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Radiation chemical and photochemical experiments are reported which show that the conversion of
solvated electrons to H atoms is not specific to the H;O" ion. Proton donors in general may react in the
conversion eyq~—H. The relative reaction rates correlate with the pK values of these acids as implied
by Brgnsted general acid catalysis law. The implications of this result for the nature of the solvated electron

in water are briefly considered.

INTRODUCTION

ECENTLY experimental evidence became avail-
able showing that two forms of reducing radicals
are present in irradiated aqueous solutions. These two
have widely different reactivities with specific scaven-
gers.1® One form is converted into the other by reaction
with H;Ot.2~7 The possible pairs of the reducing
species considered were the solvated electron e—q and
the H atom, or alternatively the H atom and the Hy*
ion. Recently results were obtained supporting the
first possibility.® Evidence was also obtained showing
that H atoms externally generated and introduced into
the aqueous solutions reacted with H:0,2 chloroacetic
acid,? and formic acid® with the same specific rate
constant as the acid form produced by radiolysis.
Kinetic salt effects!!'? gave evidence that the reducing
radical produced in the radiolysis of neutral solutions
has a unit negative charge and may be identified as
the solvated electron.

Experiments in which aqueous solutions of I7,, were
photolyzed with uv light of 2536 A showed' that the
mechanism of hydrogen evolution in the presence of
specific scavengers involves the intermediate formation
in these systems of solvated electrons e™q. The con-
version of € .q to atomic H by reaction with H;0*
was observed.’® The H atoms produced reacted with
organic scavengers (e.g., aliphatic alcohols and formate)
in a manner analogous to the reactivity of the “acid

IN. F. Barr and A. O. Allen, J. Phys. Chem. 63, 928 (1959).
2 (a) J. Rabani, J. Am. Chem. Soc. 84, 868 (1962); (b) J.
Rabani and G. Stein, J. Chem. Phys. (to be published).
37, T. Allan and G. Scholes, Nature 187, 218 (1960). .
+E. Hayon and J. Weiss, Proceedings of the Second International
Conference on the Peaceful Uses of Atomic Energy, Geneva, 1958
(United Nations, Geneva, 1958), Vol. 29, p. 80.
5 E. Hayon and A. O. Allen, J. Phys. Chem. 65, 2181 (1961).
¢ T, J. Sworski, J. Am. Chem. Soc. 76, 4687 (1954).
7 G. Czapski and A. O. Allen, J. Phys. Chem. 66, 262 (1962).
3 G. Czapski, J. Jortner, and G. Stein, J. Phys. Chem. 65, 964
1961).
( 7. )]ortner and J. Rabani, J. Phys. Chem. (to be published).
10°G, Czapski, J. Rabani, and G. Stein, Trans. Faraday Soc.
(to be published).
UG, Czapski and H. A. Schwarz, J. Phys. Chem. 66, 471
1962).
( 1 E) Collinson, F. S. Dainton, D. R. Smith, and S. Tazake,
Proc. Chem. Soc. 1962, 140.
1 J, Jortner, M. Ottolenghi, and G. Stein, J. Phys. Chem. (to be
published).

form” in the radiolysis of water, so that the two
intermediates are likely to be identical.

Thus both radiation chemical®? and photochemical
data'®indicate that the HiO* ion is an efficient scavenger
for €7aq, yielding H atoms according to HyOt+epq—
H-+H:0. The detailed mechanism has not yet been
established. Some recent observations in this laboratory
are relevant concerning this point. Lifshitz!* observed
an increase of the hydrogen yield from formate solutions
irradiated by x-rays at pH~7 on the addition of
KH,POs. Isotopic labeling experiments' (using formic
acid, HCOOD, in D,0) indicated that the action of
KH,PO, was to convert e ,q to H atoms capable of
dehydrogenating the substrate. Na,HPO, had a
negligible effect on the hydrogen yield.

The effect of KH;PO, on the quantum yield of the
photochemical evolution of hydrogen from neutral
iodide solutions in the presence of 1M isopropanol was
also observed.!® We have now investigated the general
mechanisms for the conversion of ¢, to H atoms.

EFFECT of HF, H,PO,~ and NH,* IN THE RADIATION
CHEMISTRY OF AQUEOUS SOLUTIONS

(a) Effect of the H;PO,~ Anion in Solutions
Containing Formate and Acetone

Irradiations were carried out with 200 kVp x-rays
without filtration. The dose rate was ~1000 rad min—!
as determined by the ferrous sulfate dosimeter. The
amount of hydrogen evolved was determined by a
thermal conductivity gauge.!®

Experiments were carried out in solutions containing
formate, phosphate, and acetone at pH=6.25. At this
PH in solutions containing formate alone, i.e., in the
absence of a good electron scavenger, the experimental
hydrogen yield G(H;) was found to be somewhat
erratic, yields' of G (Hz)~2.0 being obtained. Addition
of 5X107°M acetone which effectively scavenges ey,
reduces this hydrogen yield to 1.1.2

Addition of 0.1 KH,PO, to formate solutions in
the absence of acetone resulted in G°(H,)=3.85 at

U C. Lifshitz, Ph.D. thesis, Jerusalem, 1961; C. Lifshitz and
G. Stein, (to be published).

% In this paper we denote by G(Hs) the experimentally meas-

ured hydrogen yield, while Gu, and Gg denote the yields of
“molecular” hydrogen and atomic hydrogen, respectively.
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pH=06.25. This result is interpreted by assuming that
in the presence of the HoPO;~ ion ¢4 reacts with it to
yield hydrogen atoms

€ 2qTH.PO~—H-+HPO,~ (1)

followed by H, production by dehydrogenation of the
organic scavenger (e.g., formate)

H+RH,—H,+RH. (2)

Thus G°(H:) should equal Gu,+Gu+G.~, where the
yield of solvated electrons G,~=2.652®.7 of atomic
hydrogen Gu=0.5* and the molecular hydrogen yield
Gu,=0.5. The present result is in fair agreement with
the previously obtained value of 3.7-0.1.2®" Addition
of acetone lowers G(H.) (Table I), due to

€ aq+CH3COCH;— (CH;COCH;) . (3)
The reduction of acetone by H atoms is slow and may

Tasre I. Hydrogen yields in solutions containing acetone,
formate and phosphate irradiated by 200-kV x rays. All solutions
contain 0.094 M KH.P0O,+40.016 M Na,HPO,, 0.094 M formate.
pH=6.25,

[Acetone]] Dose (rad) G(H,)
0 1000 3.85
1.8X1073 1300 3.45
7.3X1073 2000 2,85
1.4X10™ 2000 2.50
2.7X10™ 2300 2.20
8.2X10™~ 3000 1.60

be neglected.2® In the presence of acetone the experi-
mental hydrogen yield G(H,) is given by

G(Hy) =Gr,t-Gu
G,

o) (CCH.cocR.armros)” P
Hence we get
ks [CH;COCH;]  G°(Hy) —G(H) (5)

ki [HPOr]  G(Hy)~ (Guyt+-Gu)

From Fig. 1 we thus obtained £stactone/ Be 411,00, = 570.
These results are consistent with competition for e,
by the H,PO,~ ion and acetone.

{b) Solutions Containing Phosphate, Formate,
and Ferricyanide

The aim of these experiments was to use ferricyanide? !0
to capture e,q in competition with phosphate. The
reaction

Fe(CN)g 3+ e pq—Fe(CN)g (6)

eliminates electrons without the formation of H atoms.
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Fic. 1. The effect of varying X =acetone @ and ferricyanide &
concentration on G(H:) in the radiolysis of 0.1 KH,PO,~
Na,HPO; solutions at pH=6.25 in the presence of 0.1M formate.

Those electrons which in the competition between
reactions 1 and 6 react with phosphate, form H atoms.
These may yield H; through reaction (2) with formate,
or react with ferricyanide

Fe(CN)¢34+H—Fe(CN)g*+H+. (7

‘TapLE II. Hydrogen yields in solutions containing ferricyanide
and formate irradiated by 200-kV x rays. pH=06.25. All solutions
contain 0.0944 KH,P0,+-0.016M Na,HPO,. (b) Same as (a)
but with 0.94M KH:PO, and 0.16M Na,HPO, added. The last
column shows the calculated G(H,) values corrected for increased
absorption.

[formate] [ferricyanide}
M M Dose (rad) G(Hy)
(a)
9.4X10~ 0 1000 3.85
9.4X10 5.4X107° 1500 2.95
9.4X10 1.1X10™ 1500 2.40
9.4X1072 2.2X10 1500 1.83
9.4X10® 4.4X10™ 3000 1.57
9.4X10™ 5.9X1073 2000 0.83
5.5%X10¢ 0 1000 3.55
§5.5X10~¢ 3.2X10°% 2000 1.80
(b)
. G(Hy)
[ferri- corrected
[formate] cyanide] Dose G(Hy) for
M M rad uncorrected absorption
9.2X102 0 1000 5.9 3.9
9.2X102 1.0X10¢ 1000 5.4 3.6
9.2%X10~* 9.4X10™ 1000 3.4 2.3
9.4%x10™ 0 1000 5.3 3.5
9.4X10™  5.0X10°® 1500 2.95 1.95

; see http://jcp.aip.org/jcp/copyright.jsp
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TasLE III. (a) Solutions containing HCOO~=9.4X 107 M and 2)X10~* M Na,HPO,+KOH, pH=7.9, dose 1000 rad.

(a)
[(INH,)2SO.] facetone] G (Hy)
M 10—M
0.4 0 2.8
0.1 0 2.8
0.08 0 2.6
0.1 1.8 2.1
0.1 3.6 1.7
0.1 7.2 1.5
(b)
(b) Solutions of NH,*. Dose 1000 rad. $H adjusted by adding KOH.
Scavenger added ammonium salt used [acetone]

M M pH M G (Hy)
HCOO0-, 9.2X 102 NH:HCO0O0-, 9.2X 102 8.3 3.0
HCO0O0™, 9.2X10°2 NH:HCOO-, 9.2X 102 8.3 1.3X10°5 2.1
HCOO-, 9.2X 10~ NH,CL 0.11 6.3 2.8
Methanol 5X 1072 NH,C]L, 0.11 8.0 3.0
HCOO0-, 9.2X10™* NH/F, 1M 7.6 .. 2.5
HCOO0-, 9.2X10™* NH,F, 1M 7.6 1.4X10™* 1.8

The experimental hydrogen yield G(H,) is given by

concentrations. The results are shown in Table III(b).
The hydrogen yields corrected for increased absorption

G(Hy) =Gy, + Gn are by a factor of 1.5 lower than the uncorrected
E[Fe(CN)¢?] experimental yields.'” The corrected G(H,) yields
1+W agree with the values previously obtained, giving
“ ke/ky=1000=4-100 and %;/k,= 20,
_ With the results of the preceding section we obtain
+ G, (8) ke‘+Fe(CN)s_3/ke“+CI'IacOCH3= 18 in good agreement with
(1+ k[ Fe (CN)6“3]) (1-}- k7[F6(CN)6_3]> the value 1.9 previously obtained 2®
F[H:POs] k[HCOO~] (c) Phosphate Ion and Other Scavengers

where!®18 k;/ky=15; G, =2.65, Gu="0.5, and Gu,=0.5.
The results are shown in Table II. In the presence of
107M formate, ferricyanide does not compete with it
appreciably for H atoms at concentrations <4X10—*M.
From the hydrogen yields thus obtained, and the
hydrogen yield in the absence of ferricyanide G°(H,) =
Gu,+Gu+Ge=3.85, ks/k1=1050 is obtained (Fig. 1).
Correction was made for the amount of ferricyanide
reduced during irradiation. The two results at
[ferricyanide]>4X10—*M, and the results at low
formate show the effect of scavenging by ferricyanide
of H atoms as well. The results agree well with the
previously obtained values®'® of & /k=1050 and
k1/ky=15. The results thus support the identification
of the product of reaction (1) as H atoms, since they
give the established value of k;/ks. To confirm this
point experiments were carried out at higher phosphate

16 7. Rabani, J. Phys. Chem. 66, 361 (1962).

In some experiments NO;~ was used as the ey
scavenger. In solutions containing 0.1M formate,
0.11M phosphate [as in Table II(a)], and 1X10—M
NaNO; G(H:)=2.45 was obtained. Since? kmyno,/
kuyncoo=4, NO;~ cannot in these experiments
compete with formate for H atoms. It reacts with
€ aq® without the formation of H atoms, and accordingly
G(H;) reduces in the presence of NO,~. Calculations
similar to Eq. (5) yield krinos/keynmpo=770.
Another system used by us contained RH,=methanol=
5X10~2M (instead of formate) to scavenge H atoms,
and nitrate ions 1.1X10~*M (KNO;) to scavenge e uq
in competition with phosphate (0.094} KH,PO,+

" The following procedure was used: In solutions containing
4X107MFe(CN)g® and 0.1M formate at pH=6, G,=
Grocng™t=5.8=Gg -+ Gou+G.—[]J. Rabani and G. Stein, Trans.
Faraday Soc. (to be published)]. Addition of 1M KH, PO, and
(l)éM NaH; POy results in G,=8.8. Hence the correction factor=
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0.016M Na,HPO,). At the concentration employed
NO;~ does not compete with methanol for the H
atoms® but competes with H,PQO;~ for e g In this
system G(H,)=2.05 was obtained, compared with
G(H;)=3.55 in the absence of NO;~. Hence k. nos/
ke impo, = 1300 was calculated.

The value thus obtained ks yno,~/kswno,=1.8 is in
fair agreement with the values of 3.6 and 2 that can be
obtained from the previous work of Salzman and
Schwarz.'® We consider that in their case the compe-
tition is for e aq.

(d) Effect of the NH,* Ion on the Radiolysis of
Neutral Formate Solution

The results of experiments using ammonium salt
solutions at pH=7.6 are shown in Table III. In the
absence of added acetone the hydrogen yield is in-
creased by addition of (NH,),SO, reaching a value of
G(H,)=2.8 compared to G(Hz)~2 in the absence of
the ammonium salt. This effect is attributed to H
atom formation by

NH¢ e NH;+H (9)

followed by reaction (2).

However, unlike phosphate, NH,* even at higher
concentrations does not raise G(H,;) above the value
2.8-3.0. Added acetone reduces the hydrogen yield
and from these results k¢ jacotone/Be4nm," may be
estimated as follows.

The limiting value G°(H;)=Ga+G.+Gr,=3.6 is
reached when all e—,q is converted to H, and these are
fully utilized in dehydrogenating RH.. This value is
not reached in the presence of NH,* and we assume
that this is due to incomplete conversion of ¢~y to H.
As is seen later NH,t is a relatively inefficient converter
of 7o to H atoms. Thus a 0.1 solution of NH¢* is
equivalent in this respect to only 3X1078M Ht,,. At
the corresponding pH~5 or higher, in the presence of
organic scavengers for H atoms hydrogen yields G<3
were also observed?® due to side reactions of € aq.
Assuming that e, reacts by a pseudo-first-order
reaction (e.g., with impurities), denoting by 7[¢ sq]
the rate of the reaction leading to disappearance of
€ aq Without H atom formation we get

k[NH:"]  G'(Hp) — (Gr+Gr,)
r Gu+Ge+Gu,— G (Hy)’
where (Gu-+Geaq+Gau,) =3.6 and G°(Hz) is the experi-

mental hydrogen yield in the absence of added acetone
Then in the same solution with added acetone

Gu+G:+Gu,—G(Hy) _ k.t acetonel acetone ]
G(Hy) — (Ga+Ghr,) k[ NH ] '

(10)

(11)

18 S, Nahari and J. Rabani (to be published).
¥ A. Schwarz and A. J. Salzman, Rad. Research 9, 502
(1959).
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Tasre IV. Hydrogen yields in solutions containing acetone,
isopropanol, and hydrofluoric acid irradiated by 200 kV x rays.
Total dose 1000-3000 rad. All solutions contain [HF]=0.0096
M, [HF;]=0.016}, [(CH;);,CHOH]=0.01M, pH=5.02.

[Acetone] Dose (vad) G(Hy)
0 1000 3.77
1.3X10 1200 3.20
2.6X10 2000 2,50
5.2X10~ 2500 2.02

From the results in Table I1T(a)} £otacotone/ BNt =
1X10%

Further experiments were carried out using NH,C],
NILF, and NHHCOO as the ammonium salts em-
ployed. The results are shown in Table III(b).

From these results k. yacetone/Beynm,=1X10* con-
firming the previous value.

(e) Effect of Added HF on the Radiolysis of
Aqueous Solutions

To investigate the possible conversion of ¢y, to H
atoms according to

HF+4-e—F+H (12)
solutions containing acetone as scavenger of ¢ 4, iso-
propanol®*® as scavenger of H atoms, and hydrofluoric
acid were employed. Since the dissociation constant
of hydrofluoric acid is relatively low (pK=3.2)% the
pH and F- concentration have to be fairly high, to
eliminate competition by the reaction e pq+Ht,q—H.
In this system the effect of the HF;~ has to be taken
into account,? according to the possible reaction

HFs e HA-2F-. (13)

The solutions used contained 0.46) KF and 0.026 M
hydrofluoric acid, as used by Bell and McCoubrey,? so
that the solutions contained HF=0.0006M, F=
0.44M; and HF;~=0.16M, the pH being 5.03. The
results are shown in Table IV.

G°(H;) =3.75 in the absence of acetone, is in agree-
ment with the value of G,~+Gu+Gy, Assuming® that
HF,~ is approximately as effective as HF in converting
€ aq to H, the relative rate constants ke jacetone/ e +HE
were obtained from

k¢~+CHaCOCH;[CH3COCH3]= Go(Hz) —G(Hz)
koymr([HFJ+[HF:])  G(Hy) — (Gu,+-Gr)
Hence k. yacetone/ Besur=80=20.

(14)

20 R, P. Bell and J. C. McCoubrey, Proc. Roy Soc. A234, 192
(1956).
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Fic. 2. The photochemical evolution of H; from 0.15M I~
solutions at 2536 & and 25°C in the presence of 1M methanol.
Light intensity 3.5X 10 Einstein liter™ min™%.

(a) The efiect of HoPO;~ at pH=6.25.

Curve 1 2 3 4 5
H,PO,~ 3.85X 1073 7.7X107% 1.9X1072 3.85)X1072 1.54X1071
M

(b) The effect of NH,*+ at pH=7.8.
Curve 1 2 3 4

NH,* S5x10~8 2.5%102 7.7%X1072 7.7X102
M

Curve 5 6 7 8
NH,*+ 2.3%107t 6.15% 1071 1.0 4.0
M

For curve 4(b) we used 8X 1073 HCOOK instead of methanol.

JORTNER, OTTOLENGHI, RABANI, AND STEIN

EFFECT OF H.PO,-, NH,*, AND HF ON THE
PHOTOCHEMICAL EVOLUTION OF H, FROM
SOLUTIONS OF Iy

Light absorption in the charge transfer bands of
halide ions in solution results in electron transfer to a
bound state determined by the solvent. Experimental
and theoretical work?® shows that the first excited level
involves a centrosymmetric-bound s-type state. Re-
cently the scavenging mechanisms and the nature of
the intermediates in the photochemistry of the iodide
ion, were investigated.”® Our photochemical results
were interpreted by assuming the consecutive produc-
tion of two forms of reducing radicals in the photo-
chemical system. The reaction scheme in the presence
of organic scavengers, which react with H atoms to
form H, is given in the form®

hy il RH2

I—I*—>(I4e¢)—(1+H)—>RH+H,,

where () represents a solvent cage. This mechanism
was confirmed using a series of specific scavengers of
¢ aq and of H atoms, respectively. The experimental
data were treated using extended diffusion equations
to account for the competition between secondary
recombination and scavenging.

(a) Experimental Results

Photochemical experiments were carried out at 25°C
using a 2536 A light source. The experimental technique
was previously described.?? Experiments in the presence
of KH,PO, were conducted at pH=6.25 (where
[H.PO)/[HPOs]=8). At this pH the effect of
H;Ot% on the conversion of e to H is negligible. No
effect of the HPO,~ ion on the quantum yield for the
production of hydrogen v(Hs) was observed, as experi-
ments carried out at pH=8.1 (where [H,PO; ]/
[HPOs~]=10"?) showed that v(H,) is independent of
Na,HPO; concentration between 103—10-M. No

TABLE V. Quantum yields for H; formation at 2536 A and 25°C
in the presence of H,PO,~ at pH=6.25 in iodide solutions.

[1I-]1=015M [CH:OH]=1M
[szlilof:] v (Hz)
0 0.033
3.85X1078 0.075
7.7X107 0.135
1.9x1072 0.172
3.85X10 0.205
1.54X107! 0.246

21 (a) J. Franck and R. L. Platzman, Z. Physik 138, 411 (1954);
(b) G) Stein and A. Treinin, Trans. Faraday Soc. 55, 1086, 1091
(1959).

22 J, Jortner, M. Ottolenghi, R. D. Levine, and G. Stein, J.
Phys. Chem. 65, 1232 (1961).
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effect of added 1M KCl, NaCl, and NaBr on v(H,) at
pH=6 was detected. Light absorption by the mono-
phosphate ion is negligible (e=1.5M~' cm™ at 2536 A).
In the presence of the organic scavenger, free I, is not
formed® and the hydrogen yields v(H.) are inde-
pendent of total dose (Fig. 2). Table V shows the effect
of added KH,PO; on v (H,) obtained from I~ solutions
in the presence of an efficient scavenger RH, for H
atoms. These results show an enhancement of H.
formation by the HoPO;~ ion. A similar effect was
observed on addition of NH+ (Table VI).

In the presence of fluoride, experiments were carried
out in solutions containing® HF=0.0096M, F~=0.44M,
and HF;=0.016)/, at pH=>5.03. The I~ concentration
was 0.15M. At 25°C using 2536 A, the quantum yield

TaBLE VI. The dependence of the quantum yield for H; evolution
at 2536 A and 25°C on NH,CI concentration in iodide solutions.
pH=7.8 (adjusted with NH,OH) [I-]=0.15M.

[INH+] Organic

M scavenger v(Hs)
1073 1M CH,OH 0.013
5X10-® iM CH,0H 0.013
2.5X 102 iM CH;O0H 0.047
7.7X10 8% 10— KHCOO 0.064
7.7%X102 1M CH:OH 0.073
2.3X 101 1M CH;OH 0.133
6.15X 10! 1M CH;OH 0.182
1.0 1M CH;OH 0.204
1.0 0.7M C.H;OH 0.202
4.0 1M CH;0H 0.230

4.0 0 103

v (Hz) =0.19 was found, compared to y(H;) =0.07 in the
absence of fluoride at this pH.

These results are interpreted by assuming that
H,PO,~ and NH,* and HF (or HF;~) convert the
solvated electron into an H atom by

(I+e) +H.PO;— (I4+H) +HPO~,
(I4¢) +NH - (I+H) +NH;,
(I+e)+HF (or HFy )—>(I4+H)+F—(or 2F-).  (15)

The H atoms thus formed react with the organic
scavenger. The low value of v(H,) in NH,CI solutions
in the absence of an organic scavenger (Table VI)
exclude any mechanism involving direct molecular
hydrogen formation.

(b) Kinetic Analysis of the Photochemical Data

In Fig. 3 we present a general scavenging plot for
electron scavenging by H;0*, HPO,~, NH,*, and HF
(or HF,~) (assuming as before that HF and HF;~ are

AND RADIATION CHEMISTRY
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F16. 3. The effect of H;O*, H,PO,~, NH,*, and HF on the
quantum yields for the photochemical evolution of hydrogen
from I~ solution at 2536 A and 25°C in the presence of 1M
methanol: O, HOf, R=1; 4, HF+HF,,, R=4.1073; a
H:PO,~, R=2.5X1073; [, NH,*, R=8X1075.

of equal effectiveness). One unified curve is obtained
for the dependence of the quantum yield on the
normalized scavenger concentration R[.S], i.e., .the
solute concentration [ 7] multiplied by a normaliza-
tion constant R chosen for each scavenger to give best
agreement with the previous results®® for H;O*. The
correlation of the quantum yields is good and supports
the conclusions that the three scavengers lead to H
atom formation by a similar process. As the scavenging
yield is determined by k[ S]® (where &, is the rate
constant for scavenging) the normalization constants
should have the same ratios as the rate constants for
the reaction of e aq with the scavenger. These results
are presented in Table VII.

The experimental scavenging data are analyzed
using Noyes? treatment for scavenging competing with
geminate recombination. For relatively low scavenger
concentrations the concentration dependence of the
quantum yield is

v="r+2aT (zk[ S])}, (16)

where v, is the residual yield in the presence of a
scavenger at a concentration sufficient to prevent
radical recombination in the bulk, but too low to
compete with secondary recombination. TI' is the
quantum yield for radical pairs escaping primary re-

TasLE VII. Photochemical kinetic data for electron scavenging by
acids in the presence of 1M methanol.

scavenger 2a(wk)} krsorse/ksie (1/R)

S M3 (from Fig. 2) (from Fig. 1)
H;0+ 32 1 1
HF+HF;~ een 250
H,PO 2.0 250 400
NH* 0.43 6000 12000

23 R. M. Noyes, J. Am. Chem, Soc. 77, 2042 (1955).
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Fic. 4. Noyes' scavenging equations® for the effect of HiO,
H,PO,~, and NH,* in the photochemistry of iodide (experimental
conditions as in Fig. 2).

combination, where I'=0.29 for I, at 25°C (Fig. 3)
aisaparameter specifying the recombination probability
of the radical pairs.

The square-root plots for HyO*, HoPO,~, and NH,*
(Fig. 4) lead to the values of 2aT'(7k,:)}. It was shown®
that T is unaffected by addition of inert salts {e.g.,
NaBr and LiCl) within the concentration range
employed by us. Therefore in our calculations we used

Tasre VIIL Relative rate constants for the conversion

ag
kR0 4e- kry0t e~
kpg+ie— kperie
(radiation chemistry) (photochemistry)

H.0* 1 1
HF+HF.~ 180 250
HPOys~ 1300 400
NH,* 23000 12000

# ¥ Jortner, M. Ottolenghi, and G. Stein (to be published).

JORTNER, OTTOLENGHI,

RABANI, AND STEIN
the value I'=0.29 independent of salt concentration.
From the parameters 2a(rk,)} thus obtained the rate
constants ratios for relative efficiencies for scavenging
of ¢,4 are obtained. The slight differences between
these and the 1/R values are due to the fact that the
square-root plots are based on data at relatively low
concentrations, and the dependence of the rate con-
stants on the “age” of the radical pair was not taken
into account.®

The three intercepts in Fig. 3 are equal, ie., v»=
0.08+0.01. The residual yield® is independent of the

T 1 T H T

) ps
£
|

4+ HE5 23

Kugo*+ €
Ks+e

log {

) 1 1. L 1

-2 0 2 4 & & 10

K - /og%

Fic. 5. The Brgnsted law for general acid catalysis in the con-
version ¢ aq—H. The dependence of kg0™ie—/kpa™t— on the pK
values of the acids BH*. (For H;PO,~p=2 and ¢=3, while for
H;0*, HF, HF,~, and NH,*p=¢=1). [J photochemical data;
O radiation chemical data.

nature of the scavenger as implied by the theory of
geminate recombination.

EVIDENCE FOR GENERAL ACID CATALYSIS IN THE
CONVERSION OF e~ TO H

The radiation chemical and photochemical data now
reported yield evidence for the conversion of ¢7aq to H
atom by a number of acids

H;Ot+eaq—H-+H:0,
HF(and HFy) e q—H-+F~(or 2F),
Ho PO+ e oe—HAHPOS,
NH e q—H-+NH;,

In order to compare the radiation chemical with the
photochemical data the rate constant ratio kmso*y.”/
komcocmse~ has to be estimated. This rate constant
ratio depends on the ionic strength u of the solution.!!"
This dependence can be represented in the form?®
bisotse/ Bomcocmsee = 5 X 10~ #1+ in agreement with
the results of Czapski and Schwarz! Between u=
0.15-0.5 used in the radiation chemical experiments in

the present work this rate constant ratio is 2.7-2.0.

%R, M. Noyes, J. Phys. Chem. 65, 763 (1961).
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Considering the uncertainty in applying the Debye-
Hiickel kinetic salt effect at these high ionic strengths
we used the mean value kmotye/komcocmsre = 2.3 for
the calculation of the rate constant ratios. The relative
rate constants obtained from photo and radiation
chemistry are presented in Table VIIL. The differences
between the radiation chemical and photochemical
data are probably due to the approximations involved
in the photochemical scavenging mechanism.

These results show that the conversion of ¢y to H
atom is not specific for the H30O% ion which is just a
member of a class of proton donors. The correlation
between the relative reaction rates and the pK values
of the acids (Fig. 5) is attributed to a mechanism
involving general acid catalysis.?®?” The mechanism
for H atom formation seems to involve a proton transfer
from the acid BH* to a water molecule located in the
vicinity of the solvated electron.

H H H

~ N
BH++0  +ety—B+O-+H.

AN
H

(17)

The experimental results fit quite well the Brgnsted
general acid catalysis law,?6*” which relates the ef-
fectiveness of an acid catalyst with its acid-base
strength. Our data can be fitted to the Brgnsted
equation?

k/p=Ga(gK/p)" (18)

where k is the rate constant for the acid catalyzed re-
action, K the dissociation constant of the acid, p the
number of dissociable . protons bound equally to
different atoms in the acid, and ¢ the number of
equivalent points at which a proton can be attached to
different atoms in the conjugated base. For H,PO4
p=2 and ¢g=3, while for the others p=¢=1. G4 and «
are the constants for a series of similar acid catalysts in
the same reaction. Qur experimental data yield (Fig. 5)
a=0.4 which is a reasonable value for general acid
catalysis.

%R, P. Bell The Proion in Chemisiry (Cornell University
Press, Ithaca, New York, 1959).

2 J. M. Brgnsted and K. J. Pedersen, Z. physik. Chem, (Leip-
zig) 108, 185 (1924).

AND RADIATION CHEMISTRY
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In view of the seemingly more general character of
this catalysis the possibility of the conversion of €754 to
H by organic acids in their irradiated aqueous solution
has to be considered. Recent data by Hart® indicate
that at relatively high concentration of formic acid
G(H:) is independent of the solute concentration. This
may be due to catalysis of the conversion eq—H by
the formic acid, competing with electron capture by
the acid without hydrogen formation. Similar effects
were observed in the radiation chemistry of aqueous
solutions of acetic and glycolic acids.® However, in
these cases additional specific factors appear to affect
the results.

Another relevant point involves radiation chemical
studies in buffered solutions, where the effects con-
sidered in this work have to be taken into account.

Considering the role of water as a Brgnsted catalyst,
recent studies indicate that the conversion of e q to H
by H:0, ie., e atH0-H-|+OH- is a slow
process.2® 1130 Ag pointed out?*® 1! 10-%-10-5M of an
efficient scavenger (e.g., Os, acetone, or H*) suppresses
this reaction so that &, m.0[H:0]/kym* <1075, hence
ke ymg0/kemt<2X1077. A possible reaction path for
the reaction of e aq with HyO involves general acid
catalysis by HsO. This reaction is slow due to the high
pK value of water. Using the pK values for H;,O* and
H,0% and a=0.4 we obtain from the Brgnsted relation
krsove/ k042> 1077 which is a lower limit for this
ratio of the rate constants. Hence the efficiency of the
scavenging of e.q by HsO can now be estimated
within a narrow range.

Regarding the nature of proton transfer reactions
involving the e ,—H conversion, proton transfer
reactions obeying the Brgnsted catalytic law are
activation controlled and not diffusion-controlled
reactions. These proton transfer reactions involve an
activated state and the free energy of activation is
about half of the free energy of dissociation of the acid
catalyst. Thus even the most efficient conversion re-
action involving H3;O% should be activation controlled
with a rate constant not higher than 10°M— sec™.

”D). Smithies and E. J. Hart, J. Am, Chem. Soc. 82, 4775
(1960).

2 E. Hayon and J. Weiss, J. Chem. Soc. 1960, 5091.

3 G, Stein, Proc. 5th Intern. Symposium Free Radicals, Stock-
holm No. 67 (1961).
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