CALCULATION OF THE TUNNELING FACTOR FOR THE ELECTROCHEMICAL
DESORPTION OF HYDROGEN : k

M. A. Vorotyntsev and G. M. Chonishvili UDC 541.138

The quantum-mechanical calculation of the tunneling factor for the elementary act of
the reaction for the electrochemical desorption of hydrogen, which takes place according to
the scheme AHt + Hagg + e~ + A + Hz, is of interest in studying the isotope effect in elec-
trochemical kinetics [1]. 1In addition, as was shown in [2], by analyzing the concentration
of the ortho and para modifications of hydrogen it is possible to make a number of interest-
ing conclusions about the mechanism for the course for the elementary act of the electrode
reaction. In this work the tunneling factor will be calculated for a simplified model, ac-
cording to which: 1) The internal structure of the acceptor A does not change in the course
of the reaction; 2) the valence bond of the particle AH' is oriented perpendicularly to the
electrode's surface; 3) two of the deformation frequencies of the proton coincide and are
equal to wjgq in the AH* particle and waq for the adsorbed hydrogen; 4) the hydrogen molecule
rotates freely and the center of gravity R moves in a classic effective field U(P). Within
the framework of the given model the proton's potential energy can be written in the follow-

ing form with an accuracy up to an arbitrary constant in the initial [Ui(P)] and final [Uf(P)]
states: .

U= {me, (Zi—Zp) +mio.? [ (YY) *+ (20—24) %] R NIRRT T (ytz2)};

(1a)

U= ymu0 2 {{ (2—2.) + (y—y.) *+ (2:—2.)*1"—re} *+ U (R), (1b)
where wjy and wy, are the frequencies of the valence vibrations in the particles AHt and
Hads (x40, yi0, Zig) are the equilibrium coordinates for the proton in the AH+ particle (the
system of coordinates was chosen so that the equilibrium coordinates of the proton of the
Hads particle would be equal to zero: Xq0 =Yq0 = 240 = 0). In order that the results ob-
tained below could be used to study the isotope effect, different masses mj and m, were in-
troduced into the formulas in (1) for different isotopes of hydrogen which are present in
the discharging particle AH* and in the adsorbed particle Hygg, and mf = mymy/ (my + mg).

Finally, in Eq. (1b), the vibration frequency and the equilibrium bond length for the hydro-
gen molecule are designated by wf and rQ. .

In calculating the tunneling factor, we will proceed from the geheral quantum-mechani~
cal theory for the elementary act of a chemical reaction which takes place in the condensed

phase (see, for example [3]). According to [3], the probability of a transition can be
written in the form

{oo : ) 1
W,,_=l% ILyul%e | 46 Sp{p.(1—0)p;(6)}, =%’ (2)

—foo

where Lif is the exchange integral for fixed electronic states at the beginning ‘(1) and end
(f) of the reaction, Fi is the free energy of the system in the initial state (for the con-
dition that the electronic state i is fixed), pi(l—e) is the density matrix for the system
in the initial state, calculated for a temperature T/(1—9), analogously p£(8) is the density
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matrix for the final state at the temperature T/6. As has been shown in the general theory
(see [3, 4]) the integral with respect to 6 in Eq. (2) can be calculated with good accuracy
by the crossover method, in which case the point of crossover 6% will lie on the real axis
and will coincide, in value, with the symmetry factor in Bronsted's relationship, i.e., with
the derivative of the free activation energy with respect to the heat effect. In this work
we will assume that the integral with respect to 8 in Eq. (2) has already been taken and we
will consider 6% as a phenomenological parameter. In calculating the spur in Eq. 2, the
density matrix can in reality be replaced by the quantostatistical function for the coordi-
nate distribution. This is related with the fact that the dependence of the density matrix
on the difference in the arguments in the coordinate representation has a §-shaped charac-
ter with a very sharp maximum. For this reason, in this work, by tunneling factor for the
protons we will mean the value

T= J'dr,' fdra(Dim (riy 155 1—0°) O (ry, 105 0°), ' (3

where o (p) is the coordinate distribution function for the protons, i.e., the diagonal ele- ‘ .
ment of the density matrix. The approximation for Uf P) used in Eq. (1b), allows us to write
& p)(8*) in the form of the product of three distribution functions:

I. th(P)(R; 6%), which describes the spatial distribution for the center of gravity of
the hydrogen molecule [R = (myr; + mara)/(mi + ma)];

II. er(P)(n,‘e*),'which describes the orientation distribution {n = (ri—ra)/|rf—ra|];
111, 6;,(P) (|ry—x,|; 6%), which describes the distribution of the bond length. '

By assuming that the movement of the center of gravity has a classic character, we get

‘D;f)=[M/(2nh2(56')j”;exp{—ﬁe‘U(R)}, M=mf+}rza. : (4)

By making uée of the properties of the sphericai functions Yim(n) for er(p)’ it is not dif-
ficult to get the following expression: - ‘

2

w_ 1% h : ‘
y == + —B0* s = —
0 = Z;o(zz Dexp(—B0°BIG+H)}, B=5 — ! 5)

Finally, for QfV(P), according to Blokh's formula [5] we have

() B 1 m;Q; . )l/’ex { m;Qf[ lr;—ral—rolz }.
o pg? ( 4mh sh® /.80 ho; P h ~ .
Q/=(l)j th ‘/2[’:9710),. . (6)

For all six of the vibrational degrees of freedom of the free protons in the initial state,
we will have a formula which is analogous to (6).

The calculation of the integral in Eq. (3) can be greatly simplified if we make use of
the auxiliary relationship ’

_ 1/ et pdx 41 \.
exp{27rolr; ral}—VTJEexp{— . — yslri—rdl 1:}, 7
where the contour L passes in sequence through the points 0, +1, i, -1, —i, +1, 4+, and v¢ =
meQe/fi.  After substituting Eq. (7) into Eq. (3), it can be integrated precisely with re-
spect to rj and rg, as the result of which we get

T, % o1 1—8°)
Y:Ta¥ T ( M ) <ht po f;mfII sh"B( 0*) hoq

= 2y \ S0 5 Y @ n)exp (-0 TUR) +BLUHD I} I (8)

=0

here the following designations are introduced:
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p (1—'6.) ﬁmu R F _ mumiQudQld
—_—a d

Q¢=ﬁ)¢ th

2 ? - m,Q,(mGQaﬁ'msQw).
~ mamigavgiu . ’ (9)
¥ ”l!Q](maQau+miQiu) ’
dt Tozos® Ta(yott2zod) ro (10)
I R [ + : +——] }
] v (vH1+T0) Vo (r 15T e"p{ SR s ol e R

where the different values Q;, Q2, ..., fls correspond to Qiv, 2id, 2id, Rav, Qad, Q4. Being
given the numerical values of the parameters which enter into I, the integral can be cal-
culated by the crossover. As a concrete example, the results are given below for the cal-
culation of I in various limiting cases. :

1) The case of linear "collision,” i.e., when yoi = 291 = 0 leads to the following value
for the crossover point: 1% = —rg(l +§)/(rg + %x04Ty). In this case we find for I

[ i(rotzols) (rotazols)? ] { "{,I‘,, (ro—xs:)* }
exp{ — —————

(1+1,) (1+T9)? (xoifa) L IR W 1+T, (11)

2) In the case in which the valence and deformation frequencies are the same (Ty = Ig=
I') for t* and I we have

i (ro+ 3 )2
ro(1+I‘)’ _ "(roaRoP) .exp{_wl‘(Ro ro) } 12
ro+R,I (1+1) 2 (r R, ) " 1+17

where Ro® = x94° + yo4° + z01°.

~3) In the case for which Ry = Q39 = Q4 and Q4 < 04y, Qg we get Tq = Ty = T = myQy,/
(mgQf) and Eq. (12) is valid. 1If, in this case, 9 < Qf, then we get

(rom,Q,'*'maQaRo) si { maQa (Ro—ro) 2 }
= expy - —mmm——¢.

= 13
(0 " roRama0a) h 13
4) If the electrochemical desorption takes place without activation,. i.e., 6% > O,
then Qf + 0 and % = —rg/Rp and we get the following for I
_ 'iRoa . ex {_ Q'm,m,z(Ro—ro)”}
rot [ (AT ReFro " (14T Rotra] ¥ okT ' (14)

5) Finally, let us consider the last case for which rp <« Rg. In this case we get for I

I~ exp{ —'Y![ Lozol + Ta(yo’+20%) + Izo’ + T (Yo" +201%) ]} (15)

r
1+T, 1+, ANCES WERRNTESWE
The isotope effect for the process of hydrogen evolution in acid solutions is deter-

mined by the ratio for the rates of evolution of H, and HD (the concentration of the heavy
hydrogen is assumed to be small so that the formation of D, is ignored):

_ u [HDOY]
Unp [H30+] !

[H2DOF] and [Hs0%] are the volume concentrations in the solution.

(16)

~ The process for hydrogen evolution from acid solutions consists of the following main
steps:

£ '
H;0* + 6™~ Hygs+ H,0;

1154



ROV
H;0 + Hags+ e 2> H, 4 OH; _
H;0 4+ D,4s+ e — HD 4 OH"; an
e
H,DO* 4 ¢~ LA Dags—+ Hp0;
, K|
HDO + H, 4+ e-—3 HD -+ OH~.
For the quasisteady course of the process, the isotope effect S is determined by both

the discharge stage and the stage for electrochemical desorption of the atomic hydrogen.
from the surface:

V/S=1/Sy /Sy, Se=ky" /"5 Sy (g 7K ) (Kwor/ Kinor) (18) .
Here Ky,po+ and Ky, 0+ are the dissociation constants for HpDOt and Hs0t with the stripping

of the proton H*. Below only the ratio of the rate constants for the desorption stage will
be studied, which is determined mainly by the ratio for the corresponding tunneling factors:

k) Iy T /T® =CID/T, S -(19)

— 8 o . .
T4V T Q0 sh=1/,p0'h0;* T]sh'/:p (1—6) hw.' X (21+1) exp{—pO:BLI(I+1)}
C o ) =1 =0 . :

o - u 3 (20)
V6 Le® VT, Q, sh~*/,p0"hw,? ] sh="/,$ (1—6") fiwa® * X (21+1) exp{—pO°B®I(I+1)}
o=1 =0

lowing substitutions should be made:mf(‘) = Yom, my m, mg %m, mg(?) = m,
mi(z)_= om, wp(?)= (V312)uf , w2 = wg, wi(?) = wy/ V2.

All of the results obtained above were not based on a priori assumptions about the quan-
tum or classical movemnt of the protons. As we can see from Eq. (9), in the normal region
(8% = 0.5) the behavior of the proton can be considered as quantum.

here all of the paraﬁeters Q, and T are determined y.the relationships in (9) where the fol- '
a D () = IO

The authors are deeply grateful to R. R. Dogonadze and A. M. Kuznetsov for discussing
the work.
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