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SUMMARY

1. Two methods for symmetrising an original eigenfunction
have been examined and a strict derivation has been
given of the principal expressions.

2. The use of group theory in quantum chemistry can be
simplified on the basis of the following postulates:

I. The complete eigenfunction of the total system in the
ground state is invariant with respect to transforma-
tions by operations of the symmetry group of the
molecule. .

1I. The quantum-mechanical electron density distribu-
tion in the closed electron shells of the molecule
has the same symmetry as the residual nuclear
field. )

The best molecular orbital, which is a linear com-
bination of atomic orbitals, can only be real.

IV. The square of the molecular orbital is invariant
with respect to transformations by operations of the
symmetry group of the molecule.

3. After carrying out the operations of the symmetry group

of the molecule, we can use the above postulates to find
all the possible identity expressions of the original varia-
tion function, from which we can determine all possible
equalities of the coefficients of the variation function,
c; in all cases this leads to a reduction of the secular
determinant. In many cases the results of the simpli-
fied secular equation are the same as when the ordinary
group method is used.
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RATES OF INDIVIDUAL STAGES AND
" MECHANISM OF CATHODIC HYDROGEN
EVOLUTION. It

L. I. Krishtalik

In a preceding paper! some possible mechanisms for
the cathodic evolution of hydrogen were examined. Account
was taken of the fact that at sufficiently high cathodic pola-
risations the activation energy of discharge, owing to its
finite value, should become zero, and consequently the rate
of discharge willcease to depend onthe potential (a = 0), It
must also be remembered, however, that the activation
energy of the reverse process, lonisation, is finite too;
consequently, ata sutﬁciently positive potential the rate of
fonisation will be independent of it (8 = 0). The activation
energy of discharge then coincides with the heat of reaction of
the process, andthe quantitative relationship betweenthe rate

of discharge and the potential changes (a = 1).
describe such a process as “barrierless”.

Thus the normal discharge process (@ = %) can occur
only within a certain range of potentials; at more negative
potentials non-activated discharge (and barrierless ionisa-
tion, o = 0, B = 1) should take place, and at more positive
potentials barrierless discharge (and non-activated ionisa-
tion, @ =1, 8 =0). Similar considerations apply also to
electrochemical desorption and adsorption processes. The
above conclusions can also be deduced directly from the
usual form of potential curves (Fig. 1).

We shall

The initial equation for the rate of discharge éan be
written, independently of any assumptions as to the values
of @, AH, and AS of activation, in the following form:
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This follows from Eqns. (5), (11), (14), (20), and (21) ina
previous paper23. The symbols here and in the rest of this
paper have similar meanings to those used previously !,

By expressing G*™ in terms of the energy and entropy of
activation, and accepting the relationship S = gS%;,, for the
entropy of the activated state®, we can obtain an expression
for the rate of normal discharge?.

For non-activated discharge @ = 0, and the activated
state coincides with the initial state for the individual stage
in the reaction, i.e. with the ion HyO" adsorbed and the

electron in the metal (G**= G = GP '+ AG:OH.O). Hence
- KT Tu, o A6 v+ W F
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For barrierless discharge (o = 1) the activated state coin-
cideésmwith the final state: i.e. G* = GE = GP + AGH,  +
+ A )

Blray.

Remembering that S§, = 0 we obtain
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Similarly, for electroéhex;nical deéorption
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Eqns. (2) and (§) have already been discussed?. t

t In the corresponding equations in the previous paper!
AGY, . occurs instead of A"?u o+ Since it was assumed in
the deduction that 5*0 = 85 o+ =S¥ i (since § = 1) instead of
the correct §*9 = §% .+ , The correct values of K}, are higher
than those given previously! by a factor of about 10, The re-
lationship s*0=ps® . 1is valid for normal discharge®, but its
application to non-activated, and especially barrierless processes
is not justified.
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A peculiarity of barrierless processes is the fact that
their velocities are independent of the activity of the species
undergoing discharge, namely, the HO' ion, because the
normal increase in rate with increase in au,o+ is completely
balanced by the shift in the equilibrium potential to more
positive values. Also, Eqns. (3) and (6) contain neither
AG3y0. nor the ¥, potential because their effects on the sur-
face concentration of HyO* and on the activation energy (heat
effect) of the individual stage of discharge cancel one another
out.

The boundaries of the regions of different types of dis-
charge and electrochemical desorption processes are re-
presented in Fig.2. The overvoltage values (1) shown are
those at which the corresponding rate constants become
equal*. The latter have been taken from. a previous
paper!, and have also been calculated from Eqns. (2), (3),
(5), and (6), it being assumed that the entropy of the ad-
sorbed H, molecules, determined mainly by intermolecular
vibrations, is ~3 e.u. The remaining quantities have been
evaluated earlier!,2,

Starting from the equations for the rates of discharge,
electrochemical desorption, catalytic desorption, and the
corresponding reverse processes, it is possible to calculate
the steady-state surface coverage and the polarising current
density, as well as the current densities of the individual
electrode reactions. In the previous paper? this calculation
was carried out on the hypothesis of a simple adsorption of
hydrogen atoms. In the present paper account will be taken
of the interaction between the adsorbed atoms, using Tem-
kin's model* of a surface electron gas. The kinetic equa-
tions for this model® are similar to those for a non-uniform
surface or for other types of interaction between adsorbed
atoms®, and have the following form: :

i = Kijao 107 (4 —0) 70,

3
iGis = (Kilao/ 2,)0; @)
Aidisv= Kdlmo'10w (1—9) e""/o’
. , ™ 1
ldig = (Kdino/qo)-lﬂ_n 9e+ple; (b)
’.t;in = Kd.iu“ —0), )
wz';h = (K;h o/ G0)- 1070 H10, (c)

* It is more accurate to define the boundary values of %
as those at which a certain distribution of the potential curves
is reached (Fig. 1). The values calculated in this way do not
coincide with the data in Fig. 2, owing to the different value
of the non-exponential factor for barrierless, normal, and
non-activated processes. It is probable that the transition from
one value of @ to another occurs gradually, and the curves for
log ¢ (with & = const.) againstn do not consist of two inter-
secting straight lines, but have a more complex form. For
our approximate calculation we adhered to the simplified linear
relationship, since it gives most simply acceptable values for
the current densities corresponding to the transition from one
process to another.

1 In the calculations a small correction was introduced
into Eqns. (7) and (8) to allow for the ohange in AHay o4
with change in the energy of the M ~H link*,
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Fig. 1. Potential curves: 1) s,dsorwq_ H atom; 2) H30+ fon
in region of normal discharge; 8) HyO lon (at a more neg-
ative potential non-activated discharge occurs); 4) HyO lon
(at a more positive potential barrierless discharge occurs).

Here the zero subscript indicates that the corresponding
guantities relate to zero surface coverage; ¢, = 6,/(1 -6,),
where §, is the equilibrium surface coverage disregarding
any interaction of the adsorbed atoms; and f= C/RT,
where C is a quantity defining the drop in bonding energy as
the surface becomes saturated (E,,_,, = EY_, - C6), Accor¥d-
ing to Temkin's hypothesis* the value of C should be prac-.
tically the same for all metals. In subsequent calculations
C is taken as 10 kcal (experimental values vary between 7
and 16 kcal47),

., Two types of calculation were undertaken. In the first
i.a was found from equations deduced on the hypothesis of a
perfectly random distribution of H atoms over the metal
surface [Eqns. (7) in the previous paper? and (8a) in the
present paper]. In the second type of calculation this
hypothesis was retained for metals with fairly high heat of
adsorptionfor hydrogen(see Krishtalik?!), but for low E,_x
it was assumed that the rate of recombination is governed
by the rate of surface migration of hydrogen atoms [Eqns.
(12)E1 and (9b)in this paper; activation energy of migration
& fhyen).

Since processes of discharge and electrochemical de~
sorption disturb the regular distribution of atoms on a sur-
face, the first type of calculation can give correct results
even with low values of E,_y. In certain cases, especially.
in the region of transition from one mechanism to another,
relationships are to be expected which are intermediate be~
tween the results obtained by the two methods of calculation.
With the surface-electron-gas model, the probability of
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Fig.2. Boundaries of regions:

1) non-activated discharge;

2) barrierless discharge; 3) non-
-activated electrochemical de~
,sorption; 4) barrierless electro~
chemical desorption. Cathodic
polarisation regarded as positive.
n' = 9F/2RT = 1/0.118,

Vg :A-H' keal

occurrence of the process of discharge (or electrochemical
desorption) for a given point on the surface depends mainly
on the overall degree of surface coverage, and not on the
distribution of neighbouring adsorbed atoms.

Figs. 3 and 4 show the boundaries of regions with dif-
ferent mechanisms of hydrogen evolution obtained by the
first method of calculation, and Figs.5 and 6 the corres-
ponding boundaries obtained by the second method. Values
of equilibrium exchange currents for discharge and electro-
chemical and catalytic desorption are plotted in Fig. 7.

. For low bonding energies the rate of hydrogen evolution
at low polarisations is governed by non-activated discharge
(b = 0.06 V, 3n/3pH = 3n/3y, = 0) — region I in Figs.3 6.
The very low current densities corresponding to this region
have not yet been studied experimentally.

Normal slow discharge with electrochemical desorp-
tion (1) (non-activated or normal) occurs over a wide range
of current densities. At high overvoltages removal of
hydrogen by catalytic recombination (If) is appreciable.
The upper curves in Figs.3—6 indicate the appearance of a
limiting current for discharge (over regions II and ITI) or
electrochemical desorption (over IV).

For medium values of the bonding energy an adsorption—
—electrochemical mechanism becomes probable, i.e. slow
electrochemical desorption of a hydrogen atom which has
appeared on the electrode surface not as a result of dig-
charge of an HyO" ion but by adsorption from the gas phase?.
Depending on the values of E,;_y and 7, the electrochemical
desorption is either barrierless (IVa) or normal (IV) (see
also Fig.8). An adsorption-electrochemical mechanism
is characterised by the appearance in some cases of a
limiting current for catalytic adsorption, which at high
values of Ey_y 18 represented by an inflection in the curve.
Regions of low limiting adsorption current correspond to
surface coverage close to the equilibrium value. With in-
crease in polarisation the adsorption—-electrochemical
mechanism 18 replaced by slow discharge (II) or slow
electrochemical desorption (IV).

For high values of Ey n slow, disg._.harget_with catalytic
removal (V1) is probable, with iy, = oy - Tou for Tou &
o o » 74, and a practically equilibrium coverage close to
°“(1 - §) < 1073, This region (V1) is distinguished from
unity which Fest > Tca and & > 6,. The upper limit of
i, forvI is established by the fact that the current for non-
regii onted electrochemical desorption, increasing with
ac: ‘Sial considerably more rapidly than the discharge cur-
ggn(:, pecomes equal in magnitude to the latter.

Fig.3. Reglons with different
mechanisms of hydrogen evol-
ution. First method of caleu-~
lation. Along the abscissae the
upper scale corresponds to values
of the bonding energy at equili-
brium, and the lower scale to

the values at zero coverage of

the surface with hydrogen. .

For key see text.

)

Fig.4. Regions with different
mechanisms of hydrogen evol-
ution.,

First method of calculation.

HEE WD

Fig.5. Regions with different
mechanisms of hydrogen evol-
ution, Second method of cal-
culation,

EM-H' keal §0 s

The similar values of the currents for discharge, electro-
chemical desorption, and the reverse processes, and their
different variation with potential may yleld a complicated
relationship between the total current and the potential
(Fig.9), in which the value of the coefficient b for the
linear portion of the log -1 curves can vary within region
VI from 0.02-0.03 V t0 0.11~0.12 V. For the highest
values of Ey_y calculation indicates a mechanism of slow
electrochemical desorption, either barrierless (Va) or

normal (V).
Any reasonable change in the values of constants
agsumed in the calculations does not fundamentally affect

56



YOL. 34, NO. 1

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY

JANUARY

fogl
qu

Fig.6. Reglons with different
mechanisms of hydrogen evol-
ution. Second method of cal-
culation.

[ Y -]
50 6970 75 80

Byt keal

the qualitative picture described above (for exceptions see
below). A similar order of magnitude is also obtained
without taking into account the interaction between the atoms
if the figures which are compared refer to the same values
of Ey_y at equilibrium instead of zero surface coverage.
Theréfore a slight inaccuracy in estimating the value of C
can hardly have any appreciable effect.

Both the present and previous!® calculations have shown
no region in which the rate of hydrogen evolution is
governed by the rate of catalytic recombination. On the
basis of the assumptions made in the previous paper! such
a mechanism cannot be realised, because over the whole
region of medium and high bonding energies the exchange
current for electrochemical desorption would considerably
exceed the exchange current for discharge. Taking into
account the possibility of barrierless electrochemical de~
sorption makes the corresponding exchange currents equal
(Fig.7). The discharge current may be greater than the
calculated value both because of inexactness in the calcu~

24

0 30 40 50 &
505076175”

N EM H? kccl
Fig.7. Equiljbrium values of exchange currents:
1Didey 2)¢dss idw. The broken line
shows { &, - for the second method of calculation.

56

_lation and also because of a shift in the Y, potential to m
negative value;s_‘ which generally takes place in pure acid

- bination is possible only for cathodes having bonding ener-

solutions. If 2y, > 4., the removal of hydrogen occurs
a catalytic mechanism.

The rate of catalytic desorption in a given Ey_;; range
calculated on the assumption that the activation energy is .
equal tothe heat of recombination. This will evidently over
estimate the value of zm, and the error may be particuldr
marked for E,_; of the order of 50—-60 kcal, for which tl
heat effect is small. If this is taken into -account, it is
possible to have . > zm > 13, i.e. slow catalytic desorp:
tion becomes possible. We then have b = 0.03 V for ran-
dom distribution of atoms on the surface, and b approxi-
mates to 0.12 V if the rate of recombination is governed by
surface migration®.

-4

-8

Fig.8, Current densities and degrees of surface
coyerage for Eyn = 60 keal: 1) 2) ldi' i
3)‘“. 3 4) 7 desy O) ides? 6) fe-t, 7) cat 3
8) 6 [scale for 6. degree of coverage) or 1«0 not
given in the diagram (Ed. of Translation));

29ya-0e)

These relationships can be observed only at quite high
exchange currents, i.e. at values of the constant a of the"
order of several 0.01 V. At high current densities there’
may be a tendency for a limiting current of catalytic de-
sorption to appear, with subsequent transition to electro-
chemical removal of hydrogen. It follows from these con~
siderations that, by varying the composition of the solution;,’
it should be possible, having lowered the rate of discharge,
to pass from slow recombination to an adsorption—electro-
chemical mechanism. Estimation of the possible values
of the partial exchange currents shows that slow recom-~

gies with hydrogen close to 60 kcal. With very high sur-
face coverage (Ey_u> 70 kcal) the rate of catalytic recom-
bination is practically constant, and hence it cannot deter~-
mine the variation of current with potential.

Adsorption of various impurities on the electrode has
differing effects on the closely similar rate of discharge,
barrierless electrochemical desorption, and catalytic re-
combination (Fig.7), as a result of which the mechanism of
hydrogen evolution on these elecirodes can vary depending
on the method of preparation of the electrode and the solu-.
tion. This applies not only to Ey_y- = 60 keal but also to
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higher bonding energies. In contrast to the results in the
previous paper which indicated the possibility of slow dis-
charge at very high degrees of surface coverage (b = 0.04Vv,
an/apH - 0.02 V, 9n/9%, = 1), no such slow-discharge
region has appeared in the present calculation. However,
the possibility of its appearing as a result of appropriate
change in the surface is not excluded.

Fig. 10 shows calculated values of the constant g for
various mechanisms of hydrogen evolution. The Table
gets out experimental values of the constants @ and 5. In
a number of cases they refer to solutions of different com-
position, and the conditions assumed in our calculation are
not strictly observed. Data relating to polarisation curves
of incorrect shape, probably associated with variations in
the ¥, potential, are omitted from the Table,

In a number of cases the current densities correspond-
ing to the transition from one branch of the polarisation
curve to another differ greatly from the calculated values,
which are extremely sensitive to all inaccuracies in the
calculation. The proposed mechanism of hydrogen evolu-
tion, experimental values of E,_,,, and the values of E,_,
which according to our calculation correspond to the values
of a and b, are indicated in the Table.

For metals of low bonding energy there is no reliable
evidence of the adsorption of hydrogen; E,_, for them is
very probably less than 50 kcal’®.  From indirect datatheir

logi
-2

Fig.9. Current densities and degree of
surface coverage for r,_,; = 72.5 keal.
For key see Fig. 8.

oI

Fig.10. Values of the constant a for
various mechanisms of hydrogen evol-
ution. For key see text.

0 0 40 £ &0 [
bt
By pokeol S0 6070 75 &

adsorption capacity would seem to decrease in the order
Cu > Au > Ag » Zn, Sn, Cd, Pb,!® in conformity with our
calculation. Slow discharge®!,*4 ig the most probable
mechanism for these cathodes.

For metals of the iron group the most probable mechanism
is again slow discharge with electrochemical desorption %2,
Here the calculated values of E,_, are substantially lower
than the experimental. This is probably because the ex-
perimental values for adsorption energies relate to the
rapid adsorption of hydrogen by a freshly sublimed film of
metal, which has not already absorbed any hydrogen?. In
electrolysis, however, the surface layer of iron contains

dissolved hydrogen®, which may lead to a diminution in the
bonding energy.

Similar phenomena are observed on a palladium elec-
trode. The polarisation of an active Pd electrode in acid
solutions is due to the slowness of diffusion of H; mole-
cules#,%,  With an electrode which has first been satu-
rated with hydrogen, slow discharge occurs 14 the calcu-
lated value of E,_, being lower than the experimental. In
absence of prior saturation of the metal with hydrogen,
values of b = 0,12 V # are obtained at high current den-
sities, and the calculated values of Ey_j corresponding to
the experimental results cover a wide range (possibly be-

cause of different degrees of saturation of the cathode with
hydrogen).
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For other metals the agreement between calculated and
experimental values of E,_j is perfectly satisfactory,
especially if the approximate character of the calculation
and the possible effect of the experimental conditions on
the mechanism of the process, discussed above, are
remembered.

SUMMARY

The finite value of the activation energies of discharge
and ionisation should lead to the existence, together with
the normal processes (@ = ), of non-activated (@ = 0) and
barrierless (@ = 1) processes of discharge and electro-
chemical desorption. On the basis of this fact and also of
the interaction between the adsorbed atoms, the rates of
formation and removal of hydrogen atoms have been calcu-
lated by the activated-complex method. The relationship
between these velocities, depending on the experimental
conditions, determines the overall mechanism of hydrogen
evolution. Certain probable mechanisms have been ex-
amined. The results of the calculations are in satisfactory
agreement with experiment.
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THERMODYNAMIC PROPERTIES OF ELEC-
TROLYTES IN NON-AQUEOUS SOLUTIONS
ViI. INVESTIGATION OF THE SOLUBILITY
OF SILVER CHLORIDE AND CAESIUM
CHLORIDE IN ALCOHOLS, KETONES, AND
MIXED SOLVENTS BY MEANS OF RADIO-
ACTIVE TRACERS

N.A.Izmailov and V.S.Chernyl

One of us has shown? that the change in the properties
(solubility, dissociation constant, and e.m.f.) of electro-
lytes on passing from one solvent to another is determined
by the change in the free energy of solvation of the ions and
molecules. Owing to the low accuracy of the values for
the energy of solvation and the absence of systematic data
on these quantities for non-aqueous solutions, it is neces-
sary to determine these energy changes directly from ex-
perimental results. To evaluate the change in free energy
of solvation of ions A..lv it is convenient to use dimension~
less quantities — the mean activity coefficients v,, based
onthe state of the ions in dilute aqueous solution as standard?, ;

The magnitude of logy, for ions is defined as the dif- :
ference in free energy of solvation of the ions in water and
in the non-aqueous solvent: E

LvAsolvgr,g) — L ¥4 salv(th) A X Aol
1 = olvf, - soly
8 To 2.35VAT 7.3 BvRT )
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The value of Adely Or logy, may be determined from mea-
surements of any thermodynamic property of dissolved
electrolytes — vapour pressure, solubility, e.m.f., etc. In’
previous work 3% values of log¥, were obtained from e.m.f, *
measurements on cells without transport for certain salts
of the alkall metals and HCI in alcohols.

In the present work the change in energy of the ions or
the value of logy, has been obtained from solubility data:

Ser oTE
log Yo =log——-—-—3.;1}:° '

where Suo and Su are the solubilities in water and in the
non-aqueous solvent respectively, and v¥, and v are the
corresponding concentration activity coefficients.

For sparingly soluble salts the values of ¥* are close to
unity, and their ratio even more so. Consequently
log 1o =Ios-s-‘;‘«-39-- (2)

The determinationof log7, from solubility has a number .
ments, since it does not require electrodes reversible with

respect to the ions of the salt, nor the complex electro-
metric apparatus made necessary in the e.m.f. method by .



