the result that a t  
relatively low O2 concentrations (up to M )  
the direct effect of oxygen on the excited state of 
the ferrous ion is negligible. 
(23) T. J. Sworski, J .  Am. Chem. Sac., 79, 3685 (1957). 
(24) F. S. Dainton and T. J. Hardwick, Trans. Faraday Sac., 63,333 
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The photochemistry of the ferrous ion in the presence and in the absence of oxygen was investigated in the pH region 0.35- 
3.0. The pH dependence of the initial quantum yield up to pH 2.5 in the presence and absence of oxygen is interpreted as 
arising from the dependence on H +  ion concentration of the rate of introduction of H atoms into the bulk. This results in 
the dependence of the quantum yield on d [ H + ] .  Another pathway leading 
to the pH independent formation of H atom also is postulated. The oxidation and reduction processes of the H atoms thus 
formed are investigated and it is shown that the oxidation of Fe2+ by H atoms may proceed by way of a hydride intermediate. 
Specific velocity constants are derived. The results of the photochemical experiments are correlated with those obtained in 
radiation chemistry. 

A mechanism to account for this is proposed. 

In Part I the photochemistry of aqueous Fez+ 
solutions a t  a constant low pH was investigated. 
It was shown that the excited state of the ferrous 
ion yields H atoms. However, the mechanism of 
this photochemical formation of hydrogen atoms in 
ionic solution is not yet well established, and the 
role of H+ ions in this process is still a matter of 
controversy. 1-4 

The evidence in favor of the oxidation of ions 
such as Fez+ 5 $  or Cr2+ by H atoms is conclusive. 
Again the actual oxidation mechanism is not yet 
finally established. The results of Rigg and Weiss’ 
on the pH dependence of the quantum yield in the 
photooxidation of the ferrous ion were inter- 
preted as due to the participation of the Hz+ mole- 
cule ion in the oxidation of the ferrous ion by H 
atoms.8 These results were not confirmed by Lefort 
and Douzou.9 Recently the p€I dependence of 
(1) A. Farkas and L. Farkas, Trans. Faraday Sac., 34, 1113 (1938). 
(2) J. Franck and R. L. Platzman, “Farkas Memorial Volume,” 

(3) J. Franok and R. L. Platzman, Z. Phys ik ,  138, 411 (1954). 
(4) E. Collinson, F. S. Dainton, and M. A. Malati, Trans. Faraday 

Jerusalem, 1952, p. 21. 

the initial quantum yield in the photooxidation 
of the chromous ion was demonstrated4 and for 
Fez+, it was reconfirmeda8 

As the basic oxidation mechanism by H atoms 
still is in doubt, further work on this subject ap- 
peared desirable. 

Results 
The experimental technique was described in 

Part I. The evaluation of the initial photooxida- 
tion rates was facilitated by the introduction of the 
correction for the inner filter effect. The pH de- 
pendence of the molar extinction coefficient of the 
ferric ion and the values of B in HzS04 solutions are 
given in Table I. The absorptioii of the ferrous 
ion was found to be independent of pH. When 
0.02 M Na2S04 tvas added to each of these solutions 
B remained unchanged. 

Photochemistry of Aerated Solutions.-The 
photooxidation of aerated ferrous sulfate solutions 
was investigated a t  different values of pH. From 
these experimental results the values of [Fe3+],- 
the concentrations of the ferric ion corrected for 

Sac., 55, 209 (1959). the inner filter effect-were obtained from the 
(5) J. Weiss, Nature,  166, 728 (1960). 
(6) T. Rigs. G. Stein, and J. Weiss, P r o c .  Roy. SOC. (London), 6211, 

(1) 
B 

_ _  
376 (1952). 

(7) T. Rigg and J. Weiss, J .  Chem. P h ~ p . ,  30, 1194 (1952). 

(9) M. Lefort and P. Douzou, J .  Ch in .  Phys. ,  63, 536 (1956). 

[FeSf], = [Fe3+]t + 2 [Fez+f]tz 
(8) E. Hayon and J. Weiss, J .  Chem. Sac., 3866 (1960). These data are presented in Fig. 1. From Fig. 1 
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TABLE I 
MOLAR ABSORPTION COEFFICIENTS OF r, <e*+ AND' Fe3+ 

Values of B calculated for [Fez+] = 2 X 10-2 mole-' 1. 
IN  &SO4 SOLUTIOKS AT 2536 A. 

tFea + 

I HzSO41, mole -1 sFd2 + B ,  
N 1. om. -1 mole-' 1. o m - 1  mole-' 1. 

0 80 2850 14.9 i 0 . 2  9450 
,088 2800 15.1 f 0 . 2  9250 
.os3 2750 9000 
,0088 2620 15 0 i 0.2  8700 
'0017 2300 7600 

the initial yields were calculated, and are presented 
in Fig. 2 .  Inspection of these results indicates 
that up to pH 2.6 the photooxidation rates in 
aerated solutions are independent of the ferric 
ion concentration (after introduction of the correc- 
tion for the inner filter effect). At pH 3, deviation 
from linearity is observed (curve 9, Fig. I ) ,  indi- 
cating the existence of additional inhibition effect 
of the ferric ion. 

The mechanism of the photooxidation reaction 
will be presented by the following scheme (keeping 
the notation used in Part I): excitation (l), de- 
activation of the excited state (a),  and hydrogen 
atom formation (3). 

The hydrogen atoms formed may react by oxi- 
dation of the ferrous ion, or by the reduction of 
ferric ion or oxygen (reactions 4, 5 ,  and 10). 

In these equations the nature of the actual ferric 
ion species reacting is not specified. It, may, for 
example, be one of the hydrolysis products, e.g., 
the Fe3+ OH- ion pair. The hydroperoxy radical 
may act by the oxidation of three additional ferrous 
ions by th.e Haber-Weiss mechanism10 as in reaction 
11. H 0 2  or its conjugate base 02- also may act 
as a reducing agent for the ferric ion (reaction 14). 

The rate of formation of the ferric ion will be 

(IU 
Evidence from radiation chemistryi1.12 indicates 
that the rate constants ratio k14/k11 is pH dependent 
and a t  pH 2.7, k14/kll = 0.3. Thus for the initial 
photooxidation stages under our experimental 
conditions, the contribution of the competition 
for the € 1 0 2  radical by the ferric ion cGn be neg- 
lected. Equation I1 then is reduced to the form 

From Fig. 1 it appears that the third term in the 
denominator can be neglected up to pH 2.7. 

At pH 3.05, the rate constant ratio Ic5/k1,, was 
determined from the experimental results of 
curve 9 of Fig. 1. Equation I11 will be writ)ten in 
the form 

(10) F. IIaber and J. Veiss, Proc. Rog.  Soe. (London), 8147, 332 
(1934). 
(11) A. 0. Allen, V. D. Hogan, and W. G. Itothsbhild. Radiation 

Res. 7 ,  603 (1957). 
(12) W. G. Rothschild and A. 0. Allen. (bid.. 8. 101 (1958). 

ka [Fez + I  
kl0 LO21 

G = l + -  

I 

0 5 10 15 
t ,  min. 

Fig. l.-Photo6xidation curves of air-saturated ferrous 
sulfate solutions, corrected for the inner filter effwt: [Fez+] 
= 0.0204 mole 1.--1; 10 = 4.59 X einstein la-' min.-'. 
Curves are shifted along the time axis. 
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Fig. 2.- H dependence of initial photooxidation yields: 

0.0204M &*+ solutions; I ,  = 4.59 X einstein 1 . - l  
min. -1: (1) evacuated solutions, (2) air-saturated solutions. 
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0 10 20 30 
t ,  min. 

Fig. 3.-The photooxidation curves of evacuated ferrous 
sulfate solutions: [Fez+] = 0.0204 mole l.-l; lo = 4.59 X 
10-4 einstein L-1 min.-'. 

Curve PH 
1 1.40 
2 
3 
4 
5 

1 .8,5 
2.35 
2.65 
3 .00  

Solid curves calculated from eq. VIII: 0, Fe3+ determina- 
t im;  0, Hz determination. 
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Fig. 4.-The photochemical curves in evacuated solutions 
corrected for the inner filter effect. 
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Integration of eq. IV  leads to the result 
B H 

[Fez'] + - [Fe3+I2 + 2~ [Fe3+12 t 2 

Hence we calculated 
B 

t - [Fe"J - 2 [Fcd'j2 (VI) 

and hence lcjjklo was determined. 
The results oT these calculations are presented in 

Table 11. It will be seen later that the ratio kl0/kq 

is on157 slightly pH dependent. The value ol" lc10/lcd 
= I O 3  \vas used in the present calculations. 

Photochemistry in Evacuated Solutions.-The 
photochemical oxidation curves of evacuated solu- 
tions are presented in Fig. 3. From the experi- 
mental results corrected for the inner filter effect 
(Fig. 4) the initial yields were obtained. 

TABLE 11 
r ,   HE DETERMISATIOZ. OF THE RATIO ks//tlo AT pH 3.05 

[O,] = 2.63 X mole I.-', 10 = 4.59 X einstein 
1. min. -1 

FROV P H O T O C H E M I C l L  DATA I N  AERATED SOLLTIO\S 

ks t ,  10d[FeJtl, I04[FeS+l., lO4A, H, - 
mm. mole 1 -1 mole 1. -1 mole 1. -1 mole 1, -1 k1o 

1 0 555 0 680 
5 1 71 2 96 0 44 1780 0 5 k  0 2 
7 2 10 3 87 0 77 1760 0 5 f  0 1 

At pH values above 2.0 an additioiial retarding 
eflect or' the ferric ioii is observed. To ascertain 
the extent to qhich the increase of the concentra- 
tion 0 1  the ferric ion is responsible for the decrease 
ol' the rate, the nature of this additional inhibition 
effect oi the ferric ion has to be considered. At- 
tributing the retarding effects to the inner filter 
effect and to the reducbion 01 the ferric ions by 
hydrogen atoms (reaction 5 ) ,  ii; the recombiiiation 
reaction or' hydrogen atoms (reaction 6) can be 
neglected, the kinetic equation will be 

(VII) _ _ -  d [Fe3 + ]  AIo 
dt  - (1 + B[Fe3+])(l + D[F-n 

where D = kj/k4[Fe2+]. 

in [Fez+] can be neglected, yields the result 

[Fe3+I2 + - [Fea+I3 = AIot [FeS+] + ~ 

Integration of eq. 111, assuming that the change 

BD 
3 

The initial rates were calculated from initial 
slopes 01 the curves in Fig. 4 and the value of AIo 
mas obtained. Using eq. I and VI11 we get 

6 = AIot - [Feat], = DF (1x1 
where F = [Fe3+I2 + (B/3)  [Fe5+Jd. 
Linear plots of 6 us. F were obtained arid from these 
D mas determined. Thus we obtained ka/ka = 
16 f 4 at  pH 2.35 and 40 i 6 at  pH 2.63, At pII 
3.0 agreement with the experimental results was 
obtained by setting lc5/'k4 = 100. Using these 
values w e  could calculate theoretical curves to rep- 
resent the dependence 01 the quantum yield on pH 
and on [Fed+], The theoretical curves d r a m  in 
Fig. 3 are in good agreement with the experimental 
results. 

Additional experiments \T-ere carried out in the 
presence OC 0.1 I1 sulfate. In  the experiments 
previously described the pH was varied simultane- 
ously with sulfate ion concentration. These photo- 
chemical results were obtained by irradiation at  
coiistaiit dose, and by introduction of the appro- 
priate correction lor the inner filter effect. These 
results are presented in Table 111. 

It appears that in the presence oi' sulfate ioii, thr 
bame trend 01 decrease in the quantum yield with 
increasing pR is observed. However, in the pres- 
ence 01 the sul1ate ioii, the initial quantum yield 
in the pH region 2-2.5 is higher than jn its ahs- 
ence. A similar effect was observed by Rigg and 
Weiss.7 Addition oi 0.4 ?sl ;'Ja2SO4 caused an 
increase 01 the oxidation yield 01 ferrous ion by 
atomic hydrogen.13 

Our experimental results in evacuated s3lutioiis 
(Fig. 2 )  clearly indicate that the initial oxidation 

4- 
2 (VIII) 

(13) 0 Czapski and G Stein J .  P h y s  Cham 63, 850 (lQj9) 
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TABLE I11 
EIWECT 0 1 7  T H E  SULFATE I O N  ON THE INITIAL PHOTOOXIU.4TION YIELDS 

[Felt] = 0.204 -M; irradiation time t = 5 min. 
[ H ~ S O I  I, INaiSO41, 104 io, 104[Fe3 I, 2 X 104[Hz1. - lFeSijc 

N mole 1. -1 PH: einstein 1. -1 min. -1 mole 1. - 1 mole 1. -1 l o t  
0,030 . .  1.90 4.59 

,030 0.10 2.07 3.73 
,008 . .  2.40 4.59 
,015 0 10 2.42 3.73 
,004 . .  2.70 4.59 
,008 0.10 2.65 3.73 

yield is pH dependent. This result confirms the 
experimental data of Rigg and we is^,^ who showed 
that a 50% drop of the initial yield at pH 2.7 rela- 
tive to pH 0.35 is observed. However, our inter- 
pretation of these results is different. On the 
other hand, Lefort and Douaou9 claimed that the 
initial yields are pH independent and that after a 
relatively short irradiation period a decrease of the 
yield of the ferric ion with increasing pH is observed. 
The inhibition effect of the ferric ion, observed by 
these workers in the pH region up to 2.2, probably is 
due to the inner filter effect. Inspection of eq. 
VI11 indicates that for 1% conversion, the reduc- 
tion reaction is negligible as long as kjj / i4 < 10, i.e., 
up to pH 2.2.12 This coiiclusion also is confirmed by 
our experimental results. Thus it appears that 
in the pII region investigated by Lefort and Douaou 
the back reaction 5 is of minor importance. The 
decrease of the yield belox 1% conversion has to be 
attributed only to  the decrease of the initial yield. 
These arguments might have been invalidated if 
an efficient deactivation reaction of the excited state 
would occiir by 

Fez+* + Fe3+ OH- -+ Fez" + Fe3T OH- 

The efficiency of this reaction would increase with 
increasing pH, due to the increase of the fraction 
of the hydrolyzed ferric ion. However, our experi- 
mental results in zmuo do not confirm this hy- 
pothesis. The inhibition effect o l  the ferric ion up to 
pH 2.0 (ban be interpreted adequately by the correc- 
tion for the inner filter effect. This coiiclusioii also 
is consistent with the results in aerated solutions. 

Effect of Variable Oxygen Concentrations.- 
The determination of the ratio of the rate constants 
for the competitive reactions between oxygen and 
ferrous iorls for hydrogen atoms is important for 
the elucidaition of the oxidation mechanism by 
hydrogen atoms. Solutions of 0.02 M ferrous sul- 
fate were irradiated a t  constant dose at  vari0u.s O2 
coilcentrat ioiis. These experiments n-ere pel-- 
formed at pH 2.4 (H.304 = 0.0055 N ) .  From these 
results corrected ior the inlier filter effect, the initial 
yields n ere obtained. The results were treated ac- 
cording to the relation 

1.39 1.42 0.100 
1.20 1.19 , I 1  I 
1.18 1.14 ,081 
1.18 1.15 ,108 
1.07 1.05 ,070 
1.13 1.16 ,097 

I I 
I - 1 -  

0 2000 4000 
[Fe +V IO,]. 

Fig. 5.--Graphical determination of the ratio k4/k lo  a t  pH 2.4 
according to eq X 

on the ratio of' these rate constants, in agreement 
with the radiation chemical data.12 I 4  

Assuming that in the pH region 2.35-2.65 kq/klo 
remains coiistant, we obtain the constants ratio 
presented in Table IV. 

TABLE IV 
THE pH DEPENDENCE OF RATE CONSTAPUTS RATIO $OR 

REACTKNS QF Fez+ AND FeJ+ IOAS 
k ~ + 1 ( 3 +  ko ~ H + o %   ID h ~ d  ~ ~ a +  ?W - _ _ _ _ - _  ~ = _  - _ _ -  

BH h H + F d  ' 1 4  k ~ C + F e 2 ~  ka fCH+oz kin 

Photochemical Data 
0 4  900 i 300 
2 35 16 i 4 (0 01) 
2 40 1500 f 400 
2 65 40 i 4 (0 03) 
3 00 (100) 
3 05 0 5 f 0 2  

Radiation Chemistry11912815 
0 4  0 081 1200 i 300 
1 1" 0 50 
1 57 1 35 
2 10 7 2  1500 f 200 0.007 
2 70 0 10 

Reactivity of Hydrogen Atoms13 
0 . 4  0.135 
1.3 0.87 
2 . 3  4.76 
2 . 9  50 
a Calculated from ref. 15. 

where AI, and AoJ0 are the initial yields in vucuo 
and in the preseiicr of 02. This equation can be 
deduced from eq. XI of part I. 

The experimental results plotted according to 

This rcsult indicates a relatively small p1-I effect 

this (Fig' 5 ,  ' lo  = (0'35 * 0'03) 
(14) A.  0. Allen and W. G. Rothschild, Radzotlo? Res. 7 ,  591 (1987). 
(15) J. H. Baxendale and G. Hughes. 2. ph~lszlc Chem (Frankfurt), l.-' ' W ' l C 4  = * 400 at PH 2.4. 

14,323 (1958). 

Rate Constants Ratios as  a Function of pH.- 
Table IV contains our results for the ratio of the 
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rate constants of hydrogen atoms produced photo- 
chemically, with ferrous ions and with oxygen. 
The comparison of these data with the available 
experimental results from other sources11-'3, l5 

indicates that the agreement is reasonable. 
Discussion 

The Absorption Spectrum.-The first step in the 
mechanism of the photochemical evolution of 
hydrogen from aqueous solutions of ferrous ions 
is the formation of an excited state after the ab- 
sorption of one quantum. The absorption spec- 
trum of ferrous ion solutions between 2000 and 3000 A. has been investigated by several workers. l6-I8 
Our measurements, in agreement with previous 
data, showed tke band onset (for E = 0.1 mole-' 1. 
c,m.-') a t  2870 A. (100 kcal.) and a shoulder a t  2390 
A. (119 kcal.) with E = 20 mole-' 1. cm.-l. 

Hitherto this band has been assigned to  an elec- 
tron transfer from the ion to the s0lventl7-1~ simi- 
lar to that proposed for the absorption spectra of 
anions in  solution^.^^^ Weiss16 postulated a dis- 
sociative electron capture by a water molecule as 
the resulting primary chemical process. Farkas 
and Farkasl have shown that such a mechanism is 
not consistent with energetic data. The alternative 
proposed by Farkas and Farkasl involves electron 
transfer to a single water molecule. Theoretica120v21 
and experimental22 evidence shows that a single 
water molecule cannot bind an additional electron. 
However Franck and Platzman213 showed that in 
the case of anions the organized solvent medium 
in the neighborhood of the ioii provides a potential 
well in which bound excited states may exist. 
Good agreement can be obtained between the 
experimental and the theoretical spectroscopic 
values calculated on the basis of such a t h e ~ r y . ~ ~ - ~ ~  

However when the spectrum of the positive 
ferrous ion was compared with theoretical calcula- 
tiom26 based on a similar model in which the 
excited electron is bound in a potential well formed 
by the charge of the central ion screened by the 
polarized medium, no agreement could be obtained. 
The calculated binding energy of the electron in 
the excited state was about 1.2 e.v. The theoreti- 
cal value of the Franck-Condon orientation strain, 
required to transfer the solvation configuration 
of the ion M Z +  to the configuration of the ion 
& P + l ) +  was quite different from the experimental 
one for this and similar positive ions examined. 
On the other hand, comparison with the energy 
levels of the gaseous ions indicated that the excited 
state may be related to the 3dn-'4s ~ t a t e . ~ ~ ~ ~ ~  
We suggest that such forbidden transitions may 
appear in aqueous solutions with relatively low E 

(16) J. Weiss, Trans.  Faraday Soc., 37, 463 (1941). 
(17) H. L Schlaefer, 2. physzk. Chem. (Frankfurt) 3, 263 (1955) 
(18) F. S. Dainton and D. G. L. James, Trans.  Faraday Soc., 64, 649 

(19) E. Rabinowitsch, Rev. Mod. Phys., 14, 112 (1942). 
(20) J. A. Pople, J. Chem. Phys., a l ,  2234 (1953). 
(21) F. 0. Ellison and H. Shull, zbzd., 23, 2348 (1955) 
(22) N. E Bradbury and H. E Tatel, zbzd., 2,835 (1934). 
(23) G. Stein and A. Treinin, Trans.  Faiaday SOC., 66, 1086 (1959). 
(24) G. Stein and A. Treinin, zbrd., 66, 1091 (19.59). 
(25) G. Stein and A. Treinin, abod., 66, 1393 (1960). 
(26) J. Jortner. Ph.D. Thesis, Jerusalem, 1959 
(27) C. K. Jorwnqcn Acta Chem Scand 0 ,  717 (1956) 
(28) L. E. Orgel DZSL S ~ L Q ~  Cotif 10, 283 (1956). 

(1958). 

values, as found for the 2390 A. band. Unlike the 
case of anions, e.g., iodide, where excited states 
pertaining to  the ion itself alone are impossible, 
such excited states are possible in the case of 
cations, e.g., ferrous ions. Therefore in this latter 
case the transition may be an essentially internal 
one, the participation of the solvent being less 
pronounced than in the case of iodide. 

Theo absorption spectrum of Fe2+ a t  2000- 
3000 A. reve9ls two overlapping bands. Irradia- 
tion at  2536 A. affects both bands and the quantum 
yields obtained are compound quantities. Investi- 
gation of the dependence of the quantum yield on 
wave length is desirable. 

Primary Photochemical Processes.-The excited 
state formed in the primary absorption process 
may decay back to the ground state. In  competi- 
tion with this there occur processes leading to the 
net photochemical decomposition observed. Both 
in the presence and in the absence of 02 the initial 
photooxidation rate at constant light intensity 
decreases with increasing pH up to  pH 2.5 in a 
parallel manner. Using for the initial rates the 
expressions ( I ,  = 1,) 

a, the fraction of excited centers leading to H 
atom formation was calculated from the experi- 
mental results in the pII range of 0.35 to 2.5 for 
e.tracuated solutions, and of 0.35 to 3.0 for aerated 
solutions. The values of Jclo/lc~ = lo3 was used 
over the whole range. Figure 6 shows that the 
values of a are identical for evacuated and air- 
saturated solutions over the whole pH range. 
Therefore a t  this concentration the effect of O2 
on the process in which H atoms are formed is 
negligible. The process by which H atoms appear 
in the bulk of the solution is facilitated by H+ ions 
specifically. 

A similar pH dependence of the quantum yield of 
hydrogen formation in the photooxidation of 
chromous ion was attributed4 to the formation of 
an ion-pair complex with anions. In  ferrous ion 
solutioiis up to 0.8 N Hi304 there is no spectro- 
scopic evidence (Table I )  for the formation of such 
a complex. 

A molecular mechanism €or the pH dependent 
formation of H2 has been suggested29 where the 
excited ion and H+ would form a cluster which 
dissociates yielding HZ 

Fez+ HzO* + H +  --+ Fez+ €I - OH* - H +  
Fez+ H - OH* - H+ + Fez+ --f 2Fea+ + 011- + HZ 
However such a molecular mechanism is inconsistent 
with the effect of oxygen on the reaction mechanism 
and with the fact that the initial rates a t  pH 0.35 
are independent of Fe2+ concentration between 
0.02 and 0.1 M .  

Of the mechanisms by which atomic hydrogen 
may be formed in a pH dependent process a pos- 
sible one is that involving the interaction of H+ 

(29) L. J. Heidt and A. F. McMillan, J .  Am. Chem. Soc., 76, 2135 
(1954). 
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ions with the primary excited state, resulting in 
electron transferB 

The low molar extinction coefficient of the ferrous 
ion absorption band is consistent with a relatively 
long lifetime of the excited state. However, fluores- 
cence was not observed in this system and the 
degradation of electronic excitation energy proceeds 
by radiationless transition. Therefore the lifetime 
calculated from the area of the absorption band is 
only an upper limit. After a much shorter period 
the primairy excited state already may have started 
on its process of radiationless decay back to the 
ground state. 

During this process distinct intermediates may 
have formed in the Franck-Rabinowitch photo- 
chemical cage. For example the excited electron 
may become a separate entity undergoing a random 
walk process within the cage. H+ in the bulk then 
may scavenge this electron. Alternatively an H 
atom may have been formed within the cage, and 
undergo random walk there before recombination 
within the cage with the positive ion. In  this case 
the H atom may be scavenged by H+ ions. The 
quantitative dependence on pH will be different 
in the cas(: of direct interaction with the primary 
excited state from that in the case of scavenging of a 
distinct fragment undergoing a random walk 
process. /Systems where efficient scavenging com- 
petes with secondary recombination of the type 
now considered were investigated by no ye^.^^,^^ 
The quantum yield, 01, for the introduction of 
radicals into the bulk of the solution in the pres- 
ence of a scavenger in concentration [SI is given by 

Fe3+%,,* + H30+ + Fe3+,, + H + HzO 

where a is a constant specifying the reaction prob- 
ability of the two original partners, IC, is the rate 
constant of the reaction between the scavenger and 
one of the fragments, eo is the residual yield of 
fragments escaping recombination by diffusion into 
the bulk in a pH independent process, and /3 is a con- 
stant as defined by Koyes. The theoretical relation 
XI holds only after a period of time corresponding 
to the formation of two distinct chemical entities 
and subsequent few diffusive d i~p lacen ien t s .~~-~~  

The quantitative results (Fig. 7) show that within 
a range of pH values w(H*), the pH dependent 
rate of introduction of H atoms into the bulk is a 
linear fuiilction of [H+]'/Z. The results can be 
presented by the straight line drawn in Fig. 7, 
given by the relation 

The result53 in Fig. 7 show at  higher H+ concentra- 
tion the negative deviation from the straight line 
expected from eq. XI. In the case of the photo- 
chemistry of the iodide eq. XI was obeyed 
very well over a wide range of pII and the results 
decisively iavored a scavenging mechanism rather 

a(H+)  = 0.038 + 0.OF3 [H*]'/a (XII) 

(30) R. M. Noyes, J. A m  Chem. Soc., 77, 2042 (1955). 
(31) R. M. Noyes, zbid., 78, 5846 (1956). 
(32) 5. C. Roy, Mi. H. Hamill, and R. R. Williams, ihid., 77, 2953 

(1 9,55). 
(33) L. Monohick, J .  Chem. Phys., 24, 381 (19%). 
(34) J. Jortner, R. Levine, M. Ottolenghi, and G. Stein, J .  Phys.  

Chem., 66, 1232 (1961). 
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Fig. 6.-p€I dependence of 01: 8, evacuated solutions; 0, 
&saturated solutions. 

than direct interaction between H +  and the excited 
state. In  the present case the results in evacuated 
solutions are in fair agreement with the theory; in 
aerated solutions-particularly a t  low pH values- 
the agreement is less satisfactory. We conclude 
that the experimental results favor the scavenging 
mechanism with possibly some contribution by 
another reaction path which is ineffective in the case 
of iodide, where the primary excited state is rather 
different . 

Equation XI involves the expansion of an ex- 
ponential function. A rough estimation of the 
scavenging rate constant may be obtained if we 
follow Noyes' treatment and set 4a2 = 10-ll-lO-lo 
sec., which is of the order of the relaxation time of 
the solvent molecules. With this choice we obtain 
k, = 107-106 1. mole-' sec.-l for the rate constant of 
scavenging by the H+ ion. One likely mechanism 
for the formation of dissociated fragments from the 
primary excited state of the hydrated ferrous ion 
within the cage is dissociative electron capture by 
a water molecule in the solvation layer. This 
may occur during an antisymmetric vibration of a 
water molecule and is facilitated by coulombic re- 
pulsion of the proton by the positive central ion. 
In  this process an H atom will be formed within the 
cage. The scavenging process following on this 
may have involved the €I atom in the cage and the 
H+ ion in the bulk, formitig Hz+aq. However it 
was that the velocity of formation of Hz+as 
is relatively low, the rate constant being of the order 
of lo3 1. mole-1 sec.-l. The magnitude of the 
rate constant IC, now obtained indicates that an- 
other possibility, namely the charge transier proc- 
ess 

{FeaiOH-II) + H+- (Be!J+OH-H+} + H 
cage bulk cage bulk 

is more likely, in which H* acts as an electron 
scavenger. The efficiency of such electron trans- 
fer processes over relatively large distances has 
been pointed This pH dependent mechanism 
aril1 thus cause the appearance of H atoms in the 
bulk of the solution. 

In  addition there exists a mechanism for the 
appearance of H atoms in the bulk independent of 
p1-I. In  the pH region above 2.0 the initial quantum 

(35) G. Czapski, J. Jortner, and G. Stein, zbid., 63, 1769 (1959). 
(36) W. F. Libby, {bid. .  66, 863 (1952). 
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tion may hr diffcrcnt for different ac*cclptors. Iodide 
is oxidizcd by ~ v a y  of I hc mcchanism involving inter- 
riicdiate 11, t u q  formation, whilc icrrous ions may be 
oxidizcd in a p:tth\vay involving a hydride complex 
inicrmcdintr hetmecn the ferrous ion and atomic 
hydrog.cn. 

l'hv photochrmical rcsults in deaeratrd solution 
show a dccrrase of the oxidation yirld with increas- 
ing pTI at PIT 2.5, whilr in acrntcd solutions in this 
rrgion t hr yield rcmains roiisl ant. Therefore the 
:itldiiioiiul pH c$frcl is 1101 diie i o  ihe chniigc in the 
ratc of introdiwtion of 11 atoms into ihr bulk. It 
may w l l  bc duc i o  a rompciition l~ctwccn a pH 
drprndciit oxidation proress nnd rwomhin :I t ion ' 

21% --+ H2 (6) 
l'rratmcnl of ihc rcsults according l o  thc HTfacl 

merhanism, ussumiilg steady state kinctics, gives 
;or I h c  initial phntobxidation yicld 

(SIII) 
whcrct 

i t n  olving the vcllority constaniq of thc rcactions 
x.16 

kl8 

k l 7  

T-I + H Hz cnq 

H? + Fc' I o q  + F ( X ~ + ~ ~  + ITQ 

Our exupcrimrnt:il results abovc p11 2.5 can lw rep- 
rrsmtrd by cq. XI11 hy srtting the valiic of B = 
0.1 1. molr-1 ~ e c , - ~ .  For high I:? + cwircntrations 
1- = l l l j  2bO. Tntrodiicing43 k ,  = IO'O 1. mole-l 
m . - l  yirlds k15 = 4.5 X IO1 1. mole-' scc.-i for the 
lon-rr limit ol' thc  velocity ronstant 01 I-Iz+aq forma- 
lion. This lower limit is highrr ihaii thr value of 

coiistsnt of €I2+,, formation ohtsiiied in 
cispcrimrnts using atomic hydrogcn.36 

Thc cxistcnce ol' the pTI dependence rults out a 
pH indcpcidrnt mechanism as proposed by Uri.39 
Tlic rcwlts obtaiiied Cor the compti ition bet ween 
frrrous ion niid oxygen for the hytlrogcn atoms 
diow that the ratio oi" t,hc rntc coiist:uits increases 
only s l o ~ l y  o w r  :I mthrr wide yZI range. These 
rosiill s agrty' \vith those o1)t xiricd Fnr thc rildiutioii- 
v t i k m i i i  .LI *yysIcm ''>I1 Th(xy I * i t l r  o r i l  ~1 triple colli- 
sinn mc\c~h:inisrri of oxidutivii, 

'I'rratiimit oi t tir rrnllts nccoIding IO 1 hci  mech- 
aiiisni 1 )  i i i  which first fcwous 1011 : m i l  :~Iomic 
hydrogcw form an intermcdiatc hydridr cwnplex, 
whirh thew intrrwts with an H+ ion 

kl8 

It0 

ICcfi?' ,'1 + II Ii'eI12' 

rrI32' + 11" e I~'(~'k,,cl + 1 1 2  
h.2" 

:issumiiig steady sintc kiiirtim to apply, Itvds i o  the 
rrsult 

(4.1) I1 I, I'ricdrrran ,rnd 4 11 Zcltninn, .I. CItrm I ' h y s . ,  28, 878 

(44) G Stein, Dise i iwons  Pura&%/ SOL..  20, 233 (1960). 
(45) J. Helpem, G. Czapski, .J. Jortner. and G. Stpin, Mature. 186, 

( l m 3 ) .  

629 (1960). 
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Equation XIV' can be transformed to the form 

Analysis of the quantitative data obtained for 
the oxidation of ferrous ion by atomic hydrogen 
over a wide range of H +  and Fez+ coilcentrations 
sho~ed4~."2 that the hydride complex mechanism 
gave good agreement mith the experimental results, 
but none of the other mechanisms considered did so. 
This pH dependent mechaiiism is distinct from the 
triple collision mechanism over the pH range where 
self dissociation of the hydride complex is negligible 
in comparison with the interaction of the complex 
n-ith H+. According to this treatment, the value 
of /cI4 = loj 1. mole-1 sec.-l was obtained for the 
rate of formation of the ferrous-hydrogen complex. 
To test the consistency of the photochemical results 
with this mechanism, the rate constant ratio / c , g / X , z ,  
is derived in Table J', using the above value of kle 
and the value of N = 4 X obtained in the 
present series of experiments in air-saturated solu- 
tions. 

TABLE V 
CALCCLATICIX OF klg/k20 FROM PHOTOCHEMICAL DATA IN 

lo = 7.64 ;K 10-6 einstein 1.-l see,-'; [Fez+] = 0.02 M 
EVACUATED SOLUTION 

2 65 5 34 0 05 i 0 02 
3 0  4 85 0 04 f 0 02 

The value of lcls/kso obtained from the photochemi- 
cal experiments is in good agreement with the 
values obtained in other  system^.^^.^^ Thus the 
present photochemical results are a t  least consistent 

(46) G Czapski and .J. Jortner, Nature, 188, 50 (1960). 

with the assumption that the oxidation of ferrous 
ions by atomic hydrogen involves, in the present 
system, the intermediate formation of a hydride 
complex. 

When ferric ions are present there is competition 
for the available H atoms between the ferric ions, 
which are reduced, and the ferrous ions, TT-hich are 
oxidized. The variation of the rate constants in 
Table IV shom that those involving the reduction 
of ferric ions are pH dependent. The pH depend- 
ence of the ratio lrg/k4 should be due mainly to the 
pH dependence of reaction 5, which proceeds mainly 

Fe3+0H- + Irl ---f Fe%+ + HzO 
rather than by the reduction or' the hexaaquo ferric 
ion or the ferric sulfate ion ~ a i r . 4 ~  Schwartz and 
H r i t ~ ~ ~  already have considered the effect of com- 
plexing negative groups on the reduction of ferric 
ions by atomic hydrogen, Their experiments on 
the competing reduction of ferric and oxidation of 
ferrous ions in irradiated solutions are not consistent 
with the assumption of an HZfaq intermediate 
mechanism. However, they are consistent,, as are 
the present results, with the hydride mechanism. 

The coiiclusioii reached as the result of the 
present work is therefore that the main pH de- 
pendent process in the photochemical evolution of 
hydrogen from aqueous solutions of ferrous ions 
is the one in which atomic hydrogen is introduced 
into the bulk of the solution. The subsequent 
oxidat,ion by atomic hydrogen introduces into the 
photochemical process only a minor additional pH 
dependence. The results show that this oxidation 
mechanism probably may be one involving a hy- 
dride intermediate. However in this respect the 
photochemical results may serve at most as further 
support for the conclusions reached by the use of 
atomic hydrogen in separate experiments. 
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(47) H. A. Schuarts and J .  ill. Hritz, J .  Am. CAem. Soc., 80, 5636 
(1956). 

THE ULTRAVIOLET SPECTRKN! OF POLYACRYLONITRILE AND 
THE IDENTIFICATION OF KETENE-IMIXE STRUCTURES' 

BY R. B. BEEVERS 
Frick Chemical Laboratory, Princeton University, Princeton, .Yew Jersey 

RecezLed December 7, 1961 

The ultraviolet spectra of polyacrylonitrile and polymethacrylonitrile show an absorption band at about 270 mp. 
This has been ascribed, in polpmethacrylonitrile, to ketene-imine linkages in the chain. From an examination of the ultra- 
violet spectrum of the ketene-imine structure prepared by the photodecomposition of 2,2'-azo-bis-isobutyronitrile i t  is 
shown that the ultraviolet absorption at  270 m p  in polyacrylonitrile cannot be due to ketene-imine linkages. 

During the course of an examination of the prop- 
erties of acrylonitrile polymers prepared by anionic 
and free radical mechanisms it mas observed that 
absorption occurred in the ultraviolet with a 
maximum at  about 270 mM. Absorption was most 
marked for the anionic polymers (Pig. 1) but some 

(1) Experimrntal work carried out  a t  Courtadds Limited, Research 
Laboratory, Maidenheari, England 

trace of a peak a t  this wave length was found for 
all polymers examined, bearing out the observations 
of Schurz, Bayzer, and Stabschen.2 The origin of 
the absorption has so far not been determined. 
Some of the polymers which absorbed strongly in 
the ultraviolet also showed some absorption in the 

(2) J. Sohurs, H. Rayeer, and 11. Stitbsclien, ~l lnkromnl .  f'hem , as ,  
152 (1957). 




