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when diffusion can be neglected, the corresponding
equations are

— o[H]/0X = ks[Si]{H] + K:J[H]? — k_g[HS)]

— o[HS)]/0X = — kau[H][S)] +

kg [HS\ + ke,(3,][HS:] (53)
and by applying equation 47 the yield is
YV o= {{ksielSi]ess) /be} In {1 + (Brd/ksie[Siles)]  (54)

In the case of homogeneous kinetics the reaction
scheme of consecutive scavenging leads to the
expression
Y = (res2[$115/V) ({1 + 4V /mies2[S1]0)] Vs — 1)

(55)

where r; = ks,%/2k;.

Some general conclusions may now be derived
regarding these results for homogeneous and hetero-
geneous kinetics. For high S, concentrations es,
— 1 and the equations reduce to those obtained
for the case of a single scavenger. Therefore the
rate-determining step in this case involves the
formation of the HS, intermediate complex. At
lower 8, concentrations eg, is less than unity and
for S,<<k-g/ks, the kinetic equations become
equivalent to those obtained for the triple collision
mechanism

H + 8; + S; —> products (56)

It is found ithen that in this approximation both
heterogeneous and homogeneous treatments lead
to the result that the yield is dependent on the con-
centration function eg,[S;] alone, when the con-
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secutive scavenging mechanism is the actually
operating one.

Conclusions

The impetus for the present investigation was
given by one of the referees of the original draft
of what forms now Part II of the present work.
He requested detailed examination of those assump-
tions which were made in that and previous papers
based on estimation of the experimental conditions,
without a quantitative basis.

As the result of the present work we conclude
regarding the absolute value of the rate constants,
that under our conditions of vigorous stirring and
bubbling the constants derived under the assump-

tion of homogeneous kinetics are probably lower

by not more than one order of magnitude than the
true ones. As we cannot determine either u or
¢ accurately, no closer estimate is possible of the
degree of agreement. However comparison of
the values thus obtained by us with values derived
from other experimental investigations support
this conclusion. This point will be discussed in
the following papers. Similarly, reaction mecha-
nisms derived under these conditions under the as-
sumption that homogeneous kinetics may be ap-
plied are the mechanisms arrived at also when
heterogeneous kinetics are assumed.

In view of these conclusions homogeneous ki-
netics will be employed in some future papers,
with due reference to the considerations now ob-
tained.

THE MECHANISM OF OXIDATION BY HYDROGEN ATOMS IN AQUEOUS

SOLUTION. PART II.

REACTION MECHANISMS WITH DIFFERENT

SCAVENGERS

By GipeoN Czapskl, JosHUA JORTNER AND GABRIEL STEIN

Department of Physical Chemisiry, Hebrew University, Jerusalem, Israel
Received Oclober 31, 1960

The mechanism of oxidation by hydrogen atoms of various aceeptors is discussed. It is shown that two alternative

pathways exist for the oxidation of ions dissolved in water.
Alternatively other acceptors, e.g., metal cations may directly
form intermediate complexes with H, with faster rate constants.
When this faster, hydride complex, pathway is available, the slower Hy* mechanism may not
The experimental results for the oxidation of Fe?* ions by H atoms can be adequately explained

H*4q to form Hs*aq, which oxidizes acceptors, e.g., I7aq.

vielding molecular hydrogen.
be of kinetic importance.

One involves the relatively slow reaction of H atoms with

The intermediate hydride complex may react with H *.q,

by this mechanism. The results of radiation chemical and photochemical experiments are discussed.

Investigations of the radiation chemistry®? of
aqueous solutions of ferrous ions led to the assump-
tion that H atoms may act as oxidizing agents in
acid solutions. Xvidence from the photochemistry
of ferrous®* and of iodide®® ions was adduced to
support this view. Recently using hydrogen atoms
generated externally and introduced as such into
the aqueous solutions it was shown that hydrogen

(1) J. Weiss, Nature, 165, 728 (1950).

(2) T. Rigg, G. Stein and J. Weiss, Proc. Roy. Soc., 2114, 375
(1952).

(3) T. Rigg and J. Weiss, J. Chem. Phys., 20, 1194 (1952).

(4) J. Jortner and G, Stein, to be published.

(5) T. Rigg and J. Weiss, J. Chem. Soc., 4198 (1952).

(6) J. Jortner, R. Levine, M. Ottolenghi and G. Stein, J. Ihys.
Chem., in press.

atoms are indeed capable of oxidizing ferrous to
ferric ions”~® and iodide to iodine.® The reaction
was shown to be pH dependent.®® However the
actual mechanism was not finally established.
Namely it was proposed®? that the oxidation in-
volves the formation of Hy*.q ion according to

k

H + Hty —:1_ Ha*aq (1

o 1

which acts as the actual oxidizing species

(7) G, Czapski and G. Stein, Nature, 182, 598 (1958).

(8) T. W. Davis, 8. Gordon and E. J. Hart, J. Am. Chem. Soc., 80,
4487 (1958).

(9) G. Czapski and G. Stein, J. Phys. Chem., 63, 850 (1959).

(10) G. Czapski, J. Jortner and G. Stein, tbid., 638, 1769 (1959).
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ke
Hy*uq + Mrt —> H, + Mntu+ 2)

This mechanism was investigated in detail’® and it
was found that it was in agreement with the re-
sults obtained in the oxidation of iodide ions by
atomic hydrogen. It was also compared with
alternative mechanisms: the pH independent
mechanism?!! of H abstraction from the hydration
layer; the mechanism involving!%® triple collision
between H,H*,, and the ion to be oxidized; anda
mechanism in which H+,q was assumed to form a
complex with the ion. None other than the mech-
anism involving H,T.q agreed with the results.
The value obtained for k;, the velocity constant
of the formation of Hy* according to reaction 1
was found to be 102-10% mole liter ~* sec. ~ by apply-
ing homogeneous kinetics. However the mech-
anism of the oxidation of the ferrous ion by H atoms
could not be decided and consideration of the avail-
able evidence led to the conclusion!® that in this
case another mechanism may be operating. It
was suggested!® that in this alternative mechanism
the hydride forming properties of the H atom may
be of importance. The mechanism involving
intermediate hydride complex formation was
shown!* to be consistent with the mechanism of
homogeneous activation of H, by solutions of
metal ions and®® with the results of radiation chemi-
cal experiments.’® In the present paper our de-
tailed results of the reinvestigation of the oxidation
of ferrous ions by atomic hydrogen are reported
and the mechanism operating discussed in detail.

Experimentai

Procedure.—The production of atomic hydrogen by
clectrodeless discharge at 30 Mc. was as described pre-
viously.®1® Atomic hydrogen was passed for 10 minutes
through 25 ml. of the evacuated solution maintained at
~4°. The pumping velocity in the present series of ex-
periments was 150 liter min.~'. In order to improve re-
producibility, no air was admitted after completing the run
and full hydrogen atmosphere was maintained during the
opening of the reaction vessel for analysis. With these
precautions reproducibility was better than in our previously
reported experiments. HEach experiment was repeated at
least three times and reproducibility was ==15% or better.

Determination of the dose of H atoms was carried out
using the reduction of 10~2 M ferricyanide solutions.’”
During the runs the constancy of the dose was checked by
the oxidation of 0.05 M Fe?* solutions in 0.8 N H,S0,.
The dose in the present series of experiments was 1.2 X
10 % mole liter 1 sec. 1.

Analysis.—The ferric ion concentration was determined
by absorption measurements at 305 mu in 1 em. cells using
a Beckman DU Spectrophotometer. The dependence of
the molar absorption coeflicient on the concentration of the
sulfate ion and sulfuric acid concentration was determined in
H,SO, solutions in the pH region 0.4-3.0, containing 0.01-
0.2 M Na,80,. Identical results were obtained by re-
placing Na,80, by FeSO,. The experimental results were
duly correeted for the effect of sulfate ion concentration.

Materials.—A.R. ferrous ammonium sulfate and sulfurie
acid were used. Solutions were prepared in triply distilled
water. Matheson’s electrolytic hydrogen was further puri-
fied by passing through palladized asbestos.

(11) N. Uri, Chem. Revs., 50, 376 (1952).

(12) J. P. Ethier and ¥. Haber, Naturwiss., 18, 266 (1930).

(13) G. Stein, Disc. Faraday Soc., 29, 235 (1960).

(14) J. Halpern, G. Czapski, J. Jortner and G, Stein, Nature, 186,
629 (1960).

(15) G, Czapski and J. Jortner, tbid., 188, 50 (1960).

(16) F. 8. Dainton and D. B. Peterson, tbid., 186, 878 (1960).

(17) G. Czapski and G. Stein, J. Phys. Chem., 64, 219 (1960).
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Fig. 1A.—Plot of the experimental results for the oxidation
of Fe?+ according to the Ho* mechanism. ¥ = 0.344.
B.—Plot of the experimental results for the oxidation of Fe?*
according to the hydride mechanism.

Results

The oxidation of Fe?* ions in acid solution by H
atoms was investigated in the pH range of 0.4-
3.0 and ferrous ion concentration of 0.001 to 0.2
M. The experimental results are presented in
Table I. The reaction is found to be pH depend-
ent in agreement with previous results.® The
known ratio of the rate constants®? of the reduc-
tion of Fe?+ and oxidation of Fe?t by H atoms
indicates that the decrease in the oxidation yield
cannot be assigned to the back reaction between
TFed+ jons formed and H atoms. The dependence
of the yield on Fe?* concentration and the concen-
tration of H¥ ions is attributed to the competition
with the recombination reaction

ke
2H — H, (1)

Our experimental results cannot be reconciled with
the oxidation mechanism involving the hydrogen
molecule ion as an intermediate. In the preceding
paper the problem of analyzing the results obtained
by the method of H atom production and intro-
duction into aqueous solutions was discussed. It
was shown that both the homogeneous and the
heterogeneous kinetic approach to the treatment
of the experimental results leads to the conclusion
that for the consecutive scavenging reaction scheme
the yield is a function of eg,[S;], where es, = [S,}/
{(k—g,/ks,) + [S:]}, as defined in the preceding
paper.

By applying these conclusions to the oxidation
mechanism involving H:*™ we see that the oxida-
tion yield should be dependent on [H+*][Fe?+]/
{(k-1/ks)+ [Fe2t]}. When for different Fe?+ and
H+ concentrations the same yield is obtained,
this function should remain constant. In other
words for different scavenger concentrations which
give the same oxidation yield, the plot of [H*] vs.
1/[Fe?*] should result in a straight line. Such
results for Y = 0.344 are presented in Fig. 1A,

(18) W. G. Rothschild and A, O. Allen, Rad. Res, 8, 101(1958).
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The plot is not linear and thus we have to conclude ) o'
. . . = o N
that the experimental results are in disagreement g
with the oxidation mechanism involving Ho . §o A S8
Oxidation Mechanism Involving Hydride Forma- g n| o~
tion.—These discrepancies can be reconciled by S sl o
assuming that the detailed mechanism of oxidation gEE e
by H atoms is different in the case of I~ and Fe?+.13 ! E A
We shall consider the possibility of a mechanism T %528
of oxidation in which initially H atoms interact N
with Fe2* with the formation of a complex.14%¥ Z -
e S 0
ke s %R
Fett,q + H == FeH (3) E @
o I (098888
Followed by the interaction of H* ions with the E o o o —
complex - oo o e
k ', A e oo
FeH2*yy + Htyq —> Feitaq + Hy () T oE| mad=s
This kinetic scheme is equivalent to the consecutive g gj: 8EBS g
scavenging mechanism investigated in Part I, and TN mam—o
it will be shown that the dependence of the oxi- S Fliocwzog
dation yield on the concentrations of Fe?+ and H+ 3 A
can now be satisfactorily accounted for on the basis Z
of this mechanism. Using the expressions derived EY |ZR2TRA
in Part I, the diffusion model is applied to the ex- c£ N AN
perimental results. The oxidation yield was ob- “ 52
tained from the expression €2 2 [0EBSRR
Y = A&JW m g 85 | wa oo
1 1 Z . g
where A; is obtained from the solution of the cubic ELE n8F §38
equation g 53| ewvaa
288 + 362 + & = Wi (In LEESI.2888E
VVI = krA/G(ks[Fez-('Dﬂ/Z(le/Q eH+3/2 (III) g ';) é % 9:;‘ © 0 <+ C‘]’ —
e = [H*]/(hos/k) + [H] 25 %:"|583388%
using the values A = 3 X 1078 mole sec.7}, &2 ;me T
D = 4 X 107° ecm.? sec.”}, ky = 10** mole™! g 28 oW o
cm.? sec.~!. The best parameters were chosen in HEl R enes
the following way: at pH 0.4 it was assumed that 25 T
en+ — 1, and thus the equations reduce to those 5 TE ( egowvnng
obtained for the single scavenger model. Hence g 8% (oSS
kse** could be evaluated. Then we selected the S =3 Cemeaa
value of k—3/ks which yields best agreement with {H ~B28REs
the pH dependence. Satisfactory agreement was §:; b ©om N <
obtained by setting k3¢ = 7.5 X 10% mole~! % = oo 0w’
liter sec.~! cm.”* and k-3/ks = 0.05 mole liter—2 = E‘E: R o
Next we analyzed the results according to the forced £ F) TEweas
convection mechanism ; TIiE8Bwem
Y = (hvouen [Fe2™) k) In {1 + (ked/kseuent[Tett])} = Hoco+ma
() PRy
Best agreement was obtained by setting kseu = g _——
1.5 X 10" mole—1! liter sec. ! em.? se¢, ! and k—3/k,y T
= 0.05 mole liter—.. Applying the homogeneous 5 (LEBREEgus
kinetic treatment P R
Y = (rew[Fe2*1%/V) {{1 + (24/Vrear[Fer*]2)} /2 — 1} T I sscwownec
() s MPIZICINTZ
L o2 weeTmaacs
where 7 = k%/2k,. Theexperimental results could SRl o e = o
best be fitted with this equation by assuming X SE=onnERE
7 = 0.005 (i.e., ky ~ 10% liter mole~! sec.~?) and MR TEEmans
ks/ky = 0.05. I ESRcwid3
The comparison of the calculated data with the g e N
experimental results is given in Table I. The 2
agreement with the heterogeneous kinetic treat- = o =
ments is better than with the homogeneous kinetics. 3 3ima~238332
It is seen from these results and from Iig. 1B g *s = 7 '
that the results are satisfactorily accounted for by =
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the ferrous-hydride mechanism. The rate con-
stant for reaction 3 can be estimated. The results
of the homogeneous kinetics yield the value of k;
10¢ mole~! liter sec.”! which is a lower limit.
Estimating the effective surface area as ¢ ~10
em.? the heterogeneous treatment leads to k;~10°
mole~! liter sec.~!. Considering the value of the
ratio k—;/kq obtained it should be pointed out that
some dependence of this ratio on Fe?* concentra-
tion was observed, the ratio decreasing with de-
creasing Fe?t, Thus at 0.01 and 0.02 M Fe2t
the experimental results for the diffusion treatment
were 1n better agreement with the value of k—;/
ks = 0.02. This may be due for example to the
diffusion of intermediates which is neglected in our
treatment. However our experimental results do
not enable us to establish the value with greater
aceuracy.
Discussion

The oxidation mechanism of the Fe?+ ion pro-
ceeds by hydride formation. However when we
attempt to analyze the results previously obtained®
for the oxidation of iodide ions by H atoms ac-
cording to this mechanism a satisfactory agreement
cannot be obtained. Figure 2 indicates that at a
constant oxidation yield the function [I-]{H*]/
(v + [H*]) is not constant while as it was pre-
viously demonstrated!! the oxidation yield is a func-
tion of [H+][I-]/(0.1 + [I7]). Thus it agrees
with the oxidation mechanism involving H,* as an
intermediate. The oxidation mechanism proposed
for the ferrous ion is in agreement with the pH
dependence of the yield in radiation chemical
and photochemical experiments. The region in
which pH dependence is observed due to competi-
tion with recombination, will depend on the rate
of introduction of H atoms. A reinvestigation of
the photochemical oxidation of ferrous ions in
evacuated acid solution showed* that up to pH
2.4 the pH dependence of the initial quantum yield
was due to the pH dependence of the primary
photochemical H atom formation only, in 0.02
M Fe?* and rate of formation of H atoms =
3 X 1077 mole liter—! sec... In radiation chemi-
cal experiments'®® at 10—% M Fe?* and rate of
formation of H atoms = 3 X 10— mole liter—!
sec.”! no pH dependence was observed up to
pH 2.1, Treating these systems according to the
steady-state approach of eq. V, it appears that the
condition for the independence of Y of pH and
[Fe2*] will prevail when

AV L ksent?[Fe?¥]2/ 4k, (VD)

Setting k3 = 10° mole~" liter sec.”! and k-3/ky =
0.05 the inequality VI is fulfilled both for the photo-
chemical and radiation chemical experiments. This
comparison is qualitative only, as it is not clear
whether the assumption of initial homogeneous
distribution of the radicals in radiation chemistry
is adequate when competition between first- and
sccond-order reactions occur.

In our treatment it was assumed that the
recombination reaction r itself is pH independent.
The possible reactions FeH?t 4+ H and Het 4+ H

(19) Correection of error. TIn ref. 10 the ordinate of Figs. 1, 2,4, 5

and 6 has to be multiplied by a factor of 300.
(20) A, O, Allen and W, (. Rothschild, Rad. Res., T, 591 (1857).
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Fig. 2.—Plot of the experimental results of ref. 10 for
the oxidation of 1~ by H atoms: I, Hy* mechanism; II,
hydride mechanism.

are not included in the kinetic scheme. It is
assumed® that since in these molecules the bond
energies Fe2+—H and H-H have to be considered,
these reactions will be activation controlled, and
will be slower than the diffusion controlled re-
actionr. .

When the competitive reactions between Fe?+
ions on the one hand and other scavengers, e.g.,
molecular Og®® or methanol?! were investigated it
was found that the ratio of the rate constants was
nearly independent of pH within a rather wide
pH range. Radiation chemical experiments?®
showed that kpto./km+re?™ is 1200 at pH 0.35
and 1500 at pH 2.1. Photochemical experiments?
gave for this ratio the value of 900 %= 300 at pH
0.35 and 1500 = 400 at pH 2.4. According to the
mechanism now proposed the competition is seen
to be between the ferrous ion and the acceptor,
O, or methanol, for H atoms, H+* not being involved
at this stage, since its reaction with H is slower.
This will be the case as long as the dissociation re-
action of the complex may be neglected in compari-
son with its reaction with H+. The value of k—3/k4
= 0.05-0.02 mole liter—! is consistent with the re-
sults of Baxendale and Hughes.?® Similarly it
can be shown' that the results of Dainton and
Peterson'® for the competition between Fe?+ and
N,O for H atoms leads to the value of k—3/ks =
0.05, in excellent agreement with our experimental
results. However in order to explain the results
of Rothschild and Allen' %—;/k4 should be of the
order of 0.0l. Our photochemical experiments
indicate that at pH values higher than 2.1 devia-
tions already occur from constancy of the ratio
of rate constants. These diserepancies may be due
to specific reactions of the Op molecule with inter-

(21) J. H, Baxendale and G, Hughes, Z. physik. Chem. N. F., 14,
323 (1958).
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mediates, and may be related to the nature of the
H atom equivalent present in irradiated solutions.
Thus the special case of O, remains to be fully
explained and deserves more detailed investigation
in the future.

The nature of the FeH?* complex should be
briefly considered. This may in all probability
be a ferric hydride possibly consisting of a Fet+H~
““charge transfer’” complex in which a labile ion
pair is formed. Similar intermediates were re-
cently postulated in the homogeneous activation of
H; in solution by some transition and post-transi-
tion cations.?? For the negative iodide ion the
formation of such an ion pair is unlikely.

The possibility of such hydride complex inter-
mediates was also postulated by Krasna and Rit-
tenberg?® in the enzymatic activation of molecular
hydrogen by the enzyme hydrogenase of Proteus
vulgaris, and recently reinvestigated in the case
of Desulfovibrio.?* The enzyme is considered to
contain iron.

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

(22) J. Halpern, Quart. Rev., 10, 463 (1956); J. Phys. Chem., 63, 398
(1959).

(23) A. I. Krasna and D. Rittenberg, J. Am. Chem. Soc., 76, 3015
(1954,

(24) A.T. Krasna, E. Riklis and D. Rittenberg, J. Btol. Chem., 235,
2717 (1960).
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the medium was shown from n.m.r. measurements?
to be of the order of 10° liter mole—! sec.~! for the
reaction

H,0 4 M+ H,O* —> H,0* 4+ M=+ H,O

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

According to the mechanism now proposed the
oxidation of non-labile ferrous complexes, e.g.,
ferrocyanide, will not occur by the hydride mech-
anism, but by the H.* mechanism, in agrcement
with our previous results.”

Combining the value now obtained of k3 ~ 10°
liter mole—! sec.—! for the rate of reaction of I'e?*
with H atoms, with the value of the ratio of the
rate constants between H atoms and Fe?* or O,
respectively, gives an approximate value of kuso.
= 10% — 10° liter mole—1sec.™!, in reasonable agree-
ment with the results of Riesz and Hart.?® How-
ever in this respect one has to bear in mind the
reservations regarding the possible specific re-
actions of O, with intermediates in irradiated
solutions.

We thank Prof. J. Halpern for valuable com-
ments. This investigation was supported by the
Israel Atomic Energy Commission.
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Atomic hydrogen generated by an electrodeless high frequency discharge in H, gas and introduced into aquceous solutions
reacts with 10-410-3 M H,0, with a velocity constant of & =¢ 10¢ liter mole~1 sec. 7}, unaffected by changiug the pH from

1 to 13.
solutions.

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

Once formed, H atoms may react with Haqt to
form Hoaq* ions. The ratio H/Haeq+ will depend
on the pH.

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

(1) N, F. Barr and A. O, Allen, J. Phys. Chem., 63, 928 (1959).

See also A, O. Allen and H. A. Schwarz, Proc. Int. Conf. Peaceful Uses
of Atomic Energy, 29, 30 (1958).

The reactions involved are discussed and compared with those postulated for the radiolysis of aqueous H.O»

different velocity constants with H.O,. The pos-
sible pairs considered were egq and H or alternatively
H and H,*. No decision was made between the
two alternatives.

Allan and Scholes? investigating the reactions
in irradiated aqueous solutions of some organic
acceptors, came to similar conclusions, but identi-
fied the pair of reactants as the electron in water
and H atoms. The considerations of Weiss® point
in the same direction.

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

Experimental

Atomic hydrogen was produced as described before,*
by an electrodeless high frequency discharge at 30 Me. in

(2) J. T, Allan and G. Scholes, Nature, 187, 218 (1960).

(38) E. Hayon and J. Weiss, Proc, Int, Conf. Peaceful Uses of Atomic
Energy, 29, 80 (1058); J. Weiss, Nature, 186, 751 (1960).

(4) G. Czapski and G. Stein, J. Phys. Chem., 63, 850 (1859).





