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The rate constants ratios ky/k;.and kyt/ky’ indi-
cate that-H atoms as such react with chloroacetic
acid mainly by hydrogen abstraction. These
results should be.compared with recent radiation
chemical studies of this system.5® Radiation
chemical investigations of aqueous chloroacetic acid
solutions were interpreted by Hayon and Weiss®
by assuming that transient negative ions formed
a8 primary products in .the radiolysis of water
react. with monochloroacetic acid with the forma-
tion of chloride ion. These species are the pre-
cursors. of H atoms which react by dehydrogena-
tion,, The quantitative study of this system by
Hayon and Allen® indicates that the reducing radical
formed from the radiolysis of water yields Cl— ion.
H+* and chloroacetic acid compete for this radical.
The product of the reaction with H+ ion is another
radical which reacts with the acid to form either
Cl— or Hs. These studies cannot determine un-
anfbiguously the nature of the two reducing radi-
cals.b

The experimental results obtained in the present
work in the acid region indicate no pH dependence
of the chloride yield in the pH region 0.4-2.
This result rules out the formation of H,* under
our experimental conditions, and the participation
of this radical in dehydrogenation reactions. The
concentration -dependence of R(Cl-) at pH 1.9
and 3.3 (Table I) cannot be adequately interpreted
in terms of H atoms reacting at pH > 3 and of Hy*
reacting at pH < 2. It thus appears that the H,+
molecule ion is of no kinetic importance in this
system. - This conclusion is consistent with the
low rate of formation of this species in acid solu-
tion.® The rate constants ratio k,/ky = 0.5
obtained in our experiments using H atoms as
such is in good agreement with the rate constants
ratio 0.55 derived by Hayon and Allen® for the re-
activity of the acid form of H atoms (denoted as
H’ by Allen).? in irradiated solutions of chloro-
acetic acid. This agreement indicates that the
acid form of the reducing radical formed in the
radiolysis of water involves an H atom as such.

Our experimental results obtained in the neutral
pH region indicate that about 909, of the H atoms

scavenged by chloroacetic acid lead to dehydro-
genation. On the other hand, radiation chemical
studies® indicate that at pH 5.5 the chloride yield
is G(Cl-) = 2.8 at 0.01 M chloroacetic acid.t
This value is near to the standard yield of the
reducing radicals in neutral solutions, obtained
from the hydrogen—oxygen!4 and ethanol-oxygen
systems. Thus the reducing radical formed as
the main product by radiolysis in the neutral pH
region exhibits reactivity different from the H
atoms. This H atom precursor is presumably the
solvated electron e,q. The reaction mechanism
in irradiated aqueous solutions of chloroacetic acid
involves the reactions

eaq + CH.CICOOH —> Cl~ 4 CH,COOH (6)

€aq + CH:CICOO~ —> Cl— 4+ CH.CO0~ (6')
€aq + Ht—> H (7)

and H atoms reacting by reactions 1 and 2.

These conclusions are consistent with the results
of a previous works! where the reactivity of H
atoms in HyO: solutions was compared with the
reactivity of the reducing species formed from the
radiolysis of water.b? The results of the present
and the previous study® of the reactivity of H atoms
in aqueous solutions make possible an unambiguous
identification of the acid form of the reducing radi-
cal produced in the radiolysis of water. These
conclusions are consistent with recent tentative
identifications of the pair of the reducing radicals.45
The primary reducing species e,q has a sufficiently
long lifetime to react with active scavengers. The
conversion of e,q to H atoms proceeds by reaction 7
rather than by reaction with & water molecule.

Note AppEp 1IN Proor.—Recently, kinetic salt effects
were utilized (G. Czapski and H, A, Schwarz, J, Phys. Chem.,
66, 471 (1962)) as an evidence that the reducing radical pro-
duced in the radiolysis of neutral aqueous solutions may be
identified as the solvated electron. This conclusion is in
complete agreement with the results of the present work.

(14) C. J. Hochanadel, J. Phys. Chem., 86, 587 (1952),

(15) G. G, Jayson, G. Scholes, and J. Weiss, J. Chem. Soc., 1358
(1957).
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. The reactivity of atomic hydrogen in alkaline solutions of chloroacetic acid was investigated. The pH and concentra-
tion dependence yield kinetic evidence for the formation of H»O~ in alkaline solutions: H + OH~— H:0 ~ with kgion— =

6 X 105 1. mole™! see. 1.
diseussed.,

Introduction
In the preceding work! it was shown that H atoms
generated in an electrodeless discharge and the re-
ducing radicals produced by radiolysis of aqueous
(1) J. Jortner and J. Rabani, J. Phys. Ckem., 66, 2078 (1962).

These results are correlated with radiation chemical data, and the nature of the H,O~ radical is

solutions at neutral pH??# differ in their reactivity
with chloroacetic acid. Aqueous solutions of

(2) E. Hayon and J. Weiss, Proc. Intern. Conf. Peaceful Uses At,
Energy, Geneva, 29, 80 (1958).
(3) E. Hayon and A. O. Aller, J. Phys. Chem., 68, 2181 (1961).
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Fig, 1.—The pH dependence of R(Cl~): [CH,CICOO-]
= 0,01 M; temperature 4°; dose rate of H atom 10-¢ mole
17! sec.”?; volume of solution 25 cc.; duration of run 15
min.; open circles gH adjusted with KOH; full circles,
0.25 M NayCO; added; curve calculated from eq. VI.
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Fig. 2—The concentration dependence of R(Cl~) at
alkaline pH: experimental condition is stated in Fig. 1;
eurves calculated from eq. VI.

chloroacetic acid manifest different reactivity with
the two forms of H atom equivalent!—? and are
convenient for the study of H atoms in solutions.
We have recently investigated the decomposition
of chloroacetic acid in alkaline solutions. A
preliminary report of this work was given.! In
alkaline solutions an enhancement of chloride
abstraction was observed. These results were
interpreted in terms of a mechanism involving
an interaction of the H atom and the OH- ion.
The species thus formed reacts with chloroacetic
acid by chloride abstraction. In the present work,
we present our detailed results of the reactivity of
H atoms in alkaline solutions of chloroacetic acid.

Experimental

The experimental technique was the same as described
in the previous work.! Freshly prepared solutions were
always used. Solutions of chloroacetie acid in the 8H
region 8-13 were prepared by adjusting the pH with KOH
while the solution was kept at 0°. The solutions were kept
at this temperature before and after passing H atoms, which
was carried out at about 4°. Blank experiments were run
parallel with the analysis of irradiated solutions and cor-
rections for hydrolysis were introduced. Chloroacetic
acid solutions in the concentration region 0.01-0.05 M
were found to be stable under these conditions, the amount
of Cl- did not exceed 2 X 10-% M. In the concentration
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region 0.1-0.5 M the chloride content of the blank solutions
did not exceed 2 X 10-¢ M. Chloroacetic acid, KOH,
NaHCO;, NayCO;, and formic acid used were of Analar
grade. Water was triply distilled. Solutions were pre-
pared in freshly boiled water. As only a negligible effect
of added Na,;CO; on the experimental results was observed,
no further precautions were necessary. pH measurements
were carried out with a Metrohm pH meter equipped with
an “‘alkaline’’ electrode.

Results

Chloride Yields at Alkaline pH.—The decompo-
sition of chloroacetic acid by atomic hydrogen was
investigated over the pH region 8-13 varying the
chloroacetic concentration in the region 2 X 10~3-
0.5 M. From the amount of chloride produced
and the dose of H atoms, the reaction yields!
R(Cl-) for Cl- production were obtained. The
experimental results are presented in Fig. 1 and 2.
These results indicate that at constant chloro-
acetic acid concentration, the reaction yield for
Cl~ production increases with increasing pH in the
pH region above 11. In this region the reaction
yield for Cl- production decreases with increasing
chloroacetic acid concentration at constant pH.

We attempted to ascertain that the increase of
the chloride yield at pH > 11 is not due to the hy-
drolysis of the reaction products, which as indi-
cated by previous results!,3* are presumably chloro
derivatives of carboxylic acids, A 0.01 M chloro-
acetic acid solution was decomposed by H atoms at
pH 7 and the pH of the solution was then adjusted
to 12.8 by addition of KOH. XNo increase of the
Cl~ concentration was observed after 1 hr. This
conclusion also is consistent with the observed con-
centration dependence at high pH. In the pre-
vious work! it was shown that in the neutral pH re-
gion the chloride yield is independent of chloroacetic
acid concentration in the concentration region
0.05-0.5 M. Thus in this concentration region at
neutral pH, the yield of the chlorodicarboxylic
acids is constant. However, in the alkaline region
the concentration dependence is entirely different.
These considerations rule out the above mentioned
trivial mechanism of chloride production in alkaline
pH.
Effects of Some Added Solutes.—In order to
establish the reaction mechanism, the effect of
carbonate and bicarbonate ions on the chloride
vields was investigated. Experiments were carried
out in the presence of NaHCQ; and Na,CO; (Table
I). No enhanced decomposition in the presence
of carbonate and bicarbonate ions was observed.
On the contrary, R(Cl™) in the presence of 0.25
M NayCOs; at pH 12.6 is about 159 lower than ob-
tained at this pH in its absence. '

Recent radiation chemical studies® indicate that
H atom precursors (i.e., solvated electrons) react
with the HCO;3~ ion with the formation of the CO,~
ion. Tt may be argued that the CO.— radical ion
is formed in alkaline solutions by decomposition
of HCO;~ or CO3~? ion by H atoms, and that this
species reacts with chloroacetic acid with Cl~
formation. This argument is not consistent with
the fact that R(Cl-) is not increased by added
NaHCO; and Na,CO;. Besides, a decrease in the
chloride yield was observed in the presence of

(4) J. Jortner and J, Rabani, J. 4m. Chem. Soc., 88, 4868 (1961).
(5) G. 8choles, M. Simic, and J. Weiss, Nature, 188, 1019 (1960),
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formate ion (Table I). This result indicates that
the formate ion, HCOO™—, competes with the de-
composition of chloroacetic acid. As dehydro-
genation of the HCOO~ anion leads to the forma-
tion of CO,™, these results indicate that this radical
ion probably does not react with chloroacetic acid.

TapLe 1

Errects 0F AppED Sonutes oN Cl~ YIELD IN ALKALINE
SoLuTIioNs oF CHLOROACETIC ACID DECOMPOSED BY ATOMIC
HypROGEN AT 4°

Dose rate of H atoms 10~¢ mole 1.~ sec,™}; volume of
solution 25 ce.; duration of run 15 min.

CH:Cl-
COOH,
pH molel."t Added solutes R(C17)
7.5 0.010 10-3 M sodium phosphate (0.01)
0.25 M formic acid
7.5 .010 1073 M sodium phosphate .04
§.15 .010 1073 M sodium phosphate .05
0.25 M sodium bicarbonate .05
8.10 .010 1073 M sodium phosphate
11.43 010 0.25 M sodium carbonate .30
11.4 .010 KOH .30
12.66 .010 0.25 M scdium carbonate .80
12.7 .010 KOH .95

Reaction Mechanism in Alkaline pH.—The in-
creased chloride yields at alkaline pH are attributed
to the interaction of H atom and OH- ion with the
formation of a species which will be denoted H.O-.

H 4+ OH-—> H,0 1)
This ‘“alkaline” form of H atoms will react with
chloroacetic. acid anion by chloride formation;
H:0~ + CH,CICOO~ —> .
Cl- + CH,COO—- 4+ H:.0 (2)

Reaction 1 competes with the first-order scaveng-
ing reactions of H atoms by chloroacetic acid

CH,CICO0- + H —H, + CHCICO0- (3)
CH:CIC00- + H —>
Cl- + H+ + CH,C00- (4)

At low chloroacetic acid and OH- ion concentra-
tions, H atom recombination should be con-
sidered

9H —> H, (5)

This mechanism accounts properly for the pH and
concentration dependence of R(C1-),

Evaluation of Experimental Data.—The experi-
mental results were treated by application of the
diffusion model,® which is probably most adequate
for semiquantitative evaluation of rate constants
fromn such experiments. Neglecting the diffusion
of the active intermediate H;O—,¢ the concentration
of H atoms is given by the expression

0*[H]

Sxr = BEPHPHL @
where

(6) G. Cuzapski, J. Jortner, and G. Stein, J. Phys. Chem., 68, 956
(1961).

P =l {<1+ E‘) [CH.CICOO-] + a {OH—]}
]{}3 ks ]
€88)

In the present treatment the concentration of
OH - ion will be defined by [OH~] = 1014+,

Following the notation used in previous work,!$
the total reaction yield for H; and Cl— production
is given by

R(Cl-) + R(Hs) = A/W (111)
where
ksA
3 2 =W = ~———— (IV
208 4+ 3A 4+ A =W 7D (IV)
Setting the experimental value 4 = 2.5 X 10-8

mole see.”L, D = 4 X 10~% cm.? sec.”, and using
the rate constants ratio! ks/k; = 0.09 we get

6.6 X 108

k Vo

{1.09[0}1201002"] + ]—CEIOH—]} (ks "
3

V)

The reaction yield for chloride production is given
by

W =

3

0.09[CH,CICO,~] + - [0H~)
R(Cl-) = -

1.09[CH,CICO,~] + - [OH-]
(VI)

An estimation of the rate constants ratio ki/k;
was carried out by using the experimental results
at pH 12.7. At high OH- concentration, H atom
recombination can be neglected and then A/W =
1. Applying this simplifying assumption, eq. VI
can be written in the form

%[OH—](I — R(Cl)) =

[CH,CICOO~](1.09 R(C1~) — 0.09) (VII)

A plot of the experimental results at pH 12.7 ac-
cording to eq. VII (Fig. 3) yields a straight line
with an intercept of zero, as required by eq. VI.
From the slope we obtain k; /k; = 4.5 = 1.

The pH dependence and the concentration de-
pendence of R(Cl-) in alkaline solution could be
adequately fitted by eq. VI setting ki/ks = 4.5;
(kap™/9)*r = 3 X 10° 1.*» mole=** sec.—*+ cm.?
The value of ks = 1.4 X 10° 1. mole~! sec.~! ob-
tained by setting ¢+ = 10 ¢m.*? is consistent with
the value estimated from the experimental results
at neutral pH.!

Discussion
The comparison between the experimental
results and the calculated data according to eq.
VI is presented in Fig. 1 and 2. Tt thus appears
that the experimental results are satisfactorily
accounted for by the proposed mechanism involv-
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Fig. 3.—Graphical determination of the rate constants ratio
k1/ks according to eq. VIL

ing H,0— formation. The rate constant for the
formation of this speciesis 6 X 10%1. mole—!sec.~ %,

These results yield kinetic evidence for the in-
teraction of H atom with OH - ion in alkaline solu-
tions. The nature of the species thus formed,
which we denote H,0~, should be briefly considered.
The product of the reaction with chloroacetic acid
of the species produced under our experimental
conditions is identical with that of the reducing
species produced by the radiolysis of neutral aque-
ous solutions.!=? The latter species is identified
as the solvated electron. The problem of electron
binding in water’™® and in non-aqueous solu-
tions.1! was treated by the application of a con-
tinuous dielectric model for the system.

The most plausible picture is an electron bound
by the polarization of the dielectric medium. The
electron solvated according to this model is de-
localized and its charge distribution is distrib-
uted over few solvent molecules. This picture
was applied for electrons produced in irradiated
neutral solutions.”~® On the other hand, the
species H,O~ where the unpaired electron is loca-
lized on a single water molecule (presumably
in a 3se orbital) is not stable in the gaseous phase.
Experimental!? and theoretical!® evidence indicates
that a single water molecule in the gaseous phase
does not exhibit a positive electron affinity. How-
ever, in a polar medium the species H,O~ may be
stabilized by solvation. It is not clear at present
whether the species produced by reaction 1 does

(7y G. Stein, Discussions Faraday Soc., 12, 227, 289 (1950).

(8) R. L. Platzman and H, Frohlich, Phys. Rev., 92, 1152 (1953).

(9) J. Weiss, Nature, 186, 751 (1960).

(10) S. Pekar, J. Phys. (USSR), 10, 341, 347 (1946).

(11) J, Jortner, J, C‘hem. Phys., 29, 823 (1959).

(12) N. E. Bradbury and H. E. Tatel, ibid., 2, 839 (1934).
(13) F. O. Ellison and IH. Schull, ibid., 28, 2348 (1955).
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lead to electron delocalization. We can only con-
clude at present that the similar reactivity of the
alkaline form of H atoms produced under our ex-
perimental conditions, and of H atom precursors
in radiation chemistry, may indicate their identity.

In the concentration region of chloroacetic acid
below 10—2 M at constant high pH, a decrease of
the chloride yield was observed. At pH 12.1
at 0.01 M CH.CIO0-, we get R(Cl-) = 0.58,
decreasing to R(Cl~) = 0.47 at 0.005 M CHy
CICOO-. At pH 127, R(Cl~) decreased from
0.98 at 0.01 M CH,CICOO- to R(Cl-) = 0.66
at 0.002 M CH.CICOO-. The decrease is outside
of the experimental uncertainty and should be con-
sidered as significant. The reaction scheme pro-
posed above postulates that the species H;O~ once
produced reacts with the acid with Cl- production.
However, when the chloroacetic acid concentration
is reduced, alternative mechanisms for the dis-
appearance of H,O~ have to be considered.

The decomposition reactions of H,O~ without
chloride production may proceed by the recombin-
ation reactions 2H,O— — H, + 20H- and H +
H,0~ — H, + OH~-, which were not considered in
the kinetic scheme. Besides, at low scavenger
concentrations, the reaction products may compete
for the H.O— without chloride production.

The present results yield the first evidence for
the enhanced reactivity of H atoms in alkaline solu-
tion. Reaction 1 was previously postulated in
radiation chemical studies.2!* However, these
experimental results can be accounted for ade-
quately by the formation of esq (or H,0-) as a
primary product in irradiated solutions.

In a previous work from this Laboratory!
no enhanced decomposition of H,0, at pH 13 rel-
ative to pH 7 was observed. However, the dis-
sociation constant of H,O; is pK = 11.8 at 20°,16.17
Thus under these experimental conditions the de-
composition of the HO,~ ion was investigated.
Therefore the interpretation of those experimental
results would require the consideration of two
possible superimposed pH effects.
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