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is endothermie to the extent of 0.6 e.v., and so could
only oceur before electrons have slowed down to
thermal energies. From early experiments in the
gas phase, the probability of electron capture in
this reaction reaches a maximum at 0.5 e.v.V” but
more recent work indicates that the probability is
at a maximum at a slightly higher value.!® The
recent data are more extensive, and in better agree-
ment with the thermochemistry of the system. To
calculate the yield for electron capture we may ac-
cept provisionally the figure of 5 X 10-% for the
maximum probability of capture at a collision.?”
For simplicity of caleulation we can further assume
that the capture probability is 3 X 10~* in the
range 1.5-0.5 e.v., and zero outside this range.
Now if we assume with Magee® that an electron
loses about 29 of its energy per collision (the exact
value depends on the medium, but no value is
available for cyclohexane), then the electron collides
about fifty times in slowing down from 1.5 to 0.5
e.v. For the highest hydrogen chloride concen-
tration employed in our experiments, about 19,
the number of collisions with HCl would be 0.5.
Hence the probability of a given electron being
captured by hydrogen chloride is at most 1.5 X
10—% Assuming a yield of @ = 3 for the produc-
tion of electrons, the yield for electron capture by
HClis @ < 4.5 X 104, which is negligible. The
principal uncertainties in this calculation are the
assumption of the values of 3 X 10—* for the cap-
ture probability and of 29, for the percentage
energy loss per collision, but these values between
them would have to be low by at least a factor of
10— to affect the argument, and this seems un-
likely. The argument so far applies to the gas

(17) N. E. Bradbury, J. Chem. Phyas., 2, 827 (1934); H. 8. W. Mas-
sey, "'Negative Ions,’’ 2nd edition, Cambridge, 1950, p. 78.

(18) R. E. Fox, J, Chem. Phys., 26, 1281 (1957).

(19) J. L. Magee, Ann. Rev. Nuclear Sci., 8, 171 (1953).
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phase. In the liquid phase it is possible that elec-
tron capture by ‘“solvated” hydrogen -chloride
might be associated with the formation of molecular
hydrogen in the reaction

e + CHipHCl —> CHy 4+ H; 4 C1-

but this reaction is endothermic to the extent of 0.1
e.v., and the above argument still applies. The
conclusion that hydrogen chloride does not capture
electrons in the present system is reinforced by our
results with ultraviolet light of a wave length which
could not produce ionization. The effects obtained
are very similar to those with y-rays, showing that
the y-ray result should be explicable without postu-
lating electron capture.

In view of the above process of elimination we
are inclined to conclude that the radiolysis prod-
ucts must arise in some way from the reactions of
excited molecules. Unfortunately mno reactions
seem to have been reported in the literature which
could provide a precedent for the present case.
The simplest reaction scheme would be

CeHip —> CeHyo*
CSHH* + HC]- —_— CeHuCl + H2

HCI]
CeHpp* ——> CeHg + 2H;

but this is highly speculative and further work is
required. It may well be that similar reactions of
excited molecules are occurring in other systems,
for example those studied by Williams and Hamill,
but that knowledge of their existence has so far
been obscured by other possibilities.
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The conditions of the oxidation of various scavengers in aqueous solution by atomic hydrogen introduced from the gas
phase were investigated experimentally and theoretically. Approximate equations are derived for the kinetics in the

case of purely diffusion controlled mass transfer of H atoms and for the case of forced convection.

First-order reaction with

the scavenger in competition with second-order recombination, as well as consecutive scavenging mechanisms are considered.
The results are compared with the treatment based on homogeneous kinetics,

In the investigation! of the reactions of H atoms
with various scavengers atomic hydrogen was pro-
duced in the gas phase and introduced into the
aqueous solution containing the scavenger. In
this heterogeneous system we assumed, In view
of the vigorous bubbling and stirring occurring
under our experimental conditions, that homoge-
neous kinetics will provide a good approximation

(1) (a) G. Czapski and G. Stein, Nature, 182, 598 (1958); (b) G.
Czapski and G. Stein, J. Phys. Chem., 68, 850 (1959); (c) G. Czapski,

J. Jortner and G. Stein, ibid., 68, 1769 (1959); (d) G. Czapski and G.
Stein, thid., 64, 219 (1960).

to the actual situation. In the present paper this
assumption is examined and the conditions under
which our work is carried out is investigated both
experimentally and theoretically.

Mass transfer problems in heterogeneous systems
are of great interest in several fields of chemical
kinetics. They have been investigated?~® mainly

(2) L. L. Bircumshaw and A. C. Riddeford, Quart. Rev., 6, 157
(1952),

(3) T.K.S8herwood, *Mass Transfer between Phases,’’ Pennsylvania
State University, 1959.

(4) P.V, Danckwerts, Trans. Faraday Soc., 46, 300 (1950).
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to establish the rate of transfer of the reacting
species under the effect of chemical reaction. Un-
der our experimental conditions there is vigorous
bubbling and stirring by the Hz gas. We assume
that under these conditions the actual rate of in-
troduction of atomic H will be independent of
changes in scavenger concentration. We also
assume that scavenger concentration is constant
and scavenger depletion does not occur during the
reaction. Thus not the “film theory’”® which
predicts linear increase of the mass transfer co-
efficient with the scavenger concentration for
pseudo first-order reactions, but an approach
similar to that of the “penetration theory”? will
be adopted.

In our case there is competition between the
second-order recombination of H atoms and their
first~order reaction with the dissolved scavenger.
- The application of non-homogeneous kinetics to
this system will enable us to establish the reaction
mechanisms and determine the rate constants
in the extreme case of completely non-homogene-
ous conditions; compare these values with those
obtained from treatment assuming homogeneous
conditions and to estimate how far under our
experimental conditions one or other of these
extreme cases is approached.

Experimental

Under our conditions atomic hydrogen is produced by a
high frequency discharge in pure H, gas at pressures of
~30 mm. and it reaches the reaction vessel, being pumped
through it at a velocity of the order of 150 liter min.™1.
H atoms are by then present in high dilution in the H,
gas. The bubbling introduces H atoms by repeated brief
exposures of the surface elements of the liquid phase. The
exposure period is of the order of 0.1 sec. Vigorous stirring
ocecurs and mass transfer is by diffusion and forced convec-
tion. We assume accordingly continuous renewal of the
phase boundary.

Efficiency of Forced Convection.—To investigate the
efficiency of stirring by bubbling stroboscopic photography
was used under usual conditions of operation. Photo-
graphs were obtained using a Dumont Oscillograph Record
Camera Type 321-A at film travel velocities of 3600 and
10800 inches per minute. The light source used was
Strobolux Type 618-A, the trigger circuit was Strobotac
Type 631-B58, both instruments manufactured by General
Radio Co. Flash duration was 5 X 1075 sec. The time
intervals used were !/g and /i sec. From consecutive
photographs obtained at known time intervals and from
the known dimensions of the reaction vessel we estimate that
the velocity of the liquid under stirring is of the order of
100 em. sec. ™!,

Effect of Changing Bubbler Size.—The reduction of Ag+
ions by H atoms is independent of Ag* concentration in the
region above 0.05 M.% In this concentration region it was
found that changing the bubbler diameter from 1 to 6
mm. had no effect on the reduction yield. There was no
change in the reduction vield when the solution volume was
changed by a factor of three. These observations indicate
that the dose of H atoms is constant,.

The effect of mass transport was investigated in the oxi-
dation of 1072 A Fe?* solutions in 0.8 N H.SO, by H atoms.
In this region the oxidation yield is dependent on Fe2*
ion concentration. The inlet tube was exchanged for one
ending above the surface of the solution. When the gas
was passed above the quiescent solution about 209, of the
oxidation yield under bubbling conditions was obtained.
Next, arrangements were made for stirring with a magnetic
stirrer. 'When the solution was vigorously stirred and the
gas passed above it the yield was about 509 of that ob-
tained under bubbling conditions. These results show the
importance of mass transfer processes in these systems.

(5) A. Wheeler, Advances in Catalysis, 3, 249 (1951).
(6) G. Czapski and G. Stein, to be published.
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However when the gas was bubbled through the solution,
additional vigorous stirring with a magnetic stirrer had no
effect on the yield. This indicates that the assumption
of constant scavenger concentration is justified.

The Steady-state Treatment.—The mathemati-
cal treatment of the problem is based on the as-
sumption that the concentration change at a cer-
tain point is due to transport processes and chemi-
cal reaction occurring simultaneously

bc/bt = (ac/bt)tranaport -+ (ac/at)reaction (1)
We consider now the kinetic scheme
H 4 8 —> products kg 2.1
2H —> H; & (2.2)
where ks denotes the velocity constant of the re-
action of H atoms with the scavenger, S, and k.
that of the recombination reaction. Thus
—(O[H] /o) reastion = ks[S][H] -+ k:[H]Z2  (3)
the rate constants being in units of mole—! em.3.
Throughout this treatment steady state is as-
sumed. The justification of this assumption in
some simple cases will be given. Setting
d[H]/dt = 0 (4)
we get
(O[H] /) transpors = ks[SI[H] + k:[H]2  (5)
The solution of equation 5 has to be subjected
to the boundary conditions
X —>» o [H] = 0and d[H]/dX = 0 (6)

where X represents the distance from the boundary,
and subject to the law of mass conservation

f(a[H]/at)transpoxt dV = A (7)

where V is the total volume of the system and A4
is the rate of introduction of atomic hydrogen ex-
pressed in moles sec.”* A one-dimensional model
for transport processes will be employed. Thus
we set
dV = ¢dX (8)

where ¢ is the mean surface area for the mass
transfer process.

The Diffusion Model.—First we shall assume
that during the brief exposure of the surface
mass transfer occurs by diffusion only

(H]/0) transport = D(22[H]/0X?) (9
where D is the diffusion coefficient of H atoms, for
which we assume a value of 4 X 10-% cm.? sec.™ 1.

Two simple cases will be considered. For a first-
order reaction, as in 2.1, from equations 5 and 9.

0[H]/0X? = g[H] (10)
where 8 = ks[S]/D, leading to the solution
(H] = [H]oe8"/2X (11)

where [Hlo is the concentration of H atoms at
the surface, X = 0, obtained by applying condi-
tion 7.
[Hlo = 4/vks[S]D¢ (12)
For a second-order reaction as in equation 2.2

0%[H]/0X? = [H]? (13)
where & = k;/D. Thesolutionis
[H] = 1/{(1/[H]e) + V(a/6) X}? (14)

where
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[Hlo = (1/¢9)(34/2k:D)'/s (15)

We attempt now to consider the general case
where competition between second-order recom-
bination and first-order scavenging reaction occurs.
We obtain the equation

0[H]/0X? = «[H]? 4 g[H] (16)
the proper solution of which is
[H] = (68/a){(ae~VBEX)/(1 — ae~VBX)2} (17)

where
= s
G et +6)" + 50t (®)

[H]o is again determined by applying equation
7 in the form

A = S(k:[H]? + ks[S][H]) dV (19)
Applying the expressions
SIH] dX = (68'/7/a) {a/(1 ~ a)} (20
SIH]2dX = (68°/2/a)(3a* — a?)/(1 — a)®
equation 19 is now obtained in the form
2034 3A2 4+ A=W (21)
where
A =a/(l — a) (22)
W= (ke )/ {6(ks[S])*/2 D'/ 20} (23)

The yield, Y, of the scavenging reaction 2.1 will
be given by

Y = ks[S]SH] dV (24)

Thus we obtain
Y = AA/W

Y is expressed in units of mole sec.—1.

In practice equation 21 was solved numerically
for values of W from 100 to 0.001. The best
value of kse* was obtained by trial and error.
Using selected values of ks¢™?, W was calculated
from eq. 23 and then A was obtained. Hence
Y was calculated from eq. 25. This procedure
was repeated until best agreement with experiment
was obtained.

It is of interest to test the limiting values of
the solutions of eq. 21.

For high concentrations of S, W — 0 and thus
A->0. Therefore A>>A? A%and thus A=W and
Y=A. For very low concentrations of S, W — «
and thus A = (1/, W), 'We then obtain

Ysi—0 = ks[Sle¥s (18DA k%) /s

(25)

(26)

This result can be readily obtained from equations
14 and 24.

Time Dependent Solution.—In order to test the
adequacy of the steady-state treatment the time
dependent solution was considered, for the first-
order reaction. Equation 27

d[H] /ot = Do?[H]/dX? — ks[S][H] 27
can be solved using Danckwerts’ treatment* or the
Laplace transform method.” Equation 27 is solved
under the initial conditions of [H] = 0 for ¢ = 0,
and [H] = [Hlofort > 0at X = 0. The solution
is obtained in the form

(7) J. Crank, “The Mathematics of Diffusion,”’ Oxford Univ. Press,
1956, p. 18ff.
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[H] = ([H]o/2) [exp (—XVE&s(S)/D) erfc {(X/24/Dt) —
(ks[S]t)} + exp (X Vks(S)/D) erfe {(X/24/Db) +
(ks[STO}] (28)

The total amount of H atoms absorbed per unit
time is given by

JSD grad [H] de = ([H]o/Vks[SID) {(erf v/ks[S]E) +
exp ( —ks[S])/V 7ks[SIt}  (29)

For a sufficiently high value of ¢, when erf \/%s[S |t
= 1, expressions 28 and 29 reduce to equations
11 and 12 obtained under steady-state approxi-
mation. The required condition is that

t~ (ks[8]) (30)

Under our experimental conditions kg is of the
order of 10° liter mole~! sec.”!, [S]~10—2 to 1
M, so that the steady-state approximation appears
to be reasonable. It is interesting to point out
that the condition of 30 is almost identical with the
condition for the application of steady-state treat-
ment in homogeneous kineties, which we considered
previously.’® However this solution yields only
the lower limit for the time required for the estab-
lishment of steady-state conditions.

Forced Convection Model.—In the preceding
treatment we restricted the role of stirring to ensure
quasi homogeneous scavenger concentration and
assumed that scavenger depletion can be neglected.
We shall now consider the effect of stirring on the
mass transfer process. The quantitative treatment
for forced convection will be based on the well
known general equation

(O[H] /0 transter = D div grad [H] — U grad [H] (31)
where U is the velocity vector of the liquid with
component u parallel to the x axis. For the one-
dimensional case under steady-state conditions
D(0%[H]/0X?) — u(d[H]/0X) — ks[S}[H] —

k[HJ2 =0 (32)
In the case when recombination may be neglected
eq. 32 reduces to

O*[H]/dX? — y(d[H]/0X) ~ g[H] =0 (33)
where y = u/D. The solutionis
[H] = (4An/ks[S]le)enX (34)

where
7 = —u/2D + {(u*/4D% + (ks[8]/D)}'/2 (35)
It will be seen that transport by diffusion can be

neglected compared with transport by convection,
when

u?/4D% >> kg[8]/D (36)
or alternatively when
u > 24/ks[S]D (36)
Using the numerical values of kg[S] = 10* sec.—!

and D = 4 X 107 ecm.? sec. ! it is found that when
u>>1.2 em. sec.”! mass transport by convection
only has to be considered. For these relatively
high u values eq. 34 is reduced to the form

[H] = (A/up)e ksI81X/u (349

We shall now consider the general case when dif-
fusion can be neglected in comparison by convec-
tion. Equation 32 will be given in the form

O[H]/0X + w[H] + [H]? = (37)
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where @ = kg[S]/u and € = k/u. The solution is
[H] = wbe X /(1 — beg wX) (38)

where b = [Hl/(0 + €e[H)). Application of
condition 7 gives

b = Au/(ks[S]eu + k:4) (39)
and by using eq. 24 the yield is given by
Vo= (ks[Slou/k:) In {1 + (Ake/ks[S]eu)}  (40)

Experimental results can be fitted to equation 40
by choosing the best value for the parameter (kseu).

Comparison with Homogeneous Kinetics.—The
results of the present treatment based on hetero-
geneous kinetics will now be compared with the
homogeneous kinetic treatment. The steady-
state treatment of the competitive reactions of
equations 2.1 and 2.2 based on homogeneous
kinetics leads to

Y = 7[S]2V{V1 + (24/78)° V) — 1} (41)

where ¢ = ks?/2k;. In the scavenger concentration
region where {S] is sufficiently low and the steady
state concentration of the H atoms is determined
by the recombination reaction, the homogeneous
kinetic treatment leads to the result

Y(sl—0) = ks[SI(AV/k:)Y/» (42)

The most reliable values for the scavenging rate
constant were obtained from experiments at low
scavenger concentrations. We shall therefore com-
pare the values of apparent rate constant obtained
for the homogeneous treatment according to equa-
tion 42, with the value obtained in the case of purely
diffusion controlled kinetics, for which at low
scavenger concentrations equation 26 holds. We
obtain for the ratio of the apparent rate constants
obtained from homogeneous and diffusion con-
trolled treatments

kdift (kA Ve 500

kshomo - 18/: DY/s qoa/ﬁ == «:T/g
where the numerical value is obtained by setting
A = 5 X 1078 mole sec.”* and V = 25 cm.%
The effective area ¢ can only be approximately
estimated under our conditions of bubbling; it
is of the order of 10 em.2. Thus we conclude that
were the situation such, that forced convection is
completely absent and mass transfer is by dif-
fusion only, the rate constant evaluated from homo-
geneous kinetics would be an underestimate by
some two orders of magnitude.

We shall now compare with this most extreme
case our actual experimental conditions where
forced convection occurs. It was shown that when
the linear velocity of stirring, u, exceeds 1.2 cm.
sec.~1 transport by convection outweighs transport
by diffusion. Under these conditions at low
scavenger concentrations we obtain for the yield
kgt [S]ou In Ak,

ke kste[S] eu

and for the ratio of the apparent rate constants
obtained from homogeneous and forced convection
treatments
Bte AV 400 o
©kshomo T (pu/k(In Ak: — In B) T ou
where B = fkgfe[S]lou. As [S]—=0, —In B may be
neglected compared with In AK,’ and introducing

(43)

Y(sj—-0 = (44)

MecuANISM oF OXIpATION BY HYDROGEN ATOMS IN AQUEOUS SOLUTION

959

then the numerical values the final result shown is
obtained. We see that as expected the existence
of forced convection expressed through the in-
troduction of the stirring velocity, brings the con-
stant obtained by the homogeneous treatment
nearer to the true value. The treatment is neces-
sarily very approximate, but it does show, that
as the value of ¢u — 100 cm.’sec.~}, the experi-
mental constants obtained under our conditions of
forced convection will approach within an order
of magnitude those obtained assuming homogene-
ous kinetics.

Consecutive Scavenging Mechanism.—We shall
now examine the question whether the assumption
of homogeneous kinetics in a case where diffusion
and/or forced convection occur may lead to the
derivation of reaction mechanisms which correspond
to the true state of affairs,

We shall consider that the reactions of H atoms
with scavengers may proceed by a composite mech-
anism involving the formation of a reactive inter-

mediate. The general kinetic scheme can be repre-
sented as
kSl
H+ 8 > HS ()
k_s:

kSz
HS, 4+ 8; —> products

ker
2H —> Hz
Considering mass transfer by diffusion only we
obtain
D(2[H]/0X%) = ka8 [H] + &[H]? — k_s,[HS)]
D'(0*[HB,]/0X?%) = —ka[S)][H] + kos[HS)] +
Fes, [So] [HS1]

where D and D’ are the diffusion coefficients of
H atoms and of the HS; intermediate complex.
Assuming no depletion of the scavengers S; and
S, the yield will be

Y = kg, [S,] S [HS)]AV (46)

The system of diffusion equations 45 was solved
under the following simplifying assumptions: as
D>D’ and [H]>[HS,], the diffusion of the active
intermediate HS; was neglected and its concentra-
tion was expressed by ordinary steady-state expres-
sion. A similar approach was employed by
Semenov? for some gas phase reactions. We obtain

[HSi} = (ksi[Si][H]D) / (k=g + kso[Se])  (47)
The two diffusion equations are then replaced by
the single one
»[H]/0X? = «[H]? + 8[H] (48)
B = ks [SI] /(D {(k-s1/kss) + [S]]) (49)
The expression obtained is identical with eq. 16.
Solving according to condition 24 leads to

(45)

Y = AA/W, (50)
W1 = ked /6D 2ks,*/2[81]%/2 eg,*/2 (51)(a)
ese = [80)/{(kogr/kse) + [Sa]} (b)
A, 1s obtained from
2418 + 342 + A = W, (52)

Considering now the case of forced convection

(8) N. N. Semenov, ‘‘S8ome Problems in Chemical Kinetics and Re-
activity,”” Princeton Univ. Press, 1939,
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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.
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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).





