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A method of investigating fast electronic and bulk reactions of intermediate particles
based on the emission of electrons into a solution when a metal—electrolyte boundary of
separation is subjected to pulsed irradiation has been developed [1-4]. The formation of
intermediate particles in solutions takes place as the result of the capture of electrons
by added acceptors. The diffusion coefficients of §', D', OH', and OD° in aqueous solutions
have been measured by this method [4]. 1In the present work, the method has been used to
measure the absolute values of the rate constants of the electrochemical desorption of hy-
drogen on mercury. Since the rate of these reactions is several orders of magnitude higher
than the discharge of hydrogen ions on mercury, such information cannot be obtained by tra-
ditional electrochemical methods.

Hydrogen atoms are formed in solution through the capture of solvated electrons e;q by
hydrogen ions, diffuse to the electrode, are adsorbed on it and, in the cathode range of

potentials (p<<x —0.8V),* take part in electrochemical desorption reactions [5]:
. * Wo

I_Iads+H20+eMe_ ~ H,+O0OH-, &8
H,gsHiO* +exe™ ™ Hy+H.O. , )
For the surface concentration of Hjgg(Ng) the following equation is valid:
, an V
dN,/dt=D, (a—x) —(Wo+W,N)N., (3)
x=0

where Dy is the diffusion coefficient of H atoms, Dy (9n/9x%)y=0 is the flow of hydrogen atoms
to the electrode, and N is the bulk concentration of Hs0T. The change in the charge Q emitted
into the solution due to the return to the electrode of ejq not captured by 150" ions, to re-
actions (1) and (2) at Wi=1 found from the solution of Eq. (3), and to the diffusion equa-
tions for ezq and H" has the form [4]

Q) /Qum1—"/e"" — !

1
2V Not (1 * 2W) ' )

where W = Wo+W,N, 8 = Dy/De, De being the diffusion coefficient of ezq, and ke is the rate
constant of the capture of ezg ions by Hs0F. As can be seen from (4), the value of W can
be found from the deviation of the curve Q(l/Es from its asymptote. At concentrations- of
H,0t greater than 2:10~2 M, the rates of reactions (1) and (2) are conciderably smaller than
that of the capture of ezq by H30+ ions and of the diffusion of H™ for the electrode, so
that the shape of the kinetic curve Q(t) is determined by the values of W. (The accuracy of
measuring Wo and W, is 20-30%.)

The method of measurement has been described previously [3, 4]. The results given re-
late to 1 M KCl solutions with additions of HCI.

*A1]1 the potentials are given relative to the saturated calomel electrode.
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Fig. 1. Dependence of the rate
of electrochemical desorption
on the concentration of hydro-

gen ions. l M KCl. 1) Hs0% in
H20; 2) DSO in D,0.

In agreement with (1)-(3), the dependence of W on N is linear (Fig. 1). The values of
Wo found in the range of potentials from—0.9 to L.3 Vrise from1+10° to 9¢10°% sec™?! and the val-
ues of W, from 3:10 M *+sec™® to 8:10° M ':sec™! (Fig. 2a). 1In the range of temperatures
from 3 to 60°C, W, risesby a factor of four to five, which corresponds to an activation energy of
reaction (1) of 4-5 kcal/mole, while in the same temperature interval the change in W, does
not exceed the accuracy of the measurements (Fig. 2b).*

When H,0 is replaced by D20 (and H,0" by D30+), Wo does not change, but W, decreases
by a factor of 1.5-2 (Fig. 1). The change in the isotope effect in the interval from —1.0
to —1.2 V, where W, rises by a factor of four to five, does not exceed the accuracy of themeasure-
ments.

In the range of potentials studied, where the rate of electrochemical desorption on
mercury is far higher than the rate of ionization of atomic hydrogen, its surface concentra-
tion on the discharge of Hs0V ions is

Ns=kﬂ;;0‘/W Q104 (5)

where ky,ot is the discharge rate constant and ag, o+ is the activity of the Hs;0% ions in
solution. Table 1 gives the values of N,(¢) for ap,ot = 1 M. The values of ky,ot were
taken from the literature [7]. 1In view of the weak dependence W(g), N, rises exponentially
with —¢. as assumed by Krishtalik [8]. It can be seen from a comparison of the values of
ki,0t and W (the former corresponds formally to the constant kﬁ30+/DH30+) that the rate con-

stant of electrochemical desorption is greater than that of discharge over the whole working
range of cathodic potentials (0 to —2 V). This confirms Frumkin's hypothesis [9] that the
degree of occupancy of the surface of the mercury by atomic hydrogen is extremely small, and

the limiting stage of the electrochemical evolution of hydrogen on mercury is the discharge
of Hs0" ions.

The results obtained show that reaction (2) is activationless, in agreement with a
previous hypothesis [8, 10], and that at the same time it is characterized by a small iso-
tope effect and by an appreciable dependence of the rate constant on the potential of the
electrode. This forces one to consider that, in the range of potentials studied, reaction
(2) is connected with the tunnel passage of eMe to an Hs0T ion located close to the surface.
The alternative possibility of the transfer of a proton to an adsorbed hydrogen atom, as has
been suggested in a number of publications (see, for example, the review [11]), would be
accompanied by a large isotope effect, changing with ¢, which does not agree with the ex-

perimental facts. The transfer probability w is connected with the measured value of W by
the relation

W=f(b)vw(b), (6)

where b is the distance at which w(b) is a maximum, f(b)~1 is the probabillty of finding
the reagents at this distance, and v is the reaction volume (1-5-10-2“ ecm®). To the experi-

mental values of Wo and W, correspond values of w of the order of 10%-107 sec™! and 10%°-
10'* sec™?, respectively. Figure 3 shows schematically the arrangement of the characteris-

*The value of kg rises with the temperature in accordance with radiation-chemical results
(activation energy 3.2 kcal/mole [6]). The value of § remains constant with the same ac-
curacy as that of W,, i.e., the temperature dependence of the diffusion coefficients of H®
and eaq (and also of Hs0") coincide in the given temperature range.
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Fig. 2. Dependence of the rate constants of electrode re-
actions (1) and (2) on the electrode potential (a) and on
the temperature (b). 1) Wo; 2) W,. For ai T = 294°K; b:
¢=1.0V; 1) In Wo-10"¢ (sec”); 2) 1n W,+1077 (M*sec)™ .

Fig. 3. Scheme of the distribution of the characteristic

energy levels of the Me, Hagss Hs0' system. The x axis is
the electron coordinate, and u is the chemical potential of

the electron in the field of H30+.

TABLE 1. Surface Concentration of Hydrogen Atoms on a
Mercury Electrode in the Discharge of Hs0

¢V 09 1,0 1,

1,5%

—(. \ 1 1.3
N, em~? 1,2-10° 4,3-10° 1,8-108 6,0-10° 23107 2,7-408

#*Extrapolated value of W.

tic energy levels of the system. The potential of an electron in the field of sz+ can be

approximated, for example, by the parabolic barrier:

U(x)=V—-§—(x—i)z.

2

(7)

The potential U includes the applied potential difference, ep,* and the energy of the

zero vibrations (!/hiw) of B (or pt) in HsOt (Ds0™) ¢

o ‘
V=Vo -‘—‘—)—'+ eqQ.

(8)

The probability of the tunnelling of an electron at this potential depends on its energy,

since

h

2

T(E)=Tye~ V5, =5V ¢

where T, is the frequency of tunnelling (~10%% sec” ).

Since Hs0' is unstable, particularly close to Hads,

the passage of an electron takes

place into a repulsive energy level along the R coordinate, R being the distance between H
and H,0 in H,0". The Hs0" and H,0° levels as functions of R are shown schematically at the

top of Fig. 3, Ro being the equilibrium distance " —H,0.
The passage of the electron takes place vertically,
plied by the Franck— Condon factor ¢g:
1
T AFVR

—{(E—E(}g)/FA)?
e ° 3

O

and therefore (E) must be multi-

(10)

*A possible relationship V(¢) is referred to by Brodskii and Urbakh [12]. Relation (8) is
valid at b/2 = d, where d is the thickness of the Helmholtz layer.
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where F is the slope of the repulsive level, and A® = 2#i/Me is the square of the amplitude
of the zero vibrations of HT(DT) in Hs0t(Ds0%). The complete probability of tunnelling
is given by the integral with respect to the Fermi electron distribution in the metal

fq,(E, T):

w={ ©sT(E)o(E, T)dE. (11
The integral (11) is calculated by methods of steepest descent, and if the reorganization
energy Ep = F2A?/2y is such that |E(Ro) + Er| > |u|, then

= I‘oe\:p{——(V +E(Ro)+ecp—%?-——?2—r-—)}. : (12)

When |E(Ro) + Er| < |u|, the relationship f¢(T) becomes important and the relationship w(T)
becomes an activation relationship with the activation energy

Eioer= |E(Ro)+E —ui. (13)

It is reasonable to assume that the first case applies to reaction (2) and the second to
(1). According to (6) and (12), the relationship W(g) has the form

Wreon, (14)

which agrees with experiment. According to Fig. 2, v = 0.18 and 0.12 eV for Wo and W,, re-
spectively.* Then the factor eEr/2y ig unimportant if a reasonable value (~1 eV/3) is
adopted for F and, comsequently, the isotope effect is determined by the factor e"**' and

at the values of y found the isotope effect in reaction (2) must be greater than in (1),
which agrees qualitatively with experiment. For a quantitative description, accurate values
of F and 4w are required. The influence of other, vibrational, degrees of freedom is taken
into account by the usual method [14, 15] and leads to some qualitatively insignificant re-
standardization of the constants F and E,.

Thus, the results of this work show that one of the simplest electrode reactions — the
electrochemical desorption of hydrogen on mercury — is activationless and its rate is de-~
termined by the tunnel passage of an electron, the probability of which depends fundamen—
tally on the potential of the electrode.

The authors thank Academician Ya. M. Kolotyrkin for a valuable discussion and interest
in the investigation.
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*Taking into account the influence of the adsorption y' potential in 1 M KC1 [13] on the
concentration of Hs07 in the Helmholtz plane and the replacement of by —4¢', vy =0.14

for reaction (2). The authors thank L., I. Krishtalik, who pointed out the possibility of
this correction.
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