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ABSTRACT

The high kg /kp ratio found experimentally for methylradicalabstraction reactions is explained
on the basis of classical rate theory. It is shown that if the bending frequencies in the activated
complex approach zero, good agreement is found between experimental and calculated kn/kp
values. For abstraction of H and D from hydrocarbons, both the tunneling and classical rate
theories predict acceptable kr/kp values. Abstraction of H and D from Hj and D., however,
can best be explained on the basis of a classical process.

INTRODUCTION

The ratio of rate constants, kg/kyp, for the abstraction of H and D from hydrocarbons
by methyl radicals has been found to be higher than that calculated from classical rate
theory when the bending frequencies of the RC—H bond is assumed to remain constant
from the initial to final states (1-6). To explain these high values for ku/kp, several
workers (1, 2) have proposed that the rates are largely determined by appreciable parti-
cipation of a quantum mechanical tunneling process. The basis for the tunneling mech-
anism is the theory of Johnston and Rapp (3), who give the relation

ku/kp = 0.99 exp(1580/RT). [1]

for methyl radical abstractions based on proton tunneling (2). This theory is attractive
since it does predict the experimental values of ku/kp with a good degree of accuracy, but
the theory does not explain the lower values of &x/ky found for methyl radical abstraction
from H: and D,. In Table I, the ky/kp values for various reactions are given together
with the ratio of frequency factors, Ag/Ap, and the difference in activation energies,
AE, found experimentally. It will now be shown that these observed values can be cor-

related with classical rate theory and that quantum mechanical tunneling need not be

invoked.
CALCULATIONS
From absolute reaction rate theory (9), the ratio of rate constants is given by
et 3n—8
ku _ [T sinh 30" T1 sinh 30, 2]
Ep a1 3n—8

I sinh U™ I1 sinh 3U,,

where the products and ratios of molecular mass and moments of inertia are assumed to
be unity and U, is kvi/kT. We now examine several cases for the isotopic dependence of
frequencies in the initial and activated states. If we first make the assumption that the
frequencies associated with the activated complex are isotopically independent, then two
limiting cases are obtained from equation 2. The first is that cleavage of a C—H bond
occurs and the bending frequencies do not change from the initial to the activated state,
that is, the only isotopically dependent vibration is the C—H stretch, so that equation
(2) can be simplified to

ku/kp = exp ¥ (Un—Up). (3]
Canadian Journal of Chemistry. Volume 42 (1964)
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The second case arises when the C—H bond undergoing cleavage is stretched significantly
so that the bending frequencies approach zero in the activated state. If this bending
frequency is assumed to be doubly degenerate, equation 2 reduces (10) to

B = texp} 3 (U — Uy (4]

A third case arises for the CH; + H, reaction when the frequencies in the activated
complex are isotopically dependent. If the simple pseudo-three-atom model, the activated
complex has the linear form C.. . H. .. H. 1€ bending frequencies (which would be
absent if the Hz atom were sufficiently far away from the C atom in (CHjy') are neglected,
there are two vibrations which exist (11). The first is the asymmetric one which leads to
reaction and need not be considered. The second is the symmetric vibration which will
result in the movement of the central H atom. Replacement of the central atom with D
will then change this frequency and the symmetric vibration is therefore isotopically
dependent. For abstraction from methane, the activated complex has the form C. . H...C
and the symmetric vibration does not involve any motion of the central H atom. For
abstraction from a hydrocarbon, the activated complex has the same general form as
that for methane and the symmetric vibration is assumed not to involve any motion of
the central H or D atom. Hence replacement by D will have no effect and this frequency
can, in principle, be neglected for this case. For CH; 4+ H.and CH, + D, then, the ratio
of rate constants is, from equation 2,

kg - .
ﬁ = exp 3(Up™ — Un#) exp 3(Un — Up). (31

We can now calculate the isotope effect for the abstraction of H and D from hydro-
carbons. When the C—H and C—D stretch vibrations in CH, and' CD, are assumed to
be 3020 and 2258 ¢cm—1 respectively (12), then from equation 3,

f;“ = exp (1000/RT), (6]

which is 2.2 at 200° C. If the C—H and C—D bending frequencies of 1306 and 996 cm™!
(12) are doubly degenerate, then from equation 4

ku/kp = 0.5 exp 1977/RT, [7]

which equals 4.1 at 200° C, Equation 7 predicts satisfactory kyu/kp values (see Table I).
There is some discrepancy, however, for the ka/kp values for abstraction from methane
(1). This large discrepancy was explained by assuming that the potential energy barrier
for abstraction from methane is higher than for ethane, propane, etc., and therefore
results in a larger contribution from tunneling (1). The bond dissociation energy of
methane is reported to be between 100 and 102 kcal mole-! (13, 14) and the corresponding
value of the C—H bond energy for ethane is 98 keal mole—! (14). If this difference between
the C—H bond dissociation energies causes an increase in tunneling, then one would
expect that proton tunneling for the reaction CH, + H: would be greater. This would
follow from the bond dissociation energy of 103 kcal mole~! {or H, (13) and also on steric
grounds. The H; or D, molecule could approach the CHj; radical more closely than a
hydrocarbon molecule so that the width of the potential energy barrier would be decreased
and the tunneling probability increased, The kn/kp ratio for abstraction from H. and D,
is, however, 2.0 (7) and therefore precludes any significant tunneling.
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TABLE 1
Kinetic parameters for abstraction reactions '

. . AE ka/kp
Reaction ’ (kcal mole?) Ag/Ap (200°)  Reference
CH; + CH, — CH, + CH - — 5
CD; + €D, — CD; + CD; 3.5 S91 8.1 3
CD: + C;H; — CD:H + C,H N 4
CD; + CaDy — CDy + CaDs 1.5 1.0 4.95 1
CD; + CHyCD; — CD;H + CH,CD . . 4
CD; + CHyCDs — CDs + CHiCD: 1.9 0.72 4.95 4
CD; + (CH3);:CH — CD;H + (CH,),C 1.6 0.8 4.4 2
CD; + (CH3)CD — CDj + (CHi):C - : : 2
CD; + CH,CH:CH; — CD; + CH,CHCHj L4 104 i 2
CD; + CH;CD:CH; — CD, + CH;CDCH, : : -0 6
CH; + H: — CH,+ H . 7
S 1.7 0.41 2.0 ?
CF; + CHD; — CFsH 4+ CD; 8
CFs + CHD; — CF:D 4 CHD: 2.2 0.51 5.0 8

If the vibrations for H, and D, are taken as 4395 and 3118 cm™! respectively (16),
ky/kp is calculated to be 6.7 from equation 3. We have seen, however, that the symmetric
vibration in the activated complex is isotopically dependent and equation 5 must be used
to calculate 2y/kp. In addition to this symmetric frequency, a doubly degenerate bending
frequency may be generated in the activated complex if the approach of H, to CH; is
close enough. These uncertainties prohibit a quantitative evaluation of the frequencies
in the activated state, but their effect is clear. The ““tighter’ the activated complex, the
smaller is the isotope effect. An activated complex which.shows this behavior is that which
arises during the electrochemical discharge of a proton (or a deuteron) from acid solution
onto a mercury cathode. The sum of the frequencies for the activated complex Hg. ..
H...O has been calculated by Conway and Salomon (17) and is 3550 cm~!. It is also
possible that the bonding in the activated state becomes tight enough to cause an inverse
isotope effect, i.e. ku/kp is less than unity (11). Swain et al. (18) have found such a case
for the decarboxylation of p-methylbenzoylacetic acid where ky/kp = 0.85.

CONCLUSION

It has been found that the ky/kp ratios found {or methyl radical abstraction reactions
can be explained on the basis of classical rate theory. There are several discrepancies
noted in the literature and the main one is the kgz/kp value obtained for abstraction from
CH, and CD,. There are also some minor differences in the predicted and experimental
ratio of frequency factors. This can be attributed to experimental error, since an error
of 429, in the measurement of ky/kp can give large errors in Ay/Ap and in AE. The
C—H bend has been treated as consisting of a single stretching and a doubly degenerate
bending frequency. If the symmetric and asymmetric vibrations are taken into account,
the effect would be to increase ky/kp still more. In the reactions considered, it is found
that the theory of quantum mechanical tunneling need not be invoked to explain the

observed isotope effects.
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Potentiostatic Delermination of Electrolytic
Hydrogen=Deuterium Separation Factors and
the Reaction Mechanism at Mercury and

Platinum

by M. Salomon and B. E. Conway

Department of Chemistry, University of Oltawa, Ottawa, Canada
(Received January 13, 1964)

The significance of the electrochemical hydrogen/
deuterium separation factor has been considered in
several previous papers®? from this laboratory with re-
gard to the mechanisms of the hydrogen evolution reac-
tion (h.c.r.) at various metals and the role of proton
tunneling!; in other papers (see below), Horiuti has
considered the step of Hat jon discharge as rate control-
ling and discussed possible isotope effects. We have
previously considered the values of S in terms of the
three commonly treated mechanisms of electrochemical
hydrogen evolution from acid solution,! v:z.

H;0+ + e + M — MH + H,0 I
with

H;Ot 4+ e + MH — H, (1D

or

MH 4 MH — H, (I1I)

as the desorption steps and shown how the isotopie ratio
R of exchange current densities? in pure H,O and D,0
acid solutions is an additional criterion of reaction
mechanism. In previous work, the depcndence of S
on potential and co-anion has been little studied and we
report here potentiostatic determinations of S in acid
solutions and some discussion of the theoretical signifi-
cance of the results. At solid metals the variation of
electrode potential with time at constant current is
extensive,? so that potentiostatic control in 8 measure-
ment is essential. The previous data are rather dis-
crepant and the potential dependence of S has shown
anomalous variations under controlled current condi-
tions.*=® Thus, dS/dy for mercury in HsSO, solutions

(1) B. E. Conway, Proc. Roy. Soc. (London), A247, 400 (1958);
Can. J, Chem., 37, 178 (1959); Transactions of the Symposium on
Tlectrode Processes, May 4-6, 1959, Philadelphia, Pa., Yeager, Ed.,
John Wiley and Sons, Inc., New York, N. Y., 1961, Chapter 15, p.
2067.

(2) B. E. Conway, Proc. Roy. Soc. (London), A256, 128 (1960).

(3) J. O'M. Bockris and B. E. Conway, Trans: Faraday Soc., 45,
989 (1949); J. O'M. Bockris and D. F. A. Koch, J. Phys. Chem., 65,
1941 (1961).

(4) G. P. Lewis and P. Ruetschi, ibid., 66, 1487 (1962).
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has been reported variously as ca. 6.7 v.~! or 1.5 v.~!
over the range of overpotentials 7 from 1.0 to 1.6 v.
by the same authors in related papers.>®  Also, at
lower potentials, S values are reported for constant
current density of 0.3 ma. cm.~2 but over a range of 300
mv.* This is inconsistent with the observed depend-
ence of current on potential (Tafel line) for mercury in
pure solutions. The tendency for S at mercury to reach
a maximum with increasing 7 and then to decrease has
been associated with the molecular equilibrium separa-
tion

H, + HDO — HD + H.0 (Iv)

operating at low potentials followed by the electro-
chemical kinetic separation at higher potentials.4 This
view is difficult to accept since the mercury surface
has no catalytic action with regaid to reaction IV.
Even at platinum, this cquilibration is not experi-
mentally observed’ and in the present work the S at
low potentials is dependent on the solution anion and is
hence not determined by any equilibrium.

Experimental and Results

In an cffort to clarify the experimental situation with
regard to potential dependence of S, separation factor
measurements were made under potentiostatic condi-
tions in highly purified® HCl and HCIO, solutions in
water containing 10 vol. %, of D;0. Ultrapurification
of the solutions by pre-electrolysis and distillation was
carried out as developed in previous work.»® Mer-
cury was purified by multiple distillation and anodic
clectrolysis, followed by a final distillation. Platinum
clectrodes were sealed in glass bulbs as deseribed pre-
viously. A special cell of small volume was used for the
S measurements.  The cell was flushed by means of
purified nitrogen before a given sample of H./HD/(D,)
was collected in an evacuated ampoule after drying.
The hydrogen/deuterium content was determined by
means of a mass spectrometer. Potential was con-
trolled by a sensitive Wenking potentiostat to =2 mv.,
using a hydrogen reference clectrode in an isolated
separate compartment of the cell. Current density-
potential lines were run before and after the S measure-
ments in order to check the Tafei parameters which
agreed with aceepted values allowing for time varia-
tion? of 5 at the solid metal platinum.

Theseparation factorat platinum is found to be a fune-
tion of overpotential; the behavior observed depends on
the nature of the anion of the clectrolyte using HCI
(aq) and HClOs(aq), and may be compared (kFig. 1)
with previously reported data® on platinum in
H.S0,(aq) under controlled ewrrent conditions. The re-
sults of the present work are shown in Iig. 1 for plat-

The Journal of Physical Chemistry

1 1 1
0 100 200 300 400 500 600
- (mv)

Figure 1. Electrolytic S values as a funetion of potential for
platinum in various 1 N acid solutions (25°). Line for H.SO,
shown for comparison from data of Horjuti and Fukuda. !

I 1 1 ! L
800 900 1000 oo 1200 1300

~himv)

Figure 2. Electrolytic S values s funetion of potential for
mercury in 1 N aqueous acid solutions (25°): e, HCL;
0O, HCIO,,

inum and I'ig. 2 for mereury. At the latter metal, the
S values are significantly potential dependent and dS/
dn = 0.6 v.~! for HCl(aq) while dS/dn = 1.44 v.~1 for
HCIO, solution. At platinum the dS/dy values are
much larger, and depend on the anion of the cleetro-
Iyte (sce Fig. 1 and 2). At mercury no evidenee for

(5) W. Vielstich, T. . Schuchard, and M. von Stackelberg, Ber,
Bunsenges, 67, 645 (1963).

(6) H. V. Buttler, W. Vielstich, and 1. Barth, ihid., 67, 650 (1963).

(7) M. Enyo, M. Hoshi, and H. Kita, J. Res. Inst. Catalysis Hokkaido
Unir,, 10, 153 (1962).

(8) A. M. Azzam, J. O’M. Bocksis, B. L. Contay, and H. Rosen-
berg, Trans. Faraday Soc., 46, 918 (1950),

(9) J. O'M. Bockris and B. E. Conway, ibid., 48, 724 (1952),

(10) J. Horiuti and M. Fukuda, J. Res. Inst Catalysis Hokkaido
Univ., 10, 72 (1962).
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anomalous maxima* is obtained in highly purified solu-
tions't and the S diminishes continuously with increas-
ing n (Iig. 2). The linear dependence of S on 5 is in
disagreement with the data of Lewis and Ruetschi and
differs from that of Viclstich, et al.,5 where anomalous
maxima were observed. In the latter work, the po-
tentials attained at the various currents used are not,
however, consistent with the accepted Tafel param-
cters for hydrogen evolution at mereury from acid solu-
tions.

Discussion

YFor mercury, the mechanism of the h.e.r. has been
discussed in terms of two widely different rate-control-
ling mechanisms: the H;O+ ion discharge step I or the
H,* ion neutralization (V) favored by Horiuti!2!3

2H++e2H2+
Hy* 4+ e — H,

A large body of critical evidence has been adduced
against the latter mechanism in publications else-
where!4=1 but recently Keii and Kodera!* have at-
tempted to show that step I ecannot be associated with
the observed hydrogen—deuterium isotope effect of ca.
3.2 since their calculations using a pseudo-diatomic

V)

molecule model for H*O‘*<H and a single metal site

H
for the Hg-H interaction lead to a claimed minimum
value of S of 13 for step I, taking a doubly degenerate
bending frequency involving the hydrogen atom in the
M-H-O transition state. This is the only frequency in
the transition state which these authors consider can
be isotope dependent (on this model) sinee the treat-
ment assumes hydrogen and deuterium discharge from
the pscudo-diatomic ions H+~(H,0) and D+(11,0) in
solutions dilute enough in deuterium that most of the
deuterium—oxonium species are present as H,DO*,
The calculations of Keii and Kodera indicate a foree
constant f* of 23 keal. A.~2 which leads to a rather loose
activated complex with bending frequency »* = 522
em.~! and henee a high S value, using data for thé
equilibrium constant for hydrogen-deuterium partition
between liquid and vapor H.0 and HDO with the parti-
tion functions for gascous H,0 and HOD. The prob-
lem of the high valuc of S which this model predicts
can, however, be overcome by considering a “complex
site” for proton discharge in the h.e.r. and/or the fre-
quency of the symmetrical mode (see below). In this
model, the proton is regarded as being discharged inter-
stitially between two or three metal atoms in the metal
surface.  Such a picture of hydrogen chemisorption has
been proposed for & number of years as a result of MH
surface dipole measurements'? and infrared studies™ and

was suggested by Conway and Bockris?® for the situa-~
tion of adsorbed hydrogen in the h.c.r. in caleulations
of the activation energy for step II. The significance
of this model for calculations of S is that an activated
complex would be involved consisting of two or three
metal atoms, an oxygen atom (in “H;0+"*), and the
transferred hydrogen or deuterium, and would exhibit
five or eight vibrations instead of the two in the ac-
tivated ccmplex of Keii and Kodera.!* This inerease
of the complexity of the activated complex would result
in a lowering of S from the previously calculated value
of 13. Quantitative ecalculations for the two-metal
atom model and also taking into account the symmetri-
cal stretch mode indicate® that S can be as low as 3.8
for mercury, using the partition function ratio for H,0+
and H.DO+ based on direct spectroscopic data for acid
solutions in water and D,0.2!  While no exact quantita-
tive comparison with the experimental value of 3.2 (HCI
aqueous solutions) would be justified, the calculations
show that with a more realistic model of the activated
state, values of S appreciably lower than the elaimed
minimum of 13 ean be caleulated for step I. Step I
cannot hence be excluded as a rate-determining step for
the h.c.r. at mercury. Furthermore, reaction order
considerations?? indicate an electrochemical reaction
order in [H+] of two for step IV whereas the value ob-
served is unity for mereury, whieh is consistent with
step I and the frequently confirmed Tafel slope of ca.
2.3 2RT/F).

The potential dependence of S at mercury is much
smaller than at platinum and cannot be explained in
terms of changing hydrogen coverage 8y with potential?
sinee 6y << 1.2 At mercury the activated complex

(11) M. Rome and C. F. Hiskey, J. Am. Chem. Soc., 76, 5207 (1954).

(12) J. Horiuti and G. Okamoto, Sci. Int. Phys. Chem. Res. Tokyo,
28, 231 (1936); see also J. Horiuti, T. Keii, und K. Hirota, J. Res.
Inst, Calalysis Hokkaido Unir., 3, 1 (1951).

(13) T. Keii and T. Koders, ibid., 5, 105 (1957): see also J. Horiuti,
Transactions of the Symposium on Iilectrode Processes, May 4-6,
1959, Philadelphin, Pa., John Wiley and Sons, Ine., New York, N. Y.,
1961,

(14) A. N. Frumkin, Transactions of the Symposium on Electrode
Processes, May 4-6, 1959, Philadelphia, Pa., John Wiley and Sons,
Inc., New York, N. Y., 1961, pp. 35-45.

(15) A. N. Frumkin, Acta Physiochim., 18, 23 (1943).

(16) J. O'M. Bockris, J. RRes. Inst. Catalysis Hokkaido Univ., 2, 105
(1953). '

(17) J. C. P. Mignolet, Discussions Faraday Soc., 8, 105 (1950).

(18) R. I’ Eischens and A. Pliskin, 135th National Meeting of the
American Chemical Society, Boston, Mass., April, 1959,

(19) B. E. Conway and J. O'M. Bockris, Can. J. Chem., 35, 1124
(1957).

(20) B. I.. Conway and M. Salomon, Ber. Bunsenges, in press.

(21) G. Swain, R. I. W. Bader, and R. Thornton, Tetrahedron, 10,
200 (1960).

(22) B. E. Conway and M. Salomon, Electrochim. Acta, in press.
(23) A. N. Frumkin, Discussions Faraday Soc., 1, 57 (1947).
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has a symmetric vibrational mode (not considered by
Keii and Kodera) along the direction of the reaction co-
ordinate (the asymmetric mode becomes the motion of
hydrogen leading to decomposition) and this may be
potential dependent since the H;O+—metal interaction
varies with potential across the double layer, and the
O in “Hs0+” becomes electrostatically more tightly
bound with increasing cathodic potential. The in-
creasc of the differential double-layer capacity at mer-
cury which occurs with increasing potential on the
cathodic branch may be regarded as supporting evi-
dence for this viewpoint, since if the cations tend to be-
come more tightly bound, the time average thickness of
the double layer will tend to decrease and the capacity
hence increase.

The above general model can offer some explanation
for the dependence of S on 5 and the electrolyte anion
for the case of platinum. At low potentials, up to =
ca. —200 mv., the potential-log current density line for
platinum prepared under the present conditions exhibits
a change of Tafel slope from 0.03 v. toward a limiting
current with incereasing current densities, and a descend-
ing Tafel slope of 0.12 v. or greater. The potential
region where some change of Tafel slope occurs is similar
to that where the separation factor changes its depend-
ence on potential (Fig. 1). These data suggest that the
initial high dependence of S on 4 in, eg., HC], is as-
sociated with the hydrogen atom recombination reac-
tion proceeding under conditions of increasing coverage
while the behavior at higher potentials is associated
with the atom~ion desorption step?* proceeding on the
fully covered available surface.  Anion effects may still
arisc at platinum at appreciable cathodic potentials
sinee specific changes of capacity behavior are observed
at such potentials from 1°~ to Cl~, Br-, and I solu-
tions. %

Initial chemisorption may occur at a two- or three-
site center,'® and the resulting tight activated com-
plex could then give a low separation factor. As
coverage increases, proton discharge may then proceed
at sites with smaller “multiplicity,” possibly finally

being adsorbed on top of a metal atom: this would give
the loosest activated complex and hence a maximum
separation factor. The effect of the nature of the anion
now becomes clearer. As the tendency of the anion
to be specifically adsorbed increases,? it may be sug-
gested that the adsorbing hydrogen atoms must find
sites of lower multiplicity and/or lower binding en-
ergy,” so that the separation factor would tend to in-
crease. This is related to the effect of changing cover-
age on S and R discussed previously."? The order of
decreasing effect of specific adsorption of anions is
known to be C1~ >> S0O,~* 2 Cl0,~.?* From Fig. 1,
it is seen that the separation factor increases as the
tendency for specific adsorption increases, and hydro-
gen adsorption energy decreases. 2

These effects, discussed qualitatively here, have also
been examined more quantitatively by a statistical
mechanical treatment of isotope effects in the h.e.r.
and satisfactory agreement between theory and experi-
ment is found.® Also the isotope ratios R of exchange
currents? can be shown to be consistent with the S
values.
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Calculations of the H/D and H/T separation factors (S) and exchange current density ratios (R) for the
proton discharge mechanism on mercury, nickel, and iron are presented. A vibrational analysis of the activated
complexes is made by reference to both a linear three~center transition state model and a surface interstitial
site model in which H is regarded as being adsorbed adjacent to two metal atoms in the surface. It is shown
that the isotope effects observed experimentally, e.g. at mercury, can be accounted for in terms of a slow
proton discharge mechanism. Calculations are made for discharge from H;O* and H,O molecules. The values
of R are shown to be consistent with the values of Sp calculated and observed. An explanation is also given
qualitatively for the potential dependence of Sp at mercury in terms of electrostriction effects in the double
layer.

Die H/D~ und H/T-Trennfaktoren (S) und dic Quotienten der Austauschstromdichten (R) werden fiir den
Protonenentladungsmechanismus an Quecksilber, Nickel und Eisen berechnet. Eine Analyse der Schwin-
gungszustinde des aktivierten Komplexes wird fiir zwei Modelle vorgenommen: fiir einen linearen Drei-
zentren-Ubergangszustand und fiir ein Zwischengitterplatzmodell an der Metalloberfliche, bei dem an-
genommen wird, dal Wasserstoffatome zwischen zwei Metallatomen an der Grenzfliche adsorbiert werden,
Es wird gezeigt, daB dic z.B. an Quecksilber experimentell gefundenen Trennfaktoren im Einklang sind
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mit den unter Annahme ciner geschwindigkeitsbestimmenden Protonenentladung berechneten. Die Berech-

nungen werden fiir die Entladung aus H;O* und aus H,O-Molekeln durchgefiihrt. Die Werte fiir R erweisen

sich als konsistent mit den berechneten und beobachteten Werten fiir Sp. — Die Potentialabhingigkeit von
Sp kann qualitativ durch den EinfluB der Elektrostriktion der Doppelschicht erklirt werden.

L Introduction

In recent years, the significance of the H/D separation
factor (Sp) in relation to various possible mechanisms
of the electrochemical hydrogen evolution reaction,
(“h.e.z.””) has been considered [1-4]. Although data
on the values of Sp for various metals in acid and
alkaline solutions have been available for some years [5, 6]
little attention has been paid towards the dependence
of § on the overpotential 7. Recently Vielstich and
co-workers [7, 8] have studied Sp and St as a function
of 7 for several metals and Conway and Salomon [9]
have studied the Sp — 7 relationship as a function of
the nature of the anion. H/D isotope effects based on
a tunneling mechanism have been discussed theoretically
by Conway and Christov [10]. Also the ratios of
exchange currents, R, in pure H,O and D,O have been
measured [11, 2] and discussed in terms of reaction
mechanism [11]. In the latter work, the role of
isotope effects in both the zero point energies of initial
and activated states were considered semi-quantitatively
and the role of isotopic differences of steady state
coverage by H and D was evaluated [2].

Two principal rate limiting mechanisms of the
h.e.r. have, been considered for mercury in acid solu-
tion: (i) the discharge of protons from H;O* ions in
the double layer and (ii) the mechanism of Horiuti [3]
involving the steps

2H,0 + e = Hf + 2H,0
followed by rate limiting
H} + ¢ — H,.

The slow discharge step (i) has been considered by
Horiuti [3] to be inoperative at mercury and Keii
and Kodera [4] have calculated a value of 13 for Sp
at mercury which is therefore claimed [4] to disprove
the applicability of the discharge mechanism because
S1y==3 at mercury. Since vatious other evidence concern-
ing the lack of significant H-adsotption pseudocapacity
at mercury (sec ref. [23]) and the observation of an
clectrochemical reaction order of unity [12, 13] indicates
process (i) to be operative, it is necessary to re-examine
the theory of the H/D isotope effects at mercury and
other metals in order to establish if the observed value
of Sp=ca. 3-4 and R=1.9 at Hg can in fact, be
accounted for by the slow discharge mechanism. It is
therefore the purpose of the present paper to present new
calculations of Sy, for the proton discharge mechanism
and to show that this mechanism is in fact operative at
mercury and possibly at nickel and iron in acid solutions.

In the present treatment an analysis of the vibrational
modes in the activated complex is made taking into
account the symmetrical stretching mode which was
neglected by Keii and Kodera [4]. In our previous

treatment for Sp [1, 2], estimates of the maximum
isotope effects were made by a thermodynamic calcula-
tion for the purpose of comparing the predictions of
Sp for various mechanisms.

II. Formulation of the Rate Equations

In terms of absolute rate theory, the discharge of
an H, D, or T entity from aqueous H;0*, H,DO* and
H,TO* ions can be represented by

H,O0f ) + M + ¢y = X;; > MH + H,0
HDOY | + M + ¢y = X} — MD + H,0
H,TO§, + M + ¢p; = X§ — MT + H,0

where X* represents the activated complex and the
subscript d. L. refers to the initial state position of the
oxonium jon in the electrode double layer at some
potential y, at the outer Helmholtz plane [14, 15]

_ relative to that in the bulk solution. The rate of proton

discharge can be written as

. - kT 1 f;
Iy = FT (1- @H) CHaOJA,‘ T F i-l-_~a0+
X exp[—B(® — ;) FRT) 1

where the f’s are the molecular partition functions of
the indicated species and F’ is the molecular partition
function per unit area (F is that per unit volume), @y
is the fractional coverage by H, @ is the electrode
solution potential difference and all other terms have
their usual significance. The concentration of H,O+
ions in the double layer can be related to the bulk
concentration by the isotherm [15]

c G, LHO FIR
HO}, T “HOFF, o exp(—y,FIRT) 2

and combination of equations (1) and (2) gives
8
SmFpor

X exp[—y,F[RT]exp|—~B(P — v) FRT]. (3)
In equation (3) the transmission coefficient has been
omitted since it is generally regarded as having a value
near unity and assumed to be independent of H or D

mass [16]. For discharge from H,DO*, H,TO* and
D04, the relevant rate equations are

kT Ny

. kT
'H = ZF—h-' (1 - OH) CH;O?)'

ip = ZF ;- (1 = 6,) Cy,po FaFaor
% exp[—B(® — w))FIRT)exp[— v, FIRT]  (4a)
kT T
ip=2F-p-(1 = 6) Cyrop TuFriros
soexp|—B(®@ — ) FIRT]exp|~ ¢, F/RT) 4b)

Rl
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15
JmFp,o+
X exp[—F(® — y)FRT)exp[~ v, FIRT]  (4¢)
respectively. Equations (4a) and (4b) refer to dilute
solutions of D and T in H,O and equation (4c) refers
to discharge of a deuteron from pure D,O acid (D,0%)
solutions; @, refers to the total coverage by H, D or T.
In equations (3) and (4), tunneling correction factors
have been neglected. This is based on our recent ex-
perimental results for the low temperature behaviour
of the h.e.r. at mercuty and platinum [17], where no
unequivocal evidence to indicate significant tunneling
is found at temperatures down to — 150 °C in methanolic
and supercooled ethanolic HCl and DCl solutions.
Thus, the apparent heat of activation [18] is found to
be independent of temperature at mercury in CH;OH
and CH;OD down to —125°C and at platinum down
to —150°C, although the Tafel slopes are greater than
the classical values, at the lower temperatures. If appreci-
able proton tunneling occurred, the previous calculations
of Conway [10] indicate that a) the H/D isotope effect
should be potential dependent and b) the Tafel slope
should be larger than the classical value 2.3 RT/8F.
The calculations of Bell indicate correspondingly that
the heat of activation should decrease with decreasing
temperature [19]. Johnston and Rapp [20] have,
however, shown that a temperature independent heat
of activation can arise over a small temperature range
and their theory has been successfully applied to gas
phase H atom transfer reactions [21]. Salomon [22]
has, however, shown that these atom transfer reactions
can be described by the classical (activated) mechanism.
Hence it appears that proton tunneling may not occur
in either the electrochemical or gas phase transfer
reactions to any appreciable extent.

. kT
in = ZF (1 - Op) Cp,oq

IIL Isotope Effects Arising
Jor the Slow Proton Discharge Step

The separation factor Sp for solutions containing H
and D is defined as

Ch Cu
CH soln CD gas

where C is the total concentration of the indicated
species in the solution and the gas phase. For solutions
sufficiently dilute in D that the only significant D
containing species is H,DO*, the term (Cy/Cp) gas
may be replaced by the ratio of rates of formation of
MH and MD given by equations (3) and (4a); that is

Sp = (.C_r_).) __9_4_.0_+ _@RT_. l}; . (6
Ch /som Cuypor S0+ S5
Similarly, the hydrogen-tritium separation factor is
given by
Sp— (&) Cy,o+  Ju,TO+ _fgi_. 0
CH soln CH,DO*' fHaO+ -fT

Finally, the ratio of exchange current densities, R, for
H, and D, production from pure H,O and D,O solutions,
respectively can be obtained from equations (3) and (4¢) as
Joor S
=200 = exp[f(Pp - DY) FIRT]. ®)
Juo+ /B
In equation (8), the ratio (1 — @y)/(1 — Op) is taken
as unity since @y for mercury is less than 0.05 [23].
The difference in reversible potentials % — @Y which
also enters into the calculation of R was estimated by
Conway [1] by reference to the cell

Pt{H,| HCl:_ |l DClys_, |D,| Pt
studied by Lange [24] and found to be — 9 mV.

R

IV. Caleulation of Initial State Quantities

In this section we evaluate all the quantities in equa-
tions (6) to (8) except the f¥ ratios which will be calcu-
lated in the following section. The molecular partition
function ratio fiy,po+/fig,0+ is obtained from the spec-
troscopic wotk of Swain et al. [25]*) who calculated
an equilibrium constant of 8.2 for the reaction

2D0* + 3H,0=2H,0* + 3D,0

in excellent agreement with the value obtained ex-
petimentally by Heinzinger and Weston [26]. Then
Jp,0+/fu,0+ can be evaluated, and from the rule of the
geometric mean,

fmpor _ /o, _ funor
3fuyo+  Jfupor  Supor
it is found that [25]

Jupo+ (o0 \'s
v _3( fH,o+) = 80.08. ©)

Since the above relations give the relevant partition
function ratios, a material balance calculation can be
made to calculate the concentrations of the vatious
oxonium ions present in solution (cf. reference [25]).

Table 1
Concentrations of Various Oxonium Ionsin 1 N Acid Solution

Cp/Cyy = 0.1111 Cr/Cyy= 1.807 - 107

HyO+ 07982 molelitre-1 |H;0*  0.99999... mole litre-1
H,DO* 0.1865 H,TO* 3.99 — 10~
HD,O* 0.0150 HT,0+  10-10
DO+ 0.0004 T,0r < 10-10

The results are given in Table 1 for a solution 109 in
D,0 (by volume) and normal with respect to the acid.
From this composition, (Cp/Cy) = 0.1111 and Cy,0+/
Cy,po+ = 4.28 so that equation (6) becomes
S '
Sp=38.08 1. (10)
)

*) That is, using data directly for the ions and molecules
in solution and not by reference to equilibria involving H,O,
HOD and D,O in the vapour phase [3-5].
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In order to calculate Sy, the partition function ratios
for the various H and T containing species were evalu-
ated using the method of Bader [27]. The valency
angle of HyO* was taken as 107° [28] and the bond
length as 1.05A [29, 30]. The librational frequency
shifts were calculated from the inverse square roots of
the average moments of inertia using the relationship
given by Moelwyn-Hughes {31]. From the rule of
the geometric mean, we have again

S0+ 3fr00 _ Juror
3faor  fumo+ Juro+

and it is found that
Jutor _ ( frior )%= 425.1. (1

S0+ S0+

Next, we assume a “random isotope distribution™ [32]
for the equilibrium reaction
H,0 + T,0 = 2HTO K=40
and calculate the following equilibrium constants:
H,0 + H,TO* = HTO + H,0* K =0.906
H,0 4- T,0* = HTO + HT,0* K = 8.157
2T;O* + 3H,0 = 2H,0* + 3T,0 K = 6.286
For a solution of 10~6 mole T,0in11 H;O and normal
with respect to acid strength, a material balance calcu-
lation using the above equilibtium constants leads to the
results given .in Table 1. For the above concentration
of T, (CT/CH)soln = 1.81.10-7 and CH:‘O+/CH2TO+
= 2.51-107. Hence equation (7) becomes
i
Sp=19252H (12)
- I
Finally the ratio of exchange current densities R is
obtained from equation (8) (assuming f§ = 1/2) as

+ .
iy &

R = 16.265 ° +
Ji

V. Calculation of the f+ Ratios
(i) Partition Functions
The H and D transition states in the proton discharge

from H,O* and H,DO* may be regarded®) as linear
“three-center” pseudo-triatomic structures of the form

1 2
M-—H->0H,
M—D—OH,.
The partition function ratio for these activated states is
¥ 2 fh ot fR s gnhet
Ja =11 :,{'L!i Il !1:!1 ) —_L (14)
* * Sy sinha®
fl) LD r, D iWH

where f, and f, are the translational and rotational
contributions, respectively, and the vibrational con-
tribution is put into the hyperbolic sine form [16]
where u; = hy;/2k T. The ratio of translational pattition

*) The justification for this kind of assumption has been
treated in several papers - see ref. [34].

functions for two-dimensional motion at the interface
is taken as unity (this is obviously also the case for an
immobile activated complex) and the ratio of rotational
partition functions (describing the librational energy
differences) is also taken as unity since f, values are
inversely proportional to the square roots of the moments
of inertia which will be practically independent of H
or D for the two activated complexes. Hence equa-
tion (14) reduces to

Sa 2 sinhufy

M p=ip (15)

/5

sinhufH
i.e. the main isotopic effect arises from the differences
of vibrational frequencies.
In order to make a vibrational analysis, we use a
general quadratic function and obtain for the three-
center transition state [33, 34]

Y ky ky + ky — 2k,
Bt dy = My, + Mmop, + my
Ay = bk, — K, (16)

M g+ My Moy + Moy,

1 1 /1 1\2 1
o[ (i ) g
whete 1 = 4722 and 4,, Ay, A3, tefer to the symmetric,
asymmetric and bending modes of frequencies v, ,
and 7, respectively; k,, ky and k, are the respective
force constants in md/A; d is the bond distance in A,
and m is the mass of the indicated species (m, is the
isotopic mass of H, D, ot T). Since the asymmetric
mode corresponds to decomposition (i.e. to reaction),
Ay can be taken as zero [34] which leads to the condition

kyky — kf, = 0. (17)

The interatomic distances involved in the activated
complexes for the discharge mechanism at several metals
wete calculated as follows: the position of the reacting
H, D, or T atom is assumed to be half way between its
position in the initial and final states (this corresponds
approximately to taking 8 as 0.5); the metallic radij for
the three metals Fe, Ni and Hg were taken as 1.24,1.24
and 1.50 A tespectively [35]; the O-H distance in the
initial state of HyO* is taken as 1.05 A [29, 30] and
finally the thickness of the double layer is taken as
1.79 A [36]. This gives a total distance of 0.5 A through
which the proton is transferred from the jnitial to the
final state, cf. [36].

Calculations of »;* and v} are made by taking the
condition that ky ky — k2, = 0 as given by equation (17).
Since the coupling constant ki, can be significant for
activated complexes [34], Ky or k, is not necessarily
taken as zero. We shall take the condition ky> k, for
the following reasons: the activated complex has the
form M-H-O in which the initial bond between H
and O is partially broken while the bond between M
and H is partially formed. The condition that the
system M-H-O be an activated complex is that one
of its frequencies is low and becomes a translation [37].
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This condition is met by taking the frequency for the
asymmetric stretch in the dissociating bond as zero
and the force constant (k,) which opposes this condition
in the symmettic stretch mode as small or zero.

(ii) Force constants

There are several methods which can be used to
evaluate the force constants required in equation (16).
The most familiar method is of course that developed
by Eyring and Polanyi [38] who used the London
equation [39] to obtain the total energy, E, of the
activated complex. For a three atom system, E is given
by

can be used to give the observed isotope effect, say Sp,
and then used to calculate the remaining two isotope
effects St and R. The values of the k's used in the
present calculations are given in Table 2 and are
compared with the k¥’ values found spectroscopically
for the isolated M~H and H,O* molecules. It is seen
that k; values for all three metals are taken as being
nearly equal in the activated complex while they differ
significantly for the corresponding isolated M-H
molecules. This choice of k, values can be justified on
the following grounds: The M~H bond in the activated
complex is a stretched bond and may be considered to
be only partially formed as discussed previously. Since k;

E= is determined by the sum Q + &, we can show qualita-
1 o o }’ls tively that the main factor determining k, is the exchange
At Q%+ {2 [ = e®+ o — " + @ ~ 2] energy . The exchange energy is determined by the

1+4

where Q and & are the Coulomb and exchange energies
respectively, and 4 is the electron overlap integral.
Eyring and Polanyi assumed Q/x to be a constant
and set 4 equal to zero. However, since Q, « and A are

overlap integral A which in turn is strongly dependent
upon internuclear distance. It can be seen from the
Qfa ratio that if Q< «, then changes in A will have a
large effect on k, whereas if Q > a, then changes in 4
will have smaller effects on k,. Since electron overlap

Table 2
Numerical Data Used for Vibrational Analysis of the Activated Complex
Interatomic Distances (A) Force Constants (md A-1) Force (;onstlil(n;fef;zti:hc Isolated
d, dy ky kg | ky k; ky
. 1.159 0 0.1-0.2
Hg 1.99 1.30 1.15 0.1 (in H;O0%) 0.1-0.2 1.159 (HgH) 4.9 (H,0+)
1.95 0.49 (in H,0+) 0.1-0.2 4.9 (H,0%)
0.87 (in H,0)
Ni 1.73 1.31 0.10 (in H;O*) 0.1-0.2 2.11 (NiH)
1.15 0.159 (in H,O) 7.8 (H,0)
I'e 1.73 1.31 1.10 0.10 (in H,O+) 0.1-0.2 ca, 2,2 (FeH) 4.9 (HyO%)
0.159 (in H,0) (cf. ref. [2]) 7.8 (H,0)

all functions of internuclear distance, and in addition 4
will strongly depend upon the effective quantum num-
ber u, this method is to be regarded as “semi-empirical”.
Thus, in calculating the isotope cffect S;, at a nickel
cathode for the atom-atom recombination mechanism
by this method, Horiuti et al. [5] obtained an activation
energy of 75 keal . mole~! which exceeds the cxperimen-
tal value by at least one order of magnitude [37].

Sato [40] has proposed an alternative procedure in
which A is taken as the adjustable parameter to sct the
activation energy equal to the observed value. According
to Sato, if A is regarded as a constant, then Qand &
can be calculated from spectroscopic data for the
diatomic molecule. However, since A is in fact not
constant, but varies strongly with internuclear distance,
the method is really no improvement over the original
one of Eyring and Polanyi (cf. Weston [41]).

A third method, the one used here, is that in which
the geometry and force constants of the activated
complex are chosen by reference to analogous situations
in other molecules. Thus, if reasonable values for k,, k,
and k; can be estimated by reference to the force con-
stants of molecules of similar structure, such values

decreascs as the effective quantum number, n, increases,
it follows that the fraction QJa will vary in the order
Fe < Ni< Hg. The extent of increase of Qfx with
increasing effective quantum number has been estimated
by Rosen and Ikehara [42]. For example, Q is 149,
in the H, molecule [37], about 189, in the Na, mole-
cule [42] and about 24%, in Ni, [5]. Since « decreases
in the order ap, > an; > @y it follows that by stretching
the M-H bonds, the change in force constant, dk,, will
vary for the three metals in the order d, (Hg) < d k, (Ni)
< dky(Fe). This is the condition we have used in the
present calculations.

Therefore, although this method avoids arbitrariness
in assignment of values to Q, @ and 4, it must still be
considered empirical since k, and k,, although chosen
rationally, are still adjustable parameters. However,

the method is no more empirical than the other two,

methods described above. The calculated isotope effects
are, to a fairly good approximation, independent of
slight changes which might be assumed in the geometry
of the activated complex (e.g. changes of geometry
equivalent to taking § as 0.4 to 0.6 do not change the
calculated isotope effects noticably). Also, in the calcula-
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Table 3
Calculated Isotope Effects (at 25 °C) Arising for the Proton Discharge Step from H,0* or H,O
H,0O+ H,O
Metal bending force constant ky bending force constant k, Stretching Force Constants
. 0.15 0.2 .1 0.15 l 0.2

Sp 3.4 3.2 2.6 - - -

Hg  S; 4.6 40 22 - - - ky = 1159
R 1.9 1.8 1.5 - - - k=0
Sp 4.5 43 35 ~ - - k =115

Hg St 9.0 79 4.4 - - - ky=0.1  (for discharge from H,0+)
R 2.6 24 2.0 - - -
Sp 5.5 4.4 3.6 6.6 53 4.3 k=115

Ni Sy 11.2 8.2 6.2 12.7 9.5 6.9 ky= 0.1 (for discharge from H,0+)
R 3.2 25 2.0 5.5 4.5 3.6 k= 0.159 (for discharge from H,0)
Sp 5.7 4.5 4.3 71 5.8 4.6 k =195

Ni St 12,9 9.4 8.3 16.3 12.2 8.9 ky=0.49 (for discharge from H,0+)
R 3.4 2.7 2.6 5.8 4.7 38 ky=0.78 (for discharge from H,0)
Sp 5.6 4.4 3.6 6.0 4.9 3.9 ky=1.10

Fe St 11.5 8.5 6.4 12,9 9.7 71 ky=0.1  (for discharge from H,O+
R 3.2 2.6 21 5.0 4.1 3.2 ky=0.159 (for discharge from H,0)

tions of Sp described below, several values of the various
force constants have been considered in order to explore
the sensitivity of the calculated values of Sp (see Table 3)
to the values of the k’s used and to examine in particular
to what extent values of Sy lower than 13 [4] can be
justified. In no case, by any rational choice of values,
can Sp exceed about 7.5-9. This is evident from equa-
tion (15) where, if the stretching frequency for the
symmetrical mode approaches zero, a contribution of
a factor of (1/2)' to the f#/f% ratio still arises.

We have therefore first considered those values
of k; which can give the observed isotope effect S, by
arbitrarily assuming that the “O-H” force constant in
H;O* or H,O is reduced by 98 to 1009, of its initial
value as discussed above in connection with the choice
of values which satisfy equation (17). For the force
constant k, for the doubly degenerate bending mode,
a series of values has been taken about and including
the value of 0.15md A-1 calculated by Keii and
Kodera [4], (sec below). In order to test Keii and
Kodera’s method of evaluating the bending force
constants, Conway and Salomon [43] have calculated
the bending force constant of the F~H-F~ ion (using
the molecular parameters for the HF molecule) as a model
for the transition state in homogeneous proton transfer.
A bending frequency of 1225 cm=1is calculated which is
in satisfactory agreement with the observed value of
1240 cm=2. Hence we may accept as largely satisfactory
Keii and Kodera’s value of 0.15 md A-! for ky. The
main objection to their calculation is the neglect of
the symmetrical stretching frequency.

VI Calculation of Separation Factors

Evaluation of the frequencies for the activated
complex from equation (16) using the data given in
Table 2, enables the values of the partition function

ratios of equation (15) to be calculated. For example,
the results for discharge on Hg from acid solution,
taking k; = 1.15, k, = 0.1, and k; = 0.20, are

( sinhhv/2k T

— PR ) 04918,
sinh hofy/2k T s

sinhhv/2k T
sinhhviy/2k T

) = 0.3538;
Str

sinh hvd/2k T \®
——— =0.1852;
sichhv[3/2k T bend

= 0.0644 .

( sinh /s v?/z kT )2

sinh o2k |

From equations (10) and (12), respectively, we find
Sp = 3.5 and St = 4.4. The results of the calculations
for Hg, Ni and Fe in which k, is varied is given in
Table 3. Table 4 gives the observed values of Sps St

7+ -
b L Sythy <115, £y =01
5k \\\
e Sl h=15, k=01 .
L ""“\'Nu«,ﬂ.mk,:o/ el
) S N .
r S —— —
2k Syl =116, kp=0/ \---.\ﬁ
‘I -
1 i
01 n 03
. kg md. &
521
Fig. 1

Dependence of calculated Sp and St values on choice of force
constants (case of discharge of protons from oxonium ions at
mercury)
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and R for comparison. The dependence of the Sp
and St values calculated on choice of force constants
is shown in Fig. 1.

VIL. Caleulation of the Ratio
of Exchange Currents, R

In order to calculate R from equation (13), we must
carry out 2 vibrational analysis for the complexes

H
_H_0o/
MHO\H

and

M—D—0¢

D

Also, if we are to treat these complexes by the three-
center transition state model as above (i.e. “OH,” and
“OD,” in the complex are regarded as single mass
points), we must separate the partition function con-
tributions associated with the two unreacting O-H
and O-D bonds from the total partition function ratio
SiilfE- This is done by assuming*) that these bonds
remain unchanged (e. g. see Johnston and Pitzer [34]),
with the exception that the particles involved in these
bonds no longer possess translational motion since
the activated complex may be regarded as being im-
mobile. The partition function contribution of the two
unreacting OH and OD bonds is written as ( fon/fop)?
and by separating this term from fF/f3in equation (13),
we obtain

3 sinhh v?fD/Zk T

18
sinhhvl.’_"H/ZkT {18)

R = 16,265 (fo“ )2

oD
where the »}’s are now evaluated by equation (16)

using the masses mgyy, or mop, where applicable. Using
the rule of the geometric mean

Jon\'_ (fior\h 1 (19)
Jon Jb,o+ nz2’
The primes in fi} o/fp,o indicate that the translational
contribution has been removed. Hence equation (18)
becomes
3 sinh hv,-‘""D/ZkT

R=22J] 22 MuDIZE T

: . 20a)
sinh h vf’H‘/Z kT :

By an identical procedure, it can by shown that for
discharge from the water molecules H,O and D,0, R

*) This assumption is made for the following reason: the
activated complex is regarded as a state of the H,O* system
in which one proton has been stretched towards the metal
surface and yet retains its full charge; this is consistent with
the usual assumption that the electrical energy of the activated
state for a one-electron transfer step differs from that of the
initial state by the quantity fF 4P where g =ca. 0.5
and 4@ is the difference of potential between the metal and
the outer Helmholtz layer. If charge were lost in the activation
step, the unreacting OH or OD bonds would suffer an increase
in frequency and force constant [2] and the significance of
B == 0.5 would be unclear.

is given by 3 sinhh vé:D/Z kT

R=32Jj—a7F———— .
sinhhv‘?f’H/ZkT

@0b)

Values of R for various values of the force constants
are given in Table 3 for mercury, nickel, and iron
based on the slow discharge mechanism.

VIIL Model for Interstitially Adsorbed H and the
Calculation of Sp

In previous publications [9, 44] it was suggested
that proton discharge might occur to a site below the
geometrical “electrode surface”, i.e. interstitially be-
tween two or more metal atoms at the surface [61]. The
hydrogen atom is then regarded as being bonded by
two single electron bonds formally similar to those
involved in the boron hydrides. There is considerable
evidence to support this type of chemisorption as
discussed previously [9, 44), e.g. the sign of the M-H
surface dipole [45] and the infra-red spectrum for ad-
sorbed H [59]. The purpose of this section is to show that
this perhaps more realistic model of the surface situation
for adsorbed H atoms can also lead to a satisfactory
calculation of Sp values compatible with the observed
isotope effects. The method of calculation will be
exemplified with reference to the estimation of Sp for
mercury. The other isotope effects St and R will follow
the same trend as discussed previously for the three-center
transition state model and hence need not be repeated.

The model used here is essentially equivalent to the
planar XYZ, molecule discussed by Herzberg [46]
and can be schematically represented by

Hg\
. (:>H~dl—01~12 .
Hg/ d"

We are now employing, for convenience, the same
symbols as those given by Herzberg and these should
not be confused with those symbols used in the analysis
of the three-center transition state model above. For
this four-center model there will be six vibrational
modes*) described by the six equations

1 1 2 2
11 + ;-2 + ;'3 ] k! ( 'nOHn + T]x_) + Lz (-';;;;; + ';-'-; COs oc)

2ks by /1 2
- e sin?
+ d3 (mHg + m, s a)

213)

M+ dydy + Ayl
= Ry 'z( ! - L S 2 cosz‘l)
mOHa mHg mx mHg mx ’"OHg
L 2kt kg (1 2
T gy g

2ky + ky 1 1 2
ey 2 < + + -~ sin® oc)

; —
d3 Mop, Myg M Mye  Mop, My

________ (21b)

*) The pl@sical directions of displacement of atoms in each
of these modes are shown in figure 24 a~f in reference [46].
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2k, + by
Ady by = kyke, T

(1¢)

N 1 1 L 2 )
. ’”OH,"'f-Ig "’x’"i—lg mxmm_,zmHg

12
A+ ls—kg(m—Hg+ e a:)
kg, 2d: dz 2(d, + d,cosa)?
+ o [+ —— + (s + dycosey @1d)
19 \ Moy, My, iy
k 2d & 204 d7)
M=k (25 G 26+ d)
S didy \mop, Mg miy My Mg

4dydycose  4d .
—_— 4 —_sin%a
my iy, MEH,

dz d2 costa dy + d,cos a)?
1 2 (1 2 ) ) (Zlf)

k, (
1 =
T dy d3 cos? \ ZmHg

21e¢)

Me H, mx

where the k’s are the force constants; d’s are the inter-
nuclear distances; m is the mass of the indicated species
(my denotes the H or D mass); and « is the angle be-
tween the two bonds of H to two metal atoms. dy, d,
and « are calculated according to the geometry of the
problem, using the data previously applied to the three-
center model. It is found that d}, d, and « are 1.33 4,
1.89 A and 104°50", respectively.

Here k; is the O-H stretch force constant which is
taken as approaching zero (see below); ky is the Hg-H
single electron bond force constant and is taken to be
slightly less than one half the force constant for the two
clectron bond in diatomic Hg-H (i.e. ky=0.4-0.5
md A~1); k,is the Hg-H-H g bending force constant and
is taken as one half the value of the analogous bend
in diborane [60] (i.e. k= 0.1); ky is the force constant
for the bend in HyO* and is again taken as half its normal
value of 0.5 md A-1; k, refers to the force constant
associated with a change of the angle between the H-O
bond and the plane of “Hg,~H". Since the H-O bond
force constants are taken as being very low or zero,
the mode A5 becomes a type of libration and its force
constant k4 would also tend to become low and can be
safely taken as around 0.01 md A-% This method of
taking reduced bending force constants in the activated
complex follows thatused by Johnston and Shar p47].

The condition that the XYZ, type of configuration
be an activated complex is that one of it frequencies can
be considered to effectively approach zero. This is the
vibrational mode 4, which leads to reaction: in order
to make 4, = 0, k, is taken as zero in equation (21c¢)
and equations (21a) and (21b) reduce to

Wt dy= kz("l- + —2-C032a>

Myy  my
2k;+ Ry /1 2
+__1’.‘T2_i — 4 —sina (229
2 Mye My

and
1 g ot ke (1 .2 a2h)
1 T Mg mgrﬂg

tespectively. Neglecting translationa] and rotational
contributions to the partition fanction for the activated
complex (cf. the three-center model above), the parti-
tion function ratio for the activated complex becomes

s 5 sinhu,-’"‘D

£ 7 sinh u;_"H ’ @)
The frequencies for the activated complex are obtained
from equations (21) and (22) and substituted into
equation (23) from which it is found that Sp=21
which is somewhat lower than the Sp values calculated
on the basis of the three-center model, This is to be
expected since there are more degrees of freedom
associated with the dual site model,

This complex site model for proton discharge must
be regarded as quantitatively satisfactory and a physically
more preferable model. We shall not, however, expect
to be able to distinguish which model js to be preferred
on the basis of the quantitative degree of agreement
with experiment but the importance of the above
calculation lies in the fact that with a physically more
realistic model for H adsorption, the same magnitudes
of Sp can be calculated which are stil] well below those
claimed as limiting maximum values by Keii and
Kodera for the discharge step, and are in adequate
agreement with experiment.

IX. Comparison with Experimental Data

The main purpose of the compatisons to be made
in this section is not to attempt to demonstrate any
exact agreement with expetimental results, which
would be presumptuous for calculation of isotope
effects, but rather to show: a) that the value of Sp =13
deduced by Keii and Kodera [4] can be brought to a
value comparable with the experimental results by the
appropriate inclusion of a symmetrical stretching mode
in the activated complex and by choosing reasonable

Table 4
Observed Isotope Effects at Hg, Ni, and Fe Cathodecs
Metal | Proton Source: H,0+ H,O

Sy 2.5-4[5-9, 48] -
Hg Sy 5.8 [49)] -

R 1.9[11) -

Sp 6-5 (6] 6.7[5], 4.5-6.57, 8]
Ni  Sp - -

R 3.0[2) -

Sp - 7.2[53],7(8,54] (max. valuc)
Fe Sy - 12.0 [8] (max. value)

R 3.0 [50] -

values for the force constant of this mode; b) that
hence the radical deduction from the previous calcula-
tions of Sp [4] that the slow discharge mechanism of
proton transfer at mercury is inapplicable, is unnecessary.

The experimental values of Sp (Table 4) seem to be
well established [6-9, 48] for mercury with Sp = 3 — 4,
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and varying somewhat with potential. Thus v. Buttlar,
Vielstich and Barth [8] find that §, decreases by
1.33 V-1 over 0.6 volts in 0.2%, D-containing solution
in 2N H,S50, and Conway and Salomon [9] have
found a decrease of Sy, of 0.6 V-1 (1N HCl) and 1.44 V-1
(1IN HCIO,) in 10%, D,O. The values deduced in the
calculation above thus agree quite well with the ex-
perimentally determined data. The calculated values
of St on mercury are also in adequate agreement with
the observed value of 5.8 [49). The calculation of the
R values are also in satisfactory agreement with the
experimental values (R = 1.9 for Hg [11]) and 3.0 for
Ni [2] and 3.0 for Fe [50]). This supports the slow
discharge mechanism as also indicated from some other
criteria [51, 52].

X. Dependence of the Separation Factor on Potential

In the recently reported experiments [7-9], it has
become apparent that S, depends significantly on
clectrode potential as indicated for mercury by Rome
and Hiskey [47]. It is of interest now to offer an inter-
pretation of the origin of this effect. Vielstich and
co-workers [8] have regarded it as arsing on account
of different values of the transfer coefficient « for
electrochemical discharge of H and D from H,0 and
HOD. For the slightly different case of discharge from
acids in H,O and pure D,O, no evidence is found for
an isotopic dependence of a at Ni, Pt, Au, Cu and Pd [2]
and Fe [49]. However, for mercury, Post and His-
key [11] report a difference of about 3mV for the Tafel
slopes in pure H,O and D,O acid solutions.

On the basis of the theoretical calculations, we may
suggest that the observed diminution of Sy, values with
increasing overvoltage 5 could arise from either or
both of the following possibilities:

a) Increase of potential results in a compression
(electrostriction) of solvent in the double layer (as
treated by MacDonald [55]), with a consequent effect
on the force field in which the proton transfer occurs
in the double layer. We should expect the compressional
effect to increasc the force constants for the lateral
bending modes since the H or D or T particle would
suffer more repulsion with neighboring solvent mole-
cules in the double layer. This electrostriction. effect
may, in addition, enhance the possibility of discharge
at adual site, i.e. initially discharge may occur at single
metal sites and as the potential is made more cathodic,
the discharge at multiple metal metal sites may become
more significant. Also, the electric field in the double layer
may aftect the force constant of the symmetrical stretch-
ing mode.

b) Secondly, this field may also affect the lLibrational
behavior of neighboring solvent molecules in the
double layer as suggested previously [2, 56].

Proton tunneling effects which could lead to potential
dependence of S are however not indicated since the

1sotopic difference of Tafel slopes is small [2, 9, 10a]
and the apparent energy of activation is independent of
temperature [13].

XI. Conclusion

Using the general quadratic potential function for
vibrational analysis of transition state complexes in
electrochemical proton discharge, it is shown that the
isotope effects at Hg, and possibly at Ni and Fe cathodes
can be adequately explained on the basis of a slow proton
discharge mechanism. In the previous attempts to
calculate Sp, and St by Kodera et al. [4, 57, 59], the
important symmetrical stretching mode in the activated
complex was neglected. The resulting supposition 4]
that the Hj ion discharge step is to be preferred to
that slow proton.discharge at mercury hence need not
be maintained. A tentative explanation has also been
offered of the effect of electrode potential on the values
of Sp at mercury. Proton tunneling effects are probably
not significant.
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PRUFACHE

0f all reactions on metal electrodes, that of tho
evolution of hydrogon hes been the most studled. The hydrogen
eviulution reaction is unique in electrochenisgtry In that it has
beon studled for over sixty years and yet the rate=-controlling
step on most metals is still in dlspute. Prior to the 19304,
the hydrogen evolution reaction weg studied froam a pwrely
enpirical viewpoint. The theory of abzolute resction ratos
was In 1ts infancy and the heavy -1sotope of hydrogen had not
yet been founde 'The existence of the heavy isotope of hydroren
discovered by Urey et ale (127) in 1931, precipitated an
aevalenche of papers dealling wi th kinetic and equilibrium lasotope
offoctse Togothor with absolute rate theory, the kinetic isotope
effoct has proved to be a valuable complementary approabh f{or
elucldstion of resction mechenimn,

In 1932 Urey and washburn (120a) reported that water
wilch had accumulated in commercisl slectrulytic nydrogen coells
wug partlcularly hiph Ia deuteriun content. Lewls and
Macionald (120b) showed that aeparation of il/D lsotopes by
olecirolysls was very effoctives It wag not long aftor those
inliial discoverios that this slectrolytic separation of isoiopes
was anployed in studles of mechanisa in ihe hydropen evolution

rezction {(hegere)e Toploy and iyring (175) and ioriut! and



co=workers (9,68) were the first to study isotope geparation

at metal cathodes and their work wes soon followed by that of
dalton and Wolfenden (113). From this early wrk, it appearead
that the lsotope effects at hirh overpotential metsls (Hg, Pu,
and Sn) were small and at the transition motals, were lar:e.
This immedlately led to the distinction of none-catalytic metsls
{dizy Pb, and Sm) from the catalytic metals (the transition
Aetals) with regerd to separation factors. Prior to the use of
iasotopes, 1t was generally assumed that a proton discharge step
was rate limiting at the high ovarpotential metals and that a
recombination of adsorbed hydrogen wag rate-limitlné: at the
tronsition metals. However, when Horiuti ond Okamoto (9)
roported their initial findings on the electrolytic separstion
of hydroron 1sotopes, &t was claimed that tha proton discherge
step could not be operative at Ag cathodes, and in its place
they proposed sn atomeion recombination mechanian to be rate~
liniting, 1.e. HgeH + W — jig + Hye Ina later paper (10),
Horiuti ot al. replaced this mechanism by the molecule~ion
ueutralization stepes In this mochanism, the rate-limfcing

step is regarded as the neutrelisation of .he molecule=-ion
accordin: tu the reasction H2+ * e — ii,e The discharpe stop
wag rejectod by Horfuti in 1936:0n the basis that theoretical
calculations of the lsotupe effects for a slow discharre gtop

resulted in values nuch hi;hor then those vbaerved experimontally,



- 111 -

The origln of the theoretically high values of the isotope
aflects can ve traced & Topley and Eyring's (175) original
Treutnent of the discharge step where the eotivated complex

wasg considored as consisting of a single free proton or
hydiogon atome The original treatment of the activeted

complex consid:red by Topley and EByringz (175) has been

ex.onded by Keil and Koders (168) who claim that the discharge
step canonot be rate~limiting at any metal cathodes. -Desplite
this apparent defect in the evidence suppor ting the discharge
meciianism, studies other than those involving lsotopes (e.g.
reaction order i-coversgs) all support the discharge mochanism
88 being rste~dotermining et mercury and the othor high overe
rotentlial motalse lience the controversy over the rate-1limiting
siep at i, Pb, and Sn began in 1936 and continues to the preagent
time. loriuti (12) also now regards the molecule-ion mechan’sm
ag belng rate-determining at platinum electrodes in acid
solutlon at low current densities. Agaln, evidence from studies
other thian those involving isotopes indicetes an atom
recembination machanism to be rate~detormining at platinume

The otrong feature of Horiutits thoory has been 1ts ubllity to
prodict the lsotope effects for i/D and U/T separation. iiig

U eory has beon attacked from many points of view wiih the

exception of the lgotope effect. It 1a the object of the work



in this thesis therefore Lo re-inveatigste the isotope effects
at mercwry and platinum elscirodes, snd the present study
involves both experimental and theoretical considerations of the
rnechaniasms operative at these cathodos.

Reproducibllity of previously reported observed isotopo
effocts has not been too sstisfactory. Althoush gualitative
agreenent betweon various workers has been found, the agreement
1s fer from belng quantitetive. In adcdition, recent studies
on electrolytic hydrogen isotope separetion indicates that the
0old clasgification in which the observed values were divided
into two graoups, breaks down under certain conditioﬁn, Goke
when potential derendence is considersd and for certeain cases
low isotope effaects are observed at the catalytic metals such
as Pt and lil. Honoce part of the work prosented in this thesis
iz involved with the iunvestigatlon of this problem by
exparimentul studles of the kinetic isotops effoot under
condliionsg of controlled electrode potontial and the affect
of anions,.

furing the 1930's, ell dhowed‘thnt/ggaotions involving
a rroton transfer step, quantum meehanical tunneling effects
muct be considoreds Hell and co=workers (eeze se6 references
lo=19, 76,2Z17) have studied this problem for many yesrs in
non-slectrochemical reactions. The problen of proton tunnel ing
at motal electrodes Las recefved gome theoretical attontion,

particularly since lhiz 1940y, but exporimental studlsa,



particularly st low temperatures, have been lackinge. Another
aspact of the presont work wes thorefore tho study of the
hydroyen evolution reaction at low temperatures to elthep
confims or dlsprove the exlstence of significant proton
tunneling.
Most of the work described in this thesis 1s in pross
or in course of publication, as indicated in the following list
of papars?
l). Potentiostatic Investigatlon of the Separation
Factor SQ at Mercury and Platinum Cathodes and the
Effect of Anions, M. Sslomon 8nd DeB. Conway, J.
Phys. Cheome, July-August, 196lL.
2)s Isotope Hffects in Eloctrochemical Proton Uischarge,
Hese Conuey eand M. Salomon, Ser. unsengee, Aususte
Septemlop, 196&.%@, 331 (196&3.
3)e Low Tempernture Studies in #lectrochami: al Proton
Dischor-e and the Tole of Cuantum Hechanicel
Tumnellnr, BD.i. Conwey ond M. Salomon, J. Cion,
"hyse, submitted for publication.
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ABSTRACT

Experimentzl and theoretical studies of proton
discharge in electrochemlcal resctions are mrescnied. The
separeation fsetor SD has been studied as a function of over=
potentisl and the effecte of anlions were investigated. Low ’
temperature studies have been carrlied out in alecholic solutions of
electrolytos for elucidation of the role of proton tunneling |
effectss No appraciable tumneling behaviour 1g found.

The separation factor Sy, hag been found to be
appreciably depondent upon electrode potentlal) and the nature
of tho aenion in potentlostatic experiments in lC1, HClOu.
For morcury elecirodes, SD 1s found to doorensse as potential
increazes from about I} to 3 ovor a potential region of 0.5 volt
in 1H #HCl solutionz. In 1A HCth solutions, SD decreasses from
Coe 35 to 2.5 Over & 0.5 volt renge of potential. at platinum,
$q is obgorved to resch a maximum value as s function of
poientiale. Both the magnitude and the potentiel at which the

maxima occur are dependent upon the nature of 'he enlon. 'he

rosults at mercury are inlerpreted on the basis of a slo-

rroton discharpe mechanism. ‘tThe results at platinum eloctrodos
are exrlainoed in terme of an atomic recombination peioe
controlling atep by reference to & complex slis model for proton

digeharge. In this nodel, the discharge of mroloas at g metel
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cathode is bolieved to occur interstitially in the surfee between
2,3 or L4 metal atoma, 1.2+ the chemisorbed hydropen stom 1s
pictured as velng sfitusted "within® pather then "on" ths
outermost lgyer of surface metal atoms.

Calculations of the H/D and H/T seperaticn fectors (S)
and oxchange current density ratios (R) for the nroton discharge
nechanlsm on mercury, nickel, tungsten, and iron are presextod,
A vibrational analysis of the nctivated complexes is made by
reference to both o linoar three-center transition stete model
and 8 surface interstitial site model in which hydro-en is
regarded as being adsorbed adjacent to the metal atoms. It is
shiown that tho lsotope offects observed experimentolly, e.ge
at mercury Iin acid soluvion and nickel in alkaline solutlon,
cen be accounted for in terms of a slow dlacharge mochanisue.

The valuesof R are shown to L:e consistent with tho caloulaied
and obgorved value of SD' An explanatvion iz also given
quelitntively for the poiential dependence of SD gt morcupry
in terms ol electrostriction effects in the aouble~layer, and
at platinum in terms of the complex site model .or proton

&% scharge. |

ixchange current densities have veen measured for
merewy in CHBUHVHCI and CHBOD/D01 solutions down to -IESOC,

and for platinum In ¢ H.0H/HCl down to =150%, che a saren
2% prarent



activation enoryles are independent of itempersturs for the
hydrogen (and deuterfum) evolution resctions at mercury and
pletinum, thereby indicating no asppreeciable centribution by
proton tunneling. However, at murcury, the ratlo of apparent
fronuency foactorsg, Aif/ﬁg, is found to be sbout 0.5 wiich some
workers (26,29) have cleimed indicates the possibility of
proton tunnelinge This coznclusion is incorrect and s merhod
i1s precented in uhlch tho trus difference in activetion oneriles
ﬁ-”.ﬁ - A.“ff, and the true rotio of freguency factors, a ,f Do
can ba evaluatede Yor the mercury electrode in methanolic
salution, it is then found that A - AE? = O.? and

W ”1.



CHAPTER I

l. General Introduction and Statement of the Frobien

The hpdrogen evolution reaction (h.oe.rs) was one of
the firgt eleotrcchemical problems to bs studied from & kinetic
and meshanistic viewpolnt. 1Its spparent simpliclty lead
Tafel (1) to propose his now well known relation

”Lﬂ @ + blin 4

whore v is the so-called overpotential (soe bglcw), A is tho
curront density and 8 and b are constants. 7Tafol found the |
constanta &8 and b to be dependeont upon tho metal employed as a |
cathode for the evolution of hydrogon. The constent b wag

recognizged by ocarly workers (1,2,3,4,5,) to be depondent on the
roaction mechaniem and cver the last sixty yoars or so, the
voluninous work on the heeers has led to the consideration of

the follouing poosible pathweys (6,7,8)}

Discharcoe Hochan{gm _ \

acid solutionss

330‘ M+ e, —

noutral or alkaline solutionat

(agg) * E0 - (1]

H + 1 + o, — MH{ pgg) + GH .{1a1




Atom plus Ion Mechianion

acid solutionss

<+ A %3
HBO + Hell <+ @y —. ¥ o+ HZO + da {2}

neutrel or allkaline asclutions:

B0 + sa-g t e — H + oH” + H, [2a]
Atom=Aton Recombinatgon
el —e 1 4 1, [3]

In the above scheme, [1] or [la] is always a nocessary primary

stop ubich 1a followed either by [2] or [3]. Hortuti and

co=workera (9,10,11,12) have proposed an alternative schene

of resctions in which the discharpge step is replaced by a

"dual mochanimm"j that is the electrode reaction pracoeds throuch

oithor the atumeatom recombination mechnnism or by the moleculo-

ion neutralisation step. Horiubti's dual theory can be

reprosonted 1in torms of the two alternative resctions
HoleculowTon HNeutraligation

+

210" + e = it + 20 )

't o+ 0 — I, [La)
Atom=fitom Recombination

m«ua(ada’ — 2+ H, (3]

Reaction {4] 1s an equilibrium reaction which procedes tho




step [4a] regarded as rate-deteraining by Horiuti. The dual
thoory was originally formulated (9) as & baails for the explenatiocn
of sacll isotope effects which were exparimantally observed for
eiectrochemical hydrogen and deuterium soparatior, at mercury
and some othor cathodese Since the 1930's 4t 4p probably safe
to estimate that the number of papers published dealing
specifically with the heeers 18 at least one thousand. Thore
has been frequent disagrooment botween workers of the "disck-irpco
mechanian” school and the "dual theory" school, and despite the
ssoningzly large amount of ovidence in support of the discharge
thoory, thore has hitherto been no theoretical justification of
zmnll 1sotopo effects in terms of the discharge steps When the
vaat numbor of publications in the field are considered, it is
quite surprising to find such an important omissions It i on
account of thia omission in botg?:;porimantal and theorotical
Juatiiication of tho d&nchnrae-moahnniami%gﬁzh of the work
described in this thesis doals spocifically with this problem,
It <31l bo phown that the observed effocts can,in fact, Lo
accountod for in terma of mechanisms (1], [2) and (3] and that
the mochaniem [4], [ia)] cannot explain tho exporimental data
obgorvod for the heoere, particularly for the cases of noreury
and pletinum which have been studied the most oxtensively.
Another problem, the consideration of which also

congtlitutes a major part of this thoesia, iz tho role of




tunnelinr in electrochemical proton transfer. Proton tunnelling
in the discharge atep {1] was first dlscussed by Bawn and

Ogden (13) and Appelby and Ugden (1) followlng tho work of

Bell (15,163 seo also more rocent discussions by Hell 17,153,19).
In the early work of Sawn and Ogden (13), too wide 8 potontial
barrior was considorod and the effect of varying olectrode
potentlal was not examined (this is disousged in detell in
ChapterIMi)s The high values of the Z/D separation factors S
(defined below) obtainsd by Appolby and Opden and ¢laimed to
support a proton tranefer by tunneling have never been confirrod,
The early papers of Gurney (20,21) gave a qunnbﬁm mochanicnl
deseription of electrods processes by an slectron tunneling
mechanism but aro no longer considersd valld in the oririnal o
form published on account of tho neglect of the role of adsorption 3
of 1 at tho motal, first considered Ly Horduti and Poleny! [159])
and tutler [167]s Bell (cfe 15«13) wae the first to treat
quantitatlvely the kineties of proton transfor roactions in
torag of quantum mechanical tunneling of protonee Since tho
work of iawn end Ogden, the problem of tumneoling in slectrode
reactions did not recelve any significant attention until 1963
when thoorotical intorest was renewed (22,23 ,811,25,26)s The
thooretical cslculations all prodict sirnificant deviations from
clasrical Arrhenlus behavior below poon towperature., 'Those

caloulations indicate that proton tunnelin: tacomes particulérly



important et temperatures of sround ~40°C and below. However,
i1sotope offects in the hesers have hitheorto never teon gtudied
velow 09 and no work has beon done on the kinetics of the

heoer'e at low tempepatures with tho purpose of lnvestigating

the role of tunnelinr. Henmee another aspeact of the proesent

work wag to extend the study of the hes.r. and of agsociated

lzotope offects to temperaturzs down to -150°(I in order to
exanmine the role of quentum mechanical tunnelinge As will be
discussod in more detall below, the study of isotope offecte

in tho hecere offors a particularly suitable approach towards

this problem sincc oriteria additional to thoso bomlly

congidored in none=electrochemical resctions sre available (23«26)
for egtablishing the role of proton tunneling, vize (a) the '
velues of the Tafel slope b} (b) the dependence of b on the |
1sotoplc mass, and (c¢) the dependence of the sepapration factor

on electrode potentisl,

Ze borinition of Terms ond the fole of thao

Structure of the Double Lger“

Electrochemical proton transfer reactiors are by thelr

nature heterureneouse lencs, thoe rates of proton transfer will

depend upon such factors as the adgorptive properties of the

& Detailed roviews of the problem of the structuro of the

double~layor have been publishad elsewhere (27,29 29,30) and
in e previous thesis from this Departmont .




metal cathode, the [resence of adsorbed intermediamtes, products,
or anions on the cathode and the metal-solution potontial
diffarences lence proton transfer at a charpod interfrce ig
unigue in that it depends on aeverszl factors which are not
involved in analogous homogeneous prototropic acid-base
reactionse. A4 brlef review of goms basic definitions and modols
is therefore required amd w!ll provide a bmsis for conslderation
of the apparent reaction orders to be deduced in Chanter II for
sevoral of the reonctions shouwn above,

The model used In considering cloctrochomical ion
dilscharge 1s shown schomatically in Fipure 1 and represents the
adgorption of lons in the double~layor by both "electroststic”
and more conventionally "chemical® forces. The hatched plane
reprogonts the metal surface and the dotted planes represent
difforent reglons of the doublou=layer. Specifically adasorbed
lons le.ce thoso wiilch are both choemie, and elcctrostatically
adsorbed approach the metal surface mors closely than do none
specificolly adsorbed lona (27,23)e The plene containing the
former kind of lone constitutes the inmner Helmholtz layer at some
potential V& and the latter constltutes the guter lelmholtz
layer at sgorie potantlial V&; V& is i1dentical with the potential
of the outer Helmholtz layer designated by Orahame (27) as %g.
in the absonce of apecific adsorption, V& may be takon as V%
in Cratemots treatmontsg ﬂH g the inner potentinl of the metal
accoriing to tie definitlon of Lanpe (31, cf. alro 20); V% is

the Inner potantiel o tho bulk gselution wileh is takten ng goro



Model for adscrption and dlatribution of ions

at a metal electrode interface.s
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by conveation to provide a seferance for the seale of potentiaelse
If we repard the eloctricsl behaviowr of the doublo«layer at
tha interfoco as being oguivalent to thst of an ideal condeurer,
thon from sizmple clectrostatics a differentiel capacity € cen

be dofinod as

¢ = edg/ép (5]

where =q is the electronic excess charge on tho metallic side
of the electrical double=lsyer, l.e. if; 18 equal to tho total
not cherge of lons in the dnublp-»l.ayar with the elgn reversedj
f§ 4z tho potentisl of the olectrode relative to thet of the
electrocapillary maximum (0eCeme) @t dhrich q = 04 Unlike
ordinary electronic condensers, tha charre at the metalegolution
interface 1s not proportional to potential =zo that C may very
with Pe An integral oapacity X !s thoereofore defined as

K = ~q/f {6]
and tho chearpge q oan be obtained from integration from
[
L&)

Tho limits ero as rhown because q = 0 uien @ = 0. The intogral

capacity con be cslculated from ocquations [$] aud 6] by

can-vg(%%l)

Sinee at the electrucapillsry maximum g = 0,1t follows that



¢ = K undicr this spocial concliiion.
Theo differential capacliily of ihe repion betwaen the
wobnl surface and the guter Holmholtz plane i1s designsated as

o aid 38 defined ns

Co @ = dq/a(g° = V) 18]
whore #° ias the retionsl potential difference which is defincd
(27) as ths differsnce in the potontial of the electrode and

that (B%°C*™*) at 1ts escems shen there is no specific adscrpilon.

The couri er.ciding integral espaclty s sinilorly given by

- = k(8% - Yy | {9}
and q can be evaluated by equuating tho charge of the motalliec
gurfage to that of tho ¢iffuse double-layer (taken with opposite
oisn) 4n u@iich only long rango olectrostatic fon=distrilution
offects aro operntive. It can bre shown (£7,32) that for o gez

electr.lyte

- 25 V/l
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q = e2 ( sink { ) [10]

en
The negatlve siyn 1o cliosen besause g is pozitive when Wl
is negative and vicoe=vorae} S 4 is the total concentrstion of
cations in the bulk (in 5. 1029 litre'l) g1d &€ 48 tho
diclectric constunt which is asuwned to Le constent in thoe

doublo=layore Then fron oquations (8], {9) and [10]



nlo -

zemo,\ Y2 b
Lo 2‘4- - l " iy ::“‘:
and
o m EE ( SR cf‘i*) 2 Y # 5
ba T ——— cosh - [12}

Harc, #,=8°°°*™ nas been substituted for #°, f.e. assunming

no specific adsorption effscts whiech cap make F°°%*™* difreprent
from ¢°°‘°'m‘. Whon‘ﬁﬂfﬁ“'c'm‘ 2> Yy (fee. at potentials of 8.,
sulficlently removed {rom the potential of gero ehurro, le.0s the
potential for vhich q = 0) equatlon [11] reduces to the following

approximate fornm for <¢2lute solutionst

\Yl = __'{ lnc, + conste {13}
' A
In acld golutions in the absence of addad neutral salts, o +
R
izt Ue writton as tho concentration of hycronium ions,
H3U+, letie
it
Wl = == 1lnc, + conste {13a)

H

Frumkin (29) has also shown that for the casc of a multivalent

catlon, H®' and for the condition that e P2 ¢ ,, tho following
i

g+
G|
approxinate rolatvion 1g obtalned
ggs;‘;v ,
V., = 2% 1ne + conate {13b]
1 zi 142+

1u concontrited scid solutions, Wi hecorees indeveondent of
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cavion concentrotion (3i,35) ane this will afrect the pd
depondence of tho kinetics of the hesers 2z will be discusgsod
below,

if the hydroren eloctrode is at its reversible
potontlal ﬁr thon thore 1s no net reaction. If the rotontial
15 edjusted cathosleally to some new potential 8., by an
lneremont 7 , the overpotential, the olectrodo ia saic to be
roleriged and 8 net reaction cocurs { procuction of i, gos)e

Then by thig definition

By = M, + B, ' (4]

13
enc: from the Nernst oquation for ﬂr

By = M, ¢

3

Y

F H

s

Horoe the formal exprescsion for ﬂr is given 1n torms of §' fon

concentration rather than activity. In dilute solutions, the

torm in concentration e reteined whoreas rop concontrated
solutions the menn activity would be preforred. This
simrlificetion is alro used in following equetions,

ln ¢ ., + ocoust. {15]



CuAP. K IT
GENERAL BELECTROCHEMICAL KIRCHIC APPRUACH

1. Introduction

An important approach in the diastinction and
charactorigation of reocctior mechaniems in olectrode kinetics,
and the he.oers in particulsr, Lias boen the evnluation of the
Tarel slope parsmoter b, Tho conditions for wh:ich thls is
deduced are importsnt to dafiné and various cnges will te
exenined bolow. The limliting results which are obtalnable
are complenontary to the rescotion orders and isotope offects

ulth regaré to elucidation of the reaction mechaniam,.

2e general Kinetic Hgquations foyr the

HefraRR and the Tafel sSlope Puramete

Ae. Principles Involved in Formulation of Rete ‘quations

Por electrochenlcal resctions, rutes can be conveniently
nmeasurced in torms of curront i wicich ls @iroctly proportional
to the actual veoloclity v expressed as moles of product formed
per second per square centinmstre of eloctrode surfrcej thue,

for n process lovolving 2 Feradays por p. wole in the chario



transfer,
§ = grv [16]

Slnco reactants are charged and the products usually uncherged
or dirolar, there can be a varlation of elootrochemical potentisl
of the initlal state of the resction with the absolute metal-
solution potentisl differencs, ﬁ,;'»‘i' and this causes a variaetion
of the staunderd clectrochmmlcal free energy of aectivation

ATY (zee below) given by

= 2

A = 40
The paremoter § is defined eg thet fraction of fi,;: - V’I vhrough

+ ﬂ(ﬁﬂ - Wl) A [171

wmén the resctant 1z transferred to reach the activated

stote and AG” 1z the velue of the atandard free enorgy of
activation when g, = ¥V, = 0o If surface covernge of adsorbed
intormediater becomea signlfiicant, AG™ may also be changsed by
some fraction y of the dependence of the ensrey of adsorption
Uac‘:a of the intermediates on covernge (36,37,38). 1If this

deopondence is written as £{€), where Uads.a ™ Yadas.0 = £{9),

ecuation {17] becomos, for a discharge step,

7 #
857 = as? + yo(8) + BB, - Y,)r - {17a]

It has ool chown previougly by Conway and Silsaid (37) thst tho
exact [orm of £{®) is not reguired for the derivsiion of Pafel

zlopes o~ pl oflects butl does lecome importsnt when capacity
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phenomena are studied (37,38). Two goneral forms of £(8)
arc ususlly employed and corresrond to (&) limiting Langmuir
conditions for which £(8) = 0 or 8 — D or 1 and (b) to the
Temisdn isotherm (39) where £{0) is approximately linesr in @
for 0¢2 2 @ 2 08,

Finally the activity of roactant lons at the ocuter
Helnmholtg plane must be expressed in terms of bulk activity,
ag first considered by irumkin (33)e This is done by writing
an olectrostatic fsotherm (33), which for hydronium lons has
the fom

(¢ ), = Elc )y oxp= Y 7/n7 [18]

. 2 :
ziB«J 5130

where the subscripts g an¢ b refer to surface and tulk
concontrations, rospectively and K is a constant. The tornms
in eyuntions {16], [17a] and {18] mey now be combined to give
the baslic kinetic equsation

1, = kl(c +)b oxXp= ‘PlF’/?T (1-9},) oxp-{y £(Q) + (B~ Wl) 27 [19])

3 amongst other constant tertms,
where l:l 18 a rate constant inmvolving/ AG and °H is the fractional

surface coverage by le

(1) The Discharpge Reaction
Equation {19] is easily recognized as the rate oquation

for discharge of protons from hydronium ione onto & motal cathodes




This equation ean be reuritten in terms of the overpotential
{clfe equation {14], as

1, = kl(csiBo* \)b oxp=(1-p) Y}7/RTeoxp=p8, ¢/ R000xp=py F/RT  [19a)
In equation {19a], the temm 1-8,; has besnu takon as unity since
eﬂ will zeneranlly be small if dlscharge is rateo=deteruining
{but except wien [3] 1s at quasieeqilibrium and @ can be
slgnificant, e.ge at tho highly catelytic motalnj. As &
cansequence () 1s zero. The Tafol slope is defined ag tho
differential (d?@/d n 1), . and from [19a]
i

(d% /4 1n “"H-* = IF

when § & 1/2, the slope is 118 mv. at 7 = 298°% (see Table b I

(21) The Atom + Ion Hechanism

If mechanism II opr IXI is rate~dotarmining, then the
dischsarge step cen usually be assumed to be in quasi ~equilibriun,
vize '

Iy
e e, Tomn o+ 10
HBQ + M GM ﬂ?‘ h i

-1
The pate of the reverse of reaction {1] 2w

14° el 95 0xp «{(ley)1(9) = (I-B)(ﬂﬁ- Wl)y]/ng f?ﬂ]

and since the rooction is sssumed to be at equllibrium, 1, = 4

1 2

and kl/k_l =X,
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Table I

Tafol Slopes

Langggir Conditions

Temkdn Condition
Mechanlsm Activated fﬁan-ﬁeﬁfvnted
! r
. | ,?
Atom = Ion RT f RY RT AT
(1ep)r | PF (y*p)P . (14p)F
|
|
‘ R RT r o RT
- A - H
Atom ton - | EEF' ) iy
l t
' ey . e
Aoriuti ¥ : H’% R ¥
(1+p)r | (v*B)P ' (1+p)F
. )
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so thet from equeationz [19] and [20]

o,

i.o= g (c > oxp = 881, oxp of, F/ED [21]
=T R %t o ~Hhy

Under Langmulr conditions £{#) 1s zero and with #; — 0

equation [21] becomes

), o P (2]

% = R (ciiB

If the Lengmuir Isotherm 1a not applicable for adsorption of

# e dscussed in a number of previous studies at trens!tion

metole (103,155), £(8) 4+ 0 and for intermediate covarugos of
around @ -:' 0.5, equation [21] may be solved for £{8d), 1.0,
£(9) § RT 1n (e L)y = fF + 1n K, i3}

7
LJU

The rate of tho atom + fon resction ([2], i2al) is given by

1z = X (°330+)b O 0xp =(1=p) Y)¥/uT exp =[v1(Q) + pBFI/RT (2]

sich, in terme of the overjotentinl ’Iz s bocomos

1, =k, (0;! o"')b 9 ozp={ 1=3) V/Ir/n‘r e*xp-wr}?/li‘f axpe[ y£(8)+3 7 v }/R¥
3 (24) |
It 18 nocessary to consider the proceoss of dlsgocliative chonie

sorption for the Hy raolocule gince in certuin cases the forn. of
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equation [24] can be changed. A4s en i, molecule approaclies

& surface it can becone physically adsorbed without dlesociation.
This procoss usually requires 1littlo Or no sctivation cmerpyy,
o nolecule may then undergo dlssoclative chemigorption ang
dopending on whether the potential energy curves for

Hy — MH, and 2 — 2MH cross above or below the 1line for zero
enerpy (referred to that of i, molscules at ean Infinite d!stance
from the aurrnce), activated or non-activated adsorption,
reapoetively, will arise. The situation is schonatioally
represented ln Flgures 2a and b (Pigure 2¢ Pepresonts on
intermodinte case in wich adsorption 1s none-activated at low

or zoro coverege and becumes activated as tho coverage 1a
increasod so that the potentisl Snar ¢y curve for 21 — 2 bLocomes
more shellow)e From these flgures it 1s geen that 1f adsorption
is none-activated, the change in A for a glven inerament in &
will be equal to the change in ad°. leoe v = 1, Por the case of
activated adsorption vy 1z less than unity and will sormally be
close to one half. Honoe equations (24] and [2la) apply to the
cage of activatod adsorption. ?or none=octivated adsorption, the

rate eguations are

1, = k, (ou o")be” oxp=(1-9) ¥y #/krs oxp-((0) ¢ pAi)/mr  f2g)

3



Schematliec potantisl enacrgy dlagrums for noneactivated

ané activated adsorption conditions.

a) Hone-activated adsorptiony energy of desorption =

activation energy far desorption.

b) Activated adgorptiony curves cross above the gerc

eneryy lines

¢) Intermediate activated adsorption case} curves croas
above the sero energy line only at finito coverage

but not at mero coverage.
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and

1, =k, (c‘ +) 8., exp=(1-3) ()Ulif‘/:“:'r. OxXpe {iﬁrl?’ﬁ' .

3.0

3

oxp~ [£(8) + p7r)/u [25a)

“he Tafol slopes ere obtained from equations {24]=(25] and
depend upon the nature of the adsorption involved and the
extent of coverago.

In torms of the Langmuir isotherm (£(8) =0), two

cages arise, The flrst 1s that for low coverage when Oﬁ is
potential dependent. PFrom equations [22] end [2ia] [£(8) — 0]

i, a kle(cﬂ o,,_):g oxpe( l«{3) L//3'2"/ ATe axpe( 1+B)ﬁr’ﬁ'/m.
3

exp=(1+48) /AT [26]

Difforentiation with respect to 7, at constant olsotrolyte
componition glves the fimiliar Tafel slope of RT/(1+3)F or
04040 volt when p = 1/2 and T = 298°K. The second Langmulr
cage 1s thet for iull sucrace coverage (9, = 1 in equation [24a})
and leads to a Tafol slope of R'I.*/BF or 04118 volt at 298% which
is ldenticul wlth that for the discharge stop [1].

In order to obtain tho Tafel slopes under oondﬁfsions
for which the Temkin isotherm is applicable, equntion [23] 1s
substituted into elther [2ha] or [25a)e Assuming (36, :7,33)

tho veriation of the pre-oxponential temm in Sﬁ is relatively
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neptigible fn comparison with that of thoe exponentiel tersm In
W, conbimtion of eguation [23]) with [Z4a] or [25a] ylolds,

(1-p3) ¥ r  (y#)E. 7
in 12 = (l“".’) in (6 +) - .ﬁHTWL - f{:‘%r

HLO
- -‘-ﬁ%m-’a £ + constants [26]

3
(1"5) Sulp (1"’{3 ’ﬂl‘?‘
loai,=2in ¢ O*h-—-_ﬁ—-- N

o By _
- -(-]ﬁ% + constants, {26a]

rospoctivelys Teking v = 8 = 1/2, the Tafel slopes corrosponding

to the expresslons (2] mud [Z6a) are obtained by differentistion
wlth respect to M at constant eloctrolyte compoasition and are
B0/ (v+B)F and RI/(1+a)P, respectively (asee Table I).

(111) The Atam + jitom Recombinstion Mechanlsm

If reaction [3] is rate~determining, then using the

above principles, the rmate is

1, = ky 0% . oxp 20(0) - lar]
1f adasorption 4s noneactivated and
3.3 = kB o o OXp 2y £(9) [E7a]

for the case of activated adsorpilon.




For the Langmulr case £{#) = 0 and ae 8, tends to
unlty the Tafel slope from equetion {27] tendz to tecome
infinite. For the case of low swface coveragss, l.ee § < 1,
equations (22], (27] and [14] give

.
n1;= 210 ( > -ﬁ-‘-}- -‘?-;:—L-f- + constants (28]
Hy ot

at constant eleetroulyte componition, s0 that the Tafol slope isg
RI/2F or 04029 wolt at 298K,

Por the two Tomkin cases equations {231, (27}, (27a)
and [14] give

. aﬂ 2 ’1 é‘\
1n 13 a 2 1n (c ) "Tt"l"' * S + constants {29]
HB
for non-activeted adsorption and

Eyﬂ »
in 53 = 2y 1n (ci *)- —W-,- —XT-- + constanta [29a]
i-0/p
3

for activuted adsorpilon. %The Tarel elopes are therefore n/2y

anad Ri/2yF from equations [297 amd (98], rospoctively.

(iv) The lon=tolecule Neutroligation Step

A full kinetic analysis of this mochanign has not

boon glven provioualy oxcoept In =0 far ms it has Loen locorroctly
aseunod () that the kinotics are the gamoe ag thomss for the

reactlon {(2]3 this is, however, not the eagg. Accordlins to



Zoriuti (1G,11,12), the lonemolecule neutralization step {4a]
is pate~deternining et marcury and at platinum at low current
donelities. Step (4] is & pre-rate dotermining equilidbrium

and the rates of forwerd ané backward reactions, regpectively,

are

1, = iy (1-9) (;m30;>5 o oxp=2 Y F/RT exp=[v£(9) + B (B~ ¥ )l e

and
1y, =k, 9 expe [=(1ey}£(8) = (21-)(f,~ Y)r1/Rr

where ¥ now refers to the intormediate 212*. Since 1t 1s
suppoged thot 111- {l 1’14-’ wvhen [4al] is rate-damrmaning)it follows
tiuat

)2 OXDe er/m*. exp=0{8) /s axp-ﬁﬂ?‘/s’{'? {30}

8
hr- Tl T
-9 klr(ag"b

3

ite Lengmulyr 1liniting conditlon of QH + — 0 leads to
12

2
b

o= hy (°31304'> oxp =(By + Yy)e/nr (31]

In the range of coverages over which the Tomkin isatl.mrmlia

applicable, equation [30] reduces to

£f(8) = 287 1n (oi{ 0+)L - (B, + Uy)# + constants {32]
3
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In equations {31] and [32], &% will be noted that a term in
‘-’»’1 reaasins since reaction {4] involves two 1130* ions,and
chiemisorbed H; in the double-layer is assuned not to be

in electrostetic equilibirium with 32" jons in solutione In
this respect the treatment and derived results differ from
those of Parsons (8) where the reaction scheme [4]~{4a] was
regarded as electruchemically equivelent to [1]={2] (with (2]
rate determining). The results of rFarsons are only obtained
if the Ii; 4one are regarded as belng at the V/l plane and
in equilibrium with H," fons in soluvion which soems
unreasonable aince }52" will be formed in (4] only ss an
edgorbed transient intermediate., If the pourtétal of the
plane at which #," 1s sdsorbed is denoted by Y, ana a1rrors

from SU)‘, then equation [31)] wuld be

o =x (0H30+) 2 oxp -ig, o 2=p) ¥ (1) Yo/ [31a]

which becomos jdentical with equation [231] wnen (//1 = W .
The rate of step (48] whon rate~deternining is then

1,0 = Ko 00 oxp=[=£(@) + p(g, - ¥, )F)/zT (331
for non-activated sdsorption and
L0 ® Ky g 9 0xp ~[~y0(8) + BB, - {,)FI/RT [33a]

for activated adsurptions Fowr cases arise for the Tafol
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slopese. PFor the Langmuir case of 9 — 1, equation [33]

becomeog upon introduction of eguation (14]

8g_ Yo
1o 1&‘ i ‘01 - Hfi"" - % + constants [34]

vor @ << 1, from equations [31}, {33} and {14]

in 11“ = 2 1ln (01130* )b “"‘“ﬁT""‘ &T""C %’4—

+ constants {34a]

The Tafel slopes are therefore RT/B¥ and rRY/ (1*9):‘ for the
two cames 1o (34)] and {3ial roumotively.

. for tho nou-activated and activated Temkin cases
(9 = 045), rospectively, equations [33] and [33e] ani [32]
and [14] lead to

(1-8) Yy (RdBF (o,
1n 1!4‘ = 21n (OH 0‘>~ T—i‘ W—L - ( 1)
37'b
+ constants {351
and

o0 TR T

--‘-ﬁ%ﬁ’(ﬁ + constents - [35a)

so that Tafel glopes of RT/(1+B)F and HT/( y*P)F are respectively
obtainad,

(y+B) Yy F {y¥9)P ¥
in 114‘ = 2y In (Q > Lad/ ¢1 H ﬂl’.‘

{
130



3¢ pi ond Heutral Salt Bffectss The Concept

of Apvarent and True Reaction Grders”

Ae. General

The relevance of deterninstion of resction orders
to elucidation of mechanisme of chemical resctions is well
known and their evaluation forms an important part of
reaction kinetics in relation to criteria of mechanisms. In
tho case of electrochemical reactions, reaction orders will
depend on the isothorm for adsorption of the roactants at tho
eloctrode interface and the adsarption bohavior of intermodiates
involved in the reaction. As pointed out by Vetter (48) (see
corments by Parsons (i1)), electrochemical resction orders
Lhave hithorto been rolatively little considered. The goneral
dependence of reaction rate upon potential and the electroe
chomical tsothorm for edsorpiion of reactant ions was {irst
coveloped by Frumicin (33) in terms of the Gouy-Stern theory
of the double-layor (23,42) and examined by lockr!s, Comvay
ot al. (6,43,4l,45) end the Russlen workers (46,47,48) with
rogard to the kinetics of tho hefere at Hiy 41 and Ag cathodes

This sootlon contains orl;inal material which hag been
accepted for publlcation as a peper in HBlectrochimica Acka
under the title “"rlectrochemicsl Remction Urders in the
Hydrogen and Uxygen tvolution Reactions". It is logleslly
bast prosented in this Chaptor following tho ceneral kinetle
trentment siven above.
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in s number of papers. In previocus work, the adscrption of
any intermecdlate radical specles, e.z. adsorbed i in the
Leoers, has been regarded as nonwactiveted (36,49) and the
Lanpgruir isotherm has usuelly been assumed to aprly to the
adsgorbed Intermediates fimvolved. This 1& now known to Se not
renerslly justified since, for axample, clectrochemical
energiea of edsorption of I are known to be dapendent on
coverags, |

In this section, a brief review of relovant previous
work is given and also severel new results are prosented for
cases of electrode reactions involving the fbimstion of
intormediates which may Le adsarbed under ofther Langmuir
or Temkin conditions.

Be Definition end Derivation of Reaction urrder Differontials
MMM
(1) Application to tho discharpe step [1]

The rate of the discharpe step can be written, usling

equation [19a], In the two altoernativo forme

1n 1 = 1 (c ) (1=p) ‘Vl* By constant [19b]
= s%8. B
1150/ b RI i

or

(1-p) Y, pg,: :
9% = in (cﬂ ) '"'TTT'"E' *11y~ £i1#i'+ constents  [19¢]
30
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from wihich tre following threeo genersl derivatives may be

cbtalined:

(1 |y (31‘ *:} 3 (11) -gfnh"‘i) 5 (111) )1—5—((-);:;"’—0%-] (36
1 3" bl

250 {éﬁjo* by

Derivative (1) simply exprosszes the effect of pi on the ovope
potentiel ﬁ\. Derivatives {11) and (111) ere remction order

type dorivatives, and the latter muct be regnrdod as the
"chemically significent" reaction order since it gives the
depoumdenza of rate (in 1) on ths reactant concentrntion (1n ¢ )
when conditions aro chosen such that verietions of double=- !
layer configuration are absent, f{.e. for constant lonlc strongth
or’ W&_potontzal. Ideally the "econstsnt #" condition in derivative
(111) should refer to constant rational potentisl, g°, but this ig
not olways experimentally possible to expreas, since goeCeMe nay
depend on golution composition. The derivative (1) 18 the one which
has been usually considered (8,33,4;) 1n previous papers on
double=layer and pH effects in electrochomicel kinetics. The
derivative (1) 1s obtalned from equation [1lhec] end two capag

may be distinpuisheds The first 1s that for dilute acid solutions
whe:ro both V& and ﬂr are functions of the activity of hyironium
lons (ef. equntions [1l2a) and [15]) and derivotive (1) 18

therefore zoroe The gecond caaew i3 that for the addaltion of

" Ghis ls analogous Lo ths case unere cortain foniec homog encous
reaciions are studled at controlled constant fonic strength,
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neutrel salts whoere the total cation coscontration is kept
constant and Wl thorefore remains constant (cf. equetion {14]).
The potential \\!1 will also tend to become constant in
concentrated acid solutions, leve 8BS cH o* 2 18 (34,35) and

the only potential term depandont upon 1n ( c is then

530*),,
the reversible potent:al ﬁr' Hence derivative (1), for the case
of constant \\Jl » 13 (1=0)RT/pP,

Similerly for derivatives (11) and (11%), thero sre
two cases each for either a pH dependent or independent ‘Vl
potential. The results of the differsntiationa are shown

in Table II.

(14) Application to tho aetomelon mecheniasm [2]

Unlike the dlscharge mechaniam where coverage oﬁ‘ecﬁ
are not congidered since 8. ls usually small, the treatment for
atomeion recombination leads to 4 ocases for esch derivative
in equation [36]) corresponding to the two Langmulr conditione
of ® — 0 or 9 — 13 algo four cases arisge for the activated
and none=activated Temkin conﬁitions dopendlng upon whe ther \|/1

is constant or pH depéndent.

(a) Langmuir Condttions

From equation [26], the rate of reamction for step (2]
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can be written in the forms
(1-p) V,7  (14p), 7

&

11‘112‘52111(0 +) --—-ﬁfl-r—-——--—ﬁg-—-—--*conatants
b

330

or

( 1'5) \4/1? ( 1"13 )ﬁrP 1+ b
o")

Hg
+ conatants
for the condition @ < 1, For the limiting Langmuir condition

of & — 1, the two working egquations take the form

(1-p) Y, pgF
o* b -——E‘T-}-'W* constants

1n 12 B21ln ¢
Hy
or
(1) VyF  BBF g p
1n 12 = 1in (t:.H 0*) - 7 - - - ﬁﬁﬁ- + conntoants

10/ p

The derivatives (1), (11) and (111) from eguations {36] cen now
be obtained either for {, constant or pH dependent and tholr

valuee are gilven in Table II, _

(b) Application of the Temkin Isotharm
The warkking equations [26) and [26a] for tho Temkin

conxiltions end the correspording deriwvatives are obteined by
the same mothod es that usod sbove., It is to be noted that the

non=activeted Temkin cese plves rosults $dentical with thoce for

{26b]

[26c) |

[264])

[26e]
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the low coverage Langmuir case (@ — 0, see Table II). This
follows since the workinoy equations {[26a) and [26b and ¢} are
fidenticol,

(1:11) Aprlication to_the stom-atom recozbination mechsnfsm [3]

Here Y, effocts associated with the diffuse-layer do
not enter into the rete equations if step [1] is surfficlontly in
equilibrium shen step [3] is rete-controlling, so that 9, can be
exproseed a8 8 quasie-oquilibrium function of ﬂM and (oﬂ 0,,,) .
Hon=gctivated and sctivated _candﬂtlons for adsorption og H r‘;ny
arise as discussed in section (il). Under high caveraso
comlitions, @; — 1 and 1z thon not a function of B, and (cH O*) R
l.0s the reaction order is zoro, Uhen OH is low and a I‘unctgcn ®

of P, 9, will be depondent on |¢ and the reaction order
MU 10"/ b

will be 2., Tho velues of the various derivative quentities for

this mechanism are given in Table 1I,

(iv) Application to the molocule=ign neutralization

atop (b, La]

The relevant deriwmtives (cfe equations [36]) for the

"loriut1" mechanism are obtained from equations {34] and {35]
counsidering again the pi dependonce of Wl and ﬁr‘ The results
arc pdven in Table Il
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i« Review of pH Lffects in ths Xinetlcs of the H.E.R. at Hz and Ft

Aes Intrcduction

In this section, the mechanisms operstive at mercury
anc platinum cathodes are dlscussed in torms of the Yafel slope
parazster b and the pd effects. The only provious attempt to
gtudy the probles of slectrochemlcal reaction order was made by
Vettor (40) who correctly obtained a reaction ordor of unity for
the hecers at Hg in acid solutlon, but incorrectly interpreted the
data for noutrsl and alkaline solutlons (ses below). The present
treatuent (84) is significantly different as 1t provides
adul tional dlegnostic oriteria of resaction maéhaniam. This
section 15 therefore concerned with the dlacussion of the
mechanisus operative in the hesere. at lg and Pt cathodes by .
refarence to exporimental studles of pi effects in the kinetics.
The use of isotopesin kinetic studies will be discussed i the

following chapters.

Be Mere ury

The experimentsl situatlon at mercury for the currente
potential relation goems to be woell established for acid solutions
and a reuction order plot based on datu ovtained from praviously
published papers of Bupotski and Jeblokova (47,48) has been given
by Vetter (10} who finds e reaction order ( J1n %/ d1n 8H+)¢' Vi




of unity below pH 8 which 1s consistent with a rate-determining
step [1}e The plet giving this result is shown in Flpure 3 and
was taken from Vetter's paper. The corresponding dsrivetives
{91n &/ J1n aﬁ*)q’ Pi and (37/’bln aH+)1"P1' are OJly; and
54 mv, and are derived from Figs. 4 snd 5 (47,48). These
derivatives are consistent with rato-determining step [1] with
B = 056 (7,29,85,86), as supported by the data of Ammar and
Hassaneln (87), showr in Figures $,:7 and 8 for concentrated
Hclou solutions where, in comparison with HEl soluticns, specific
adsorption effects agsociated with the C1” anion (88) are
diminighoed and the diffuse-layer potential W& is more or less
constant. Although tho reaction order 1s not exactly unity
(probaily owins to residual spscific adsorption effects), it 1s
much nearer unity then O or 2 which are the limiting reaction
orders (soco Teble I and Chapter I) correspondin- to the steps
[4=le] tnvolving the H; ion discharge mechanism. For the latter
process the experimontnlly observed Tafel slope of 120 mV. is
only p edicted 1£ @ _ — 1 (wnen @ K 1, the Tafol slope is
45 Ha
RT/(1+R)F)s Under the condl:iions of @ + — 1, the derivatives

H
2
(1) =nd (11) on ps 20 are =59 mvV. and =0.5, resp:ctively, values

which are not obgerved experimentally; in fect, the obsirved
derivatives have the opposite signe lience the HE ion mechenism ia
not supported for mercury in acld solutions. These results are
suntarised in Table [II. Thysicully 91+ —> 1 will be unlikely snd
such a condition i1s not supported by ca;acity or charging data (see

below). Hituya (79) hss c¢leimed thut et low current densities the
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7Pafol slope changes from 2¢3 RT/BP to 2.3 RT1 + BIF as
requlrod for the B; jon discharge mechani-m, Howevor, thls
critlcal rosult has not boen substsntiated  cnd was not found
1n thoe similar coreful high vacuum wrk of Bowden and Grew (90)
dovm to 10~7 = 10%° ampe oxs? ot mercury, ond with which the
repults of Mituya wore not compared (89)e It mey be noted thet
the ohango of slope of the Tafel equation for Hp which Fituya
has obgervod, cccurs near the potential of gero charge at which a
change of slope can bo predicted !‘cv;n ycation reduetion on
account of changing ‘{11 potential {30,93) with alectrode
notential P '

Above pii §, & roaction order of apperontly zoro is
found (L0) for mercury and it was concluded by Votter (L0) thot
this corresponded to thoe rate-controlling proton dischorge fram
wator (step [lalh ilowever, it has beon shown (91) that the hecere
at norcury in the presence of KTl and E}aﬂlz %8s assocliated with
intogrally differing Tafol clopem which indicate an amalpen

decomposition reaction of the kind
I{;q. + o + Hg — Hg/K} Hg/ﬁ*gzo.... 1/2 i‘12+<;.~11"+x"

In the presence of excess noutral salt, tho ' {on discharge

step could alao give the observed reaciion order of gero in

* Bookris (92) has poisted out thet under the conditions ucod
by Hituya, platinum nay heve contaninated tho nmercury surfece to
an extont alpnificant at the very low current densities involved.



[K*]. However, with the above evidence (91), the proton
discharge from water as a stop relsvent to alkaline solution !
conditions cen be excluded. Tho alternative view that proton

di scharge occurs from water at & potential determined by the
equilibriun

K/ig &= K + Hg + e
has also been proposod (29), but this mechanism cannot be
dfatinguished from {105] by reaction order deteraination alone,
and some of the experimenta:_l. data are still conflicting (see 29).
In addition to the theae objections, two other diffriculties
arise with the reaction sequence [L], [ia] as follows?

If [4a] were rate-deternining go that {4] would then
be in quasiwoquilibrium (10,11,94), an equilibrium paeudo=
capacitance (37,95) assoclated with formation and adsorption of
tho if 1intermodiate should erise as i implicit in Horlutlts
oquation (given in ref. S4) relating Oﬁa‘.. to . The pasudoe
capacitunceepotential relstlon will thon be skewed (96) and can
attaln values substantially highor than the normal lonie doubloe
layor capacity at mercurye. %his effect will be difforent fronm
that considered Ly Frumkin (29,97) who suggested that the
formation of HZ will incresse the nornsal }gg&_g-daubla-iayer
capacitance at mercury by a factor of twos It mupst Lo notoed
thot no evidenge for elther of these offects has been found

expoerinentallys



Horiutl hae objected (94) to Frumkints observatiocns
(29,97) on the grounds that there will be additional electronic
repulsion between HE ions in the double-layer and this will lead
to a depression of the icnile double~layer capacity. However,
it 1s difficult to see how such electron overlap repulsions will
be more important than those associated with the net charges
upon H; lons. Thus,the lattar effects may be ostimated from
the theory of ioanic interaction in the double~layer developed
by Dockria, Devanathan and MHller (98) whero imare interactions
were taken into account. Taking the dielectric conatant as
about 6" (98, 99) for the region of the doublo-layer in wiich
the repulsive lonic interactions arise hotwen Hz ions, the
ropulsion enoryy may be calculated from the above theory as ’
limitingly about 13 kesale mola"l at hypothotical full coverage
by J%E;; ions assuming an hydrstion radius of about 2 3. The
coulomblic ropuldion sffects will deecrense approximately as

63/ f (98), and would not be expested to be particularly greater

H
2 .
for I!Z, thon 8% {or HBO*'aq.) ions 1lnvolved 1a the simple dlschargo
step [1], since theso fons will be similarly hydrsted (68)e. The
exporinental and theoretical pil affects at mercury outhodes are

conpared in Table III,

Ce Platinum
The best data available for the h.o.r. at amootl platinmm

in acid solutions from & ich reaction ordep plots may be made,

# Tho velue of 6 ruther than 36 (98) 1s tuken sine- the il; redlicale
ion will probably be chemisorbed (11,100) close to the surface.,
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are those of Schuldinai%(IOI). as shown 1in ¥Figze 9, 10 and 11

for the high (b = 0410 v) and low(b = 0,03 v) Tafel slope regions
(sec Table III)e The reaction orders (¥ige 9) are l.l end Sel,
respoetively, for these two Taiel rogions. Thege data can be
interproted aa follows. At low potentials, the Taefel slope is
2ae 2.3 RT/2F indlcating the racombination step [3] as rate=
controllinge Thls is supported by the reaction order of 2(.1)
observed (sec I"ige 9) and by the small slope of only 11 mV. for
the depencence of 7 on log (OH*] shown in Pige 1l. This slope
for step [3] should ideally be zero (see Teble II) and the
observed small finite slope is probably due tb offects of the
an{ons) adsorbed in the double-layer on the eneryy of adsorption
“od coverage by H at the platinum electrode, a.:e a8 found _
exporimentully (102,103), That such anion effectz are importent
for this nechanimm 1s indicated by recent results obtalned in

the present work (eee Chaptars III=VI) on the H/D isotope
separation factor & at Pt in various acid solutionsy the &

values wero found to vary aprreciably with the electrolyte anion
end slgnificantly withvalactréde potential, at oveorpotentials
botwson 0 ond «350 mVe 7his is also supported by the results

of Popat and Heokcrmoen (10L) on the doubleelayor capacity at
platinum where specific anion offects ars found at apprecicble

cathodlc potuntinla,.

The author 4g spoclally indebtod to Or. Schuldiner fop providaing
him with the zatullod ordiyinal duts from which the raesction order
plots could Lo mede. '
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Plgure 10

React’on order { 31n 1/ 9 pH),,b ¥y for Pt in the
Tafel reglon of b = 0410 volt (data of Schuldiner
{201))e
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Figure 11

Derivative ()7/ /)pitdy §, for Pt (data of
Schuldiner (101)).
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At higher current donaities, however, where the
Tafel slope 1s 0410 Ve {(GBe 243237/F), the derivatives (Figs. 9,
10,11) correspond {see Table JI) to rate-determining step [2]
under Langmuir conditions. The only other mechanism end
copditiong whilch could glve a reactioan order of unity would bs
i3] proceeding under activated adsorption conditions ( see
equaiion 298) (y = 0e5) but the Tefel slope would then be 2.3 AYF
{not observed) and tho derivatives (J ln §/901n cn*)7’ ¢q end
(é';l/ J1in eﬂ*)i’ ¥ would both be zoeroe This is not observaed
(eoe Table III)e Honce .[2] %48 indicated as the rate=determining
step for the high current denslty region. "The results thus
support the asalgnmont of mechanism givon byﬂjﬁ:iockria and
Azgam (10%) bascd on ths cbeservatlon of a coversyoe controlled
1limiting current at GHa le

Horiutil has claimed that the 32+ fon discharro
mechanism ip also operative et ple tinum at low current denslilos.
In Schuldisnerts experimonts (101),‘&140 Tafel repgions are cbserved.
A low current density rogion having a slope of 30«40 mV followed
by one having a slope of cae 100 mV at higsher current densities.
In the low curroent dengity reslomn, it is found that

(hl /d 1n 03530_,)1.501 =0, Win 2/Jd 1n ¢ ;él = 0 and

HBO" )7 ’

{(din 1/ I1n ei‘iB{)*)ﬂ' p, = 2. This corresponde to the atumeatom
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recombination mechanism [3]e For a Tafel slope of 2,3 AT(1+R)F,
the i, fon discharge mochaniem predicts values of 30 mV, 0.5
and 2, respectively, for theass yuantities. At higher current

Qensities, it is found that (A?l/ Jin ¢ o"‘)" v, = 6l mV,
b5

{d1n 3/ J1n o 2 0.5 and { J1ni/ J1in o +3ﬁ.$01==1.

1130*)7' 1 150
For thezo quontitles, the atom=ion recombination step
respoctively prodicts 60 mV, 0«5 and 1 while the 32+ fon
mochanism predicts-60 mU, =0.5 and 0, and $s hence inapplicable
st platinum (gee Table III) .for the Tafel region of 120 mV slope.
There can be liitlo doubt that, on the above exparimental

evidence, the Horiutl mechanism (4) 1c, in fact, not rute=
contrvlling et Hy or Ft, It 1s possible that the Ha* mols culoe
ion may be an Intormediate rodicel in step [2]s This intarmediate
is known from studies of the oxidetion properties of li atoms when
introdueed inty acld solutions from the sas phase (106,107,108).
I edeorhod HE* speclse are actually formod on an electrode,

6 rote of tholr dlscharpe muast bo veory fast compared with that

of other any resction in wileh they might take part (29).
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CHAPDLR IT1

Lidr KINETIC IS0UOPE EFPECT

1. Introduction

The evaluation of kinetic isotope effects is an important
complementary method which cean be used in the elucidation of
reactlon mechanisms. Since the study of the electrochemical
H/D/T fsotope effect applied to proton transfer rochanisms at
electrodes constitutes a majur portion of this thesls, 1t 1s
appropriate to give a fairly detalled introductory discussion
concerning the oripin of primary isotope offects and a brief
review of previous applications t0 the heeoer.

The work constituting the present inveetigation may

~ conveniently he nummarimed in the following thres subedivisionss

(1) Purther evidence for the applicability of mechaniqms
[1]) to [3] has boen sought by investigating their ma jor
weakness, l.e. tholr spparent failure to prediet low isotope
effectss The originel ealoulation of the H/D lsotopie separation
fuctor, S, Ly Topley enc syring (175) gave limiting high
values for tho dlacharge step {1]. fTopley and kyring realiged
thint thelr celculated value 'wus a maximum one 8ince zoroe
point enerples iIn tho activatod complex were noglected, but
who ealculsiion was fegarded by iloriuti ot sl. (9,63) as
supporting the inapplice bility of the slow proton discharpe

mechanicm,
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(11) &Experiments bhave been carried out involving the
detorminailon of the ii/D isotope effect for the two motals
in question, Hp and Pt, particularly with regard to measurenents
at controlled potentials. Uoriut! st al. (9,10,11,12,53) have
maintained that mechanism [L] 1s operstive at Hz and at Pt (12)
at low current densities. Thelr oaly support for this mechenism
has boony (&) €9 apparently high theoretical values for the
isotoplc seporstion of H mng o baged on the oripinal-calculmtian
of Fopley end Eyring (175) end recently modifiod by Fell and
Kodera (15%), and (1) the successful explanation in 1951 (10)
of the lpoiops effect in terms of maohaniam'[u]. It will be
" shown in this thosis, that the observed isotope effects cun,
in faet, be wxplained by mechanisme [1]={3] and that the
rotentl-l dependence and anion dependense of thosge isotope
offocts can best Lo explained In tmms of & "complex" site

model” for the proton dlecharge step [1],

(111) In eddition to (1) and (11) above, the possibility
of' proton tumneling at metal electrodes has boen studied,
Low temperature isotopic studies were carriod out and the
indications, which are discussed in Chaptors V and Vi, are that
tunneling contributions to tho classicnl reasction rates are

neyzlipivlae

& .
3y the "complex" site model, referenco is made to the
poseibility of Interstitially adsorbed hydro. en sioms ( se0
Chaptorg V and V1) :
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Ze Classical Isotops Effects

Aes Introduction

Bince the electrochiemical reactions considered in
tho presgent work involve g proton transfer at a metal electrode,
significant changes in rates and ecullibrivm constants would be
expected upon gubstitution of tydro:en by deuterium or tritium.
Tas term "classical lsotope effect” will Le used Lo rofer to
those effects which can be explained by & classical mechanisn,
fe8e thoge that ariac mainly on account of masa offects and
hence from changes o vibrational frequencies in initial ana
sctivated statose This tam s to bLs distinsulshed from that
("juantum mochaenical isoiope offocts™) which refers to the
mechaniom of proton tunselin;, i.e. to departure frum class!cal
nmoch.aniess such behavior will e discussod in morao dotall In

a follouing section,

de Urii-in of isotope Ef'focts SGI.G}.EQI

(1) General Hate kguationa

There are, in penoral, two factors uileh effect theo relative
rates of proton, deuteren and trftium {ii, D, and T) transfer
reactiong. Theeo aro (a) the frec enoryy difforonces betwaon
the Initlal end aetivated stotes associatod with differences in

nags which affect il:e veloclity of passa;e of the rescving f
|
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particle over the potentisl onargy barrier, and (b) the
poseibility of guanium nmechanical tunnellng. The major fuctor
whic&i contributes to tho {res ocnergy difforence 1s the
difference in gero=noint cnerpicse According to Urey's
rostulate (50}, tho potential enoryy of the bond in gay X - i,
iz lpvariant =ith change of isotoplic mass. Hence for two
isotopicelly analoyous molecules X « H end X « D, the electron
dintributions associated with these twe bonds are regarded cs
belog Ldentical au thaet for a given internuclear distance, the
ourves rolating po.ential eneryy to intormuclear distance aro

ddenticale If the following two reactions &re conaldered

Mo+ mex = xf oo oe x (37)
and

H+n-x:=axxf‘-—¢m+x (37a]

where x" is the activated complex (51), tho potentiasl cnercy
curves for both the U end I gpecios are hence identlical according
tv the Urey poatulate (50), as shown in Figwo 12 The
si;nificant differonce between reections {37) and [37a] arises
then from the zervepolnt cnerpy differences 1n both Iinitlael

and acvlvsated agtoters According to the thoory of abaosluto
resciion rontos (1) the ratio of rate constants for reactions

(27) and {2Te) 1e civen Ly

Ky oty t,l i SR .
gam si/RT (3]
B XeH S

D
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vhero £ is the molecular partition function for the indlcated
state and spscles and § is that caleulated por unit volumo,
lece U = £/VS M‘ﬁ# is tho vibrational zeroepoint enersy difforance

betweon initial and activated stetes piven oy (see Flpurn 12) |
af = ma‘% - AE’; |
G A R C Ao
= Ine(vg -3 - VD £39]
The rstio of transission coefficients is usually escumed to
bo unity (52) and hence does not appesr In equatlion [38]. The
£ torma in equation [30) are to be regarded as the corplets

partition functions in the =zense that no approximntions have

yot beon made (soo below)s The molecular partition functions

per unit volume in equation [38] aro given by

. o) 32 Beyfnue
™ Lernons frot Tvin x%“L‘hT"L x "";6""""

i
. 3 ’ ' Ao -1 !
% 8112( {3 i%cll/z( kT )3/2 x G - Q.hcvi' k7 ) “&01

whoere A, U and ¢ are the pz*in'cipal moments of incrilag

figy 809 Ep,, Becount for the olectronic statistical welcht of
tho ground stote anc any depgonerscey due (o A4ifferont orientantions
of the puclewr epins, respcctivolys O s the symmetry number,

M 1s the aoleculer weli;ht and Vq is a typlenl vibration froejquency



PMrure 12

Potential onerpy profils for the Szotople

vocetiong M * X — ME + X and ¥ + DX s MDD * ¥,
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in wave numbers (an"l) $ all othorr torms tmve tholir usual
significance. The complete equation [38] can be rewritten in
terma of the relations [39] and [40]) in the two alteristive

Jforns
y2 12 ¥2L -4 U ,(t
- (25 () Tl aumee
E C\% EXVW ;
D i Op i 3 b"éui,zi l=e"1,(D)
o d f

- %“:‘1 W ~f

. l—--,-—'”_ui’l' (1]

: i \"p “p *p ! L0 q.e 1oH

or

# e f #, BB ; 1/2

i (%" Oy ( Hy §g> ("‘H YU CH . “n%cs))
0 a F ;
I G ¥ My H A By 6 ABCy
3 -7 p Ineh
»
pinh = \ sinh Q1
I I Eu‘ 1.0 , % 1 il (h2]
i ainh % £,y 1 siohzu, .,

whore U, = hcvl/kT.

(11) Simplifications and Approximedions in tho Rets Eauetions

(a) The TellereRedlich Product Thoorem (&%)

{
|
!
i
]
]

The Teller=Redlich product theorem for igotopically
analopous moleculos onables the vibrpstliongl product guotient for

tho o 0.4 D vibrotions to Lo represonted in torme of masses and
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moments of inortis as followuss

In=6 n .

3/2 , \1/2
| l Ve , ,(mj.ﬁ> ( ) (%’“ >
£ Yi,n '3 \®yw H; APl

where m denctes atuvmic mass of tho Iindfeated igotope. =guation
{43] aprlios to nonelinear moleculesj for linear molecules the
mroduet on the lehese of [43] 12 taken over 3lneS vibpstions

and the moments of inertia decreass from three to two (which

ore thenequal)e 1In activated complex thoeory, the vibrationsl
mode which correapanda?deccmpoai tion ia vL" » the subseript L
indieating that thils frequency can be imnplinary {1.e. multiplied
by V=1,7e Applying the product theorem to the activated comnlex,

(M"‘" )ya Aig‘ﬁﬁﬁcﬂ" . , 1 = AV BB,‘, !”7"1 i
i i "

-~ ~FER --'-7 -‘L'-; [44]
%, ats Fo v U n ) v

» D “p °p Ld g 1,0

If the product rule relations from oquation [43) for ‘nitial state

are
molecules and from [LL] for the activnied complex, / substituted

into [42], the result is

372 307=1

| P |
ky "_r»"ﬂ'r) L ol i 1% il S Y .
{K; U_ 0.) 3 3.3 u ; ainh ) 5

- 323 6
3/&
U, .. cinh u
W(m ) (1 | siandu
J..ﬁ i.H 3inh p u~ n

L o




Since the activmted and initial states contain the ssme set of
atoms, 1t feliows that all atonic masees cencel and the above

equatlon reduces to

e
k.. G‘D#cr' v f u # as.ab%u a2
E{‘ = 4 L 1,4 1,0
- o P ¢
f5) H VD VL,D . “1,1} sinh - 1.1’”ﬂ
3n=6
u, . sinh u
l ‘ 1,0 1 H
“L
1 (“1,5 "elohu (451

Tho factor "'L,ii,‘ /”L.D" has beon often deaignaﬁed as "the temperature
independent faetor® (56,57).

(b} Caavellation of all Bending Freguencies in Initial

and sactivated States

Une comuon approximetion made by many workers is to

asgume that gll but cone of tho vibretionsl cuntributions to the
zoru=polnt enoryy in Initial a'd sotivated gtstes disappenr by
cancellation. 7Tho vibrational mode torm which doos not cancel
is thet corresporia t. the strotehing modes in tho initial

states X = U and 1 = I Hquatlon [45] then reduces to

k CPBos, ¥ ." uoL sinh % u |
2 = (G_Droii) Ll | Seinad 'Y 3 gtr i [46]
T Wy Ly AWl slmhFug,

for thio simple harmonie osoillator, the followiny relation holds
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where k ias the force oconstant (identical for X « Hand X = D
bonds by the Urey postulate) and p 1s the reduced mass of the
particles involved. Hence for the specieg X = H and X « D,

1/2
%i.,.;g. - (;';)/ =2 (4]

It is seen that in equation [46]

—-—,, 1
m-.n B

80 that the general approximation bas the final form

ky G_D" LY Uty 5 |

Equation [48] 1r probably the most general or simplest

approximation and has been applied to several resctions by
Eyring and Cagle (59)
(¢) Case for Zero Bending Frequeacies in the
Activated State
Here reactions (37) and [37a] are taken as examples,
and the activated states are assumed to be linear, 1.e,
MesosllososX 80d HeeseDeoooX} than equation [4Sjcanbe

written as



w 6) =

oo % ui,ﬂﬁ ‘“1,3)# )

Opfiy vy %# ﬁ (“1 ,_gx# l-0
Bf% Y, 1! \uy o e-i"i,n’. "“1,15?

3!1-6 %l
’ ' - B “Y4 ,H
(ih?. L—r———- * l-e_ui .Dj 4o}
»

P ; 22 lee

There are lj vibrations in the activated complex. One is the

Sy %
(1

ssymuetric stretch uhich leads to decomposition and hence is ‘
not included in the froequency terms for the activated complex.
The three remaining frequencles correspond to a gymmetric
stretching mode &and to a doubly degensrute bending mode. If

. the assumption 1s made that the gymmetric stretching mode is
independent of i1sotoplc mass, then the product of frequency
terms 1nvolves contributions from the doubly=degenerate mode,

1¢ce fronm

_i, A 2
(“bond H,‘ o 2 UbeH 4 Tu,D

] - 1 # L]
Ybend,» o 2 oD 5 T
If the additional assumption is made that these twws bending
rroquanciea Qa mng zepa” when the activated complex is formed,
then o 2 Dol /g 204D o3 ang

In polnt of fact, this asssumption is unlikely to be at all
correct for proton transfer reactions (cf. 18). In the actual
numerical calculations for electrochemical proton transfér
presented in Chapter VIit is not made.
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o #
lim  |1-e PP |_ __..;“b I f.'ff..)”/a {50]
u?;_..o l1eg boH By B (mn

Since, according to this simple model, two vanishing
frequencies have boen szssigned to the sctiveted complex, there

will be three ummatched terme in the zero point energy of the

reactant and equation [49] becomes, upon introduction of
equation [50],

3
U_D#G' v, * ’(na sivh & u )
- H L 2, -2t WX {
:% O p vL.:’ U 1,1 ainh% U

and sinoe

| 3

v u Y2, 3/2

Ll T2 - @VERY? . @
Lo || 1B

the final approximate form for the above ratlo of rate constants
is
3

sinh
%a W 2 —- Ll (5]
. sinhAE u1 D

Ce The Kineticist's Problem

(1) Genera} Considerationg

In general, the rate constant for a recotion of the

iy

type
A * B wem Xﬁ - P
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can be written in terms of absclute rate theory by
. P o
k= 7 g, fﬁ e (52]
where 4 is now the molecular partition per unit volume (4if
& surface rezction were considered, i;%’, the molecular partition
funcilon per unit area, would be emrloyed). Far convenionce,
kinetic data are usially reported in terms of tho two parametars,

A and ¥, in the Arrhenius equation

k = pao~¥/RI (53]

Tho problen of computing & rate constant (or an isotopie ratio
- of rate constants) from equation: ([52] (or [L42] ana {51) 18 that

tho petivated complex 1s o rather intanglble endity. Doth %ta

structure and spectra are unknown, whereaes tho structure,
nolecular nechanical propertles and enar:y of olther initial
atate reactents or producis ocan usualily be obtained Crom
speetroscople datas  Similar informaetlon for the activatod
conplox must, howaver, be estineted.

If the structure of the activated complex 15 taken as
the variallo paremetor, tis theory beecomos Infinitely flexiblo,
If, hovover, the motivated complex is treated 1like a normal
molecule, with the excoption of the single aepareble cowrdinate ’
thon it ia possiblec to uso tho results of molecular thoeory ,

structure, and spectroscopy Lo oetimnte Ghe rropertios of the




activatod comlexe ©ven by reasonable ass!nment of force
constents t. the bonds In the sctivated comlex, 3t 48 not to be
expectod thet very rollable » valuea can ve predictede The A
factor, .ften called the freqency fuctor, can, in some cases,

be prodicted to within a factor of four and maee reileably than

£ (5Y)e The problom, and perhaps the major difficulty of absclute
rate thoory, is therefore the characterigation of tho astivuted

complex in a nmanner such that meajor errors are minimized.

Ve Meothods of Fixing Structure and Proportias of Activsted

Complexes
(1) Geveral Considorations
In claselcal nechanica, a resciion such ag that givon
in {3¢] een be reprusented by a potential enerry surfeoco similar
¢o that shown in Plgure 13. In this surfece, the snor;y lovola,
shown aa contour 1ines, are plotted in all coordinates. Tho
boslce asasumytion in activated complex thoory 1s that the
irhost oner.y etm‘,eﬁn tho lowest path of potoential oner;y
locutas tho uniyue structure of the esctivated complexe 1he

partivion {funcitlon forr a lineur activasted complox &a
2 o3n=6 .
& =23 12 0306 ¢ /P Y

whiere the £ torms are as in equrtion [L0]e From the porential

onar;y curfoceo e is obtulned as the helpght of thoe saddlepoint



Hypothetical potential enerpy surface.






above the geroe~point potential emer:cy level of resctantse

The translationsl partitlon function can te evaluated fronm

known molscular mass, and the structure at the saddlepoint
puralts one to calcule.e the mouments of inerids for the rotetionsl
partition function and the Gematrixe The Gematrix iz used to
ovaluate tho internsl kinetic encrgy of tho complex (£0,61).

The curvatures of potentiel enorgy throuyh the sadilepoint

along various intarnal coordinates constitute the Fenatrix.

Tho vibrstlonal freoquenciee, inciuding vrf‘ » Bra all found

from golution of the secular equatlion (&), vig.

lm - EAI 2 0 (581 f

where § 1s the unit matrix. Thus for a siven electronic state,

all paranmeters necdsd for r"" can, in principls, be obtrined fron

tho pouentiel eneryy surface by location of the asaddlepoint and
evaluailon of the sscond derivatives of n gy with reepect to
displacomzents ihe problem thoes 18 the ovaluatlon of the

potentiul euer;y in terms of all coordiuates wiich will enable

theo calculetion of the vibretional frequenclos of the activeted

corplex to Yo mades

(11) Potentisl inergy

{a) ronatomlcs « In the perfect gos approzinetion,
thore 1s no porential oner.y gesociatod wiih & monatonic fOBe
() Dlatomles « “rom band gspootra, te potentlal

exer;y ¥ oas a fupction of Jlstance cmn be Jdeduced puroly on an
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cpirical basise A simple theoretical treatment of thw i,
molecule hes bean glven by Heltler and London (62), and
Suglur {63), end its principles are roviewod here since its
fentures have been extended to more difficult problens.

The zero=en gy state is tuken as two li-atoms at an
infinite distance from each other. as they approach, if the
two electron splos are opposed, (singlet state) a chemical
bond 1s formed. If the spine are parallel (triplet state)
repulsion arises at all distances. The ener;gy of tho system
te {62) |

wTﬂ%:-%nmi wsﬂ%{—%’- [56]
where v, a, and A are tho coulomblic and exchange emerriss, and
ovarlap intogrel, respectively. All threo guantitiocs aro
dopendent upon internuclear distance r. iHoree (6l) proposed

a. empirical porontial ener;y functlon far diatomic molecules

v o= b [o-za(r—re) - 20’“(""'5)J (57

whore L“)e is tho digsgoclation energy, includin: thio zero point
enersy, and 8 is tho "anharmonicity constant” which can he
obtalned fronm spoctroscopic datae. Recontly, Sato (05)

proposed a Morge functlon for an unatuble peir of stoms as

" D [ o-aa( rer,) “a{rer )]

Vv = 22 + 2o (58]




For the case of a stable dimtonlic molecule, the
Moprse function nay be oxpanxied in terms of a ZTaylor series in
» about the minlmun in potentlal encryy whore Per, = O

Deneting e, by R,

av .. 18% 2,18 3
V 23 V4 <em B+ H + R+ qeesse {59]
tmArE ey

The constent tern 1s =D, and the firgt derivative is 2ero
since this corresponds to the minimum vaiue of Ve Tho terms
in the highor powers in A » HL‘ otc. are nogligible compared
with that in Ra. Hence for énall displacements about the

mindmam,
v = 328 = 3u(rery)? (601
whoro, tho force constant, k, is given by

”~
- #

ko= S [61]

dR

AL 5 ® U,y It i found thaet

¥k = 2 a° Dy [62]

Eyrin end Polanyl (£6) proposod that & (equation £6)
be aet equal (o zoro and usesumed that « and o wore oport onal
Lo oemeli other at all distances r, L1.0.

v o= PV wid a = (1L -/ W {3]

W oo f) is 2 conetint frociion of ciuloaibie to totel binding



eneryy, fete LO= /¥, and V ia given by equation [57]. an

ternate approxinmation is thet of Sato who owaluated the

functions . . and ¢ froz thw sizmultancous egquations
D, 07288 = 267%) = 4 4 /(1 + &) [64]
Ug [o~ERR 4 26™%] = - 0 /(1 = A) {65]

with the aszsumptlon that & wag compstant, Solvings for 4 end o
from [OL) and [65]) gives

D .
w o= g2 U3+ ) e"28% = 2(1 + 31) o~2#] (66)
D ~ )
o = (2 (1 +38) &™F o 2(3 + 5) &™) [67]

(e) Linoor Tristomics - The potential encr;y for s

1linear trictomic molecule 1a changed upon Londing end atretehiing. |
The enor-ics of a throe-atom gystem camot Le caloulatod

ripor usly by quantum mechanics and senleonpirical methods

must be useds The following resction will be consfdorod:s

> r r T,
1y - fiis onZ e x,

N+ B

The potontial ener;y surface for this roaction is ascsumed to
be known and is ashown in Pigure 13 The path of minmm;z
potentlal anerpy 1s tho dotted lime from M tu “Ze & cut 0F the
potential enerpy muwface throuprh O alon;: Luis pives a profile

sinilar that obtalined from a Morpe funcilon and it roprosents
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simulstaneous dlgsociation of ¥ and X from He A cut along Uof
for a short distance near ¢ is an inverted parebola and &
Taylor serles expansion can bo made about this point. The
constent tepm (efe oquation {59]1) gives tho enor:y differonce
botwea: 1§ and O Tho first derivative 1s zero and for small
dieplacoments about U, the potantliel energy can be represented

by the quadratic function

Ve v, =3 (gRy® + kpRT + 2 Ry R)) [68]
uhere |
J2y I8y J2y -
klﬂr-g.ka"r'g:ku“m (69]

(a) The iyringePolanyl Method (66

Kyring and rolanyl usod the London equation (67) to
colculate the total enorcy V of a threseatom gystom which 1s

given by
. - e Y 2,%/2
i * 4y + i) % [al a‘?) * (0.2 - :l) -4-((13..(11) ]

1+4

[70)
¥y a

where each - and correspondiing ¢ s that for the corresponding
"dratomtc” mol cule (enuation [56:])e The parametors for the
dorpe potential (equation [57]), are obtained from spectruoscopie
date axd & is mot oqual to zerc. Honce tho odjusteble paranster

boconoe the constent fractlon O deofined .y equation [{63]. A
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potential enerzy surface deternined in this mannar pgives &
"well®™ at the top of the passe Sinec ., a acd & sre &ll
functions of internuclesr digtance, and & in eddition will
Gopond sironyly on the eflective quantum nunmbor, u, this
method must be regarded as “semieempirical’. Thus in
caloulating the 5/D isotope offoct in the hHecer. at & nickol
catticde by this method, Horiutl et ale (68) calculated an
enor;y of activation of 75 kcal mole"l for tho choemisorpiion
of hydrojen on a nickel surface. This excceds the experimental

value by at loset one order of nagnitude (51):

{b) The Sato Potential Everry Surfrce

Sato (65) bas proposed en alternative procedure in
whilch 4 13 teken as the adjustable paramoter to rot the
activation enor;y equal to the obasrved value, 3y chooaing
a constant value for A {by trial and error), = and a can be
caleulated from spsctroscople date for the various dlatomic
comblnation of the atoms Lnvolved In the remotion, uslng
eguaiions [C0] and {47]e However, since & 7z in fact not a
congtant, but enn Very stronidly wul th Internuclesr distonce,
thils nethod is rfml.ly' no great improvenocnt ovar thet of .yring

and Folanyi (efs Woston, (15)).
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(c) Hethod of Hormel Hodes of Viorstion (c0,61 270,71 ,72,] 3}

Hormal modoes of vibration ars defined as the vibrational
dorreos of froecom, l.6., the numbor of fun smentel vibrotional
modoe of the molocules. The normal modes of vibration of an
activated complex can be dstermined without the knowledre of &
potential enorgy surface by choosing force constants LY
reforenco to amlosous stable moleculss, cere as treated in
referonces 59,0 1,30,01. If the vibrational proparties of the
activa.ed complex can be satisfactorily fized by considerations
external to kinetics, then anothor method %s availsile which is
-robably no worse, and possitly as acceptable as the conventlonal
mothod of potential ener;y surfaces. The adjustable peramoters
15 ikis mothod are the force constanta of the wvarious bonde
1avolvode ‘Thore ave, howovor, soveral restrictions to tho cho;‘..cé
of forco conetonts, as discusaed below, 8o that tho method 1s not
"inrinftoly" floxible. It must, however, be regarded as empirical
pinco the pesults will depend pignii'fcently on the cholee of
roreo constants, o to & mueh lesser degrec, on the assumed

goometry of tho complox (89,50,31)e

Je HNoneilassical Herricr Fonetrstion

Ae Introduction

In claensical mechanice a particle of toteal encr:y o
muroscLing 6 potentiel onor;y barsl.p of helpht V wlll poss.

13

ovor tic baprpler it unit prololdlivy 18 >V oax will bo
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reflected with unity probability if & { V. In quantum mechanics,

a particle with oner;y £ ) V may be rcflected and a particle

with enerry B < V may penetrate or "tumnel” through the barrier.
According to the de Broglie hypothesis (75), all

funcamental entitios of physics exhibit both wave and particle

mwoperties, Hence photons, electrons, proitons, atoms and

molecules would all be assoclated with a wavelength )

thelr masses

depenclng upon /- "effective"” ./ ., m,, and velocitles,.v.

c’
The de Brorslie relation is

)=

h
= . 1
c’ [2mc( BeV) ]1' c (71

‘S‘

=

Tho probability of tumeling 1s dependent, in part, upon .he
holght and width of the barrirr. If the wavelength A 1s
comparusble with the barrilar wldth, then the tunneling probabiility
is markediy increased and departure from clacsieal behavior rust
be considered. From equation [71]7& ia expected that the
larrest deviatvions from classical behavior will arise with
particles of low mass. This 1s quite ovident for olec:rons which
cannot, evon approximately, be treated by classical mochanicse.
For heavlier particlos, tunneling contributlons would Le oxpected
to fall off ra;1dly with increasin; mass. For the proton,
equation [71] can be solved for L=V = k7 anc it 1s found thet

)\ =2 10"8 to 10'9 cre whifek: 1s comparcble with the width



expected for enar;y barrlers in proton transfor renction (17,18).

Be Bellts Treatment of Barrier Fenetration (1€,16,19,76)

-
3

1otpic Zclkort Barricor (1t

Assuning & statistical Doltzmann dlstribution of

particles with pespoet to enorgy ¥,
ko d pc it
%ﬁ @ %‘F @ a4/ 1T o O [72]
o

In cla=sicel mechanics, the fraciion of particles N of a totel
member EJO which can pass over the oner;y barcsir of heirht = 1e
-l N l
i R (73]
o
Tho probability of barrler ponetretion can be obtsined, for
o sultable barricar, Ly solvin: the one~dimensional sclué'éing;@r
enuntlon
.o
Py Jum
+ "
3-12 h“2

where J(x) is the potentlal enor:y as a functiion of distanco.

Svewx)lyY =0 (7]

Using o symmetricel “ckart barrler (77), an exact solution (15)
of equaiion [74] can we obtainod. The ponoral oguation is
A 2uz/1 . ¥ oarm/l

Wix) = .ﬁ—zm

1+a™

(751
{ l*a“z"x/l)z

where &L i3 the width of e barri-r lece 1t 1z thoe distasce



betwoen the initial and final positions of the perticles The

coordinatoe of the moximum value of V{x) (lese ai vm) are

X, = 3= log gt (763

-
v, = 8 = 420 (77]

and the curve becomes horigontal at x =-1, Wx) = 0 and at
x = +L, V(x) = A, ionce A oan be 1dentified with the enorgy
2’ the
solution to the Scm'é'dimer equation givin: the permeablility,

change in tho resctlon. For the case of i h‘?/i’ﬁmcl

Gw’ is |
o wosh [2ufa + B)] « cogh [2r{a - B)] (75]
W cogh [2i1{a + 3)] + coch (2nf)
vhore
«omd 2my, pEE 2 m(es)
2 o\
¢ = iy, f=} (2gg) (791

a3 .
3 cl

Por the spoelial case vwhere the ener;y chanse in the reaction
5 2ord {ese in opthoepora hydro en comversion), oquation {130])

LS aAnd
2‘Miamx/ 1 (20

Wz} =



wnich has & maximun valiue at
r =3 N 1
¥ i E

and the pormestblilicvy is

Q. = ——toch (kwa) =1 181}

¥ cosh (Lmu) + cosh (2n§ )

The suantity 4, can boe ocalculated for various waluos of W in
equationa {78] or [61] for a given value of 2 (and A)e Using
the ener;y distribution function given by equation [72], the
total number of particles penetr:ting tho barrier is

QO
= = &= 0,0~/ KT [82]
"o

o

and the ifntegral may be evealuated gaphlcally as tho area ’
under the curve for awa'%‘m as & functlon of wWe. When thils is
dono (15), & siynifi-ant difference 1s obtalned for I/H
caleulated from equations [73] and {82]. The actusl en.rgy

of activation £ is found to ve appreclatdy hisher than tho

value tunt would bo dorived LY calculating rates of permeation

oy oguetions [81]1 and [82] as a funcilon of touperatures

(11) Tho Parabolie Berrier (16)

Bell oxtended tho above trestment Ly uping an
aprroximation mothod t. solve equuiion [7h] in order to

Investisato thoe effect of varyln: E, 1, amd g iis 42 done
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first by resiccing tho “ekart funcition, equntion [75]1, by
a Jlgeoniinuoug sesment of a parabolic curves Secwndly,
inotead of uoin the function for an exact solulion of the
Sehrodingor equation, G i3 put equal to unity for W 2 ¥ and

the pormoability is yiven by tho approximate . expression

w\fE-n xz
¢' = oxp = 5—-—7‘-—3 [Vix) = 14]1/2 ax {33}
*

whon W < ©; x; and x; are the dlstance coordinates of the two
polnts for wiich V(x) = Q. If tho widith of tho base of tho

parabolic barricr is 2 1, the equation to the function is

o
EeV(ix) = %-;' (4]
and thoe solution tu egquation [83] i=
' 2v® 1 | 2 (E = W)
¢ - - e Iagl

NG
Bell found no significant differencos in O vaolues from
equations {01] and [85]. A fmotor g iz defined as thet queitity
which vhon rmltiplied by U, (ef. equation {72]) pivos tho numb r
of particles passin: over ihe barrier in unit time. Tho
clansicel exprossion for q (moglecting seroepoint encriies) is,

(ci'e oquatiom [72]),
0

Uclass © 'ﬁ" [\ T gy - T/ [06]

wll
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The correspondins quantum mechanicsl expreasion is
s -]
1 /U
- . g pa
q T G0 {57}
o
or, using the approzimstc irsatment,
E

q = &, L 6'e"VHT gy (58]

Q

From equations [85] and [68]

1l -i{- -l
q = = (Ce yo ) {89]
whore
2
. 2n- 1 JE m B
y = %" 0= T < {901

FProm the definition of g, snothear term, the apparent enorgy

L5
of activation ¥ , can bLe defined aas

4

” q
= U G (92
and from sguation (99)
At - wadl
E___m-dlm'qa G (0—"7‘1)0‘{*9 [92]

[ Cﬁ‘f 0‘1‘ Y U-G-Y - YB‘.O_
Limiting ceses in emation [92] ecan arise. Thus for e~ D) o~

(Cei-e at low tomparaturas)

- ke
ce VT I -k
q=o_-.,,3~g~==10-? {93]
rar o~ T £ o
«l A g

Yo o) :

(g




ard for v =0 ,

- = a
g = (L+0) e el GG Y] (951

Taking arbitrery velues for 1 et o, and toling a, as the

mase of the proton,e nlot of loz q ve 1/7 can be made ani shows
sirniricant differences from a corresgponiing rlot of log Selasse
versus 1/7« In ad?ition, g is founé to deviate froum linearity
gtarting at about «:0%C and approschea a conatant value at about

«50 to «70% (16)y giving & low apparent ener;y of activktion 8"

(141) Corrections for Farabolic DLerrlers

Recently Boll has discusacd tho possibility that proton
tunnoling may ooccur at tho top of the poiemtlel barrier (18,19).
The theory used 1s besed on the gemersl treatment of wWigner (78).
Tho troatment given in section (11) ebove ie valid for v  E
aé is satlsfeotory when the degree of tunneling is large (cf.
eguations [87) = [09))s Howover, for a susll degreo of
tunneling 1.0 hon, onerplos are in tho nel chborhcod of
v = i, euotion [85] 1s & bad epproxinations Tho treatmont {19}
dtscussed here ig thorefore a refincment of the enrlier ones
{15 ,26,76).

Tho curvature at the top of the barrler ls deflned in

tarnag of the froguoncy VL# by

‘JL# 2 ;4;1/2/11 1(2:::0)1/’2 [96]
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The permeability is siven (19) iy

-l
G, = {1 + oxp [2n(: - "-x’)f’hvﬁ#l} [971

Using the simple Doltezmann dlsiribution for ths onergy, the

tunnol effect correction Lo the rate of precction ls
Qo

Q= e gn | O, fr oxp (~W/KT). au 93]

Provided that

ki 2B &K1
8, -
® (m hvrj ) ’
tho ovaluation of equation [95]) uweing [97] gives

a = % uh/etmdu? (991
Sraacion [99] closoly ressnbles the gquantum corrociion for ¢
reel harmonic frevuency in the trensition state {efe ouuation
(151)e It con e darived from the relotion g = -‘% u by replacing

v by v;‘. Hxpanding equation [99] 4n powersg of uL# glvos

#2 oo b
{u,”) (u”)
q = 1+ "“u'ré;“'"’ "?;I@-""" ®esws (\1‘2’#( an) ilOO]
T ¥
in q A 7 + (wP <2
o= -'m W senvosy u{‘ ?T) LlOl]

The Ilret tern of the expansion i idontical with Wignerts
rogult (7J9) basoed on & small tunnol effect. Hquation [9v) loads

. t .
to oxpressions for tho apparont activation ener;y i and tho



frequency 2
s parent/ factor A" which are dofined in tornms of the obgarved

rote constant k by
# e xr? g mx/ary 10 A% = 10 g+ 2N {102]

In Serme of the correspondling elassionl gquantities & snd A,

from oguaiions [99] and [102] we heve

Sl S N ¢ "eat "-11 {1031
By, vy,
1, #

%ﬁu :i—%htn?er.p L’% “I.# cot%u&ﬁ - 1} {10k

Equations [99], [103) and {104] load to the followiny prodictions(18)
" (a) E¥ should deorease with decroansing temperature
approaching gero.

{v) £ ¢ 5, Owing to the uncertainties involved in
constrcting potential energy surfuces, this medictlon is not,
in prectlce, demonstrabloes

(¢) A% ghould bo lems than A and temperature depencant.
lowover, knowledge of A slso requires a Imowledvo of the
potential energy surfnce and & test of whother fs'a'/A {11s
thorofore improoticel.

Factors (b) = (¢), although theoretically correct,
are in ;practlico not usually accossible witl: sufficiont accuracy.
Factor (a) can mrovide evidence fur the role of simmificant

tunzoling 4t low enwuprh temperatures can be obt:iped (1il,
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4 further method of dotecting tunneling is based on the /D
isouops offect. :ic is evident fronm ejuation [96] whore

tho efifecotive mass of tho particle arters into the expression
Tor uL#. Hence for the /D isotope effect, the followlag
prodiciions can be nmade {18)¢

1) By = T D Fp ~ Bpe This oriterion egein demends o dotatled
knowledce of Lhe potentlial enerpy surfuacoes However, if tunneling
vore apprecﬁable,th; at&lﬁd?%%?%fiiivul critorion.

2) A; < ﬁg. It wes sson previously that the walues of Ag/Ag
prodicted from classical thoory are from 065 to 1.0 The value
of 0.5 corresponds to the special cuaaso whors bending frenuencies
dsappoar in tho activated stateo. Thie 1s not very likely for
proton tranafers Wt 4r» a possibility for hydroyen atom
ebatreotion resctions (79). Hemce this 1s probably the moot
useiul criterton for detoction of tunuoling.

Althoush: the above tyeatment of tunneling corrections
to the clasrsical rate is that of Dell (15«19), there are other
approaches preported in the litermture which troect this 'roblem
for specific reactionsa (80,81,8?.83). In thesc treatmonts ,
spocianl cages for the Eekart and parabglic rotontiel functiona

have been eoasiderode




e Classicnl Fleotrcohiogmicsl Isotope hffects

Ae ;5e§in1tidn:s
(2) The separation Factor,

The sepayration factor for olocetrodeo rosctiona in an

B/D or an H/T isotopically mized electrolyte is defined es

% (°ﬂ soza \%p gaa‘ 7 %1 /soln \°r gas (106

whore the e's are the gtor coneantrations of the indicated specles
{hydro;on,deuteriun snd tritium)e 3Since the reolaetive rate of

is depondont upon the relative

production of H a to thet of 1

ca gas
valuos of tho cathodic currents i, and iD, equation [105] can

bo reuritten in terms of the Swrrent densities ag

)o@ e @) o) o
:‘." , &3 ) n " ery 1 —— o ] — <
D % [goln T; i . %/ soln I‘; *

whoro n is thoe numbor of hydro.sn muclei comwerted into
coastituents of the hydrogen mole cule from ite lons for every
act ol the mto=dcternining stepe Hence for the diachax o
mechanierz {1}, v ® 1, and for the recombination mechaniam [Z]
or [3], n ® 2. These assignnents of values to n apply to dilute
solutlions of L or 7 In the Hegontalning solvent from uiich the
priaciplo preduets ol electrolyels are lip, and i or Ha and 7
and not the D, or T, entitless EHquation [105] defines the

expor tnantolly determinable quant ity and enustion (106}, uhich




iz appliecable strictly to solutlona dilluie in D or Ts con be
put 1In Serms of absolute rate thsory which allows 5 to be

calculanted fron first prineiples,.

(31) Zhe Ratio of Pmchmnse Cupront Densitles

The ratio of exchengo current donsities iz defined ag
the retio of rates of production of Ha to 1)2“," respoctively, from
pure H and D - containing solutiones, moagured at the sorresponding
reveraible potentials .ﬁr. The current passing at the reversible
potential, 19, is measured by extrapolation of the linesy sortion
of the Tafel curve %o WL= O¢ ience for £i2 ovolution from pure

0 solutions end Dy evolution from pure DU solutiong,

i
R = _Odlp

T (2071
04D,

As wontlionocd above, the currents 1 opr 10 can be replaced by

ti:cir ratos calculated from absolutae pate t.oory.

De Clapalcal fieaguion RBatos

() The Dischar

Meahinn?
in this ssction, mf::'dmﬁivation of abaolute resction

rate oyuctlions (51) 1s presonted for rosctiions {11, (2} and i3].

Tho rete of discharpe from acid solutions can be formuloted in

creg of absclu e rote theory (51) as

EiBO-{s) + 53 + Qf! *== X{;? ——— M;‘l‘.i( ndﬂ) + }22;;) [108]




Similarly for discherge from a water molecule

z 24 prrinesid # e "7
fiac(a) + M+ QM Qo Kﬂ ¢ ﬁ(ada) + 0f ilw.‘

ho subseript e refors to reastant spoclos adsorbed st the
curface and Oy refors to e eleotron In tho metal M} x" is
the ectivated conplex which is regarded in the theory (51) as
being $n equilibrium with the inftlel stute reactants. The
condition for equilibrium betwoen Initiel end activwmied
stetes 1n

- g
* + o {110
u'K:,p"‘ o ¥ | ]

whero i 1a the chemical potential snd [ terms are the electiroe=

oy

chenicol potontiala (23) of the indicated spoclos defined in

the general case LY
wiore § is the inner potontisl of the phase under consideratlion
(23,31), 2 28 tho charge (I) and P %5 the Feraday. From

olemontory stotistical mochenice 1t can be shown (105) thet the

chenical potential con be writton &n tarma of tho molscular

molecule
rartition function (ql) pr /. of subgtonee 1, Le0.,

By = =R?1nq {112]

whiaro

q = £/n, (113)
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and £, 1s tho molecular partition function of substance 1, and
0, the nunbor of molecules of specles 1. From equations [111]
and {112] we have

By = =RT 1nqq *+ 2%, {114]
In equation {110} the activeted cumplex has been treated as a
ciiarged species. Thip sssunption i1s made for the following
reasont the activated complex 1a regarded as & stote of the
1530* rnolecule in whiieh one proton has been strotched towsrds
tho motal gurface and yet reta‘ina ite full charpo. The
electron, in terms of this model, is consfidered to still be in
thic metal eloctrodes Once the activeted conmplex is formaed
by somo change of the moleoculaer confirsuration of tho reactant
ion or molecule, electron tunncling ean thon proceed to produce -
tiic Iinal state omclos M"'Hada.‘ This 15 conalstent .1th the
asgsumption thot tho electrical encr;y of the activnied state
for a8 one=clectron transior step JGiffare fron that of the initial
etute by the guantity BFP where D = ghe 045e I charpo wore
logt in tho sctivation atcp,t&m unreacting O=il bonds would
suffer an increasc in freguoncy (and force constnnts) and the
sl;nliloence of =:= 0¢5 would bo unclenr, Heneco, in tho
actlivated stuto, the complox 1s eoneldered to bo at come
potontial f {soo Pigure 1) and the eolectron, wilch is still
considered to bo in the metsl 18 at some votontial ;JM. Ia the

intilal sta o, tho eloetron ia in the motal also at sono potontiel



Plouso

Model ror the dischsrze of s proton et o =etsl

catiiodn,
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#, and the 1530* fon 1s adsorbed in tho outer Holmholte plane
a2t some potential ({/1 {see Pigure 14} 7From equations [110]
{112]) and {11L], 1¢ then follows that

(By= Yy)a/ae o e(;%-f}.:?/nw

Lot Ut ey © i
3
o
" - Vyde/az .
a4 T a e [118]
H40 O

Prom Pipure 1, it is saen ﬁmt thie potontial differcnces
SD" - qll is some fraction of the total potential diffor:-nce
By = Wl. Calling this fruction P, it follows that

F -V anm,- ¥y

wilch defines B3 than substituting this result inte equstion [115]
yields

Bl - Y,)e/me
9, .+ W9 “’g ° & !

116
H40 O (116]

Hoplootinge the tern Qg {1e0e thip torm is tukten as unity),
equatlons (113] and {116] give upon rearrangomont

#
f
. H3° {s) n ot s)
3 i
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Dividing oach turm by the surface area to obtaln the relation

1n tepras of concentrations

. r 5
) = i43iH,0% ;) =y oxp =Blfy= Yy )F/R  [117]
3° s) Py ) X
M‘*ﬁBo"

where the bracketed terms are now concoentrations and q' is the
molecular partition function per unit area (4 1s that per unit
volume). The molecular partition function 5" for the mctivaeted
complex &s unique in absolute rate theoory in that one of its
froquencies is gero or imaginary. This is the frequency VL,‘
which corresponds to decomposition and absolute rate theory (¢l) "

roguires that

- kli‘ »

1im t" = S=— by {113]

P hv # .

Combining d o f
Jequstiong [217] and [118) and motingz that tho product {X }vL

ia the rate of reaction, we have
§ %] t
Rale = f‘fﬁ m][u.}o“](', --é-f@-—- oxp =B(fy= Y,)r/nt
TR g At
M H.O
3
In torms of & current dengity 3 (smporecs om'.'e), which is defined

as the number of coulombs pasaini: per unit time per unit ares

(1 = eF{RATE)), the above equation becomos
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v o T, )
4 = TZ!%E [341[»‘!30 ](3) ;:#J—-—-— exp -ﬁ(ﬂﬁ- Wl)?/ﬁ* [119]
X 5304-

where the transmission coefficient T has been lncluded in
equation [119]. It is usually considered that all preerate
deternining steps may be assumed to be in e stete of qumsie
equllibriua. Hence for the egqullibrium of hydronium ions
between the bulk b and an adsorbed stute in the double-layer

* +
H3O (8) = HBO ()
the condition for equilibrium is (see Cheptor 1I, equation 18)
<+ oxp ‘PlF/ﬁT = q <+
40 (4) 130 (v)

Using equation [113], tho above reletion becomos
L}

oot
+ + 3
[K50 ](‘) = [1130 ](b),q, " oxp ‘{JIF/RT {120]
2.0
3
Hence, from equetions [119] and [120], the final form of the
rate equation for a rate-determining proton discharge step is

: £y, |
1, = ver £ 41180, rmﬁ"i: oxp=Vy 5/ Peexp =B(hy=¥)F/RT (121)
"'H.0
3

The rate of resction 10 corresponding to the apecial coge of en

electrode reaction at equilibrium and referred to as the
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exchiange current density, may then bz defined as
KD, b Tg p o e
io = YR E—-[HJ[EBO ]b Tf‘—; Bxp-(l-ﬂ)\lllr/ﬁ‘l’ eap-ﬁérsr/ﬁ; (122]
H,O
3
In the course of the npresent work, the discharge roasciion was
studled 1in acidified lsotople solutions of zzzo and Dzo and their
mixturosg 1t follows that discharge can occur from sny of the
lyonium spocios HBO"', HQDO*, xmao* and DBO’. For I dilscharge
from HZDO* we have, by abmlogy with [121],

£
Yoy T T Ei)in,00% )0 7Rl axpe(1-p)W, i/RY expepd,i/RT  [123

" p0"

Fop discharge from the lyonium ion species D3O+ in pure D?_O/n*

solutfon,

o
kP + D -l 1o w S
1, = Ter g= [M](D30 ]b ?—LMQ " oxp={ 1 B)\Pl’u./a‘r e::p-BﬂM'DF/nT {12y
D.0
3
Por solutions dilute in the tritium isotope so that only the

speclies ﬂe‘m* noed be considered, the rate of 4T evolution in

terms of a rate-deteraining discharge step ‘s

b ¢
o r LR - ¥ H a ) PR [
1,1,(2“” Y g¥ ’f—[m][uam ]b -f;;#—% oxpe( I-B)\}’lr/!n. exp-ﬁﬁ“i'/m {1les
riz'ro
Por discharge from a water molecule, f.c. undor alkaline solution
conditions, the above principles lead to similar results. iop f

discharge from Heu, X and DO, rospectively, we have



- I(Trw e r el e 3 v
ii‘i & Tew E—L .ltllzol(b) Tﬁ‘-—ﬁ{“‘&nzo exp {3[}/1:/1-\:‘ pr.a’éﬂlp/ T [126]
£ 3 @
10 = vee Bl ool T%m% exp BYF/RT exp=pf,i/RT [127]

¥

and

. £y .
1, = v2r Eu)in01y 7#’-5 oxp By ,F/RT exp=pfl, (F/RT  [126)
2

(11) The Atom + Ton Recombination Mechanism

In terns of absoluie rate theory, the atom + ion

recombination mechanism is

+ — o P

- and the rate of resction 18 given by

i r .
1, = va¥ l1{-’-‘-(%][1130"],;, rﬁ&ﬁ: exp=(1=p)Yy ¥/RT+ expep@, i/ [129)
3

Since the primary reaction i{s now a proe-rste deternlning step,
it is sszuned to Le in quasieequilibrium accordin; to
: At -
in aclé solutions and
Hy0 8) *H 4+, T MH+ UH'( 8) [130a]

in neutral or alkaline solutions. For the egquilibrium in {130]




it follows that

(][0 ] fy0
(MB) = e £ exp = f,F/RT (131]
2"'b Tujot w '

and for the equilibrium in [130a}

(»1[H0), £ =
8] = 2.2 O exp - B,F/RY [131a]
o1, rﬂaoﬁ "

Substituting for [HiH] in equation {129 ]}, the following relations

are obtnined for aclid or neutral sclutions, respoctlvely,

11,0712 Tuof¥,n |
kT b i
1, = ref g —hz s T—-—«-—-—TH O*QH - oxp = (lef )WIF/ RT
3 3
exp = (1+p)@,F/RT {132}
e £ _f
[B,0) o™ Aol
il 2. o a f-ﬁ exp aq/li«‘/m .

1. TR
H h g fu ..

exp = (1+p)@,/RT (133]
In & wmixed /D solution which 1s sufficiently low in Decontent

that the only significent Uecontsining aspecilen ls HZDO*,

production of liD( pas) can occur by elither of the two procesces

rer R of _ )
Mi o+ dzbd (8) + eM = X'm) - M+ ﬁe() + HD
oy

MD + 9.30*(8, v e, = xgﬁ — i % U0 + DH



Wnere *in is to be distiaguished {rox K’éﬁ aince elther the l
or tho D species 1s attached to the nmetal. The surface
coversye iXii] is determinad Ly the dlscharpe equilibrium [130]
whereas the surfsce coversgs [MD] is dotermiped b~ the

equilibrium
. + —
Mo+ 0 D0 + ey = HD 4+ H,y0 {1344]
in acid solutions or
M o+ DO + o, w= MD * O~ {134a]

in neutrsl or elksline esolutions. 7The surfuce concentration

[HD] con therefore be obtained from [134] or {134a}, rospectively,

as
~ lgepo*y, T
{#p] = TE0] ~j— ©xD -ﬂM?'/’ RY (135]
and
(#]{imo] £ -
(1] = b Y. exp =F,/iT [135a]

[oH ]b fzmo“h "

The rate of atom + ion recocmbination in acid solutlons dilute
in D 1s therefore

+ T Y .

(1150%] 100" 1 4] fu0 L%

k1 3 R
Lyp = TEF B [01, EPCT exp=(1=p)V, ¥/R2

H DU

3
exp = (1+3)8, PR {1356]
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£ ofy
_fz}o 1, 00" ] (1] i1,0°#,00

W - #3 1 i
A 01, T o o - QmdihyEe.
EEDO H30 '
oxi: =(14(3) B,7/87 {137}

For atom + ion recombination from neutral or alkaline sovlutions, :

thoe rate ia

o [Hp01, (DO, [H] £, =L
1 =vaF § ‘ F/R%e
i los™], ?.'«EI)OQ‘HZO{!; oxp B/
exp =(1+8)8,F/RT {138]

uhere £y = r#.im if 1 =1, or r,‘}'m if 1 =1, Similarly in |
pure D0, the rate of atom + ion recombination is

e (050718 1) oo L
i, =7er g= (0,01, T 0 oly O =(1=p)Yy pf/eT .

D3O D30

exp =(1+p3)8, ,¥/RT {139]
in acidep sclutions and

e (D0E08] T aTH,0 )
11) o TgH . ---[-(;g:-i:— W exp ﬁqll .DF/R.L‘o oxpe=( l*ﬂ)ﬂﬂ 'D;i‘y ey
1140]
1n neutral or alkaline solutions.

(111) The Atom « Atom Rocombinstion Mechaniam

There arce throe possible types of atomeatom recombinations



corresponding to
Ml o+ HH ==

MH o+ ¥p & X[ — D {1i1]
. — o
By acalopy wlth the sbove treatment, it Sollows that ¢n acid

solutions, the corregponcing rates are

(1,0*12m12 Tao ¢ |
= e i e B Ball oy w2 p/n (12]
2l mot
A 4 e f
(4,0%), (r.00*) 12 T _ofp o
1y = ap —d 02 e oxp =2, F/RT  [143]
m201§ T ot oot
30 B

2
(p,0*], 111° Tpof¥,n
kr P30 ]y 20" %
D 012 F‘“ fz oxp - zﬁM’DF/dT ‘nJJ-IJ
2% D 0” M
3

iv = T

For rocombination originating from discharge 1n neutrel or

alkaline solutions, the corrcspoding rate equations are

(16,0212 g2 o
11’1 = TgF %-:'-1: —-.2...{2_2.... __Uii__ff! oxXp -aﬂM{?'/ﬂ'g [145]
(o )y, £n_0%w
g
[0, (H0 ], (118 f;',’i- TR
L = Ter ?— £ — yb 2 = o oxp =28 F/RT  [146]
fon™] 'y £ M
b 108407 H
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21312 |
ORI e,

71 5ot

1, = veP £ L oxp =28y F/5T {147)

Ce S and R in Terms of Partition Functions

(1) 3Zhe Dischage Mechanism

In the following treatment for the caeloulation of
8 for ii/D or H/T solutions, it is assumed that the only

sirnificant D= or Tecontaining speclies are, respectively,

8,00%, H,70" in ecid solutlomsand HDO snd HI0 in peutral or
alkaline solutions. This assumption will be shown in Chapter VI

to be valid under tho present expsrimentsl conditions.

(a) The Separstion Factors S, and §j

The soparastion factor S’D for acid solutions is obtained

by combination of equations [106], {121] end [123], 1e0e"

+ S
c H,0°] MDY £y
D 3 20 # il |
i ¢ / goln wznof] T%o"’ $,ulp

where n in equation {1J6] 4s unity. The ratios involving [#],
\3{1, s und £, all cancel since these terms epply to the
nare olo otrode. sinilerly 3,&) in neutral or alkaline golutions
is glveon by

op) ¢« [H50] £ Tgop |
D (% co1al 0] 3ni.?o 7 yiils

[ %21

%
The councontration terms all rofor to bulk specles. The

subscript b will hence be omitted in the follow nz dlscusslon,
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{efs equations [106], [126], [127]). The separation factor Sy
will be gives by equations similer to [148) end {749] vhere D
is repleced by T, 1.0

s. = (°T> ._[_ﬂ.ﬁ:i rﬁz""}* w (150]
40 »

Sz (cii uoln,[ﬁm] B0 8,7

(b) Zhe Retlo of Exchange Current Densities
Por avicd solutiocns, from eguations [107,] {121] and

[124])

+ £ o+ £ '
{R.0 ]IM] D.0" ‘M ¢
e, TE T e ey oy e/
3 B ;kI O"‘ H I‘OD
3
] t
p ! . \T:} ¥ ;e ¢
The partition function ratio for the ectivated complex, r"n/f#.ﬁ.
pow poludea contributions from two unrencting O=5 bonds and
two unreacting Oei bondse The term f# H/;ﬁ'i,gl p 1n cquation [148]
4 »
for the soparation factor {s not complicated by this problem
gince the umreacting groups are O-H in both tho li and D comploxes

and contribi-tione tv the f;i ratlo therefore cancels Tioe abuve

oguation can be simplified as followes {lrat XHBO*]/wBof] is
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an axperimentsl guantity which can bs adjusted to unity or
otherwise imown exactly. The terms in [#] can be written in
terms of coverspgo @ as 18,19, and for rate-controlling
discharge © 1e snall (eegs 9, << 0.05 for mercury (29)) and
1-0H/1-OD = lo The torms in f, obviously caucel because they
refor to the same metal surface. V,, the potentisl at the outer
ilelmholte layer is a function of charge and W&.D- W&’H can

be gafely taken as zero for a given electrode potontial ﬁM‘

For [H30+] = [D30*1’ the term.ﬂr.ndir’ﬂ 1z the abgolute
difference in reversitlo potentials betweon a hydro;en electrode
in pure H-containing solutions end a deuterium elsctrode in purec

‘Degontsining solutions. Hence tihe workin:; equntion for #H s

g = TJ_— -4& oxp 6(”!’,D¢ rI) #/RP [152]
H, of  Th,p

Bquation [152] neglects any 1sotopic dependence there miprht be in
B« A8 will be meen later, this 1s supported experimontslly.
S4imllarly, the ratio of exchange owrrent densitles for discharge
frem a water rioleculo 4 given by

L,

R J.f-— oxp (B, B, F/RT (152a]

zw Tp b

The terms in ﬂ D ﬁr H in oquatiens [152] enc¢ [152a) will be
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ddfferent 1n 2¢ic and alkaline solutlions since the fonic
products of ﬁzo and DZO are not ldentic:l - as discussed

in Chapter VI.

(11) The Atom *+ Ion ¥Mecnanism

he Sep:ration Feactor

(a)

For the atom + lon recombinatlion nechaniem, thero are
two wrys in which & deuterium atom can bo evolved as lDe The
total producticn of HD ia therefore piven by tho sum of the
currents i, and i, in ecuations {136] and [137], respsctively.
Prom equation [106), taking n = 2, theseparation factor, S, 1s
‘given by

s, = (52) or (1531
Y S/ yoln *w * lpy :

Substituting for 1 from emuatsions {132], {136] and [137] ylelda

+ £, e
o = (R) et —E T gy
b soln

9 I +
i 8%0°] fu30 Ly 0¥ Te, pii
o .
o [1,0%] fx{ po* i
s © ( __q) 3 - T ?‘l:__ 1#:... {15ha]
il goln [iw'] % o+ Pl
3

Similarly, for the case of discharge from a wator molecule

(9eie 1n neutral or allaline solutlon), the separation fsctor 5,
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1a cbtainod from egustions {153}, [133], andé [138] as
. Cp iﬁ ~0] f’im Ef HE ‘ »
% 7 (EI;) soln ” (155

By an identieal procedurs, the relations for S; in acid and

elkeline solutions are, respectivoly,

s <°m> 2 L) “" A  [136)
? " S soln [32’1'0 ] #.ﬂ

Cin {8,0] fm,o :
S, = -—‘-) 2 i ' (1571
T (“u soln  LHi0) Hao ,H2 ,112 51

(b) The Ratio of ixchange Curront Densitics, R

The retio of exchange current denslities for ths stom +
1on mechanlem in acid solution 21s obtalned from equertions {[132]
ani [140], 1o

DR el .
R = ot (;DJP;) -2 -:fi o axp (14B)(P, =f, IF/RT  [156]

D) H30 DQO f" D ”
similarly, in neut=al or alkalina golution, froum equations [133)
and [140], i is givén by

2

_esy) (“po0 fwx b

io= -\t T—exp (+3){(4, -ﬁ d)k*‘/ﬂ’i' [159]
(1-91-’;) ; oD ¢,p
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(111) The Atom + Atom Mechanism

(a) Sepsration Factors

In meid solutlon, S, 18 obtained from equations [106]
(teking n = 2), [142] and [143], %.e.

+ b g TS |
8y * (-22\ 2—-’-—-;-[3 b 2 -ﬁ'-—; 4 [160)
H / soln 106 ] f330+ P D

From equations {106], [145] sna {146], 5, In neutral ar elkeline

solutiona 1ls gliven by

¢ [(H,0) £ by .
D 2 HDG . H
S, ® "") 2 TAOCY E ?5'-—— [161]
D (oﬂ soln I Kao #‘im
Similarly, tho separstion fact:r. :T e
4 + '
. ] H,T0T £, .
: T > } s i .
T (°E soln  (H,00°] T+ ITg,m
2 333
and
[} (n ] £
3y = (-5.2) 20 2 [163]
H ﬁUln H.ao #,HL'

(b) (fhe Ratio R
Prom equatioas [142) and [14l;], the rntio of exchanye

ourrent dengitles for &tam-atam recombination in acid solution is

(1-9,,)% [fp,0* fuzo a
v TS ?ﬁ‘ oxp 28, o, IF/RT (26L]
-‘\D H

3 P
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Similarly, in neutral or alkaline solution, equations [145]
end [147) lead to

(1-8,)% (fn 0\ 4
(1-6D)2 H20 N

R =

P" ) oxp 28, B, z)F/RT [165]

5« Proton Tunneling in Electrochemical Proton Discharge Mechanisms

In the previous section, S and R relations were derlved
in terms of classical partition functions and the possibllity of
quantum mechanical tunnseling was neglected. Exp rimentally
({sce below) we find no evidence to support appreciable tunneling
and the above relations are therefore valid without further
slterations or corrections. There have been several applications
of Bell's treatment (ocf. ChapterIII, section 3) and all predict
gignificant tunneling contributions. The methods used will be
reviewsd heres

Bawn and Ogden (13) were the first to apply a proton
tunnellng calculation to the evalustion of Sb’ Using a
aymmetric:l Eckart barrier 6f width 21 = 2-33 end a helght
E = 16 keal mole™t, Sp values of 30-100 were calculatede. Two
yoars later Appelby and Ogden (1ll) reported experimental values

TS a2f this order of mapnitude, but such results have never
been reconfirmoed (SD values for Hp vary from I} to 2 as discuased
in Chapters IV-VI)e 1In the originel treatment (13),too lerge a
barrier width was assumed and no allowance was made for the

important efrect on the activatlion energy by the aprlied electrode
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notentiale. Comway (24) used a symmetricsl Eckart barrier to
calculate Sy for ap electrode at the potential of zero charge
(peze.c) and oaleculat.d the effect of eloctrode potential on the
tunnelinz rate. The caloulation was made with respect to the
DeZeCe Since the factor A in equatlon {79) can bs satinated as
2.5 keal mole™l (110) and 5¥ is experimoutally about 18 keel
mola"'l (110) at the pesec. Hence for an applied potential ﬂo,
g* 15 changed by B°F3 the height of the barricr, E 4 8s a
function of rational potentlal g° 1s then

s = B ¢+ [166]
S3inilerly A becomes

a o= A, v FOF [167)

to

The valuas of W in equations [79] and {82] are changed/W whers

w' = ow o+ gOF [165]
conway (2l,) showed that when log G, tho tunnoling probebility,
ia plotted apgainst ¢° s & linear relation 1is found for both u*
and r:* ovor a certaln range of log Gu‘ Howevar, thoe aprasent
iafcl slope dp°/d in 3, for proton discharge is 025 and 0417 for
douteron dischargo.

The treatment of Christov {23,25,26) 18 also basod

on Bellts methods. 7Tho assumpilon mede Uy Chrisiov is thot

tunneling contributes to SD slmmiflicantly sc ibhat the main

dirference in if.; and E.s:; (equntione [91] ané [92]) 1s d{m to
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tunnelinge Christov made his calculations fcr'q_ﬂ 0 and hls
resultea are therefors involved with the difference in reversible
potentials for H2 and Dy electrodes whichh he did not considere.
Usling the above condlitiona, Christov then considersd the result
of wvariation of the width and shape of the barpl r using the
exporimentsl values of Ep and iy from tho data of Post and fiskey
(11}, 112) and found good agresment between theory and experiment
for a parabolic barrier of width 2 1 = 1,65 g. Ag an indicstion
of large tunneling contributlons, he offers the value of the
sprarent frequency fector ratio ag/ng fourld ezperinentelly by
Popt an Hiskey (111,112) as 0e5¢ It is unfortunate that he
offers this as experimental proof of tunneling since 1t will be
ghown lator in this thesis, thet whon proper allowancs is made
for the difforencs in reversible potentiamls of a hydropen and
deut-rium elecirods, the true frequency factor ratio A /A, 21

a8 required by classical theorye

6e Previous Experimental Work on & and R

Barly work on evaluation of SD (9,113,213) has
orsoneously tended to establish the viow that the wvelues of 54
fall ‘nto twe ol&auoq, vize 85 é 3 fqr-tga higts gvmrpot@ntﬁal
mobuls (Mg, Pb, 5n) and S & 6=7 for the transitlon and related
metels. On this boels meny authors (ess (10 and 114)] have

¢lainmed that SD {and ST) is & valuable dlagnostie test with



erroneous
regerd to the class ip which {t fallse 7Thie/ semration of tho

31} valuse into two groups originates from experimental conditiona
rather than any exporimentnl errore %he values of &y 1in the
early work were studled at hipgh curront densities so j;hat enouch
gas oould be collected in o short time to permit accurate analiysis
for the /D potice In tho presont (119) and other recent work
{117) on 8, meapured as a function of the ovsrpotential, 1% is
found that considerable depondence of Sy on- 'r(’erizma. In these
latter oxperimentel investigations, 1t haz become apparent thot
values of &, much lower than 6«7 can cocur on the transition
notelse In this thesls it 1s shown that valuos of 8 ©f 3ely
can be explained on the baslis of sither recomdination mechan!sus
(2] or (3] and therefore low values of 8, do not necessarily
corregporx! Lu the diecharpe mechanims [1]3 thue, 1t wAll be
showun (Chapters V and VI) mmbggiitwion of mschenien besed on
the two groups of valuss of 8y brenks douwn under certalin
condliioneas

Since thoe present work was commenced and during the
course of' its publlicuetion, ¥ielatich &t 8l (116,117} havo
measured &, on Wi, Ag, &n, and lig electrodes se s function
of vam sl or "‘a"’% olsctrolyses and S On Pe, L, Pty Ap, and
Heg oloctrodos 1o & functlon of ’*L in Kuli or i.{asﬁh rolutions,
For all motale oxcept ii:, :'sn wag found to I{ncrease fom about

348 at ’YLﬂ 0 to & mex’munm arvund Se7 end thoen to docresso Rgsine
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Thts 1s conslistent with the findings of Horiuti (12) and our
own (see Chapter IV >n experimental results). However, Lewis
anc iuetschl (118) report several maxima and minima for Pt, i,
Ag and z?/Zeiuclf 1s not confirmed by elither Vielaulch, lioriutli or
in the present worlt. Upon ezamining Lewls and Huetschits graphs
of Sy Ve M » 1t ie casily eeen that the linss drawn through the
oxperimental points arc quite unressonable and that straipght
or pently curved lines would provide a better approximate 11t
to the sonttered points. Thic Work is thorefore considered to be
of 1ittle practical value and will not be discussed furthere. For
every series of momsurcment made by Vielstich ot al., the ratilo
1n 84/1n S, was independent of overpotential and the nmature of
the gurfaceos ST hag boen found to deorease from ambout 9 to 2 1In
1’52301‘ {(120)e In penersl, veluss of S in aeifiata;: founé to .ba
lower than in alkaline solution. For example/S; = 96 and 15.3
In acld and alkaline solution (1), respectively (velues of M
are not plvcn)e liowevor, for N4 cothodes tho reverse is true
viZe, Sp = 18 and L in acid an alinline solutions, respectively,
thereby indicatinr a chnngé in mschoniome

Although there 18 qualitative agreement between vaerious
authors for the SD- ’Y\/ rolation, therc is little nuantitative
agrosnente This is attributed to differencesin various exporimental
condiiions such as the nature of the anion euployed (119).
Detalled discussion of the potential derendence of . has bean

avolded by other workers, end has usually Leon simnly refarred
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to as/a change in mechanieme for exwnple doriuti and Fukuda (12)
clalm that the 5="\, relation which rises to & maximum at
8 % 5«5 from an {nitiel value of 3e5, und then decreases slishtly
agalo (see Flnwe 30), corresponds to a rute-limiting ﬁz*
naatralization (lou-$D) followed by & rote-limiting S — Hay
(hizh :"D) b

Other suthors (116,117,118) have attributed the
initial lou Sy value of 3e5«=348 to a sepuration arising from

the tharmodiynamic equilibrium

Digas) * B2011q) ™ HO(14q) * Hy( ) [169]
which 15 catalysed by tho metal elecirode. The separstion factor
for reaction [169] 1s theoretically 3.62 at 23 (121,122) ond
has been found experimentally (122) to bo 3,88, This view is
difficult to accept for He, Pt and XY electrodess It iz woll
known that mercury hos little or no catalytic aotion for hydro;en
oxchenge reactiows. It might be expectod thet this reoaction
could oceur at oquilibrium on Pt olectrodes but experimentelly
this is not obeerved (123)s This enullibriwn vas also not
olserved In the cage of ! olocirodes (12) and thero 1e no
rengon to suspect that other metals can nirmificently catalyze
this renction £f Pt aunc 1 do not.

Values of R for tho l.cer. have been reported for several
motsle in acid solutions but spparently similar astudles have

not toen mede In neutral or alkaline solutlon. 1 walusg of 2 heve
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been reported for Hg (111,112) and smooth Pt (125) and P4 (125),
and values of 3 for M1 (125), Fe {45) and ¥ (45) are found.
Values from 4=10 have been founé on Ag and Cu (125)

1o Prévious Theoreticsl Considorations of ® and &

Ae The Method of Conway (125,156)"

(1) The Separation Factor 8, (158)

In this paper, Conway deduced maximum 1sotope effects
by using thermodynauic cycles as a basis for the estimation of
zeroepolint enorgy differences in I and Deinitisl states and
calcutated 8,, and R for varlous mechanisms toking into eccount 1
the appropriate partition functlon ratios. For proton dlscharge |
(reaction [1]), the total heat content of reasctants and of
products are referred to that of % 1{2 + HEO + ¥ through thé

Jorneiinber cvcles

o+ 0.0+ H u SHY + e+ HO+ N
2 , 2
1 -
D, 4 H el
2 i, 8 H
Alt i
Ly +no0+n : 1.0t + 0, + 4
z e TR0 T T Ha Oy !
{refercnce gta o) (initial stcote)

and



H + 1120 + i
1 AH + B
Ennz aps TR
Aj
A B0 i > B0 + Hil,
(- eference state) (£inal state)

Hereo DH ia the dissociation enerzy of mole cular
hydrogen, IH iz the lonization potentisl of atomic hydrogen,
All; ie the heat of solvstion of o proton in water, @M is tao
metallic work function, Aﬂada. is the heat of adeorption for
atomic hydrogon, R ig the repulsive snerpy betwesn a hydrogen
atom and a water molecule, and Aﬁi end Aﬂr are the hent content
chanres in tho formation of the *nitlel end final statea, -
respectively, from the reforence state. /n identidal cycle
exists o » dischmrre from Haﬁo* whare the roferonce gtote
ctiosen 18 3 Dy + Hy0 + Mo 8H, and A, are obtuined from the

two eycles as

: 1
&y = 3 Dﬁa * oI v M - @m {170]
and
1 A
8, = ?Dﬁg * Mg, * R (171}

Taking D = 103s1 keal mole™l, I, = 313.0 keel nole™l, and

4
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for mercury d= 104 kecal mole'l, the above equations bscome

A, = 26041 + Alig {170a}

aat 2 5146 + Al + R " {171lal)

ads.

Thus 1f Aﬁi and a;‘dr can be obteined as a function of diatance

from, say the center of the watcr molecule, two gurvoes can be

drown and the activation energy is obtained from the intersection
of All, ¥3 disturce and AH, ¥vg distance curves. This mothod was
orlginated by lioriuti and rolanyl (159) and refined by Butler (140)
end by Backris and Parsons (110)e In equations [170] and [171] the
ouly terms which are dependent upon distunce are AHS. mada. »

and He. Alis and &ﬁadn were gziven in terms of Horse functions by
o [Eo.a( rer,) -Qu(r-roﬂ

AH, = AH -0 “f172]
arnd v
| o [ =a( r-re) -.?a(r-ro)}
Ml gg = bl |20 -g [173]

whero Aﬂg is the totel heat of solvation of the proton and
Mlzdn 1s sinllarly, tho hert of adgurption of the hydrosen atom
whilch 18 related to the MeH bond dissoctatlion oner;ye For tho
repulsive ener;y function i, Butlor {100) asmumed tho Hewe)
repulsion to ve of the same marnitude as that for ropulsion
botween a helium and a hydroren atvm. 7The utler repulsive
onercy functlion fe

203 (3490=1

Raeé.

*62)yca1 more™d [(174]
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Paruons and Socikris used the repulsive energy function

é 2l
R = [Je567 e-Ek.r + 0,225 » g~ 2elir ] = 10™10 org molecule™t [174a])

which is that for tho H-‘Ha system obtalined exporimentally from
scattering atudies (161). Butler used a value of «130 kcal mole™?
for Aﬁg wihrich correspondes to the proton affinity. Dockris and

Farzons used a value of «2060 kcal molo'l

for Aﬂg which sooua to
be morec appropriate since thilas wvalue corresponds to the totsl
solvation enercy of & proton In ligquid watere The values of S5
calculated by Conway do not depend sensitively on thé choice of
the absolute magnitudes of Aﬂg and ! since only isotoplc

dirferences in thege nuantities aro involved.

(11) Tho Ratio of Exchange Currents, i1 (125)

In a recont paper Conway {125) estimated R values by
refaronce to the thermodynamic cycles for pure H and pure D
coutrining systoms and repartod oxporimental values of ® for
Cu, N1, Pt and au cathodes. For the dlscharge step, the
¢ifferonce -in enerples of sctivation was ealculated from egquations
{1708} enu [168a) end their Degnaloguos. The rols of i1sotope
offocts 1n boih the zeroe-point enorgies of initial ard activated
stuteg wore alge considered and the role of !solopic difforonces
ol gsteady~-stiste coverage by H and D was ovaluatod. The estimated
isotope effects R at varlous metale calculaved for mechanlems (1],

[2] enc (3], althouch qualitative In somc respocts, must Le




regerdod es suprorting the dischsrge mecherism at mercury end
the tw recaiblnation mechanisms at platinum, i.ee uwhen

comparisons with the oxperimental velues of I are rmado,

ie The Mothod of Horiuti ot sl. (9 320,9L ,68 tlf—‘_lﬂ

(1) The Atomedtom Recombimmition Mecheniem (9, 10)

The zepasratlion factor 35 for atom + etum recombination
is given by eguation {160)e If the solusion is diluze in D,
thon the ratio (ep/ey) ... can be written fn torms of the

coucentrations of HZO and 0D ea

ot «
®i / goln 2TE,03,
where the subseript b refers to tho bulk (agueous) phase.

Subgtituting Into equatlion [260] ylelds

[wply, 840 ]b H 0% £
S = TIPT, (0o’ ), ?;130+ ng f75]

*
Joth iiBO* axi HzDO were cousld:ired for the purposes of the
calcula tion to be in oquilibrium wiith gascous water molscules

according to
[ " i | *
+ :}2,08 = xxzog + ziBO b [176]

and

- F .
Hpi0'y, + Hy0, e HOD, + 5,0 b -l

In teorms of partition ﬁmctiona and esuilibrium cenot nts, the
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above relatlons ngy be expressed ag

{H3o*lb = [530"1b Kyop = {H30+]b

eince K176 is unity and

{500} _{2.0%] Liip] (,0"], fﬁam fuao.g
(8,00%] = —pBend Bk . =
2% Jp - 117 T Ta,0" Twon,e

& g

The ratic [f130"]b/‘(ﬂzao”"]h 1s therofore

2 ¢
T o)

(H00 " 5y Hap0* H20 o8

Combipation of ecuations [175] and [178] yielda

* = THT, * THT- * 7l ﬁ )

Ly an 1dentical procedurs, the tritium separation fuotor for
atoneaton rocoablinetion ia
[irr0] (1,90} Ey kY
b 2 HPO H

Sy =TT, © TIOT « T . fd [130]

27 & Hzo.g 'Y
The ratios of water nolscile concentrstions in equations [177)
and [170] are sean to be equal to the ejuilibriwn constants Cor

the resctlons

1,0, *+ HDOp = 23208 + 10y le {131}

v HNg) = HaO0(y * HIO, Ky . [82])
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Kygy 18 1.076 at 18% {165) and X 1s 1.093 at 25°C (166),

182

The partition function ratios for gasecus aspecias, fﬂﬁc/fﬁao
and t'._,..;..,i/fH o Wore obta’ned numerically from spectroscopic
ieadh 2

datas, snd the two ceperation factoprs become

£, .
% . .
8, = 68 == (183]
4 fE,T
and
f
. 308 f‘-’.@ {184]
#yT

The ratios %#,H/fy.n and {#.T were caloulated from a ileitler-
London~Eyring-Polanyi surface (66). For i1, 3, and 3, were
anloulated as 6.8 And 15,1, reapoctively, and for 7t, 5}, and

S; values of 7.2 and 14.1, respectively, wers cbtained. Thip
1s in satlisfactory ayreement with the obmerved values of

Sp = 67 (9} snd Sy = 18.0 (114) for W1 and for Pt, S, = 7 {(113)
and Sy = 946 (114) in acid solutions. Those vnlues of &
correspond to average values in thot they wero measured at high
current densltles without any regard to potantlal dependence,

From the potontlal ener;y surfuce Sor the 3i = i, reactton,

Horiuti (124) calculeted an sctivation enorgy for ths dissoclative

1

hydropen chemlsorption as 75 kcal mole ™ which exceeds the

experimentsl value by at least one powsr of ten (51).

($1) The sSlow Discharye Mechenliam
(a) The Extension of Mopiuti's Calculations by Kodera

et ale (1603,169,170)

_From equatlons [144], [173) anc [181), the sepsration



factor SD is obtsined ss

X £ £, .. £, .
Sp F ‘%ﬁi ?“"‘Mﬁ . 72"'"‘; = 34 -55‘? (135]

Hg £ » »
Similerly
K £ by by
Sp = lez T-"‘sm . 1'!‘-9 = 1Sk ?f-'g (186]
00,8 #,D AT

The wethod trests the activated complex as a linear PsoUdO=
throe-atom complex in which the end atoms (Hg and 0) are consgicdored
as having infinite mass so that there are oply two reel vibrations
in the activsted stato. They are tho doubly depenerste bending
vibrations and hence !‘,“1,1/1","D 1s givon by

£4 4 0# [sinb u’;/a 2 »
?t._ = =% (1371
*.D H sinh :2}/2

Tho bending frequency i1s obtuined from the familior relation

! kg y-—“
&= 1 | [
vb .H Eﬂ .]’_} 2 b vla [188]

The functions ok, end Aﬂt are obtained from equations {170 a)

and [171a) by considerin; the dlstance r betwoen the centers of
the water mol «cule and the metal & tom to be fixed, snd varying

the distonce above the symmetry exis x. PFor the throe metnols

flgy Wi, @wad A, the forec ccnst'nt k” in equation [183]) 1s found
t.; be arcunc 21-31 keal role” 1 ~2 (lees aliout 1.0 to 1.5 nde A '1).
The calculation of kﬁ for the bonding modes is thus Lased on the



potential enerry curve functions for the O-i end HeH strotch
bohavioure Carrying out the rem inin: simple calculstions, it
was found that SD % 13 and ST~§ 35 for the slow discharge astep
(1] ané is fairly independent of the motal, Since the obgerved
5p values fall into the range of 3-7, Keil and Kodera (168) have
sr;ued that the dischurge mechanism cennot be operstive at =y
metal cathode inoluding mereury. The aseriousness of this
conclusion is obvious: if 1t is valicd thar wo must discarpd the
dlscharge step as a reve~controlling mechanism as Horiut! has
done 30 yo-rs agoj if 1t is not vslid, we must show vhore thle
concluaion 18 invalid and provide a model based on the slow
d1lscharge mechanism which cen predict rensonable Sy, and Sp velues.
The error 1a this easleculation may be attributed to the
assumption that the proton 18 free to move ebout a potontial
enar;’y surfuce with only three degrees of freedom. lenco in
thlsg model, the only contributions to tho zerc=point energy in
the activated complex arise from the doubly~depenorste bouding
modes The sssumptlon that tho metal atom 1sg of infinite naas
(le2e 2t i5 not froe to vibfata) is fletitioue. Similarly, the
assumption thet the water molecule is fixed snd does not
viirate is alco unsatisfactoury, althourh thepe may Lo lspre
reductions in Internsl frequencles of an O=H Lond due Lo inereaged
hydrogen benain;, the reductions are pot nesrly su larpe es Keil

and Yodera sssume (actually they assume a complote loss of the




- e T e

- 117 =~

internal freguencies since the ¥ and 0 groups woere assumed to

be of infinite mass)e The decrease in the O=H stretching
freguency due to hydrogen bonding which occurs upon taking a
£assous H20 molo cule and placing it into soluiion is about L00=200
ca™t (171,172} 1If this activatod complex for the discherpge step
at a mercury cathoede is linear, 1.e. of the form HgeeeHereoOl,,
there is no valid reason for asssumin- that a aymaetric vibpretion
does not exist. In the present treatment (see Chaptars V and vI)
this symmetric vibrsation is tasken into account for calcula tion
of & and R values. In adiition, a more complex model 1a proposed
An a possidble atruoture for the transition state. In this
"model, the proton is considered to be diascharzed botwsen 2ei

metnl atoms.

(113) The 52* (molecule=~ion) Neutrslizaiion Mochantsm [Ii]

Horiutd (10,1&64) has spplicd %o above methods to
caleulate 5, end 8, for the case whon mochanism [l,48] 12 rato-
deternininge Without preseuting details of the calculmtion,
it 18 to be notod that values of S, = 343 to 3.8 and Sp = 568
are obtained for mercury. .iowever, iorfuti (10) did not
consider this result in rels tion to the other olecirode kinotic
criteria which 4o not support tho Hz* ion neutrslisstion

mechanlsm (see Chapter II).



CHAPTER IV

EXPERIMENTAL, AND KESULTS

le Sxperimental

Ao Sepearation factors in Aqueous Acld Solutions
(1) The Apparatus

The electrolysis cell snd amsocisted equipment is
shoun in Flgure 15« The coll was deslsned to havo minirmum desd
space and took a total volume of electrolyte of 70 ml. Doth
the anode and ref'erence electrode compartments were separstoed
- from the cathode compartment. by eclosed stopcocks. ‘Ghe top of
the cathocde compartment was fitted with capillary pyrex tubing
wiilch was connected to a gnas bureotie., Gas sample of average
volume of 2«5 ¢c. were collected in the gas burette and pasaed
throu;bk twe liquid nitrogen traps and finally tu a flzmee«dried
sample ampoule by means of & Toepler pumpe Tho poses were
analyzed for Hz and b (mogs 2 to maes 3) by mesns of a 90°
me.natle peotor Nior type mase spoctrometer (see roference 122) .
Poterticle were kept constent to within 2«3 millivolts by means
of o Wonkin; 61-R potentloatate Tho po.ential of tho expoerimental
eloctrodo way meassuwrod with respoct to thatof a revorsible hydrogen
eloctreda in tho seme electrolyte solution using o dadionetuer

vacuum tuie hirh impodance po:entiometor.
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Firureo 1

Schenmatic diegram of cell and associated

apparatus used in the seperation factor exporiments

Ao
e
Ce
De
e
Fe
Ge
He
I,

Counter electiode compartment
Study eloctrode compartment
Reference electrode comparimont
Conetant boiling polint HC)
HEO-DEO mixture

To mercury leveling bulb

Liquid nitroren trops

Sample ampoule

Toepler pump.






The Wenking pouéntliostat serves tov malntain e chosen
constant potential at the working electrcde with respect to a
reference electrodes The oporsting principle 1is trlal'ly prepented
bolowe

The experimental circuilt diagrsm is shown schematicslly
In Firure 16 The assipgned potential Aﬁs 1s compared in the
comparator o with the potentisl difference Aﬂi betwean the
working electrode (W) and the reference electrode (R)e Any
differonce dag = Aﬂs = Aﬁi nomentarily exiating is asmpliried to
240 in the voltage emplifior 58. The anpliffed potentisl differonce

controls the power amplifier L and the latter *urni: hes a corractin;:

curront vhich flows from the counter electirode {c) to the working

the
eloctro.e anu re=ogstablishea/potential Aﬂi equal to the assigned

potential Mjn' The feedback response time is several u sec.

(21) Purification of pases

Hydroren gas for tho reference electrode was purified
Ly nnénage throu b a Ga012 colunmn followed by a palladium asbostos
oven at 450°C ana finally throurh two 1iquld nitrogen traps, tho
first of which contained activatod chaorcoale Deuterium gas (see
below) was purified similarly. Hitroyen gas used for bubbling in
the cathode and anode compartments was trested similerly oxcept
that the Pdeagbestcs oven wes replaced by an ovan of Cu at 350°c

for removal of oxy on and three ligquid nitro. en tr ps were uscd,
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#lectronic eircult for constent potential

(poteontiostatic) controle
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(3i1) Preperstion of Coll and Solutions

The cell and 1ts components were immersed in cleaning
solutlon (chromicesulphuric acid mixture) for &l hours before
each run. The cell and othor parts were then waghed many times
with distilled end conductunce wator and finmally irmersed in
conductance water for 24 houras.

Aqueous hydrochloric acid solutions were prepared asg
follows (see Figure 15)2 Redistilled constant boiling point
aqueocus HC1 and & 12% D0 in 50 mixture were reofluxed in stroems
of purifled nitrogen in sepasrate flasks for Z=3 hourse The

solutions were then distilled into a common roeceiving flask gsuch

" that the presulting solution was 107 D0 by volume and normal i th

respoct to the ascid. The olectrolyte was mixzed by bubbling the
purified N2 throu-h 1t and finally passed throush the all-giaaa
conneoting tubing to the cell by application of pressure of
nitroyen.

Perchloric acid solutions were prepared Ly quentitative
addition of reagent gradoe HCth to conductivity water containing
surficlient 020 to glve @& solution 18 in acid concentration and
10 D0 by volume. The slectrolyte was thon passed directly
into tho cell and outgessed by bubbling nitrogen.

(1v) Preparation of hlectrodes
(a) Platinume In the initlal runs, the elscgrodes werc

heated in a streem of pure H, gas and secled 1n auall glass bulbe
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in o hydrogen atmosphere (126). The olectrode bulb, attechod

to a 10/30 ground glass joint was then geated in iis conjugate
10/30 ground glaass joint at the bottom of the coll {ses Figure 15 ).
The bulbs were broken in situ in the cell by a probe and the

run made immedlatelye. It was found thot Pt eleotrodes heated in

& guartz tube under 52, end manually transferred qulckly to the
cell through the air by insartion into a side A, gave identicnl
rosultse Thls was particularly useful for obtaining S, values at
low cverpotentials, 1.6+ at low current densities where electrodes
of U=3 cn® must be employed to obtain reasonable total rates of

gag evolution,

i

|
]
|
|

(b) Mercury. Meroury electrodes wers prepared initially ?

L asalgamation of Cu foll or wire by immersion into a 332(803)2
solution (105). 3Defore amalgemation the electrodes wers refluxed
in bonzene for il hourss After amalgamation the electrodes
were wasied nany times:with conductivity water and insertod into
the cell wlitiin 10 minutes of thelir proparation. In provicus
work (105) 1t hes been shown that amalgumated copper elecirodes
gdve identical alnctraohamiéal kinetlic paraméters for the heo.re
Talel elope and exchange current) ag thosa for the froe puroe
nerceury surfaces Silver and gold fuil elcctrodes wero snalpans ted
b irmersion inio purified mercury but gevo hich volues for 5
e hirh Tafel slopess It was concluded that these latter two

tyres of clectrodes do not give a pure lig surface due to the
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great solutlllty of iz and Au in mercury.

(v) Procedure. After charging tho cell with electrolyte,
purification of the solution by proeelectrolysis wag carried
out un an auxilisry Pt electrode in the cathode compartment

2 for a minimum of 20 hours (126)s Pree

at about 1 ma em”
slectrolyals was terminated by removal of the Pteelectrode and
insertion of a study eloctrode in its place. This was done
vwhile meintaining a rapid flow of 312 gae throurh the eathodo
compartment to prevont air from enterins the cell. Tafel

relo tions were measured before and after the determinetions of

Sp 88 @ function of overpotential n

In the determination of 3, &8 @& function of M ,
values of S,were obtalned at low values of M, firat. uhen a
partlicular value of M was set by proper regulstion of the
potenticetut, purisried 212 Wag bubbled through the compaprtment
for 3 minutes. iho flrst l=2 ce's collected in the gas burette
weroe removod by evacuantion and final collection of Z=5 ec's wag
then bepun. In this way there was no possi bility of /D gases

from & previous run interfering with a new doteraination of .‘,ﬁno

Be Ratio of ixchange Current Densitios,and haporimonts at
Low Taaper:iturcs
(1) fhe Apparstup

The electrclysis cella oro siown schematicelly in

Firures 17 and 18 for the solid electrodes {rt, lig/cu) and the 1icuta




Schematlc diagram of the low tempersture cell

Figure 17

uzed for platimm slectrodes.

Ae
HBe
Ce
He
Le

Se

Counter electrode compartment

Study electrode compartment

Roterance electrode compartmant

St.dy electrode

Luggin caplllary

$ide-arm through which the solution is
puzped Into the cell,
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Schenatic dlegram of the low temperature cell

Figure 18

for morcury elecirodes.

Ae
Be

Counter elecirode compartment.

dtudy electrode compartmsnt.

saference electrode

Study eloectrode

Lugsin caplllary

Mercury pool used lor pre-slectrolyais
Silde=arm through which tho solution is
punped into the cell,
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mercury slectrodes, respectivelye Fipuree 19 snd 20 show the
cell for Pt and its associeted apparatus. Figures 21 and 22
shiow the morcwry cell and 1ty associated apparatuse In both
colls the compartments vwere separated by tall solutionescaled
stupcocks. This arrangement pcrmitted the irmmersion of the
c¢ell Iinto a cooling buth without contaningtion of tho
solution throu b the stopcocks which of cuourse were ungreasged.
ihe colla were cooled by immersion in a Lewsr fimsk containing
elthor mcetone/dry ice or petroleum ether/liquid nitroren. The

temperature was moasurod by mesna of a pentane thermomotor.

(11) Purification of Goges

Nyy H, and D, geses wero propared as desoribed above,
i€l gas required for the preperstlon of agueous HC1l solutlons.
vag produced by the actlon of concentratod sulphuric acid on

KG1 previocusly dried in veouum at 150°C for I8 hours (19).

(131) Preparstion of Cell and Solutions

T™e procodurs for clesning the cell and agsocinted
apparatus wes identical with that described above with the
oxception that aftor the final immerslon in conductivity for
24 huurs, the cell and its componoent parts wero dried in an oven
at 1399 ror cly hours, since runs were to L.e conducted in CHBOB
solutlons with ninimun contaminatlon Ly HEO-

Methanol sclutiona QCH3UH) were prepared by d.uble

distlllatlon of speciroscopic grade methanol inm a nitroran
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fhotogreph of low temperature pletinum cell

and associated appuratus.






Detail of Pigure 19,
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Piruare 21

Photogr:ph of low tempersture mercury cell

and associanted apparatus,
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Pipure 22

Detsail of Figure dl.
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atzosphoro firet over a small quantity of g turnings end g
sodium borohydride to removs traces of water snd eny possiblo |
aldehyde Impurities, snd scoondly intc anothor flaslk into whilch
could be bubblsd dry, purified HC1l gas uniil tho coneentrstion
was approximetely 1H (o HCls Tho methanoliec HCl szolution was
then transferred to the cell und-r aitrogen prossurse. The
strongths of the iiCl solutlions were determined by titrotion on
soporate namples.

Hothanoled (633013) ves proepared from magnesium methoxide
art hoavy wator (130). Hagnecimm methoxids was firgt prepaved Uy

thoe astion of spectroscoplic grade methanol on 'ﬁg turnings and
dried undor vacuum for 20 bours at 60%, Beavy water (99,75
minimum D,0 contont)was thon added to excesa dry Mg (w&s)a
and the product CIIBOD dlstilled off under roduced prossure into
a dry flask foto which dry IC1 ges was bubbled until the
concentration of [l was about 1is The DOl was preparad by the
action of 9280& on dry Kol3 tho heavy sulpburic acid was praoparcd
by the diatillsiion of :303 am;g 930 in a cooled voosel.

Tthanol (G‘?HSOH) wes prepared fron the unde-naturod
matertel Ly refluxing with and dlstilling from Cel using'a

procodurs slinilar to that describoed above for methanol oolutiotde
(iv) ZPreparuation of iloctrodes

LE)
Platinum eloctrodes were soaled in slass pulb® 43 &
wailfled hydro on atmonphere as dosoribed ebLove, The Lulbs were
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broken in the cell while immersed in the electrolyte GHBOH‘?UH
which was efither 1 or 28 in €1 (no runs on Pt were m-de in
0113025200).

Mercury was:rrepared by double distillation of tho best

[
|

reagent grade material followed by anodlc treatment in ng( 3&93) 2-22263
J
!

solution, with stirring, and a final "vacuwn™ distillation in a
Hulett st11l (133) with an air leske |
ihe refeorence slectrodes were platinized hydrogen or
deutorium eloctrodes contained in separated conpertments in the
uasual waye. HReversinhility of" the hydrogen reference electrods at
the low temporstures was checked as follows: | (a) by anodlec and
cathodio polarisation of pairs of electrodes and examination of
the recovery of the potontisle to the seme 1nitial opon=circuit
value. The potontials recovered to within a millivolt in leas
than 5 minutes § (b) bty variatfon of the partisl preassurs of
hydroren Ly ¢flution & th nitroren at one of the slectrodes.
Satiasfactory roversible behaviowr was obgerved with rospect to

C28 Pressuro,

(v) Procedure

a) Mopourye The electrolyte, anmhydrous Cily0n or
(231301:« 14 1o either Y or DCL rospactlively, was prepared as
describod above and transferred to tho cell under Ha, PIossurc,
Pre=sloectrolysis was -et up at an auxillory mereury eloctrode

at the bottom ol the cell for a minimm of 10 hours. The v tudy
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electrode was thon immersed in the solution and its curronte
rotentlal behavior recorded. A Radiometer vacuum tube
potentiometer woes used to measure potontial difforonces and
both & calibruted Sensitive Reseerch Corporation and & Kelthly
amneter worc used to record curronte These readings were
repoated for various tasper:tures down to -12500.

b) Platinum elsctrodes were studled in 1 and 25 HC1
in Caﬂsﬂﬁ solutions down to «150%C. The method used is practically
identlcal to that described for mercury aboveo, axcept that a
sacrificlal Pt olectrode was used for pree-gloctrolysise In

both these low tempersturc expsoriments, the lowest temperaturcs

obtalined wero reallzed by supcrcooling tho glcoholic solutionse

Cs The Separation Factor SD at Hercury in MethanoleAcid
Solutions

Sevorsl experiments  were carriod out at mercury

cathiodes to determine the separstion fsctor 5, in methanol~acid
solutlonse The coll employed for this purnose was that used in
tho low temperature runs for ﬁarcury (Figure 18) and preparation
ol tha meldeury, coll and sssoclated apparatus was eimilar to that
described in seciion I abova. Hethanol (GHBOH) wag distilled
from Mg metal turnings into a dry flask into wileh DCL pas

could be bubLlade The I protio was then obtsined by titration

of a snell aliquol of the resulting mothmolelX'l soluslon with
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stundard basge,.

e HESUI S
A Separztlon Factors in Aqueous Iclution

(1) Heprcury

Tafel relations for amalgamated Cu eloctrodes are

shown in Figure 23 and 2 for 1¥ iCl and HCth solutions,

respectivelys The respective Tafel slopes are =118 mvV and =110 nv
and are within less than % 5 mV of the acdepted values for mereury
(29,447 ,48,129) which have an uncertainty of % 20 wmV., Tafol slopes

ror Ag and Au amalgem electrodes were of the order of 10=160 mv

8nd showed limiting currents at tho high current densitles whilch

are not in sccord with the accepted behavior for free pure mercury
catnodes., In adcdition, theso latter two electrodes gave high
valuos of 5, cae 5=8 and hence these results wore rojected and will
not bo discusmed furthere. The separation factor potentlostaticelly
determined ag 8 function of potontisl 1s shown in Firure 25, The
8y, velues are significantly potential depencent and ds/d'wiﬂ 0.6v™L
in HCL and lal4ls V'l in HCth over the rangs of ovorpotentials from
04850 to =14350 volts. Previous .ork is digcrepanty thus
Vielstich et uls (117) find that di/dy = 1.33 V"L over & 0.6 volt
recion for Qe2,. ) content solutien in 2 stuu. In epothor paper
(116) Vielsstich reports d&/dx\‘ to bo Go7 V'l which is

inconslstont witi: our results ong 2leo his LQuwn resulis ,puiblished

irn a related vap:r (117)e Also st lovep rotont ials, S

values wero raported by ihess authors




Tafel relstion for the heeers on amalpansated

coprer eleetrodes in 1R HC1 (aqueous),.
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Figure Q&

Tafel relation for the heoere o2 amalganeted

coprer electrodes in 1¥ H010, (aquesus).
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Sp at mercwry cathodes as 2 function of ovalre
poiential in aguoous HCL (solid circles) and

ﬂCth {open circlesr).
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for congtunt current density of 043 ma em™? but over a raIie

00 mV (116) which 1s quite inconslstent with the obgervsd
dependence of current density on potontisl (Tafel line)e. Our
results agree qulic reasonably with those of Rome and Hiskey (115).
These latior authors, however, studlcd Si) al constont current
rather than constant controlled potontial end a variation of Sy,
from a value of I. at low current densities to a value of 2.9 at

high current densitles.was found.

(11) Platinum

The Tafel relations for smooth platinum are shown
Plrures 26 and 27 for 14 HC1l and nclou solutions s reapectively.
Current=potentisl curves were run before ench experiment (circles)
an” after complation of the oxperiment (triansles)e Hhe observed
kinotic behaviour is in agreement with accepted dots and the t..imo
variailon of " at solld metals 1s a common phonomenon (12,47,
115,132)s The Ey= M_vrelatlons are shown in Flguros 28 and 29
for UCl and x.wloh solutions, respectivelye The Sq=m_ relation
obtaeined in 112::;»' L by Hopiuti @d Fulude (12) togethor wiih that in
the pres:nt work are shown in Fipure 30. Although the data
corraspondin: to the Tafol curve oxiibited larpge time variaiions,
the sgeoparation factor &, was not mrticularly sonsitive to time
offectae.

De [IHosults at lLow Temperatures

(1) Hercury

Telfel relations were obininsd as 2 function of temnersture




Firure 26

Tafel relations for platimum in 1Y HC1 (agueous)

e - 2
03 Before 3 it experiments

A3 Aftor I, experimontse
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Pizure 7

Tafel relations for platinmum in 1N Hcma { aquoous)

03 Before SD-/Y( exparimonts

by Aftor 3p- A experimontsge
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S’D at platinum as & function of overpotential

in anueocus 1¥ 1.
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8y at platinum as a funetion of ovarpotential

in agueous 1lH ;mo,_,.
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Pisure 30

Sy &t platinum as a function of overpotential

in aqueous ECL, iia&’lu, and ncmh.
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in five sepsrate runs in anhydrous czf3mz/11; #Cle Although the
technique I'or high purity measuromentes at very low temperatures
proved tu be difflcult and seversl modificetions to the apparatus
bed to be mede, 8 numbar of succeseful runs cown to =124°C (at Hg)
and =150 (et Pt) were oventuslly made. The resulting Tafcl
relatlions obtsined for various temperatiwres groe shown in Figure 31
anc ore linear over a curront density range of up %o tws decades
and are based on 7 to 9 exporimentsl polnts per decades. In
previous work in methanol (133} at hizhar temperatwros, Tafel
lines were based on only 2-3 péints per decsde over d-3 decades
of currente The potential, N o» is plotted versus the current
density caleulated in terms of the area for the liquid morcury
pool olectrods. From the slope of a log 10‘15. 1/7 plot
{¥igure 32), the apparent sctivotion enoryy for the he@ers on
marcury in methanol may Le calculeted as 1les kcal mole~t.
3imilar results werc obt ined for a morcury electrode in
Cn305/961 soluticnz., Ihe Tafel relatlons are siown in FPlour- 33,
“he apparent activation ener;y, round by a least equsres £14% to
the log 1, va 1/7 points (Figwre 32), 1s 12.3 kesl mole™ s Runs
in Ciiy0li wero made down to «100°C while runs in CH4UL ware made
dowm to =1:5%, '

The Tafel slope, b, dofined by b = —f—%{;—-
for tho discharpe sten (ses Chapte. I1,) 1s-125 mV at room
temperaturcs Thig corresponds to a vslue of 3§ = 0. 7. Figure 3
shows the exp rimentel Tarel slopes as a function of tomporotw e,
The clascieal slope for 3 = 0.5 is shown Ly the duashed linee It

1s seen thet there 1s s significant differcnce between the
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arvhenius type plots for the hefere (uolid
eircles; and the d.e.rs {(Open circlea) at mercury

cathodes in ashydroue methanol solutionse
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Tafel relations at mercury In CBBUW}JDI

a8 a function of temperaturc.
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Fisure 3&

Tafel slopes, b, 88 & function of Lemporaturo

® - heoer. Oon mercury in CH3<)H/I£CI
0 e deoers on meroury in 02}301)/901
0,4 = heeer. on platinum In cziism-x/ﬂcl.
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experimental end ¢lassical theorsticnl valuess for § = 0,75, “n
addltion, thers is no algnificant diffceronce betusen b voluns
for the deere AnC he%er's &t marcury. The najor points of
interest with regard to these results are therefores
{1} The log 1, vs 1/T plots shiow po devistions Iron
linaaritye.
(2) ¥o distontinuity is found in the log i, vs /7 plot
at the @WePe 0Ff morcury,.
(3) The observed Tafel slopes are significantly highor
than the veluespredicted by taking p = /2. It 1s

in fact found thet b 18 & linear function of temper:ture.

but 1s independent of 1sotopic mass.
(11) Flatinum -

‘'afol relations for Pt were studled in ethanol solutions
12 in HCl down to =1509C sod 1n ethanol solutlons 27 in HC1 duwn
to =100%, The Tafnl curves for the 1¥ HC1 runs aro shown in
#igure 35. Corresponding log 1 vs 1/T plots give identical
aprarent energles of activation of L5 Kecila mole']' for both the
11 and 2i1 acid concentrations. Thias is shown in Figure 36. The
Tafel slope at reom termperature in anbydrous ethanol was found
tu o «65 mV¥, Upon addition of water, the slope incroased
(L = =90 vV for 50«50 ngo,fczuscm nixtures) until in 100 150
the slope In this reclon 18 «120 mV. Tho =30«L0 mV glope 18 not
observed in etimnolic solutions as it ig Iin aguevus zolu'!ons,

Tho Iafel slopes for anhydrous ';Zeiisoi-i solutlons were obsorved to




oure

Tafel relations for pletinum cathodes in

Ca.i&SOH/HCI as o function of temperstidee
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Arrhenius type plot for tho heoere &t platinum
cathodes in caﬁson/}zm.
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ronalin congtant down to o°c at which point they began to incroeage
a8 tomperaturs decreased (ases Flgure 3L), The mafor polnts of
Interest with regerd to the platinum results ares
(1) The linearity of the log 1, ¥s 1/T plot down to =150
in czﬂsaij,’ml.
{2) The significance of the =65 mV mlope with regard to
mochani s

(3) The increasing Tafel slope as temporature decrousos.

Ce §D at Nercury in Acldiec Methanol :olutions

Seversl valuee of ‘E’D at room temperature at WL% l.1 volt
wore obtrined, It wms found that S, % 4eO. S5ince the dapendance
of dp on 'V(waa not studied in thie system, the result serves
only ne 2 basis for comparison with the rosults in agueoug
soluiions The valuoe of 4.0 for S»D ic rrodbebly a minimum value
slinge 1t corresponds ¢ a hish valus of M (ses Flpure 31). This
result is not inconsistent with the B valuos found in section i3
above, 1.0. the R value: at room tomperature is 3.3 end 88 higher

then tho corresponding value of 1.9 in agueous solution (111,112),

3e Discusgion of srrop
Ao Separation Factors

(1) Potentisl Control

A Wenking type 6lei potentiostat waz used which kapt

thie potoniial conntant wizrin £ 2 mv. Values of overpotentials
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(M) were nme:sured by means of a Radiometer vacuum tube
potnntioneter which could be resd to wlthin O mVe
Fxperimental scatter (see Figures 28 and 29) cannot be sttributed

to errors in potentisl controel or potentisl rmeansurotent.

{11) H/D mlzais'
the

lons produced in/mass spectrometer ranze in mass
frum 1 to 6. In gae of low dsuterium content, the i, to HD
ratio 1s obtalnes from masses 2 and 3. In this case the DY
contribution to mass 2 is negligible and the coutribution of u;
to mass 3 can ve elimineted by an lonepressure plot (122). The
ii; ion formation presumably takes place tﬁmu;;.l’z an ion colliszion
with a neutrsl molecule. Thereforo the D' contribution oan
eanlly bo detarmined since the concentrntion of H; fons is_
proportional to the sgumre of the pregsure wharess the u”* ion
concentration is propartional to the proseure itself. The
electrolyte solvent (10w D?_O in Hao by volume) could Lo propared
with o maximum error of Zi. The error in the mass spoctrometor
anelysis is a maximus of 2-;3&& Far a 104 D40 in U0 aolutlon,
the (D/éi)mm rotio 1s D011l A typicel mass apuotrosetor

analysis for (i/u) g Beve, ror exsmple, J.1. ED anc 919 Hoe

ga
ihe separution fector 1a then, using equation [10%)

S

p = (0.021) o SRRl Sel o p g 2 6,0

Theo maxinum error in tho separation facturs ig thorefore ostimated

aroung 130
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s Rogults at Low 9 raturos

(1) Tafel Slopes and log i, Values

(2) Mercury

Slopes of the lines drawn through the log [eurrent
density]epotontial data cen be eatimated to £ 2 mv. For
nercwry, extrapolation of the linear portion of theese .lines
to obtain loy 10 can lead to apprecisble error since the
extrapolation 18 nnde ovar 5=-5 decades of curront density.
However, the method used 'to obtaln the log i, values was to draw
the best 1line tirourh the experimoental 'rt- log 1 points and

caloulate log 10 from the e uation

M= & + blor i
which glves, when M= 0,

log1, = =a/p {189]

where a 1s the value (negative for the cathodle process) of
M when 3 is unitys aleo b 1e negutives Thise method 1 rather
more preclse than the pr:-rhical procedure when e long: extronolation
is reuired,
{t) Flatinum
Since for thiis case only & small oxtropolation of the
linosr Tafel rogion to M= 0 is required, lop 1, volues wore

obtuined by a direct grapvhicel extrapolstions



(11) Zemperature Measurements

The cell was immersed in a coolent liquid in a Dewar
flaait provided with a mechanical stirrer. Teipsrsiurs
megsuronents were made with an (1zo)epentane thermometer. 4t
low temporatwes {around =-1009C) the tomperature was constaot
to within 2°, For example, a Tefel relation could be cbtained
in 5-10 mimites during which time the temperature rose about 2°C.

The aversgo temrerature during this time wes recardod.

(331) apperent Heats of Activetion and Arrvarent Fregusnoy

Pactors

(a) Merciry
The log 1, vs 1/T plots were fitted by least squrroa.

The Arrhienius egquation
(4]
logk = log A" = %?
can be réwritten in the form

¥y B a + nx

e stendard deviation of the slope m iz given (187) bty
X Y2
' <
T2 o i_‘%.ai).

(ne2)s® = ZyP . (190)

e
whiere s 1s the ostimnte of the vwarlance of 2 szingle y messurament

and tho varplance for o is
2

S S o
ng_ -n ‘EZ [191]
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Finally the stendard deviation s, of the intercept & is

5.2 2
®a 7 ® 8 lx° - (=x)°

A least squares fit to the log 1, v& 1/T plot gives an epparent

{192]

activaetion energy, Eg, of 11.71)keals mole™ and from squation

{191] the error is £ 0.1k kcals mole™l, Similerly, Eg = 12.26) & 0.1}

1

kenls mole e The apparent frequency factor, A;:, 13 found to be

1447 x 1073 Anpe on™2 ang from equation [192] the standard
deviation is = Sie Honce,

A; B 1447 p4 04074 x 10™3 Mo cmfa_l. mole-l-

Ap = 250 3 0,13 x 10”3 emp, om™® 1. mole™l. (193]
By = By = 141 ¥ 0.2 keola, mole™t

&%, % +*
AH/AJU = 0'59 "0006.

(b) FPlatimum

For pletinum there i1s aingificent seatter in the

roints on which the log i, vs 1/7T plot 4is besed. In wrder to
-ness of the

test the simifieance of the straight/line in Figurs 36, a
stetisticel anslycils of verignce o the regrescion coofficiens of
Yoy 10 on 1/7 was rade iopr the first 9 polnts and last 10 rointe
with decreasing temperaturs. Thae anelysis shows that ther . 1z no
sipnificant differenco of tho slopee of the eloctrochonical

. 4 .
arpnenius rlots (end hence b values) ovar the tirher and lover

rances o emoersturess This mattor 1s of some inrortence ’
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since it 18 with regerd to constaney or otherwise of the heat
of activetion thet one of the criteris for the role of
sirniflicent tunnelin: %s based.

The protedurc for the anglysls of v riance $s briefly
2z fullows? the datez are set in two tebles ar-% {(z) end ~log & (¥}
forthe tws pgroups of datae The quantities 32, EXF » x?.'iy and 2x
are obtelned end the correlailon caafficimntsrl and r, for the

two mets of experinental results are cnlculsted from

Z{xy) = .
r = :2"'1"1 Y77 (194]
l(EEx -{=y)9)1
0 .

-(Yx) Ty

for n palirs of log i1 and 1/T data. Tho corresponding regreascion
coofficients R are then obtained from

T ixy) ..__._.x

R = (t = (195]
Zx° L

The standsrd deviations 01 sad G; of the two sroups of points
ebout the regresrsion lines with . values iy and #, are then

calculated an

' 1/2
& e
2y - (50 ) [196]

Zor the two pgroups of dain. Tha weighted resicual varisnce

Gi 2‘ is tlwn caloulated og
’
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(ny =2 G3° + (n, = 2302

2
G, = T v [297]
1l P
The vardiance of R wvsalues 1a given by
q— = G_?[E:xa-.(ix)a
By 1,2/ & = [198]
and simllarly for Q—ﬁ o« The variance of tholpr d¢iffer-nce O'Ae

e
is glivaen by

his 1s ocompepred with the differ:nce of Ry and R, by obtalning

the strtlinticsl parcmotor t as

{199]

>

and comparing the caleulated value with that tabulated for

Ny * Ny - 4 dogrees of freedoms Tho velues obtained are

Py = 049663 G; = 0.,20765; Ry = 1,2308

ro = 049753 U, = 0.2h2h; Ry = 0095647
9. S = 0.050413

G2 = 0.2199y
Yhan b oo }..A?SUB - O.‘)L:M
(0e22985)"™

s Ooy;%o

With ny + n, - b (= 15) the value or & obt ined ‘s less :i;.}:xr;m
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het reguired for the 0¥ s{ymificance level i.e. the results

over Yhe penge of temporatures astwiled form an indistinsuishable
nopulsiion with a probebility of better than 10:1 (the 10- lovel)
s0 thiat there is no statlatically eignificant trond of the aprerent
heat of setivation with decressing temperature, For the results
at mercury, similar conclusionsapply and the deviations of

individual pointa from a linear Arrhenius plot are leas than

at platinum,

{(iv) Presence of ii in the “u. e D Sclutions

The hesvy water used Lo mepsre G.HBGD and DZSQI.; was

. obtalped Lfrom Atomic Bnergy of Canads, Lide, and contained

99e76;: Dy0s  In evaluating tho ratio io,ﬁﬁ/io,D’ it ia as:umed,

s Indicated in previous work (125), that ony apparent coniribution
to 1.0.3 from the minute amounis of I present 1s noglipitle.

An anolysis of this problom has beon published previously by

Conway (175).
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CHAPLER ¥

QUALITALVIVE DISCUSIIUON OF REINL.S

For convenience, the dlscussilon of experimental

rosults has been civided into two chaptars. The prssent
Chayter conteines a quelitutive discusslon of the axparimentsal
resulig, Several new concepts with regard to the h.e.re are

propoged and references tu the literatwrs, in suppart of thesze

concopts, are givens Chapter VI contains e more guantitative
dlscussicn in uhich the conclusions of the prosent chapter

are supported by theoretical but somewhat einpiricel calcula tiong.
1. Mex'em
As. Separstion Factor

(1) Genersl

In the provious dlscussion {Charter II) it was shown
th -t the pii, Tefel and cspacitance behavior at nercury electrodes
cowld only Lo explained in terms of the slow diacharpge mochrnlisn
{1}. In the separetion fector exporiments, no ovidencs for
anoalous maxina, W ich were indloated in some of tho previous
work (116,118), 1s found and this 1s in agreement with: agpects
of other work (115,117). 4ne of the diffle.ltics in some of the
provious work {118) wes that H/D enalyses were besed on collectlon
Of Jel cce of 18quld water (i.es H, and D wera oxidized to HA0

and 4i}) which was asalysed by ap 1nfro-ped mothod, !Much mo: o
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gas {g8e 130 cc.) must be collected for such & procedure than that
resulred for m:age-spectromotric analysis and problems of time
varlztion of the kimetlca at low overpotontisls, where longer
tl.es o electroiysis (3-12 hours) are requirad, becoms 1imiting.
Alao, in thig work (113), the gelvanoststic or constant current
method rather than the constant potentiasl nethod was used. ag
the authors state (115), only "average potentisls" cuuld be
recorded.

The separation factors are found to decreaso u’YL
incroases and it 1s of interest at this point tc offor a
quelitative explamation of this fact. Vielstich et el. (117) have
regardod 1t as ariasing om account of different wrlues of the symmuetry
coelficient P (efs oquation [152])for clectrockianlical disctarge
of # and D, respectively, from 11{30* and i32D0+. For the alig):'tly
differont case of diascharge from acids in pure 1,0 sod 50
solutlions, no evidence is found for a significant isotoplc
dependence of § at i1, Pt, Au, Uu, and Pd (125) and Fe (45).
liowever, for mercury, Post and Higkey (112) have reported a
dilferonce of aboul 3 mv in the Tasel slopes for pwe ﬁzi‘) and sz;)
solutions. Ihls difforcace 1s of the wdor of the usual error
invelved In 7aefel slope measuremonts (1.0 ¥ 2 m¥)e On tho basis
ol vhe present work in methanolls solutions, no signiflcant
difference in 'Tarel slopes for runs in puare i and O solutions

is fuvande
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{11} Potential Dependance of 5y

On the besis of theoretlical ealeulations Lo Le nregoented
in Chapter VI, it aey be sugpested that the observed ¢izipution
of Y values with incroaging overpotentlal could arise froa of ther
one, two or all of the followin; possibilitiess

(1) Increase of potential results in a cazprossion
{electroatriction)of solvent in the double~layer [as treatod by
Yacionald {135)], with a conaequent effect on the force ficld in
whiich the proton transfer occurs in tho double=-lseyor. 9Yhe fiold
in the latter 1s ca 107 v. ‘em} 50 that electrostrictlion analorous

to that at fons in solution may erises. This compressional effect

could effectively increase elther the force constants for lateral

bending, sines the H,D, or § complex could puffer more repuls!on
~ith poirhboring sclvent molecules 1o the double~layer, or chanpe
the force constants for the symmetric stretch, or both. Thip
latter point iz of importsnce sinco it 1s reasonable to expect
that the metoleoxygen intoraction (Gese in tho ilgz-ii-()ﬁa complox)
could very likely vary as a function of po.ential and that the
dlotouce of the O from the Hg,' surface nay depend on potantial,
wualitatively, 1t can be sghown that the mtal~k!30+ Intarection
is consicerable and incroamses as po.ential increasose The model
is thnt of an 2130* lon adsorbed In the double~layar at the motal
surince axt et some potentisl \\’1. ideyond tho Wl plane, the
onoryy varies as Bﬂx acroge the double-layar with a rc:;uléive
energy associated with electron overlap and with dehydration.

As a repulsive
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enorpy function for Hpe=--0, the function ;iven Ly Vanderslice (173)

for the 0«0 interaction is chosope The Vandersllice repulslve
function is

HO—O = 1,87 2 101‘ 0'3'5? ¥ kealg. mole=t

for the Hg=0 repulsion, the above equation is modiflad uy
chan;-ing the scale units ol the dlstance r to Lo reasonable Iur
the idy=0 systome. The w3dified Venderslice potential enersy

repulsive function is tlen

HII;r-O a 1,87 x 101‘ 0"3'57 (r=0415) keols mole™t {200])

The correciion term r-0,15 in equation [200] 1s derived emplrically

as Tollows: [ar tho Oe0 systen, K cguals 1 koal mo].a"'1 at

luhenr

r e 2.75 2, fe0e A 18 taken arbitrarily as 1 keal mole”
is the pum of the van deor Waals radli for the two atoms 1nvc>ivod.
Tho von Jer Wagls radius for the O atom 18 lei ?a. (194} and

1.5 £ for theo lig atoms R in therefore adjusted to equal say

1 kerl mole™  whon r equals the sum of the van der Waals radil

of O i Hpe Taiing the potentlal drop g + V’l thirou;h uhich tho
513()* lon nmust eross ag, for e'mmple. 1 volt (23 keeld mole”l‘), o
Morgo type curve oan be draws Lo the 3ig:~(3313+ gysLom and is

shiown 4n Flerure 37. from the change In ener;y as & fuactlion of
distnonee aboutl the minimun of this Morse type curva, a foree
congtant vi 0,2 m.d.f{"l is ostimutod, which 18 not by any merns

iasl nificants The encrpy of inzeractlion s found to be
¢



Plpwre 237

Horse type curve for the olectrostatic intoape
action between a charged wetal surface and a

hydronium lon (g« \Pl = 1 volt)e
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approxinately -4 kealae. moie'l. Thls Lnteractlon eneryy iz
analo;ous to that associnted with the Wl potential in the
elecirostetic thsory of the double~lsyer. lowever, the
method of calculation &s guite different ( see cumter 1).
For iz elscirodes, tho Tafsl reylon in & meavuremsnt: fe
botween Qe9=lel; volt, and Qe may expect thin elecirostatlie
attraction effect to be alrnificant at these potentisls.
This esleulation servea only to 1llustrate the feret that the
ilg=0 lunteraction can be lmportent Lo the dischargs ateps
Its affect on the symietrical stretohing frejuency in the
actlivaied conplox nay tbsfefare blso be sipniflcant anc potentiale
dependant |

(2) #10ld offoote can chanre tho potentinl eneryy=
distence relation {ofs the Morse function for diatumics) and
honoe rasult In the varistion of gero=point sneryy differ-noos
(280)e thire efrect would be expected to ba glgniflicent for tranafer
of charged opec¢ier auch ag Q*OHE and pley a minor role for
uncharsed species such as Hgel, If the field offect wers
el nificant, a linarr Tafel relation would not be £ und.
Jramiidn mokes Just tide point in obeerving tho extrome linear!ity
of ths ¥afel reletion at mercury over T7T=9 decated of
rote (29).

(3} Finally the effoot of fleld may enhanece the
possibilivy of discharge at a dual site, l.7., ioitially discherge

mey  occur at siarle motal eftes and et higk cat . odic potentiels
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tho discharge at dugl sites may vecome more slgnilicent. UL
a1l thesze oxplanations, (2) is the leszat probeble vnee. In tiw
next cha;:mr,calmlaticns are pree-nted which support the

poesibilitics (1) and (3).

Be LoOw Tmpqcﬁtwe fehaviouwy

(1) ZTafel slopes

(=) ZTemperatu o Dependence

in the low tempersture experimonts on moroury, the
slopes .2.3 BT/BF are found to decrease bul aro always approciably
larper at each temperature than the valuss calculated by taking §
ae ite usual value of 0.5 This could be explained in terms of
a tunueling mechanism on the busls of which higher Tafel slopos
cen be predicted (ofe ChapterllI), 1%t 1t were not for the fact
thet the alopes for the dee.re are indistiniuishable from those
for the heoesre (firure 34) and also that the apparent hest of
activntion E 1s constant (PLzure 32) and shows /gfgn of reaching:
a limiting lowor value. If the tunaeling mechainic. wore
insipgnificant, thon thia s ol plope behaviour can only be
oxpleined by tekiny B 19 be a8 linear function of lempernture.
Post and Hiskeoy Find f to be conatant in 0.1 i1 and WY ajusous
colutiong of 2120 end Dat) s regpeotlively, ove: the temuerature
ranre of 4° to 759 (111,112). However Farsons et el. (129,133),

Lno studled the hetsre On mercury in L:iiBe;;:rf,,"{).lE: i1 solutions
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below roam temperaturs, but not ul th the purpose of exaemining
the tunnel effect, found f to be & linear functlon of temperature
above the melting polnt of mercurye

The tempersature depsndence of B can be explained by one
or several of the following possibllities?

(1) & distribution of configurstions of the dipolar
330* jon ¥ith respect to the electrode surface [model (1)) is
involved corresponding to a distribution 6f initial states in
the proton traunsfer step. Generslly more sriented states at the
surface will tend to prevail at the lower temperaturea. 7his could
be consliatont with relatively lower slopes of the initlael atate
surve at lower temperatures fur a more favorably oriented initial
state confipuration of H30+. However, auch a model would also be
expected to lond to 8 temperuture dependent B which 1s not
observed within the experimental error.

(2) Hipher temperatures favor greater population of
atatos in vibrational levels gbove the pground state levela of H30+
[model (11)}]. «With respect to the OH bond of 830* underpolng. reactio
(proton transfer) towards the surface, Lheg H+ entity in the
initial state will be slightily neurer on the averare to the
surface in the first vibrational state tnan in the prund atate
(anharmonicity effoct}e The potentisl drop soross which such a

proton would have to fall to reach tho transition st te would



heneo be less than fron tho grounc stoie, d1ece 3 would tend to
bo smoaller [model (ii)]. This 1s in the opposite direction
from that required to explain the obsorvod trend.

(3) Surfaco potentials deturmine the effective velue
of P [model (ii1)]. Hore 1t weuld bo psunposed that the totsl
netal=golution pede AF 1s made up in the usual war of aﬁx Gue
to orimted gurface dipoles {solvent oricntation and agvmaetry
potentinl at the metal interf: ce) and a coulomb poientizl Aﬁq
duc to oxcesa chargoe Using a recent model of the double=layer (Y8)
in which adsorbed reactant ions aro outside a lavor of oricnted
solvent molocules adsortod at tho interfacd, it is sesn that the
trancition state P could arlse within a distionce over uhich tho
Tele Aﬂq operates, l.0. v = AQ",’Aﬂq (see model 1{1) where y may
Le che Ou5e However, Aﬂq 1s 1tself somo {raction u of Ad. The
overell =vuuldey fuctor roeferrin: to ofiect of motalesulution

Peds oOn the rate I will be denoted in the usual wey by B, le0
1 = 1, expl-pagr/nr]

for a slmple lon discherge step for constsnt diffuse duuble=layor
con igurations YMrom the above definitionas, SAPF may be written
as ayA@/RT with ¢ = Aﬂq/Aﬁ. It may be agsumed thet solvent
dipolo oricntatlion is tempereturs dependent and strongar
orlentacion teonds tu arise st lower temparnturo, so thab nﬁx
incronseg. At a piven AJ, Aﬂq will licnce docresse, i.e. a

dininighos wlth cecreacing tem-ersture. .ince J = ay, thon ay
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will morec or less remain constani ( since it is the true symmetry
factor determined by the potential eneryy profile), and f will
decrease with temneprature as required. This type of model was
alzo used proviously (136) to explain anomalously high slopes

in tho Kolbe resction at Pt. WwWhile the above coaclusions follow
satisfnct rily on the baslis of the recent model of tho double~
layer, 1t must be admitted that such a repressntation of the
double layer by Bockris ot sl. (98) offers difficuliies for the
mechanisa of w* dlscharge since the ﬂ30+ lon in its initial stzte
in the Helmholtz layer 1s xjalativoly far removed from the eloctrode
surface -and nesds two steps ol proton tranafer to reach it.

(k) It could be srgued that anion (C1”) adsorption
increases at lower tomperatwres and causes an increased Tafel
slope ( smaller B}« This appears unllikely as an cxplanation of
f as () since simllar effects are also obssrved 1n aqueous
solutions in the tempera ture ranye Oe-uo"c where the douvle-layer
capacity information indicates that no €17 udsorpiion arises at
the hirh negntive potentials involved.

(5) The last, and.perhaps the mont reasonsble possl billty.,{
i1s that proposed by Dockris and Pursons (11) for the Tafel slope
vehaviour in the temperaturse rango.O-hO"C. Using the simple
porallel plate model for the double-layer at marcury, they assume
tho (local) dielectric constant does not wary with temperature

and from the ojuation
€

C = S———

br§



tiiey caleulate & pate of chicnr e of P approximaioly oqusl &
. -3 , P : - ,
2eb x 10~ deg’l. C 18 the differcntial capaciiy, the mesgured

tempersture de;endence of which is 5 x 19 -2 ey cm‘? dag‘l.

cith
the assuaption that & (dielectrie constsni) ie constent, the
obgerved chenge of ¢ with T requires a chenge in double-layep
thicknese ( &) of 5 x 10'3 K deg'.'l The rate of chanre of 3 ig

agsociated wit. the rate of chan o of § t rous:: the relaiion

The value 4B/4T = 2,5 = 10"3 deg: is obtuined by consiructing
the potentlal enerpy profiles for tho heoers at severzl
Lamperatwres and obtalning f as a function of - emperature fronm

equaiion [201}es The value of Ap/4aT cmt ined in the prnamt
work (efe Pire 34) 28 0.7 2 10 -3 dcg

{(b) Depolarization Kffects in tia melos 3 Curve

The curvature of the Tafel relation at low current

denritics muy ve attributed to apecific adsorntion of the anion
(<9)e In a,ceous aolutiono,t’im P ceremxience of ’rLin concantrsted
sulucions is rounc to we dependent on the nature of the anion (88).
“ho results of Jofn et al. (137) In agueous solutions contuining
I7 an¢ " anlons show very similar doorenses of polarization
(lovaring of /yL ) at low current dencitles. Yho offect of anions,
uitleh gertuinly influences 85 for Pt (amoc below) may nleo have

an eflect at ilre This 1s esgrecially truc in concentroted
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solutions (), 1) as seen in Flrure 28 for 8. ve l £Or MEercurve
The cupvatwre 1s not due to denolarization effects associnted
with oxidizing impurities since the geme behwmvior rersicts in
the most carefully prepared and purlfied solutions ui:ich have

been pre-olectrolyged for approeciable poriods of time.

(11) Heats of Actlivetion and Frejuency Factors

(a) Heats of Activation

At mercury, the Arrhenius type plot of lo 10 vas 1/%
does not suow any curvetws (Fizure 32)e. Thus the eritieal
rogfon (from -20°C and bolow) 4a ‘limar and the sappacent hest
_of mctivation le congstant ovor the entire temperntwre panpe
sludieds We d. not fing, ea Jdid Parsons g% sl. (132), a sherp
break in the Aprhenius rlct (but without chanre of elops), towards
louer 4 o vVelues at tho nolting polnt of merewry (1/7 = .2 x 1073%~1
The presont rosults, Af anyt-ing, indleate an incrense in the apperen
10 valuos duc to a slirht contrsction of tho morcury surfuco. This
contraction upon solidification of the mercury surfnce {i.0. tho
decroass in apparont surface area) 1a estimatod o Le about
15% and is counterbalanced Ly an increase in the resl surface area
L; at leust lUse The incremso in resl surfnce esres upon
gullificatlon of a marcury surface 1s  eparted to to arcund 104
{137} wille for gellium the increase in real surface area ls arounc
175 {192)« lionce t:e i, velues found experinentally can very at

thio zmost by & factor of two ami @ince the loparithms of thoase



values are plotted, the difference is -ulte gasll. lolow the
freezin: polnt of mercury, it 1s estinnted thrt the error
involved in 1, ¢ue to a surfece ares chango is tgo,

From Plrure 32 we cen obt-in the aprarent hestsg of
activation, ﬁ:ﬁ, Lor the hevere and deters It 48 found that :
ve:f; = 11,2 keal mole tand r.g ® 12,3 lwal mole™r {ofe equotion {193]),!
The value of 1lleZ keeal molo'l for E.iz obtalned in the pres: nt work .
diffcra from the value E;; 2 18«20 koal mlo'l reported by
oth.rs {(129,133,138) in methanol HC1l sclutions. In order to
olarliy thls discraepancy, we heve taken the lo: io values
repurted by Parsons and vockris (129) end pletted them against
"L/ and £ing F.;; g 8 lcal mole'l whereas they report a value of
£ & 20 koal mole™. similer results are bbtalned using the
dats of Minec and Sobkowskd (135)e The values of Bﬁ { for ’VLQ 3}

were apparently calculated (133) from the relation

n o= I:;; - ml?«* ' {202]

£

where &° 1z the apparent actlvatlion energy for o ziven value

of W\(obtained by plotting lor 1 nt constont 4 verzis 1/%).

’5;2;, the vrlue at 'Ykﬂ 0 was then ealculeted fron equniion [-02]
assuiing a constant value of 2 vhich is szanri:ﬂentally incorrect,
The siinificant quadt 'Ly Lo Lo used in “; determinetiona is rather
the exchenge cu.rront deusity, 1,» 1In egueous solution, a plot of
log 1, veraus /7 indeed gives & valus of J1 jwel 'f:ole-l.(lll)

wiic Is counslstout wiu the treathnent of severs! other
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inveastigators (29,33,137)e Tie difference in apperent wierpiec
activation, for (6 hetels 8¢ LeB e In metiianclic soluilons,

JoF i .38 -l

BY = By = Eps 18 lel keale mole © & is coosiunt over a
Lemrerature reose of 125°, The corresponding quantity iz aguosue
solution over a temperaturs rease of 66° (+ L9 to +70°%C) g

1.1 koale mole™> (111,112).

(b) Frequency Pactors
The ratio of apparent frequency factors, A;/AS, found

in the presunt work is Q.59 Post and Hiskey's dete for the
he0ers 1n squeous solution (111,112) lesd to Agjag 2 0,5 In
view of this valuo, coveral authore have concluded thet proton
“tunnolin: 1z aignificant in the discharge resction (76,29). For
slectrocheni al reactions, however, it 1s necegsary $o define
isotopic ratios of frequoncy fectore with sore care since twb
important factors enter inta thelr determaination which have not
boo oraviously discussed and are not involved in the case of
apdinses chi~l gl ronsoctionsse These factors will Le examined
quantitet vely in Chepter VI where 1t 1s shown chat the true
frecuency {notor raotio, Aﬂ/Aﬁ, i1s close to unity. Honce the
concliuelon that tumneline ic significant, based on an apparent

froquency faetor retlo of 0.5 (26,29), can no lonrer be maintained.

2e Platinum

Ae Separction PFectors

{1) sernernl

Thie nii denendencs o ’)Z a1 war sesn tu be coneivvent



with a rate-limliting atom recumbinstion step [3) at low
current densities and atomeion recumbination {2] st hish current
dencitiess. The observed Talfel slope of 30-40 mV at low current

doneitios can be interpreted in torms of the 1imising Langmuir

agsunption for 91! ~» O or the non-activated Tomkin case {esme Table

for the e tom recembination mechanism [3]. The slope of gae 170 mV
ouaerved at hish current densitises %s degeribed by the limiting
Langmuir condltion of 8, — 1 for the atome=ion descrption

proceas [2]e In discussing the basis for the shape of the Sp= M
ourves on Pt and ths offect of enlons (see Firure 30), the above
mechanisms must not be contradictory. Horiatd (11,12) and

Bockrls (114) have attributed the initially inoreaeing slope oi
the 4 =M relation to & change in mecheniam (e.ze. from (3] to [2]).
That this cannot i.e the explanation of the shepe of the SD-AL
curve 1s arrived at Ly the following considerations:

(a) If this increassing value of 8, with potential s
attributed to an increeeing participation of the rato=dotomining
mochanism [2] in parellel with mechaniem [3], the ort.in of the
meximum in SD is not well ezi:wlnined. If the initial ratee
detormining step is atomeatom rocombinetion which prodominataes in
th- low overpotential Talel region (sse Firurcs 26 and £7), then
tho inecreasing contritution to the rate by the atomelon desorpt!on
mecinninm, which s regnrded as predominating in the hi. % overe
potontial Tafel recion, ch uld losd to & constont mox!mum velue

of 61 cher-ctarist'lec of asteop [2) operutins at ! h cu Loosie

St
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povontiels. The eventuml decrease of i, al . irh overpotwvatlels
caennot be satisfnctarily exylained on this bsaise In additlon,
ir 1t is conceded that the atomivc recomblnation step is in fuct
rateedotorminins at lov overporantials ag implied by the above
asp i ument of meochanism based on Talfel slopes {cf. lockris (11Li},
then volues of &, equal to 3«4 must bLe explained in terms of the
| atom recombination mochanism. liowever, Bockris (11L) has
maintained that sn based on & rate-doeterainin- atome-atom
recombination gives rise to values of 6«8, Horiuti (12}, iz an
offort to avoid this spparent anomaly, proposed that ﬂz*
molecule=ion neutraligation step [{L] 1s reto=detormining at low |
overpotentisgle ené the incroese in §; 1a duo to a chanre in
roza=controlling mochantem from step [4] to [3]. In Chepter II,
1t was shown that at platinum, both the pH behaviour and values
o the Tafel elopes load unambiguously to Iindication of & slow
atom-gtom peconlination step followed by slow atomelon deso:ptiion
at hich'r oveppotentialse IL then 4t csn e shoun that values of '
S, of 3=} cone rise &s n lower limit for the atumie recombination |
mechianism, the shepe of the éiz)-’VL cwrve (#:ure 30) can be
satisfectorily expleined as discussed Lelow (Bee also Chaptor VI).
(b) The increase 1s S, walch is supposed te orice on
account of the parallel participetion of reactions [2] ang [3]
ag discussed above offers no oxplenation of the offects of anions

wiiich Lave beon found in the mroesent worke [t 18 proupused hore
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that tho initial risze in Sy is due solely o offocts (Ge o

chen ing coverage) associated with tho recombisaiion step (3]

and tbnt at the maximun, reacuvion (2] begpins to trke ovoy ag

the ronio=doteralning gsteps The reason for the rise in $ﬁ may

be sitrinuted to hydro.en adsorpitlon effects and to speeific

acdacrpiion of mionss 1t has Leen esteilished that covers: e

by hydro en at smooth platinum is aprroeciable (142) even at the

reversible po.entisl (143). 3ince surfece covera-e by hyiro cn

iz signl. icent, the effect of gurface interactions between

adsoried hyuiro. en aioms with each other, and/or with adesorbed

anjons must %o conaidered as e basls for discussion of the

-vwariation of 39 with potentlal and enion of the electrolyte.
Hydrogen atom chomlsorption cannot he eonsidered as a

eimple csse of covalent boud formation batween a sinile metal

atom ond 8 hydropen atome 7Thus, in addition to the above effects,

the posalbllity ol multlpls bonding betwsen a hydro;en atom and

sovorsl metal atoms must teo considered. The evidence for a

curplex nmodel of hyuro: en atom chemieornifion and anion adrorption

st platinum slectrodes 18 now preanaontaod.

(11) Haturo of HeAtom Chemisorpiion at Hotel surfoces

Indlcations have oexis od for gomo time that there is a

strong and weak type of hydrogen chemisorntion referrod Lo,
respociively, as type A and type C (1lhkh)e At suflflclently low

toaporetures only Uype ¢ existe (1i5)e A% hirhrr terrerntures
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type A is thought to predominate anc tho rave O adsorpiion is
ziven by the Nlovitch equatlon, rete a oxp (=bx), whor- x 1s ithe
emount of ges adsorbed in the slow process {156).

Hecent apporoaches to the meture of bonding of hydro. en
at "active®” motals have been based on the d=kand theory (147).
In this theory, cohesion 1s asoribed to rssonance between all
possible structures in wnich the electrons form definite one or
tuo electron bonds betwecn atomae 1In the cagse of the trnneition
metals, Pauling concluded that thiore are threo types of dearbitsls
which sre: bonding 4 arbitsls involved in dsp hybridsg
atomic deorsitels essociated with indivicual stomp, but not
electronic cunduction. I hydrosen atom chemlsorption procoods
throush this type of bonding (l.ce 1ts olectron becomes assoclated
wit:, empty deorbitals of the metal forming o covalent bond!, then
1t would e expocted that the resulting MeH species would be
dipolar wlts il o hyoro-en atom constituting tho positive and of
of ths dipole. lowever, ilignolet (143) has found that ihe
"surface popantiul"”, for examplo, of nickel, covorod with
adsorbed hydropen, ls negctiveg this indlcates that the nogative
anc 0 'he ¢ipole 1s dlrectod outwards from thic surfece {(14Y)e

2z c3tuncion is etill compatible with thie deband theory if It is

Eiy
Iee the chanre of surisce po.ontinsl froa that ot tho metale

wasaum Interlaco.
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aggzuned that tho lHeatoms conetitute the posisive port of tha
dipole and at tihe same time ponetrate deep envush into the
surfuce to be sgituated below the uppermust layer of motol
atoms (1445,150)e Un this basis, the model thet H stom chemie
sorpiion can occur at wultiple asites, i.e. interstitially in
the surface (151,152) is ontirsly reasonailo.

Flgcwruy aod Pliskin (153) have found exp rimental
suprort for this model by studying the Ieke spectrum of hycroren
adsorved at silicaesupported platinume. 7wo bands wers ouperved
in the spoctrum of hydro an chemlsarbed on platinum. 'The first
band at 2058 cm'} wag attributed to a strunsly bound hydro-en
‘species and the socond band at 2109 cm?l was attributed to a
weairly bound gpocles. The force constant of the strongly bound

1 for which Eilschens and

apecios is ecalculniod to be 252 nd 2'
Fliskin proposed the structure PlL.l.Pte If the two rlatinun
atons are riyid, (153) f.ee 1 thoy do not vibrote with reap »ot
ty one snoth.r, the force constant of 2,52 ma g°1 may Lo
regerded as twice the farce constant of the sinyle electron

bund apeclon. T, [ (becauaa'on@ bond is comprosced i llo the
otlier Lie strotched). The forco constant for thie Pte.ud spaciayg
woul . then be 1420 nd g°1. Tnles 18 similar to the force constant

o=
ol lel, md A or the gingle eloetren bond In diborane (15.). %The
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sguthors propose the two poseible structwres

*l‘v

?t-ﬁa.

hYj
or l

Y
"

e } e e o it
Pt i.a 2t

whoro $oe ilg o {14 iy refer, regpactively, tv the strun:ly and
<eakly bound specicse

Mignolet (179) in his surface rotentisl studles
also found evidence for two types of de=atom adsorption. Une
incroagsed the work function and the oth r decroassd it. The
former type appear-0d at low coversge at =150% wi:ile the latter
preduminated et higher coversages at «190% and at all covora. s
at 2%,

Subrmenn et mle (10Q) found evidence for www types of i
ad:orpllon on platinum {ilms from tho obgervations of chan es of
olaectrie reslistance and pholoclectric ealssion as & function of
COvVors.Ge L5 one ityps of edauvrption, the I dooreased Loth the
work fusectlon and tho reslstance end prodominsios ow gll
covars es and tenperetures above -1:130 Ce gecond type of
sdoorption wna detecied at low covers o below -1&3“6 whizh
1ncroaseod Loth the worlt function and the registencse.

Sachtl r an’ Dorpelo (101) oYgerved that upon
adgorpilion of hy:rogen the restastsnce, {a) decroases at 0% vy
0e7i5(b) elthor incrensed or cdecracsed ot =196°C depending: on

factors such as f1lm U ickioas ete., anl (¢) increased at =:19%



by <eSue These workers concluded that Luo types of adgorptlon
dccurred which, Iin this thesis, is thourht to correspond to
sin;le and multiple gite adsorption.

Will {167) has studied the electrochionicel adsorption
ol hydroren on tho 100, 110 snd 111 faces of platinum sin-le
erystel electrodess The trian-ular sweep method (103,15%) was
used to estinatn surface covernpo oo the vorious eryntel fsceg
as a functlon of temporaturce In this mothod, a voltare worying
linesrly with time 13 aprllied to the eloctrode and thae
correspouding eurront is recorded as a function of time and hence
potentleis The currentetime plot %z equivalént L0 a capaclitye
time, or capacity-potentisl Plots A typlcal trlansulnr sweep
plot of c.rrent vg time for pletioum eingle cryetals 1z shown
in Pipwo 38 Two to threo maxima are observed and corpespond,
rospectlively, to two tu Lhree tyres of chemlsorbed hyaros~en,
The coverace relating to these spcclos iz obtalr:d by grachiical
intogration of ke area under sach pook by reference io the

followin: relation

q = 1 dt
o
The Intogrel over the time interval O=t is eq.dvalent to one

ovor a corr-spomiing potentlal interval A since df/dt is cunstant.



Trie, ular sweep plot of cwrent versus tinme

(aohematic) at pletinug single crystal electrodes (147).
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ilere g is the charge which lg directly proportionsl to the
surface cuvorsge 8, {33) attzined up (o polentiul Je Tho

three crystsl fsces show distinctivoly differont adsorpiion
behnvior. 7The relative hieighta of o [iret to the second
adsorption maxinma were found to very on the verlous crysial
faces in the order 110 > 111 2 100. The hoats of adsarpiion for
8 siven coverz:o were Ifuund %o deoroase in the order

100 2 111 D 110 and were associaled with docreasing -ond
sirength in the asme order. A 281 ratlio of totel hydroran to
surface platinum atoms was {ounde The resulis were interpioted
in te.me of at lecst two difforent types of chemisorpiion
lovelving on interstitially vound apecieos {1.0. In ths surfnce

layer) and a specie: bound on the surface sirilar to that

proposed by iischong and Fliskin (sece above).

(141) &ovidenco for Lffscts of Anlon Adsorption ob

Flatinun bBlectrodes
Here wo may cito, amongst othor indications, the present
work as ovidonce of effecte of anion adsarntion at pls tinum
duw-lng hydropen evolution (Firure 30). The worl of Sreoitar
et nle {103,155) on Pt, Ir, and Rh shows thot os ke tendency
for speclfic adsorption of onlone inereases, the elactrbchcmiaal
-=gdgoprption ener;y decreases. hus, 1t wes fount (103,15¢) thet

the tendeacy far specific adsorpiion of anions on plst!num




decrenses in tho gerlos

ai” < crop < w8 01t K T
e} &

Th-re is then a dofinile correla.ion botweon ‘he negntive
dinole monent of FPiell . olng direcied towards the colution and
the decreesse in the hydroren adsorpilon ouoryy !n the presence
of adsorved mnions. Fopat and lackermen (104) have similarly
found definite svidence for snlion adsorpilion at rouventials
cosrresponding to hydrogen ovolution. Their studlos of doullew
layer capaciiy at aprvociable negative potentiala, where hyiro en

ovolution 1s ococurrling, show strong effects oy anlons in the order

> " > 61" > P
From these experimontal fucts, there can e little doubt
concarning the offects of adezorved anlons et platinum elcotruios
during hydroron evolutlion and thelr efisets sn Lhe hydro cb

chionisorption snoeryye

(iv) Effects of il/D Coverage and of Anions on 3. for ¥t

o

o Chaptorlll, we have peen that the isoiople rrtio of
ratoe constants deponds largely on tho eontr 'bution of the zoroe
point enerpy diffor:unces in the inltiel staie an: ihe activaied

comploxe The latte contribution fs, Iros e:unilon {(L2],

396 .
Sinh ui i\;'lz .
o .
’ ‘ (20
sinh o, /2 293]

1 1,




wherae the product is taliem over BH#~6 depreos o {recdum Jop

a linear complex. 1if a non=linear complex is 3involved, as ie

tho cese for proion discharpe at & cdusl adsornpiion site msnd Qoo
atomealom recombination, the product iz teken ovor 3n¢-? derrees
of freedoms In Chapter ITI, 1t was shoun that the geros point
enaryy differonces in the inltial st-te ere inierendent of surfnce
coversso end eff'ects arisin: therefrum. This eituation erireen
from the assum=:tion that the rre-rate-dotermining stere are In
quasiesnu’ibpium and therefure, terme involvin:s covern.e (ee .

#; and £,,) are replaced by terms involvinys the tulk hysronfum

t-d
4

oo (eess (i 0%] ena £y 4+)e Hence the initizl st te is
3 H30

“inverlant with respoet to the uature of the surface whereas tho

sotivoted stais 1s noi. ™e lpcereasing valuss of 8, a8 &
functlion of increasing overpotential must therefore te axplaﬁnad
by refarence Lo equaiion [203] in te:ms of either or both of the
followdng factorss

(a) Initiel discherpe may o regnrded as vccuryring
at a Jdual pite so thot 1f atom + atom rocoavineiion 1s ro.ee
wetornining, the minimum num&er of atons lonvolved in the
activated complex 48 5 or 6. I1his corresponds to 3 miminmum of

§ or 11 vibrations which will make the product in equeiion [£03]

qui.e eaall and honce tend tu lead to smalla lsotopo effect:,.
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Aalon adsorption cauvsen elther swrfuce Intorsctions wilch weaken

tho Hei Lond (feee 1t decreupes tho hent of adsurpilon (131,157))

or elternntively preferential adsorption of anlong way arisc

z$ the availableo mulilple sililes. This effect 1s in a direction
14ch incroanses the mroduct in equaition [703] (this follovs

since the HeH freqguency decreoees) and hence increasces the

isotope offect {(see Chapter VI)e 4: the itendsncy for the anion

to be adsorbed incronaea,it would be expected on the above pr unds,

that largsr isotope offocts would rend Lo srisece This effecct is

precisely thst which ias found sor 8y at platinua (see Pigu o 30).

(b) As thic overpo entlsl 1s incraaa&d at ¥t, the surfoce
'cuvwrage alzo tends Lo inerocagse 1L mecimulisms {2] or [3] are
involved wi.lect: results in increased swfloce intecractions amd a
poaaiblé switch over from initially proferred multliplo site
adgorpitlon to single siie adsorption. Incressed surfnce intere
actions result in o decreesa in the hent of adsorption whileh
vives rise to increseing kﬁfkn ration. Tho switch over from
multiple tu slngle clie sdsorption leads to increaring kﬂ/kv
valuos bocr.:o there are now 3n#-7 =5 vibrations in the
sctiva.ed coplex (tﬁls cory sponda to the nonelinesy four
BLOM gratarr Medelied) gompared with ihe § or 11 possibvle

vibr: tiong which arise vhon multiple cize adsorntion ls considered.
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e Low Temperatwe Lehaviour st 2

(1) Zaiel Slopes

(a) Assirn-:ent of Heehanism

The Tala)l slope at room temperasture ig =65 nY angd
corresponde tu the activsted Tomkin cases for sither steps [2)
or [3] vhere y 2 0.5 (sco Table I)e Upon addition of watep
to tha ethenol/HCl olectrolyte, the Tafel elope increased to
170 nV thereby indicating ratee~limiting atom-lon desorption [}
under Looemulr conditions ghon 8, — l. The rate-controlling

mechanlsm of the heeers at platinum in snhydrous ethanol is

therefore belioved to boe the atom=ion reconbinstion siep. This

situctlion iIs pimller to the case for Pt In slkalin< colu-ion
where the rate-deterainin. step has alco been imdloated ag th
atum=ion r cumbinatlon step (11lh) while &n ecid molution,
at.meion recombineiion le preceded,; with respect to incressing

potontlal, by atomeatom recumbination (93).

(v) fIhe nffect of Tompersture on Tafel Hlopes

Ag in the case of mercury, the Tafel slopes are not
coneictont wlth expected clamsical betaviow. Thoy are found
act ally to Increase as o-nersture decreases (soe ¥izure 34).
™a inevensin: slopes ¢ uld Le agrociated with efrfects of
ineroeslng i coveroro for the atomsicn mechaniczm proceosding under
act'vated cund vions {36) at intormediate coversye chausioe to

concltfons of fuller coverace at Wo lower Lemnorstur B
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(¢) Depolirizaiion “fiects 1n the MNelop 3 Gueve
Tas low current density roglons in ihe ﬂ:ln i
¢ciarvas, shown In Firure 35, all displaey e sinificant falling
off (depolarization) of overpotentisl with deereasine curront
denglty simller to that cbsorved for mercury. The eflect is ;
attributed to the gpecific adaorpiion of mnilons as discuseged

above for ‘he care of Mmeprc.i'ye

(11) ieat of Activetlion

The runs in anhydrous ethanolic-iHCl solutions st Pt

vere carrlsd out down io »140%C and the exirayolatod log 10

veluos were ;lotted agelinat tho reciprocsl of the ebsolute

romperasture as hae beon shown in Plowo 36e The apparent energy

of activation 88 5Se5 kenl mole™t

1

and this may be compared with

the velue of He2 keal mole - obtuined by Parsons for ihe hecere

in 0.137%51 over a tempersture range of 0 to L5%C (86). The
drphealus relation is Cund to e linear over ihe entire
cesperalure ronge (sce dlscuss!ion of orrors) snd thrroefore
1mdlcaies tiic absenco of s!,ulficant prolon tunnelins. Llnce

tho rele~liniting step 1s regaerded as the atomeion recombination,
it van be regerdod as a uypd of proton discharye asg Iin the cuase
0 moreway consldored aboves  Luing to thils siwilarity, 1t ia
suflicient tu clte the linesr .ty ol tho Arrheniug plot o.er ithe
ox onded wen.erslure rance as concliusive evidence {ur a clngsical

ceolun iraneler mechonlems Twis, 88 in he erge Yor siuple nproton
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discharge at msrcury cethodes, the eontributlion to the prote
ol raction by quanium mechenical wunuelins is henco

nerllsiblee.
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CiaP cH VI

- 4 Ty & e LR AR AV % o A A R IR TR e R SR LT . TR . .- B
QUANDITATIVE DISCLIOSI0Y UF THPERTILITLT, MaUle o

l. Qoneral Introcduction

The obaerved isotope effects huve been qualitativoly
discussed in Chepter V and the object of the ;resent chapter
1s to give a more quantitative basis on the conclusions
previously arrived at in regard to resction necheniem. In
narticular the major aims c?f the present chapter ares

(1) to show that the separation factors $;, and Sq at

morcury electrodes csn he correlated with the slow discharpce

mechanign ond hence to eliminate existing inconsistencies with
rogurd to other coriteria for thls mechanism, e.ze reaction order.

(2) to demonstrate that chemisorption of :i atoms at
multiple sites can load to reagsonable wolues of Sre Spp BHC R
for the discnarge step.

(3) to justify the cobserved isotope efrfects at
platinum in terms of & r te determining atomeaton reocombine:ion
[3) followed b atumeion desorption (2]}

(L) to demonstrate that proton tunneling in the
¢ischarpe mechanism is nepligible for temperatures down to «150°C
ani provide a proper basic for cons derntion of olectruct.emical

frocoency factors and retivation snersricoss




‘e New Contributions to the Cpleulation of Glagsical Isctone

Effects in Klectrochiemical Reactions

As Introduwction
In this section, the properties of the aetiw:ted

complex are evaluated by considering the normal wmodes of
vibration for an assumed poometrical structurse. fThiie method
involves choosing & logicel geometrical configuration for the
activated complex and the variabla'parﬁmeter is tho assignment
ol force constants to the v'urlcua bonds involved, as dlscussed
in Chapter IXI. This mothod has been consldered (50,31) to be
‘an improvement over tho method of Kyring ani Polany! (6-)e Thus
no asgumptions need be made about the assignment of valusa to o), »
B2 .s Ry and Al noeded in the Bornelaber treatment far furmulation
ol the potentisl energy dlagzr:m G.ge by Butler (160)e o
aprroxismte valuss need be glven to the various papamsbtars 4w, a an
A to evaluate the London equation [70]. 7The potential dependence
0. he isotope effeocts can be oxplained by reforence to a chauyling
nteraction force constuent (seo Chaptar V) or by cornsidering
changes of the velues of the force constants for el bomxis vhich
ney arieo froc either a change In the type of adsorpllon gite
with degrec of coversge or by induced heterogenelty associcted
with surfaco dipolea (174).

Proviously, on the brels of a caleulatlion of 5, = 13 (1cl),
!

it Lino boon considersd thet the discharge step could wt be
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operative st . However, all other evidence of an electroe-
chanicnl kinotlc kind {o«;e soo reaction ord r élscusdon,
ChepierIII) supported tho dlscharge mechenisme isnce, In the
oresent calculations to “e describved tielow, the meln pwposo
w11l we to demonetrete thoat satisfactory theoreticel valueg ol
Siye 3,1,, and R cen bo ressonably predictod, albelt on a
sorwwhat empiricel basis, for the slow discharge sicp which

hence nosd not ba rejected on the basla of the lsotope effocts
obaervod oxp 2 imentelly.

Be pwvaluation of Goncﬁmgona and Partition Functlon

Ratios for Initial Stote Ent’.tles

(1) Partition junction Ratios for i and U Isotopic Specios

-

I

From the oquations for the geparation factors G anc
the exclianye curient density ratlos I, 1t i3 seen that tho
initlal stnte cuuntitlios veoded for the crlcoulations ore the
concentrotionsg [HBO*] » [HZ‘DG*] and the partition funcilon rutlos
£ JT e £ JE e Similar quantitles arc needed for the
11200 Ha0 b,0" H.,0

3 3 3 .
tritieted species. If the quantities £ /€ _and £ _/f

DL,O H,O T3 H
3 3 3
can be obtuined foar the eiusous sneclies, thon all other patios and

+
30

concentretions can be outaloed 1f the rule of the geoometric

mean {(175) %18 assumed (see below)s The rule of the ;eomotric mean
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applied tu lyonium lor gpeciss results in the followin: reolationg:

t N2 £, 3 g,
D.LO ﬁgﬁQ ?30 dDZG
H,0" 2,07 et inet

3 3 Pt ¥ 2\} 2

Py £ 3 £
r.0% \3 nawa* ?.0" m?_o*

T_J._ o = i . {205]
n.0' ﬁa ot Tm o' ?H oot
3 3 e 2+

The applioation'of the rule of the geometric nmeoan is

enuivelent to assuming that progressive subhtitutﬁon of L for i

in HBO* brings about equal gtepwise incroments in therodynmuic
properties . Thus the Qeii bond in HZDG* 18 considered to hqva
the sanc fundsmental frequencies as an O=ii bond In Hy0"s Trat
the rule of the geomotric mesn 1s oheyod for the systenm ﬂzo -
{0 = D0 i3 experimenvually supported (17¢) and s therofore
probably gquite wvslid for solutions of MBO* and corresponding
laotopleally subatituted ions.

The method used to obtaln the renulred guantities is
egrentinlly that of Swaln and Bader (177) and will Lo briefly
revieweds The ratlfo £ /f _ can Le obt lnod from tho

D30 .0 ‘
equilibriua constant (conventionally written as L) for the reasction

2:330" + 3,0 == 320 + aﬁjo* - [206)
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In torme of molecular partiiion funcilons

faf 3//2
p.o* b0 . 2073
= Y
T—L— ?—— ‘vr\ » 8 “?
1130* 150 L

end £ 0/ £ 1s an oxporimentally accessible guantity {(177,191).
1)2 :!20
Hones an accurste valus for L is requir &d. This 1e calculated

uging the standard free enercy dAlfferonce for the reaction

+ - ’ 4, -
Ha(g) * 2030 (D0) + 21AUDL0) + 21,04y = 2U307(H0) + 217(H0)

| * D0y {203]

1 a8 dipcussed by Purlee (175) with

| of AG5y9 @ 06206 kesl mole”
209
rogard to the o.mefs of the H‘.,_/BCI. Dz/ml. cell examinad by
Hoonan and Lader (221). Combining the value for Asgm with  that

1 for each ofthe fellowing equilibria

Dag) * By ™ Hp(g) * P20v) [209]

217(10) = 2017(b0) , (210]

1t 15 found that Aﬁg% (hereafter referred to as A';‘rg) oquals

1 which corregsponds to & value of L egunl Lo

«1e250 keal mole”
8.2 at 250. The freo energy aagog 18 «1.510 kenld mole']’ (162)

and “&310 2 Q460 koal mele"l (177)e The quantity AG:;",IO. the




- 197 -
standare froe onerg change for tPous or o o ci.lacioc lon
from 1ilont te Lenvy wator, is calculated on tho essumpiion
thnt rpnetically all of the thoeracdrnmic ¢iffesrences &
sclutions of lonz in lipght and heavy weter arise only fronm

iirferences in litmtional freguenciesn. sSwain aw Doder {(177)

[

thoreforo olivo the relation

t‘
863 = 4 af 1n (nb } “bp [211]
nb lib,li

for tho standard free energy change far the process of changing
tho coordination sbout an ion from thnt by light to that by
heavy watere The factor I arisos from tho assumption thst four
water roleculos are supposed{1l7) to be coordinmted. The
perlitlion funetion £y, 18 thot jart of the mols cular partition
runctl ogsso7iategigintioxa of tre wator moleculos. ho subseripts
1 ax wrofor Lo librutional motions of the solvent molecules
in th» pregsence of a: lon or in pure water, respcctively. The
agsunption 1o mado that thic behaviour of a hindered rot: tor cen
e descrived by tlic harmonle oscillator approximation, so thet
forr tho water moleculo
> -u/2 -3

fyqp = TT o / 1=0
ihe product 1s taken over three ‘duntical frequencies since the
obsopved librational freqguency for liquid water (647 eo ','3‘) in
an average one. in ardor to calculase the libes tlonal frequency

Foy 1)20 (or 'i'au a8 shuwn bolow), the menn of the patlos o tho



moments of inertia ralsed tou the onc hall power lg tolien.
ilence, the ratio of mean libpationel [reguencics fop ﬂao and

p,0 18, (177),

v ; +
13b,D

The total partition function ratio for light and heavy liguid
waters and agqueous solutions may therefore be wrlitten generuslly

as

¢ my \ V2 £, £
_fpz . (rr lyb,n wbp (213]

"1 1b,11  ‘vib,H
Heinginger and Weston (183) have also roported vnlues

o the equilibrium congtont L by reference tu the egullibrium
.07 ¢+ mo = mpot o+ 10 f::’l’l
13 2 2 214
The equlliurium constunt KB]& is equal to 1l.04 at 13°G ( the
experinontal temperature, 183). ¥From the rule of the peometriec
mecn it csn Le shown (170) thet the relntion between L and Kéiu
is piven Ly
!’l!'}é v
Ky, = 2 L [215]

In order to obtsin L or Kz&u ag a function of temporsturae, the

# Five significant igures were pgiven in the oririnel

publication (177).
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P { standord entiwlples) toras for the oywellitpis [P00], (230}

and (&1} are uged to crnloulae.g ﬁifE = w)lel0  Bowo) '::;a}.es"l; FEEESY
L, volueg azg & funcifon of tenrerature are caleulsted g8 sS.0uWn
0 Taile IV

Tavle IV

L Values 8@ e runction of Temperature

Teperature, % . L
o 248
15 | 80
25 8.2
35 748
g Te&
80 bel

The agresnent between lJelusinger aiud Weston's value of L at

o

Y

wih that of swain and Hodor Lz cxcellonts Tukin: L 2 Je&

oy o
" B
oy

&t 2?"‘;0:.?-, opotione (207) ocua {204] glves

£ f. s 1437 {a)

ba ‘120

fpo/fio B 7502 (b) (216]
fﬂ;‘.—,(}/rﬂlﬁ} = 13496 (G)

Tho Au° guantity I‘m@&;uinbrim {#20] 15 outalned on tho buals
thist tho Libretlonal frequency chan ee fros (KY/ 1'1‘0 to Il/ %}2«3

solutions ore due only to the anleon (177,1728).



£ Je ot = 19023 (a)

1' Jf” Y = :;5*70 (!3)

, &3]
hig J‘j’f + = 800()8 (c)
1o 10
£ r = 8.898 (4d)
530"/ xmzo*

where all £ ratios refoer to the species in the liquid rhasoe
Finally for the equilibrium

200" + H0 = 208" ¢ D0 (215]
Swain and Bader (177) report a volue of 3.21 for K219 at 25%.
Honee
/2
1’01,)" = (9.31)‘1/2 ;3-2-2 B 2116 {219]
oi™ 10 ]

(11) QPartition Function iatios for tho i and 7 igotoplce
Species

Partitlon function ratios similar to those givon in

equations {216] ond [217]) con Le calculsted Cor 4 and T isotonie

spocless The rutfo £ /£ . 1s ealoulated by tho method of
'X‘BO .0

Swaln and Deder (177,104) using their froequencies for i?iz{) and

i230+ {(efs Thornton (185))." The frequencios of the 750 and ti‘30+

i v . . '
Swalin and Hader have used thelr own meusurod frojuoncies fop

2120 wut for ﬂ30 » thoy uso thoe frequencies re-orted Ly Forrloe

IO K] oy +\ - - '
ane Hornig (188) for 40 (,102:, tho solid hy ruxonfum porceh:loratce
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species wore calculated from.the H20 and 530+ froquencies uaing
the formula given by Hergberg (186). The force constants for
H,0 were taken from Herzbergts Look (18é) while those for ﬂ30+
wore obtained froa solution of the secular equation {187) using
the obaerved frequencies of Ferriso and Hornig (188). The force
constants tor the various modes of vibretion Iin HBO+ are (1537):

3

k, = l{e915, ?ﬂ = 0e5, k, = 0.06, and King = =0s4896, mede .
The subscripts s, @, w, and int. refer respectively to the Q=i
gtretch, tho HeDel bend, the 0=l wapg and the (H====0H interaction.
The calculated frequoncies for T,0 and T3°+ sre givon in Table V
togethor with those for H,0 and H30+ and D0 and D30+. The
librational frequency shifts were evaluated for T,0 and T30+

from the inverse square rootes of the average moments of inertia
calculated according to the formulae glven by Moelwynwiiughos (189)
and are shown in Table VI. The bond lengths and valency angle
for i,0 and T,0 were takon as 0456 £ ana 1059 (189), respectively,
The bond lengths and valenoy angle for 330+ were taken as

1.05° i (174) and 107° (185). Mence the everapge librational

Irequancles for wzo and T30+ are gliven, respectively, by
ipleo @ ‘”11b’u20/1'637
Mrpdzgor = (Vagp)yo*/14637

The ratio £ dﬂfu + 18 calculated from an equation analosrous

3¢ W0
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Table V

Frecuency iAsalmments for Water und iyonium zong

at 20%¢% in the Licuid Phose

Frequency s ¥ ezl

Molecule Hespeciea Despeclies Te-spocies Degenoracy Hode
3440 2500 2196 1 vy
1645 1208 901 1 v
4 20 e
Lo 2500 2190 1 v
667 4183 408 3 Vi1
3235 2445 1717 1 vy
1150 368 829 1 Vo
1130* 2590 2000 1635 2 v,
1700 1255 102¢% 2 vh
6is3 1,86 305 3 Yi1p
- 3615 2556 2206 1l vy
7351
Y L5 291 2 Vign
)

The internal froguencies for I ot and ﬁ30+ aro tho valuon
reported by Ferriso and liornig (1603).



Table

.y
Y a

Momsnte of Inertia of ii and T Species

stomont of Inertis x 1080 rm. emt iverspe
Molecule A oo L
Ha0 1.080 1.79 24987 1.95%
7.0 24823 o786 8.103 5e237
1133* 30609 34609 5e931 3.954
7.0" 94021 94021 11,053

15.117
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to [213] but writton for tritium as

o (ot h 7T hou,/2
7.0 7.0 sinh hev, ., /< zinh u,
,2 141}11’1 o3
?”}": S \ET <;1nh - I0R /2
ﬁ30 530 "ot

and 1% &8s found thst

£ offy0 = 34056 x 10t (a)
fnwc/fﬁéo a 9.6 ib) {2)
iy ‘_,J/f + b 2.805 4 106 (c)

T30 330

" and from equeiion [205]

b o by s 123,12 (a)
ﬂgm'/ 1y0" :
£ ? = 1051 40k (b) {222)
uwao*/ #y10" )
£ JE L =l7.01 (¢)
130 ﬁTEO
In order to culoulale the pértition function retio £ _/f »

CT™ o
the method of Swain and Seder is sgelin used and 1t ip found

that (zee Table V)

o
£ M 3/ & ) 2 -
0" J ur sioh W, q4/2 sioh Uy aep/2
d ~ :*7 ] £
Zgﬂ_ ¢4l 8i0E Up 1it w2nh Uy gpp/€
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Ce Calculation of DLyonlium Ion Concentrations

(1) Lyontum Jon: C ncentrationsin Mired i/D Solutiong

In arder to culculate the concentreztions of the lyonium
+ + + + . .
fons H30 » Haﬁo ’ HD20 an: DBO in & mized solution of I and D,
the followlng two equilibrium conatsnts are neoded in adiition
to K21 and L1

P ey o +
and
H0 + D0 w= 26D0 Kpzg = 3496 i2zs]

K225 is caloulated using the rule of the .eometric moan and KQES
is close to tho gtaotistleal vaslue of 4§ as foun: by Urey (190).

The above relationships ensble the ratlos

[1,0"] oy ¥2

[050°] [D,0] N’
* .

IHEO ] . IH?Q] 1 1

[Hznﬂ*] TﬁﬁGT Rglu = -75




| EeiN

and

(4,0"] 14,01 ,
by | T Tea, T R

to be calculated. UDenoting the totszl lyonlus concentration
by LLB:.)*J , then

+ " N
Ly0°) = (1 + A+ Ny N 1y0°) = Aiatgo*] [226]

{n2013/2 HDO Ky, (05007
* 'hn-} Koy, * = m (2:7)
mzo]y 2,172 7 101 "ay, T Tioog (0] &t/ <

A= 1

The units of concentrstion are moles in a fixad numnber of molos

" {@.pe 5543i) of solvent. The ratios of the lyonlua lon

concentrutiong are fixed by the above equilibrium constsnts and
are Indopendent of any other processes occurrin:- in aolut?cﬁ.
ilhe u/H ratio used in the presont wark was Delllevece{faoe 10
b0 by volume ip 520), and by carrying out the calculailons
Indicated by equations [226] and [227] for {L 0 ] = id ot ]+
[u LU J * Lu,O ]+ [D 0 J = 1 the indiviaual lyonilum lon

concentrations can bo obtninad and are showsn in Yat-le Viie

(11) Lyonium lon Concentretions in liixed 10 Lolutions

The relevant equilibrium constunts required for

calculation of the various lyonlum ifou conceutrstions sre wote ined

{rom the rule of the yeonetric mesn emnloyin- eguntions [221] and
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Table VIiZ

Lyonium Ion Concentrations ip 1IN scid dolutions at &5°¢

t:n/'(:;é = 0.111

c:,r/c,ﬁ = 14807 x 10~7

tom Concentration Concentrat: on
(mole litre’l) lon {mole litre'l)

330* 047982 330* 0099990 « »

Ho00" 041865 H, 70" Be37h x 1077

HD20+ 040150 1,0 ~ 10710

930‘ 4000k fr30"’ £ 17~

(H;0] (4.0] -7
Y i‘osm o 2.76 x 10

Ihﬂul iﬂTQ’

(neutr:1 {neutral

solutlon) solution)




{2e2le Hence

U0+ T.0 O+ 2HTO X = 40 {a)
+ T e e
B0 4 Hym e AT+ dy0” *o= 05262 (D)
[228]
B0+ TBO* = Hru o+ d70" X = 7,437 {¢)
210" + 340 = 370+ 200 1, =3.627 (a)

A typlcel experiment for “"T deterninations wmld inwlve a:vug
- )y 7

107 mole T,0 8o thut tue ratio (cT/cﬁ)aoln = (10 7/55.34)) =

1.807 x 10'7. By a similar mags balance trasatment i ich led

to equaillons [226] and {22?3,the following relatlons can be

obt~ineds
(Ly0*1 = (1 Ay + Dy e Mlngo'l = Nup*] 2]

Ne 1+ [1;01¥ fumol L 172013 25, g,

+
{1120]3/ ZLT]‘/ e > 228b  [1T0](1,0]Y <L,

(230]

A material balance caleculation for iL30+] = 1 ie givon in

Table VI,

De The Separnstion Factors Sy and .‘3,1,

(1) fThe Digcharge Mechanism

Prom equstions [L48], [217] end Taule VIT, the

seraretion fector ﬁl) In seld solutlon, based ou the slow discharce




nechanism 1is

£,
5. = 33,00 -Lai 1221]

wiere the !‘# quantities haove been defined proeviourly. <im?lsrly,
f‘%,i. fur the discharpe atep in acld sriutions is obtelied trom
squntions [li9]), [221], [{222] and Taule VII, as

il

{232]
#oT

S, = 17475

in neutral or aslkaline solution, discharge oocurs frod a water
molecule” so that the separation factors 8, and ST are given by
equations [149] and [150], respvctiveiy. Substituting the
‘appropriante valuss for concantrations and partition functions

int.. these two equations glves

. |
s, = 30.275 fEAl (2331
%0
and ¢ _
S, = 1744812 i 2
. . (23]

It 18 seen that thero ie very little difforence’ between the

# hxcept at [y whore the crtion metel emalpam {a formed and

the rate Llimiting step is the deomposition of the ounlppm,
e Thooreticelly these "prm-f#" factors sinould be ident!osl for
acid an: allealine solutions. The egmall differences betweon
the values in equations [2£31) and {232] end beotween those in
equations [233] and [234]) arlse because diffarent typos and
sdurces of numerlicel data are used :n the partition funciion
asd cuncentration calculations for the gmweles in acle and
alknling golutionse. :




values of the numerical factwre in the equntions for

53 cand

S?) in acid solution (equations {231] an¢ (232]) and thomse for

N { and S,r) in alkaline or neutrsl solutione {equations [231]
and [234)).

stntes are, however, differont as st.ouwn felou.

{11)

The ratio of prtition functions far tho

The Atom + Ion Recombinm:ion Mechanlsnm

From equationa [1S4]), ([155), [216], {217]) ana Table Vii,

actl vated

the separation factors Sy for acid and neutral solutions bvased

on the atom + lou mechanism will, reepectively, be siven by

and

39 2 76,16 (

By = 76455

#aliy

L5 i £,

Lot i T ph h
2 4+ ?21—-
f,‘ oﬂg # 0

Similarly for the seperstion factors S in acid and noutral

solutions,

and

£,
Sp = 349450 Tﬁ‘éz
PR
ST = 3‘&9.62 Ti‘:it

(181)

ragpoctively, the follow ng twu rolations aro obteined:s

olis

.1'52

H

;3

«s

Atum * Atom Recombination Hoclisnism

C A

.
(e

separetion factors,

f:ib, for acld an. neutrul

(235])

[236]

[237]

{238]

|
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solutions, respectively, are obt ined by combinine equritions
{160] and [1£1]) with [217] anc [216] and usine the data in
Table VII} 1.0

[ {e39)
D ?"‘"","z,.; <
for acid golutions and
8., = 76455 T_f#,az {240}
. 1
D # 1D

for neutral on alitaline solutions. Similarly, from equations

{162], [222] ana [221], and the dats in Taile Vii,

f
Aol
8, 3 349,50 = {2h1]
SR “
i acle golutions and
PR
#,H
Sp B 349.62 gf [242]
BT

in neutrnl or alkaline solutions.

In equations {231] to [242], the tarms in f% all
include a symmetry num.er, G'#, for the activated corploxe The
terme in £ for the initinl afate quantities have already been
corrected for G (see equation [204). Distinction need nut,
1n the above cases, be made between the symiotry number O ond
tho numier of resction paths,l. It hes been claimed (59) that
the symmotry nunuers automatiecally acccunt for the vsrious reaction
paths availabls. This stutement is not necessarily true for all

recctionge CLonslder, for exerplo, the formation of an lg=H=(
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complex
activated/by the two remciions

vg1 S k(1-8) [ ]{iﬂ-‘u— o~PH/T
’ii'd
and
vip = k(1-8) [ED.0 J?i‘-ﬁ-“-'-—

The rstio of rutes is

v [,00%) ot
-V-g'%; = WQOJ ? 2,,. z#:‘::
"~ KZDU { ALE 4
" it 18 obvicus that there are two ways of discharzing a proton
from H2D0+ compared to only one way for discharge from %.2‘%)20*.
Howevor tho symmetry number G far ofither specles Is unity
and an apparent anomely arises. This apparent anomaly has i
recently been dlscuassed by Laidler and Fishop (162) where a ‘

factor of 2 18 shown to originate in f;‘,ﬁ,l/ff,;*l.i? by cunsideration

of the goometry of the actlivated complexe

Le Ihe Ratlo of hxchanpe Current Densities, i

(1) ZIhe Discharpe Mochaanism

From equu LT on [152]

...J".‘J.,
= -a-}—-- oxp {5(,@0 fﬂg “)3"/2*2'1‘ {152])
10" T, ! '

3
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It iz geen that in sddition to the rertition furction mmtio

£ £
1330*/ 10"

3

Although the absolute standard single potentisl ﬂ'g is ineccessiile,

the difference ﬁg.y-ﬁg gy cen be csaleulated as a functlon of
 J

tenpersture by reference to the cell
o+ ,
Pt, D, \ D0 5050 ” Haa 50 lﬁe,rt
Tho resction corresporcing t. the sbove cell is

+ +
2 1.0 +2D20+D'=-'=2BO 4 2}120*112

3 2 3
and the equllibrium constant is
2
rn o* f'x‘ao ¢ fH2
w (T lng )
, 0" 2 2
3

since AGD = =BT 1n K = = z7 af° 1t follows that

4O o _40 2¢3 RY 5 . .

ly

e oan lmmedlntely calculate A;Do frum the avove principles

. " " “i O - 0 " " ~, * 32
s the tarnm in "5».;3 ﬁir'ﬁ is rejuired to evaluate R .

(243}

(23]

(245]

[246]

slace Ky ot 25° 18 easily availavle, tut it is also advanta;eous

0 B
tu know A@ es & funciion of tempopsture wrich can indeed be

cetiated ag stiown Holows

The partition functions in equation [2iS5] are obtained

by the following methodss




- a2 -

{1) £ _/*f is calculeted fron
iy 0,

2

Tu, M, Bii, \ etoh hev,/2k? simh /2
st ""'ﬂ,";
%, = . mp, | TR Fov. /BT = 00393 gy m oz 1AW

were p torms are the reduced masses. The internal frecuencles

1

vy end v are 4395 em.” and 3118 em™! (109) and are taken to be

Independent of Lemperature.

(2) fDEO/fHEO 1s calculated from

| rDQO . (HD::,O ¢ (ainh w,/2 3 (alnh uﬂ/a\ . sinh uu/ii’

Tio \Tyo/ \sT U 2/, \STEE G2 bendﬂ“mz 5z 129
In equation [28], the librational frequeneics are tempersture
dejendont below room temperature and wero obt:ilrad fronm tho data
of ai;ig:-uzare and iarvey (191). Tho bending Ifreguoncy is observed
to "o Indopenient of temperature (172) and tho siretching
froquency incrcosos lineuwrly by 0.8 cm’l. °{:"?.' as the texperaturo
lncresses (171,172)e The frequencies used for making tic tauperature

corroctlons tu the streteringy mode are siven 1o Table VILII.

(3) ¢ +/f + 18 calculated from
2330 i

f /2
v.ot fnao .

=1 ——— . . 2 .
zn o* fzezas 1172 (2071
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where £, D/J{‘H o 1s obtained from equatlion [&i8] avove ase &
e’ 2

from the data of ileinzinger and wWesion {1.3)e. The results of
the caleulaiions for ,0: o ':,:i are shown in Table VIii. The

g
arror involved in this celculation can be esgtimated as ollowse

froa equations {4,5], [246]) and {208], 1t follows that Aﬁg is

given by
£ L,
ag° = Z3RT 4o (1 P04
r — lc |\f 7 =
H0 b,

Talking the maximum error in the expearimental determination of

the zero-pulnt enerpy difference between l'i20, an .{320 as
“equivalents to 50 cm'.'l (183) an¢ the exporimentsl limits for L
as G.0=0sl (183), the fzﬂg term in the above equation is =16.5 nv
et 25°0, This differs from the value given in Table VIII by 2 mv

and is consldered to be a maximum probable error at thils

venperaturse  Tho mapgnltude of the error in Aﬂg at low temperatures

ig more difficult to estimate, and a maximum error of about 20.
is ostinatou.

The relation Letwoen Aﬂg and temporature i1g shown in
Flrure 3%« rom the slope a tempoerature coefficient, daﬂg/d’r ’
of 04148 nv ciog;'l for cell [~43] 1s obtulneds The entropy chance
ror resction [24ly] 1s therefore 6.8 e.u,

from equations [152] and [217], X for acid solutions is



The reversitle potential differonce ﬁ: D-ﬂg .
» 2"

a8 a function of temper:ture in aqueous acld

Bolutione






siven by

]
£
R o= 19023 L exp BUBY B0 ) i/5E

fftn
vy LT o - Q - o S
From Taule VIII, ﬁr,D i = o8 ;v at 257 in acida molutions
and teking § = /2, the above equation hecomes
r;‘,_
.J.i
R = 14260 =
b o
#4Dy

The torm f; H/%; in the above equation contzins contributions
» o

from two unreacting O-H and O=D bondge ‘Tho usual assum:iion is

made that theso bonds do not suffer any changes in froquency

‘a8 the reacting entity passes from the initisl to tho activotod

state (oe;e 806 roforences, 51,59,31). In the present cese,

this assunption was justifiod in the provious discussion (séa
rao ¥y ) in which 1t was pointed out that the H30+ molecule
ion would be expected to retain its full charge in the electro-
chenical activated states This assumpiion was made on the

grounds that both § and the force constunts would vary if retention
ol charge wers not the casa.' [lence the partition function

contributlions associated with the unreacting O=H and QeD groups

* . -
IC charge were lost, an ineresse in the Oit and O bond

frequoncies (153) would erise (cf. pace g5 e
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'
can be removed {ron f;‘.i_jr#.n by maltiplication by

(r /t ,,)3/2 which gives
Ha0' Do

3 3 o
| ?‘aﬁa

R = 20600 129l

A4,

In neutral or alkaline solutions, the tern ﬂg g-ﬁg’ﬁ i «2647 m¥
»

at 25% end the relation for R %s, from equations [152a) and

(216},

]
£ £
*D,L0 }‘,B?
R = gl 2 oxp U N

1.06 '
£, .
R o= 853498 —p2
f’gua

1

The ratio :;‘ D /r,, D contaling contributions from the single
[ 2 » e

unpeectiing Osil and O=0 bonds in 520 and 1320. These contributions

aro removed (cfe the discussion mbovo for HBO* and 030*) from
' R /e
1‘#’}&2/ ;#.Da by multiplying the above eguation by (fﬁao/fbao)l

wihiich ylelds

L4

o= 22453 o (250]
W= N~ —
#D,

(1%) The Atom + Ion Mechanigm

from equetions [153]) and [216) and [217]), tho ratio of

exchan; s current densities in acid sclutions is




| piresls

1=6, " i
H o e
Ros (I'-Te"> camed BIREE el el b (e e R

H40 2 By0n
lette
10, 2 oy o ,
® = 1) 25183 = 10° T oxp (L+p)(B] 7 JF/RT  [251]
2

where the QH snd the eﬁ terms are the steedy st~lte covernges

by II and D, respectively (sce eguation 158), These 8 factors do
not entor intov tho dotermination of i« for thce discharge gtep
(800 pe /5 )o Talkting p = 1/2 anﬁ‘ﬁr n’ﬁg.n sallie3 mV, the

rolation for i in acid solutiona ias

R = 1,0608 x 20° -;-3-2 <mﬂ>
f;.na D

Since the ry.n /f# D, ratio contnins contributiona from two
unrescting O« and Qe bonds in H30 and DBG » ragpectively, the
above ejuation is multiplled by (£ ,/r *)2/3 yielding

HB D30
b o
ol 1““11)
R = 1349 3;;-:1-)-2- (ml; [252)

For noutral or alkaline solutions, 23 oFa y = =267 @V
] »
and the relation for it is, from equations [159], [216] and [219]




o '
£. .\ ¢
1-8 DA0 g ?‘ i
i = (m§> <‘f-g'—> . ?{}—"i-' . ...'.:_.2.; 6zp (1+’3)(ﬂ2’ 3’¢g’51)f"/i€ri’
oo T,

1-6
R = (Iﬁf) 3.0390 x 10‘* -1-’-{-‘2- a8xp —; {0.02672)F/HT
5‘:592

with § = 0.5, so that

S, (19
f%,0, ?

Then corrocting the above equation for the contrivutions fron

tho unreascting O=H anc (=D honds in the activated stato by

rultiplication by (fLii Zo/fnzo)l/ ] {efs equetion 250), the finel

rolation for R isn

by
” 16
R = 160,29 3;::-:{2;2- (ﬁ) (53]

Coversgo factora will be discussod bolow.

(111) The Atom + Atom Recombination Mechanism

In acid solutiona, the ratio of oxchanpe current
densitlies for the isotoplo reactions {3] is, from equations [164],
[226] ana [217)

2 2 |
, r
1-0,\* Fp 0% 120 f"’l 2 AP, =B, IF/ED




which givos
f#.ﬁa (1‘%,) €
R = 5533 = 12sil
%25 D

In noutral or alkalfne sciutions, fron cquations [106], {216] end
(2191]

, (1“9:,;: 2
S

£ . 2
f Y51 p L)

A8 55,02 gt f*) (255)
Pelly ~

(1) ZIntroduction |
In this peotlon,the mothods used to calculate pnptition

sented. The first corresponds
activatod complex for tho provon discharge step/to the linoar 5

function patioe £ ./ Oy , and £ /Oy - for tw models of the

§ 7 T8, al}gm ;*pgé
threnegontar trancition stato and the gsecond model is that fora
fowr=contop planar 72, molecule, The latter corresponde to the
“oomplox Sito modol®” whore the adsorptlon of hydroren is
roparded €8 ocourrin- &t o duel site in the gurfece of tho metnl

{8eo Chaptor Ve



(1L) 1Ihe Linosr Throe=Conter jictivated Complex

The H and b mmition ststea in the proton dischar;c
from E30 ’ Hzﬁo s 8nd DBO erc rogarded as linear psoudow
iatonic structures (G.ge for sinllar assumptionsseo rofae 59,

70,193) of the fornm

H— K™ OR,,
u p* oL,
X p* oD,

The partition functlon ratio for thoeso activated states ig

;&!1 Gg"‘ﬁ ?__45 H U:—}:% (256

wharg :."t t ¥ 116] 141s p BRC the tranalailoneds und rotational pwtiﬁion

P,a

functions, respectivoly, and u, = hcvi/'m' (v has the units of
cm:l). Doth z"‘ g anc 1"‘ p a0 be calculated fram tho kmown atonie
nagses and assuwied gecmotry of the notlivated complexes. The
ratlo of symmetry fuctors G a iz unity for the activated
conplexes in the discharge mécmnx..m and the romaining termo in
u" 4 @re obtained from & vibratlonal analysis for the ebove modele
The vibrational analysis for o lin rr thres-cenbtor
activated complex tias boon reoviewed by severel autiors (00 s6l,
70,71) and is alzo presentod brifely here. e consider the

linoar complox

M..O%OC.krg.I.O..O}:

i 1 Zy
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whore Ry Xy and X, are the displac:ments of the atoms fram
thelr equilibrimm positions. Lot the Mel strotehling force
constant be kl and tho X-il atretching forece constant bo 3‘2'
Coupled motions can slso be sccounted for by introducing a
coupling or interattion fores constant &12. The total potential

enorgy of this throececenter complex im

Vo= diglneng® ¢ §glnen)® ¢ e ey (257)
with roapoot to the potantisl energy of the systen: at gero
displacement of its consatitutent atomse The forces I on M, i,
end X can be calouletod ss the negative partisl derivatives of
the potentianl enorgy with rospect to the digpluconments along tho

various coordinates, l.ce

('%’%ﬁ) gy " T T olaeny) g, xp ¢, x (e58]

Ml

J
(ﬁ)wc Sy Rk Axgex) - lp(xex) 4, X e, 1,

.

* 1, 3, [259]

(BJix) e AL R TE R PE (260]

Fron one of Newton's laws of motion, the force I ig given by

the product of tho mass and sccoleration g, L.0.

dax :
F 2 ma ® n==x [261]

dt‘-l.
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In order o find thoe acceleration, the particles are asmuned
Yo execute gimple harmonic motions go that
x o L gin(2nvt + & ) {262]

whore L end § are constants and v 1s the unknown froguency
(aow in noo::‘). Differentiating twice with respoct to time

civos
i = ax/atf e Postn (2t +3) = -y [263)
where

A= iuravé _ [26l]
Combination of

aquations [253), [259] end [260] with [261] and [263]

loads to

(X = gdx, + (g =l )x, ¢+ k5 x, = 0, Iébﬁl

U = lnpay * (3 A =iy = Xp + 2nphxy + (it = Iyp)ay = 0 [266]

and

nox, +{k, - 1‘12)’1{ +(my Aa k)x, = 0O [a67]
Equations [265], [266] and [267] constitute tlree homogenoous
lincer equations 1n Ze» Xy and x,0  TFquetion [262] srose from
the assumptlion of simple harmonilc motion, and from [268], [266]

and [267] 1t iz seon that this assumption is valid only for

such values of ) as satisfy tho dotcrminontal equation




m) -k R - | 2
by = Byp g d =gy e ly * Ay KyeRyy 0 [260]

Eyo ky = o e \ - ka;

Tho doterminent glives the polynonmial
3 2
AT A” = (ks ¢ agmde ¢ golks ¥ g - 2k ) )\

*(mytm Rk, - k02 A = 0 [269]
Thore are two soluiions to eqmtion (268 wateh yinla

'>\1 3\ n.... +;l‘-?= kl*ka*aﬁa [270]

) %-@‘" o
A By + A, ¥ Ay [27)

whozro )\1 and >é rofor to tho symetric and asyrmetric stretehing

modes, rospectivelye. For the behding modg, P P s given (71) Ly
2 Y- 2
& = ™1 + (1‘1 1‘2) + ot J ""'—'-'-k@ . [272]
By By - By ] PP

Equation [269] contnins no constent Lorm so that one or fte

solutiong is >m Qe oince the atructurs 1s an activated
complex, abscluto pato theory requires thot anothicr vibrotion
bo zero or Imaginery, l.0. the vibration bocomos a trr-nelation,

the .
This is8/asymotric stretci:ing mode, .>\2. which corressonds to
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tho ranotion coordinatos Far stmplicity (soo alzoc below) )2
is g9t equal to zoro (70,193) by eguating the mmerator

gk, - kwa in equetion [271] to Boro, i.c. the condition that
- the molocule MeeeelesseX bo an activnted complex is

Ik, = & ,° = 0 [273]
iIn mare sophisticated trectuents (51) of izotopo offocts, it 1s
assunod that kk, = kma 18 negative, therofore riving tho
imapinary froquency \é. ir 7\2 = G, equation [{270) reducss to

e B, B gtk <Ay,
)1 mm*mx* mﬁ | (27}

Froa equation [274],4t 1s Been by reforence to equation [}\73]
that 1f the groups M and X are ldentiesl, the term kl + kz - Ek12

1is zoro so that the symuetris vibration frequency would be
indepondent of isotopic subgtitution with iy Dy or Te Por the
case of prolon discherge onio a marcury catiode, the threc-
conter llnsar activatod complex would have the form !1&;....11....0112
80 that for this case tho symmotrie vibration froquoncy wuld Le
oxpocted to show siymificant depondence on isotopic maua,.
At;};ex-oaant tine thers 1a no sdoquate theorotical mothod
of evaluating tho foreo constents for an sctivated complexe The
senl-ampirical method of iyring {51,06) breaks down badly as
dlsousged b, Johnaton (51) in tho eri tically important region
o the suddlopoint. Sato's (05) mothod 1a but a formal oxtons’ on

of Tyringte mot od wilch still cuaploys elmple London thoory to
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corrclate empirlesl Horse functions. Instead of uasing the
somi-gaperical method, in this thesls a stiictly eapirical

nethiod (81) 18 used wiwere the parsactors ove fized froy
congideratione of molecular atructure and moleculgr B.0CLrOSCOTY o
It is cleimed by Johnston (1) that by this mare eaplrical approach
the requirod parameters can bo f£ixed, 1n fact, wit:. iboroesoed

accuracys “hus, if ressonsble values for the farce conastants can

be estimated by referonce to ti.e force constents of moleculos of
similar structure, such vaolues cen be used in the partition
function caloulations for t o activatod complex to ovsluate the
isotope effocte 858 3 and Re

(141) Harmal Coordinates of the Planar XiZ, Molecule (71«73)

There is considersble evidance which was oxamined in a
provious scction, that hydroren atom adsorption can oscwr at dual
or trigonal sitoss Tho activated complex for proton diacharge at
a .unl motal slte would thion be ropres ntod by the planar structure

>/1§T— o, (2753

If tho Oll, group is rogarded s & single mass point, thon the

conplox ean be treanted, for tho purpose of vibra.ional analysie,

as anolorous to tho planapx Y7, structure discussed by Horgberg (71).



For tils ldeallized local structurc in the metal mwfrce, thero

aro six normel modes which are depcriboed Ly tho six equations

)\14- \24» \Ba (Ea;'o--..-o-kz %+-—-coaeﬂ)

e Bl i (%;*-... s10% [276]

Fa
R A )
+x;2ﬂ_2ﬁ. ( 1 %&)

s e M Y i S
TR (%H;':a* By * Fom i) ]

- By + 1oy 1 3 2
N 2 )3 “;"2 :,:z&' (%Hamﬂd * %? + ”Ermuaz"n) (278}

2 2
>\ + @ ) (l— + S g1n® )-p ..l%; (2’2 + Azgtry coop) > ¢
4 3\5 2 \&; *m; o r %, o, ; ters

e 2 2 2. 2
K 0 2r r 20p, “4p by, v 0080
f 2 1  JGE ¥1¥2
@ It o - +
>\ 14-)5 2 o (m“ ﬂ.'?.mﬁ * mﬂ? m, 1, 3,

! &
+ -f%- pin® g) {200)
“‘oﬂ;_, |




2 2. .2 -

=D
6 , “r “cos” # ﬁ ‘30112 By

The force congstants k1 and k2 aro those of the Cel nd Mei
astretei.ing nodes, rogpecti.elyp k'g is the Meiel bending forco
constent and kﬁv is that for the O=H bena in 330*3 kA rofers
to the force constant associated with n chanre of the anglo
botwoen the He0 bond and the plane of
M

i and 1 vory low (eege Lecimer (73) takes )6 = 0)s The
t H
51x normal modes are shown in Plgure 0 (aftor Horgberg (71),
page 65) and it 1s ovident thet the mode 7\2 rerresente tho
rogetion coordinate. The condition that this model repregsent
tho nctivated complex 4s hence mot by taking the vibrationsl
mode )\, as beln: oqual to gero, which requires ky 4 the stretching
forece conctant for the reactl ng Ul bonds, to be taken as zero
(efe oquncion [275]3 thon equnstions [276) ana [277]) reduce,
respectively, to

1 .2 2 g * 2
\14' >‘3°k2(§§”§a§°m m"’i}'ﬁ(%;*mnmaﬂ) (282]

b 44 2 S

and ‘
+ t , .
ek S (G 2e) e



Normal modes of vibrstion of planar XXEZ
molecules (after Hrzx*zbarg;z'at‘erence 71, poage 65)e
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From the above treatmont, the vibrationel frequencies for theo
planar ma activated conplex ere obtoined ond substituted ingo

the partition function ratio

a BT H U ;,aﬂm B
sinh x{;a/a

(1v) General Considerstions

It must bo omphasiged that tho ompirical method upod

here to ostimnie force constants is to be regarded an an
approximato one and is used in an exploretory fashion to examine
. the values of 35 34 and R which csn bo obtained for tho models
guggested and for ranges of valuss of the rolovent force conatantg,
It cannot be regarded es mbsolute in tho gense that exnct
agroenent betweon theory and experimont is expectods In the
theory prosented above, seversl points which are consldered in
noso sophisticated treatments have beon noglocted. As dipcussed
above, however, 1t would also be extremaly nalve to expect the
nore gophiatlicated treatmont to predict any exact agreoment
betwoen thoory and experiment., The simpler treatment presented
here provides a basis for indlcatlin;; tho prineiples involved and
the oxpectod magnitudes of the fsotope offects which can ariso

for diffeorent models and mechanismse
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Ge Hesults of the Caleoulstions

(1) Rateecontrolline Froton Discharce at Mercury Uathodee

(8) The Soparation Fectors 5, end S,, and the Zxchenpe

Current Denslty tatio R at Mercury Cathodes = Tho Lineer Pneoudow
Three Atom Model

In order to evaluate equation [256] for the linesr

complex

Hg— 2+ g -2 OH,
values for e Pos k’l' kz, ‘aud kﬂ must be assigned. Tho diastances
involved in the activated complox wore calculated as follouss
‘thca posltion of tho roncting H, D, or T ontity is assumed to
be hall way botweon its position in the initial and final st:tes
(this corrosponds, ap:;roximately, to taking P as 0.5 which 1s
elose te the cxaporimentslly obeerved value)j the metallic radius
Tor Hy is 1450 X (194;) 3 the Ol distenco in the initial stiute of
HBO’ is tokon es 1405 go( Th4,195) 3 the ligeil distonce in the finnl
stote 1o token as 1,74 A (103)3 finally, the thickness of the
duuble=layor haz been provicusly takon as 179 ) (110), 1.0, the
dintance botweon the center of tho oxyren atom angd the surface
of thic eloctrode. This pives a totsl distance of 0.5 g tharough
which the proton ig transforred from tho initisl to the final
state as in the provious potentisl eneryy profile calculstions
(160,110), |




Por the llneur peeudo=-tlirecegtom model , itherc are
four frequencles associsied wiil: the ectivated complexze o
asymaotric streteh corresponds to dacompoaition; vg iz tho
symaetric stretolilng freguency and vg is the bending freguency
vhich 1s doubly degnerato} vlﬁ and vy &re calculated b teking
kika - k12 = 0 as dlzcuseed previouslye Iinco tho coupling
constant k), can bo significant for activated complexes (70),
ki or ka 18 not necossarily taken as zerce. The condition that
ky 2k, 15 taken for the following ressons: the activatod
complox haa the form lige=i=0 in wi:ich the initisl bond between
4 ar:d 0 {(corresponding to kz) is being broken whilé the new
"bond Letweon Hg and Il (corresponding to k;) is being formed.
The condition that the systom ilg=ii=0 be an activated complex
1a that onc of 1ts froguenclos is low and becomes a tranalation
(51)e This condition %s mot by taking the frequency (and hence
the force constint) for the asymmetric stretch in tho dissoclating
boné ss aqual to, or close to zero. This assumption is contrary
tv the ususl éssumptian that the activated camplex is invariant
s th tho direction fromn whléh it 18 formedy L.6e the sbove
agsunption resulta Iin two @ifferent activated compleoxes dopending
winether the reduction of }' iona is ocourring (romctlon [1] or
whothor the oxldation of edsorbed hycrogen 1s occurring (the
reverse of reaction [1}). This sltuntion 1s not considered to
be marealistic since the formation of the activated complox
is essoclated with a momentum in the direstion of ths resction

und lts atructure may therefore be repurded as teling "polur!zed®
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in this directlon. The problem centers around the nature {and
charncterization) of the asctivated complex snd the overzll reaction
mechanlism. One cannot distinguish betwean ths possibility of
election tunneling vo the activated complex and the posalbility of
an electron transfer to the proton after it has physicelly reached
the olectrode surface. lience any treatment of the sctivated
complex 1s open to question and in this theslisywe have soucht
to calculate meximun (and minimum) 1sotope effects for all possible
types of models., In calculating S aod R for thils arsumpmion, thres ?
calcula'lons haeve been mede where kl‘ kz, and k¢ are varled to
test the sensitivity of the caleulated quantities on the cholce
of force constants. The data for these calculatlons are given
in Table IX. In addition to these three calculations, a fourth
calculation wes nmade which corresponde to the conventional
concept that the nctivated complex 1g invarisnt as to the
direction from whiéh 1t 1s formeds Thiz is shown as calculation
number 4 in Tabie I¥e. The values of K, and k, were chosen to be
one=half their normal value (81,60)s 7The results of the
vibrational enelysis sro shown In Tableg X and XI. 8.9 Sp and R
are calculated from [231], [232] and [29], respectively, ani
the results are given in Table XII.

The importance of the above czlculntions ia to test
the sangitivity of 5 and R quantitlies by reference to any possible
structure of the activated complex in order to obtaln moximun
(and minimum) velues. It is seen in Tabls XITI thet the S5 and R
velues are, of course, sismificently dependent on the |

cholce of forco constmats, but in no case cdoem 3 approach

D
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Table X

Bending Frequencles (v, ) for the Hg=f«0 Complex s a

Funetion of the Force conataonut kﬂ (25%)

Eg_x wn nr@"radz
Frequency Oel 0e15 Ge20
-l .
v”;-‘ﬂa (om") 848 1035 1196
A 601 736 850
Vo ;m 193 604 697
vy 2 600 735 849
ainh n" HD/Z .
P 0e5335 04755 0.14276
siph H?/ e
sinh o .72
“,; - 03950 03366 02902
sinh . /2
e
sinh n" 1}‘7/2 :
= 0.5325 00&7!{0 0.14263
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Zable X1

Stretching Frequencies (vlf) end Momonts of Inertis (1) for the

Coalceulation Humbgg

1 2 3 L

o, (em~t) 994 1000 1405 1200
vl"’m 710 7 996 915
i 585 588 709 798
"1’::32 709 712 998 91
alnh\;ﬂﬁ/

04918 04895 0e3701 0414986
sinh }ﬂ/é) 00369
m X 353 0e3512 061807 0e3722
sinh ufné/a

Oo 90 0. 9g i ;
— Ufﬁé/Z L4907 k495 063700 0.4933

Momonts of Inartia

34509
34563
3e628
3952
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Table XII

Calculated Valueg of 89 S, and & for the

Linear Hg-ie0 Complex ot 25°

Dending Poree Conatant »
tuantity I‘pj x 10™" erg/rad Calculation Humbep
Oel Q18 Qe 0
3y 5e22 Laxn 335
3? 902@. GeT1 L&o?? i
R 2'78 2- 21’ 1‘79
SD 519 bel3 334
ST Fel7 6.66 iLe95 2l
R 2eT7 2420 1.78
5 3492 3.12 252
S he72 343 2455 3
i34 210 l.66 le35
Sy 529 Yol 3eli@
S'i.‘ FeTd 700 Se 2 L
i 2482 2elly 1.02
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tho value of 13 clgimed as limiting Ly Keil and Kodera {163).
‘ Hence acceptable ! and I values cen Le predicted by
varying k) from its normel value of 1.159 md. 3! tn the
fisolated igeil moleculs (163) to one=hall this velue. Dending
force constunis are asaizned Ly comperison with aprroximetely
siniler stabvle molecules. For bending about Xeli=X helf bonds,
the force constant derived from hydro;en-bonded systems wag
asaigned (196) the value of 0e16 x 10711 arg/red®. By the
fitting of farce constants to the kinetlie dats for the resciion
lip *# C1 ® i + #Cl, the beuding farce constant of li=ii=Cl was
assigned (197) tho value of 0409 x 10'11 @rg/rada. For
sctivated ocomplexes in uwhilch bonding oocurs about a centpal
i atom, the force constants kﬂ essi;ned aro reduced and are
takon to ve around one-hialf the value of the Fforce constant in
the analogous steble molecule (81,200)s For tho ligele( activated
complex, Keil and Kodera (1468) have calculated a value of
Jel5 meds g’l for kﬁ (1eme 0439 x 10‘11 oeg/rada). This value
appoars to be rsthor tuvo hirh and in order to teat Kell and
Kodera's method of eovaluating %ﬁ’ Conway and Salomon (198)
have made a aimilar cslculation of tho Londing foree conetant of
the Feile=7" lon (using the molecular parumetora for the iIP
nolecule) as & model for the trensition state in proton transfer
(efe 18)s A bending frequency of 1225 cm™t 1s celculeted which

1s in satlafactory arreemont with the observed (199) value of



1240 cmfl. The very pood agreement betwaon the obgerved esnd .
calculated frequency is surprising and zav in part result fron
the neplect of repulsion forces which would tend ﬁo cancel

with the delocslization forces as they do In ii~bonds in icse
{201,202}, The calculation made by Kei{ and Koders employs

the B—He repulslive energy function of amdur {(161) fop estimating
the H-Oﬂa repulerion and the possible errors involved in this
calculation has been discussed in Chapter I1I., The Kell and
Kodera value (168) of 0.39.10'11 erg/rnda would give somewhot
lovwer values of 5 and R when the prasont method of calcula tion
is used (their own method, neglecting the symmetrical atretchtin.
mode glves too high values for 89).

(b) The Planar X¥Z, Configuretion

The pérticion function raetio for this kind of sctivated
complex 18 glven by equation [284] and the following approximetions ;
'@ made! both the rotationsl and translational pertition function
ratios are taken as unity on account of the nature of the surface

ﬂga-H~0 complexs Thus the main lsotope effect arises rrum the

differences of vibrational frequeacies and the ratio fﬁ i /ry D
» 2 ’
is given by
5
f#.llm Himi uﬂm/Q "
g , (285)
# D ginh u"ﬁa/a



The vibrationel analysis is made using eguailons (2799]={231].
The distsnces ry and r, and the anrle P are ezlculeted according
to the peometry of the problem using the date previously spplied
to the threeecenter model. The data used to carry out the
vibrational analysis are shown in Poble XIII. 'ihe cholece of
here more
force conatents is/arbitrary and values could be chan.ed
slgnificently from those given in Table XIII and still predict
acceptable values for 5 and d. For the most pert, force
constants were chosen by reference to acceptsd values for
analogoua stable molacnlea; 1.0 k, has as ita aneloguo the
Bell ring stretching force conatent given as 1l.43 mec. 2‘1 by
Boll end Longuet-Hipgins (154) for diborane. ‘he force constant
kb. uged here corresponds to Lell and Lonpuet-:llgginats dl
which was glven the value 0612 x 10~ erg/rada { «059 m.d.'g'l)

o=l erm/rade. fell and

and the value used here is 0,16 x 1
Longuet«iilggingta foree constant d3 (taken Ly them as zerc)
corresponds to ky which has been assirned the veluo of

0s25 x 10711 ewg/z*»sacl2 (222) in tho mresent calcula.ion. The
activated complex considered hers does not have any satlsfuctory
stuble molecule anclopues There are no planap ¥¥Z, molocules in

which e hy'roren congtitutes the central (¥) aton. 1In view of

this sltuation, 1t becomes nocessary to test the senaitivity of

the calculated valueas of 5 and & to the chiolce ol force coungtante.

“hils has boon done and the results are shown in Tatle XVie 1t
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seoen thet thie velues of % ang 2, elthwich sioailicruily

(%N
0

differeni, cennot vo "adjue.od" LY any ressonaile cholce of
force constients, to plive valucs of 9, bBicher then gge 5S¢ The
lmportence of this ealculation therefore 1lics ia the fret
titat reasonatle values of & and X can Le predicted fur the
dual site model on the basis of discharge 8tope In th@f
calculation of Keii and Kodera (168), & minimum value713 was
clalmed to arisge for G on the basis of a rate-limiting
digcharce stope In tho resent caloule tions, values of Sﬁ = 13
cannot be approached even i1f an appreciable degres of frecdom
1s allowed in the choice of forco constantse

For the dual site model, there are five vitrations in the
activetel complex ae indicsted by equation {285}, Upon earrying
out tho vibratlonsl sualysis, the vibrational mode torms A3 and
)g turn out tu e independent of 1sotopilc subsiitution, f.e.
vaﬂ = ";,D and V§,3 = “g,n‘ The remults of the vibrational
analysls are ;2von in Tables XIV and XV, and the calculations

for & and ¥ are glven in Table XVI.

(c) Comparison of Galculated anc ixperimontal & and i

Vnlucs

1t must bo emphasined again thet the maln purpose ol the
comparisons te he made in thie gection 1s not to demonstrote any
exact pyroement  Lotween exporimentsl rosull s st thae theoreticelly

caleulnved veluos of o which wouléd De prosusptious for calculstions
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Table XIV

Freguency vér for the Plapar Bg,=H=0 Iype Complex

&8 a function of the Force Constant k,

k& z 101t arg/rad2
"«,uanuty 0.0S 0610 0.15 020
v 7 (emil) 389 Su5 667 171
»
L7 " 275 390 L77 551
» ,
Ve T" " 222 s - 385 445
»
sinh u&ﬁ/E _
- 046601 0.6286 05930 05610
sinh u, /el é
sinh uT#/Z L
6 045260 044834 OeliyShy Oyl




iablae KV

# .

. 3 , . P i
Freoquencies ”1‘ end v)_& for the Planap ﬁigz-:'s‘-o Zype Conplox

Calculation Number:
vuantity 1 e 3
" 'ﬁf‘ (em?l) 89 875 902
"1, " 601 620 639
nd " 490 505 520
Vit 14,08 1613 1801,
V0 " 1000 1149 1280
"u.mﬁ n 813 934 1042
(ainh ) 5
g minh uﬁ /21 5 513
#/2) 8
043871 003796 .
sinh u 2/1 etk V3t 0.312
(jinh 2) oL
043841 0e3213 0e2611
inh u 3/2 L
(sinh umﬁ/z> au's
De2L1E 01900 041580
sinh uﬂj/é L ’

Ths calculation number referr to the corresponuing data
and calculations in Table XII} 1t slso refers to the
differcnt valuss of ka, usede




Tal.ls AVI

Calculatad Velues of 3 and i at 290 for 2ischarce

8t Bg Based on the Dual Site Model

k, x 101t erg/radz

04085 0.10 0415 0e20 Calculstion Humbaep

Selt  LeB5  Le58  L4e33
Sp | Be50 7481 7029 675 | 1 (ky= 0.6 mede A™Y)

A GeTl 2455 240 2426

SD u026 t&QOI 3.78 3056

Sy | 663 6409 5461 5.20 | 2 (k™ 048 mede A7Y)
R 2.2&, 2.11 1099 1.88

Sy | 3e67 346 326 3.8

0

Sp | Bal0 ka6 15T be2h | 3 (k= 1,0 med. a7Y)
R 1493 1eBL 1,71 1462

Zxperimental velues at 25°C for Spe Sq and R are given 1n
Table XViile ‘




of’ isotope effectn. *“he main purposs e roather o ghow thuts:
{a) the value of 3, = 13 deduced by Kell and Xoders {165) ang
Sp = 37 deduced by Xodera and Safto (170) can be brourht down
to vrlues comparable with the observed ones by the appropriaie
Inelusion of 2 symmotrical stretching mode 1n the activeted
complex and (B) the radical deduction from the previous

calculs tions of 8y and S, (163,169,170) that the slow discharge
mechanism iz not operative at mercury electrodes, is hence,

in fact, unnecessary, and finelly (y) a model for dual pite
chemlsorption of hydro en atoms can satisfectorily explain the
observed izotope effoctse. we cannot, however, expsct to
differentiate boiwean the applicsabllity of the dual gito and
8in-le site models on the basts of quantitative asresment with
éxperiment. 7The Ilmportance of the cslculation lies more in the
fact thet with & physicslly more realistic model for Heatom
adsorption (as discussed above), the game marnitudes of 190 Sor
and 3 can Ye caleuleted for oither rnodoel, and are still well

below those elaimed as limitin: minimum valuos by Kodern et al.

(168,169,170) anc Horiutl (1l). Lxperimencel values of Sye Sie
and . for mercury reported in seversl papers, includln. the
present wirk, are summerized in Tavle Xxv1I. 3y conparison of
the predicted end experimentsl values of o anc ., there ig

no doubt that the observed kinetic inotope effects cun Le

2] ‘!*
roasonsl:ly ex;lained on the basls of s rete=linmiving i1 {on



Tatle AVIl

wxpexdi mental sn, Sp and & Values at ‘lsreury at 5%

Experimental Value (25°) feforenco
85 2eS=l} (aqueous) present work {cfe also
113,115,116,117)
4400 (non aueous) present work
5.8 {averare value)* 114
3,1. 305. Solw ‘ 117 :
240 (8yusous) 111,112
I 3e3 (nONn aueous) presont «orke

Average value wlthout consideration of potentisl dependence,

e Two wvalues of ST aro roported for a current density of
100 mi. em2,




discharse stepe #Althoush there have tean other attexnts to
calculate & on the beeis of ths discherre mechanism {see
Chapter II1), nc other workera have either justified the isctope
effectz in terms of the &low dlscharge step or offercd a setiafutory
explanatlion of the decresse in S as- M Incresses. in sdditlion,
there has not Losn eny attempt to crlculate 3 values from Cirst
princlples or to relate them to corresponcing S values, and only
in recent work from this Lavoratory have R values in fict besen
avallabdble (150).
In the proevious dlscuseion (Chapter V), the decrease
in 8 &t mercury as q. incroanses was attributed to a compression
- of the double=layer which ecuuld result in elther (or both) the
incresss of the Lending or stretchiu; force constunts. 7The
dependeonce i &, and ST on values of the relevant force conatants
is chown in Pigure 4l where S;, and S, values for the linesr model
for seversl vslues of k2 (Hg=il force constrnt) are plotted agalnst
kﬁ (the bendins force constant)., o calculstiona have been mpde
to relate 5 to i! In terms of & slow discharse mechenism at
mercury in alkaline scluilon since the diecharse step has ceen
ghown not to veo rate=determining under those condiilons (see

dizcuselon in Chapter I1I),




Pilrure g;;

SD and ST at marceury cethodes as & function of

bending (k}j) and stretching (kz) force constants buged

on & linesr three-center activeted complexs
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(11) Values of 35,5, S, and X &t iif, Fe end ¢ slectrodes

Baged on the flow ischarze Mechenism

{a) Gonersl Disaussion of Machenisms

At nickel electrodes & Tafel slope of G0«110 m¥e in
acid solutions(203-207) indicntes either slow discharse or slow
atone=ion desorption at appreciable !egoverage.O #ias to the
tendency for dissolution of il and Pe 1o acld soluiions, studles
at low overpotentials are difficult and do not yield sigmiiicant
information.s 1In alkaline solutionsa:Tafel slope of 90«110 mV,
1s olzo observed (2033205,211)s There is sufficient evidence,
however, (203,207) from electrode-~kinetic behaviour that the
" dischorge step is rate~controlling at nickel in nlkaline solution.

For tungsten electrodes 1n acid solutiona, two Tafel
slopes ere observed (45,93,114), the initial slope having a value
of 60=80 mV and being followed by a slope of 105«1l6 mV. The
mochenism( s) operative are unclewssr in that any one of machanisms
(1]=[2] con be aseribed to the varlious slopea (see Tablu I),

Thus lockris et ale. (45,93,104) are in fovour of a slow electroe
chenical mochanism as an axblanaﬁion for the higher slope (110mV)
and a slow surface migration of i atoms for the ‘nitial 60 mV
rogion (93)e It 48 clear (ace ‘Teble 1) that this velue could
also srise with steps (2] er [3) under activated adsorption

conditions. In alkeline solutlona, a slow discharge mechaniam
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is indicated {114,203) for the 110 nV. resion.

At iron electrodes in acld poluzions, a Tafel rlope
of 133 mVe 1s found (45) which is attributed to a slow digcherge
atope It aprears that for these cases the assigmment of

moechanism can possitly bo aided Ly a3 study of laotope eflectz.

{(b) Caloulntlon of Isotope Bfiscts

By a method identical with that used to calculate &
and R st mercury for the linear three-center sctivated complex,
tko corresponding values for i, Fo, and W elscirodes have also
been estimsted. The numerical dat: used for the vibratlcnal

analysiz are given in Tatle XVIII and the results of the

" ealoulations are given in Table XIX. ihe R and U values based

on discharge at a dual nickel sitehave becn celculated and the
results are given in Table XX. In fable XXI, the experimental

S8 and R values are given for Hi, W, and Fe cathodes for compar'son.
For nickel no R values in alkaline solutlons are avallavlo.

8,, and S, velucs are available but the values of ST found by

D
Vielstich et ale. (117) Aaiffer from those of Dockris ot al (1lh).

The latter velue is probably the better one cince in the former,
Raney-nickel wag uged and theo presencs of traces of sluminium

would almost certsinly affect Sge The value of L.1 for Sip

in slkaline solutionsis in accord with tho possible values ctuleulasted
in Tobles XIX and XX . Yor the dischsrye mochanisme The value

of 18 for S in acid colutionson nickel cannot Le accounted rfor
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Tabls XIX

Calculated Izotope Iffects {25°Q1 for Proton Dischorse

at Seversl Metnlg (Linenr 3-centre Complexes)

Seurce Ha0" Hy0
af -
gﬁxloll or@/rada n¢x1011 arg/rad® Calculation
Shumbey *
Hotal Oel O.15 Qe 0.1 Oels 0.2
8y 320 2455 2401 5e32 le31 3455
__1!1_ ST 4eT1 BQM 2e55 9.68 T19 S.49 1
R 1468 143 1406 | 3413 2,54 2.09
8, | 560 Lalib 3.52 Te30 5492 487
Rt 5,14 11653 Jaly2 62l 1538 3l.43 8.73 2
R 3.09 2416 le9L Le23 343 2.83
Sq S5¢45 Le3h 3el43 6eT77 Sel49 LeS52
FL 8, (10608 7433 Seli6 | 11497 De39 6479 3
R 2e86 2428 1.80 3498 3423 2466
mmu%~“m~
Sn 5657 Le39 3459 ‘ Hebly G2 L8
e 5,1, DetF LebHT 5,18 13.48 9455 7.31 1
3 2480 2028 1486 | 3.90 3409 2.51

(Continued noaxt pa.e)



Table XIX « Continued

Sy, Seli3 528 3450 €e00 Le76 3.37
H oS¢ | 9422 5.39 1493 [ 1114 7.90 6.04
2 2,05 24225 184 | 3453 2.80 2,28
Sp | 559 Lal2 3e6L | 5.96 485 3.85
Fo Sp | 1049 789 578 | 12474 B.73 6.40
R 2093 2032 1491 | 3451 2485 2.7

For other force constants used
nwuers in Table XX

8e8 corresnondin: caleulation

i
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in tarma of a slow discharse mechisnlem L any rocsideille

ad justment of force coxﬁstan‘ags. The reported gverepe value of

Sg = lel (11l) is, however, misleadiny: since it does not oxylain
(or even infar) & possible potential dopendence of Sqe  Thet Sr,
would be porentlial dependent at lii is indicated from the work of
Vielstich gt sl. {11¢). These amuthors find that asyincreases,
8,, incresses £rom cbe 3.8 to & maximun of ca. 6.5 and then
decreasos to cae 5« This result more clearly chows the fects
than the preported aversge values and cen be qualitztively
explalined In terme the slow dlscharge step as follows:

At nickel, it appesrs that the discherpge step 2s rotee
deterninin: In elkaline solutions (203,208) with desmption Ly
tho atomic recorbvination mechenlsm (203). Undar these condiiions,
Gﬁ gan be lncreased witih increesing cathiodiec potential or current
density (<u0)e The intreese of S with potentisl may honce aripe
throuph the effects of Increusim coversprs of tho oloctrodo Ly He
Ir tho encrpy of adsorption of i felle with incroasin: covorsaje,
@s 13 the case at most metols (174), it may be expeeted that the
fre;ucney and assoclatod force const-nt alss decresse with covera; e
for exemple, Conway (125) tmsindi7 at%%nt for a series of metule,
the Hell bond freguency in dlatomie hwyidr!des decrocases linearly
with the Meil bond onerysy (Figure §2). Thus, in the case of i,
it appesrs reasona-le to sup- 080 that docreas!ny el adsorplion

enor;y with Ineressing OH ¢on lead to imeressing i velues owln:



Pigure U2

Fundsmental frequenclos and dlpgsociation energles
for certain diatomic hydrides (after Conway, reforence
125). |



W (cm-)

3000

1000

HCl
)

1 1 1 i | | | L

40 60 80 100

D, (kcal, mote~!)



| juicvaccing

- 260 =

to thoe deorease in the Mel force constinte. Uhis le guslit:tively
shown Iin Firure 43 for the linesr tireec-center activnted complex.
for e siven veluo of k;é and k2 {the Hlet=( tend aixi O=i rorce
constants, .especti.ely), the soparntion factor is ev:luateqd

in neutresl or sikaline solutions for vari’ationoflfi-ii foree
congtant kl‘ Tho values of k]_ wars chogen such thai they
corresponded %o = docrease In the heat of adsorption of abtout

16 kcal mole™ from the inftial valus of =67 keel mole™t at

Eeroc coverage {e.ge Bee roference 125)e To eaplain the final

docrease 1n Sn st high values of N » the eflfect of compression

of tho doutle=layor i1s supgested (see pe /63-/64)e Tho effect can

‘bo seen in Fipure 43 uhere the three cwrves are significantly

depondent on kﬁ‘ Henee the caloulsated and observed values of
the isotope effeocts at nickel slectrodes con be quallitotivoly
ox:lained in terme of slow atoneion recombinatlon 1n acid
sclutlon amd slow dischargo in allaline golut!on.

The aszs’ grment of mechanism for v elecirodes 1is more
antrl;uous then that for Hie. The publiched experimentel dnta aro
Incumplete :nd only qualitative asgignments cen be madees n the
basis of 5, @ L4 for alkalino solutions, elov proton discharge
1a Inferred as ihe rate-controlling mechonism since the vslue for
S, was ubt Inod In the Tafel region where the ulopé i1s 110 vV,
liowaver, since the velue for S 1a an aversye value {1ll;), the

nature and meruitude of any posslble mexima or chanyes with
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Pleure

Sp @t nickel electrodes as & function of kl and
kg for dlscharge from & wateor molecules

-11 e

Q
la k, = 0,1 mde A} kg = 0l x 107 erg/rad

20k, = 0.1 mds A7

3o okp = Oelade BN iy = 0,20 1071 erg/red?

5 ks = 0. x10" erg/red?
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potential are unknown. Similarly in ascid solutiozns, the
atom=ion recombination is a falr assignment for the hizn Tafel
slope reglon.

Assigmment of me chanisn to the process at Fe cathodes
also involves some specilation. Un the basia of the Talel
slopes and isotope effects, it 1z difffcult to diagtingmish

between a slow discharge or & slow atomelon desorption.

(131) The Recombination Steps [2] and [3]s Mechanism of

the H,Eelle 0on Mlatinum Zlectrodes
(a) Geneoral Discussion
In a provious discussion, the mta;det:aminin@

mechanisms operntive at ple tinum electrodes were stated to be

the atom=atom recombinasion at low '1 and the stoneion recombinetion

at himh '*l ¢ This asslgnmont wag ssen to be compatible with
tetiovior st verious pHv's, the Tafel slopes, anion effects on Seys
and thn proposal of a multiple site adsorption mechanism.

#ultiple site udsurptilon is indicated by adequate evidence as
showi previously, and the fact that the isotope offects based

on a dlacharpe mochanam ean ;ae shown to e not inconsistont

with the cusl odsarptlon site model 1a reprrded as some
cuni’rmz-fon of this models Once !i is conceded that dual ol e
adsorp”ion 1s possible, adsorption at sites of hirher multiplicity
(1.0¢ 3 and § centro sites) becomes e nogeibility. Tho
vibrziional analysis for the atcawatom recombine iuion stey Tor tuie

model ls extremely coplex and ‘he moet efficlent method of



analysis would be by machine comput: tione chachischineider {21L)
bag writien & proyramme for tho Islee TDID which enables such

an snalyesls to be carried out. 3inc: the progremme is not
availat:le at the pres:nt, the vilrstional anely:iz for the aton=
atun pocombinetion step is not given herce In the case of atome
lon desorption, ad .itiunal problems conceraling goometry of the
activated complex arise. In the previous discussion (Chapter IIIg
equations 235-238, Chapter VI), a linear activated complex was
assuned in which case differentiation must e made between the

two complexes Me=ii«D=) and M~DeH=0, iiowever, if a non~lincar
complex exists, such as that considered by iforiuti (10,11), there
i ths possibility that the Deactivated complex is indlastinguishable
whotiier the initiel ets o ia Mel + H2D0+ or =D + H3O+' sueh an
sctivated complex may be visualized as a resunating structure

ol the following type
M e = ¥ 0 [286]

Complexities of ti:1a type co not arise n elthur tho discharye

vtep or the stomeatom recombination mecheniem. As & consequence

of this pussitility for stom=lon degorption, the equstions for &

roduce, however, to a :rioplqsr forme If the activated complox is
relation

of the form piven iu the /  [286] above, tien from enuaiions [235Jaw

[{236] 4+ is meen thet rﬁ'ﬁﬁ==-r#.nﬁ and the equairlions become




£ ..
35.08 ?—“F'ﬁa (207)
5 = Ue (3
b #FHD
and
Tty -
S, = 3078 g [£83]

respectively, for ecid and alkaline solutions. Undor these
condl:ions, the relutions for &, in acid and alknline solution,

oguntions [2L8] and [249]) respectively, bLecome

Sp = 17l F—= [289]
and

S, = 1748 = (290]
rumkin (29) hes discussed possible evidenee for the existonco
ot the (adsoprbed) ii;' ion as an Intermodiste in the atomeion
degorption atep.% In the discuasion uirich follows, the activated

complex for this mechanieu will Le treated as tho resoneting

str cture ;ilven as [23C]).

() Approximase Calculation of Isolope Iffects at It

In Tatle AXII, the observed values of & end % lopr

o ¥ .
The sugpestion hore that the ﬁ& molacule-lon s involved as an

inturmediate 1n the atomeion despolntion step o dlfforggnt from
dorluilf's suestion thet the neuterslization of ho H, species !
ra.o=dotoralining. In the stlomeion mechanism, the forfSation of B’a
wuld be regarded as the rete-controlling siep and ite '
noutrclization fe fast ().
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for pletinum elecirades are glven for various o p rimental
condivionse There are peveral atrixin- featuwres of the
exrerimaentcl recsulie shows o Tavls ¥X3IVe Rirst the SD valuos
for It vary apprecintly in acld solution end velues simmificanily
telow 5 are cbservede 3Ieconxily there are no data for i volues
in alinlive solutlong and thereo la only one relisile value
reparbed for &, at t in eligline zolutlion. Also, S‘T velue s
roporteod for acid rolutlons dlffer signiflicantly betwern two
authors (111,117). Thia differance 13 irreconcilebl: and
requires further investigetion. Velues of Sqp for alkaline
solutions show good areexsent batween the thwree roeported velues
(114,117,226)s The potential dependence of S, 1s indicated but
not discumsed by one group of:rauthors (117) and neplected by
others (114,216) and reguirez further experimentsl investipotion.
Hy mecns of an aprroximate calculation of 2, it will
be shown thet tho mechenism ooccwring at platimun in the 30 mv
wafcl slope rogion camnot correspond to the atomelon degorption
stop (as &leo Indlicated Ly thils value of tho Ta:'sl alope= see
Lhapter 1l)e If we assuns atomelon descorp.ion to bLe ra.ee
doterminin: for the reidon whore 3, % 6, then from equution [237],

1¢ 18 menn thet

£, .
Patin 6
- 0 ) "
o 2 - ';’ . Del1LT6
:#.}m L4 jx}.m



Prom the rule of the peometric meen,

fas, |\ 7E P
ry 2 - '.ua i 2:)11
T, T

of L . } L e
the followin, value o f#'uz/ f# 'Lz may Le ealeuluicd}

222 o 0,092
»dlbz

Inserting this value into eguasion [252], leads to the result
" (1=9y)
R = 1ha7 W
Pur Pt electrodes, coverages Of gca. 0.5 are indicated (1y2,1li,165)
and uslng the experimentel reletion (142) €, = 2 0,35 (8,), the above

equation, teconas, upon telting: e 2 0.5

R = 17
Thie welue for & 13 quite Irracouseflable Sth the expor!mental
vilue of erocund & even allowin: for uncerte’ntics in the
approximate celeulailon. (see Table XXIV )e
Iff the atomeatom desorption stor 1o assumed to be

operative, then from oquation [239] the retdo £y . /. .. 1

f# .ii

— 7%"1'6 5 0.07678
.1




Prom the rule of the peometric mean glven by equstlon [291], it

is Tound that

r#nl'zg
-i.--—-' = De02h33
#,iD
Inserting this value into equstion [254), 1t 1e found thet
13T, (1—eﬁ)2
R = o 31t ——
(1-8,)

Taking again 8, 3 0.5 and from @, = 0485 @, the final value

for 1 1s

B = 1.3
which is in satisfuctory agreement wiili the obgorved value. It
is intersstin- to note that by repeating this procedure Zor
Sy, = L (1.6. corresponding to the SD values found in tho pmaeht

vork for HO10; solusions), R values of Oe8 to 1.0 are calculated.

The simificencoe of this regult is thoat in tho absence of specific

anion adcorption, the bonding in the aoct’vwated complex may be
"tight" enouh to cause small or oven invarse lsotope eoffects in
de Inv rase lsotops effects ha;m been vbsesved for some proton
tronsfer rosciions (124) and the possibility thaet ihis effoct
mirht ogcur at platinum electrodes is of proat inicreste e
apperent faov thst the bounding in the actlivated coumplex increases

or bocomes "tightar" az speciflc anion adsorption decreases ,




supports the viev pres nted in thiz thesis that the S;-lql
relation can be explained partially 'n terms of the multiple
site model for proton dlocharse {eers 2D increase in 8, can
corresrond to a change from muli’sle to single elite adsorntionle.
In view of the above remerks, it 1s aprarent that
veluss of SD for elther type of recombinetion mschianlszm can be
significantly leas thnn 6-7. In addition, 8, vilues basaé on
a2 digehar;e mochanism can be significently ~reater then 3 (s-e
discusnion on nickel electrodes in alkaline rolution, pagae 258
The view that the valuss or'su can be generally separated into
two groups (1.0, S & 6«7 for tho catslytic metals Pt, u1, Hh,
3tGe, and S, = 3 for the nonecatalytic metels Hg, Sn, and Pb)
can hence no longer be maintained. Un the basis of the finings
rregented in this thesis, exverimantsl valuns of S and R can be
slven sipnificant meanings only when a complete study s made to
rolete these quantitics to overpotential (i.e. to the Tafel
relr tlon), to the effect of the anlon present in eolution, and
to other kinetle eriterfa of mechmnism, vese resct!an ordsp

pe ciscusned in Chaptor Il
3e Hew Con:ributlons In the Study o Low Temperaiwro Xinetlcs

Lo %crcurz: Appazent and Srue ireguency Factor Kavlos

in this section, the role of proton tunnsline will be

examined, an. in viow oi the prosent oxperimentsl reculis, will




be shown to be n pliribles Chrlstov {2,25) haa offores the

data of Fost and Hiskey (111,112) as proof of siralficunt

tunnelin: of protong in the dlscharze rosction at marcury
electrodes 'n @ juoous solution. £ xania pard of hls svideance

In support of tumnelin, i1s based on the exporinmental fact that

the spparent frequsncy factor ratlouﬁﬁgﬁﬁbu s sigonifl antly

loss than dnitye It wns suggensted in Chap or ¥V that the true
{frequency faclor ratio 1s actually close to aniiy and therefore

tho conclusion based on AH*/AD” = Qo5 that tunnasling 18 simificent
iz unnecessary. It was also stated thot gevoral Importont factors
«filech have not been previously dlacussod by other authors, enter
into tho evalusilon af the true differenco in activnilon onergles
ool thoe trus ratfo of frequency footorse These fuctars are}

{1} that the apparant“ n-ata of actlvntion &H# (and thelr 1soto;ic
differenuas)oannot be uged dirsctly (139) to obtoin true, chemically
simliicant frequency factors frot & rlven obaervoed rate oince

£ Aﬂ# veluog Include a heat content cheonge for the =inprle

glectrode rocsctlon (13})
H 0+ + @ ‘“. i i + 11,0 {evel
3 22 e
Similerly, lecotopie ratios of frecusncy foacturs must e evolusted

with propor considers.ion for lsotoplc differsnces of tho entropy

The apparent hoat of activation, AEF discussoed here does sfﬁ
incl.ade aay corrocilions due to lunceling. dence the symbol AR
has Leen usey to dlstingulsh 1t fron the apre. ent energy of
activeiion &7 used when tunneling correctlions are considorcde

~




chanpes for reactlon [292] end its & analojues

(111) <differences of the metal-solution potentisl
differences at the reversible potentiol for thce heeere and
the deesrs must be considered in the evaluatfion of tho fresuency
factor ratioss Taking these factors Into cons'‘deration, we may
nake estimates of Isotope effects in the freguency factor ratio
a8 follows.

In terms of absolute rete theory (51), the rate of

discherge of H (from 1130") or D (from 030%) 1s

1 = ~zF %-':‘: exp(ASo"/R).a_,, exp Al*f/ii‘f exp =pB_r/RT [293]

o r
Qhem AE" 1s tho true activation enmeryy at gero abmolute metale
solution potential difference (13Y4). ﬂr. the reversible
potentinl of a slngle eloctrode, 1s an underterainable quantity
(140) and the mesgured enersy of activation will ther-fore Lo an
apparent one (Ai{ﬁ) due to c.ntridutions from ,Gr. Sinco ﬂx' is
the slngle electrode potential dlffercnce corresponding to the

sincle alactrode reaction [292], we can write

Bt I s
= 4% = & . &8 [294]

“"wrC R
whooe AH and AS are the hest content change and entropy change,
respectively, for the half-cell resction [292]. substituting

for g, from [294] into equation [293] pives

T

# .
i, =tzF %’:—- expl 8SY /1) exp(=-pAS/R). &, (1=-3) exp-(AE# «BRi1) /0 [295]
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or
1, = Tz¥ §3 exp (ASY/R). a, (1=8) exp -AH#/HT o [e95e]
where
As® = ASO# - 8as [296]
AH¢ #

= AE - pAH (297]

It is seen from equations [295]={297] that the measured

quan:. ities M!"e and a® are not the kinetieamlly significant ones.

As a rosult, the measured frequency factor will be an apparent

value due to the term in ﬁbs)and Aﬂf ( the measwed quaniity)

will differ from AE# by B&ide This waas not cénsldered in

Christov's estimate of AH/AD (25) and the value of Ag/Ag = 0.5

cited by Christov anii other authors (29) 1s therefore inecarrect.
The speciflc rate constants for the heSere QNG de@ole

mey be deflned for 10 in torms of the Arrhenius relation

k = A exp -AE#/RT o OXp -pﬂrE/RT

Thon, for the isotopleally anmalogous reactions, the ratlo of

ruto constants kﬁ/kn 18 plven in logarithmic form by"

log ky/ky = log A/ Ap + (ay;g-asﬁ)/m' * BBy p~Py ) F/RT (298]

In equation [293), as in previous ratios of leotopic quantities,
the ratios of activily coefficients fop ti, D, and T speciles has
been taoken es unity. The justification for this agsumption is
that the rule of the ysometric mesn which hes been experimentaliy
verified for H20~D20 mixturce {(1L76), implies that 50 and D50

form fdeal solutionse "This a&ssuupiion, also mede Ly othurs (177,
174}, therefore appesrs to bo gulve satisfectory.




vhere AH/AD is now the ratio of irue frequency fsctors. he

e o ‘{# -

quentities AH/AD and Aﬁg A7 can be evaluated if ﬁr,D ﬁr,ﬂ is

known &8 & function of temperature. The temperature dependoence

of ¢r D'ﬂr g in agueous ecid sclutionshas been caleulatesd In a
» f A

previous goction (see Table VIII and Figure 39). By rewriting

equetion [298]) as

log E!; - 1‘#1*. o= log Tl; *r— {299]

it is seen thet a plot of log ky/kp - ﬂ(ﬂr.Dfﬂr.ﬁ)E/RT againast
1/T enables the evaluation of the desired gquantities Au/AD and
to be made
dAE/« Taking the data of Post and Hiskey (111,112), tho
necessary corrections are made (see Tabls X¥ITI) and an Arrhenius
plot 18 constructed os seen in Figure e Analysis of the data
in thie plot gives AH/AD 2 1420 aad AE%-Aﬁg 8 JJ45 keal mole'l.
Uy an identicel procedure, the dats for the methanol work ( ses
Table XXIII) can be plotted in Arrhenius fo m (¥i.ure 45) and
is roun. that AH/J\D = 1427 and AE§-6E§ 2 0,77 keal mola‘l. In
thls Arrtenlus type plot for the methanol date, it i3 assumed
thet ke potential difference f_ .=3. ., 18 the samo in methugol
Pl Tr,il
solu.lons sy it 1s in aquoous solutlon. Thls agsumntion is
probebly valid for the most part, slnce the term g . =g in
el Tryli
various solvents will depend larzoly upon the difrerence in

s +
Lheats of solvetion of # and D's This can be seen by refe; ence
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Correoted Arrhenius plots for the h.e.r and
de@ers on mercury ocathodes in agqueous acid

solution.
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#1ure

Corrected Arrhenius plots for tiie he.ee.r and

Ge0eres On morcury cathodes in methanolle acid

solutlions,
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to tha {ollowing thermaodynamic cycle

H v+ H0p . ) + M S PN
(g)” “2°(sq) " " >Hg) T 2Nag) T " T ®

1 ' s
P by | “‘nsalv' Q’;

I 2
aH

+ ! &

1. ot
? liz(g) + &an(aq) 7330‘(8.%) + eﬂ

It is sesen that upon changing the solvent, the dissoclation
enor;yy, D and lonization energy, I, remeln constunt. HMinor
chan,e In @” 1s probable. due to dipole orisntation ami iniepe
aciions, &t the surfsce ,but the mala efiect upon chenping
solvent arises froa the term in solvation oneryy, Auaolv.'
Since the mean probaile heat of proion sclvstion im aqueous

solution (263 keal mole™l) is very eimilar (see ref.rence Ti)

to that for methsnol (% 261 kocal molc-l) » the assumption thet

mr.b'ﬁr.ki)nq = (ﬁr;D'ﬂz'.ﬂ)alc.onﬁ’;’ approximately, a velid

one since the crleculation Anvolves !sotopic differences
of this solvation enerzye. The faect th-t AEg-AEﬁ 1s independent
of temperatuwre down to -12590 and that AH/AH is close to unity
aro considered to constlitule sufficiont evidence in favor of

a classical mechanlisn,
Be Plotinua
Gn the brels of the experimentasl work presented in

this thesis, it lg oc.ncluded thet prolion tunneling perticipates
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negligibly in the heeere at Pt olecirodes. In the previocus
discussion (Chapter V), the mechanism assipned to the liesere
at Pt in ethauolic HC1l sovlution was atome~ion recombina tion.
Thie mochanlam bears some resenblance to thet of the digchrrye
etep in that it involves a type of proton discharge and therefore
can be guslitatively comared with: the simple.dilscherge step.
As proof against a tunneling mechaniam, the tempercture
independence of AH§ down to =150°C is offered, a result which
cannot be explained in terma of any significant contriiution
from tumnelinge. Although no isotopic studies have been made
for 'he Plesthanol system, this conclusion is supported by the
analogy to the isotopic reaults obtained for the lg=methanol
ays.en 17 which proton tumneling contributions were found to

be nogligible.

Co Discussion
The problem of estimating proton tunveling contritutions

1n tho measured total rotes of reections is of fFraat importunce.
The peobablility af a significant role of proton tunneling was
recuimnizec for many years but since Bell's initlal interest in
this problem 1in the 1930%'s, only two or tlwee reactions have
boan found which mi ht indicats or guprert such contriduiions
(217,218)s Rell at al. (217) 1nvemtignted-the bnge catslysed
brominaiion of 2ecarbethioxy-cryelopentanone in DEO and found

%/Ag a 0,042 for

that Af;/.ag = 0ully for the D0 catalysls, end A,
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catelysis by fluoride lons. Shiner sne Smith {213) investiguted
the rates of reasction of lebromo=2- henyl propsne end the
@=deuterlio analojue with sodium ethoxide and found hﬁ/ﬂg to te
Oe3T7e Une or tw other reactions wiilch indlcate possible
tunneling contributions are referrad to briefly by Dell
(reforsnce 18, pape a3), but the fact remains thet, excepting
the sbove examples, tunneling 1s not obgerved to any appreciable
exient in most proton trensfer reactions. The nroblem then,
is to aexplein this marked sbsence of Proton tunanoling when
theoreticrl invest!pstions (15-19,23-26,60,76,30=03) predict 1is
eirnificant participeotion. At the preaent; only gualitative
- reas.ns cen be civen to explain this apparent contradiction.
Such reasuna ares

(a) The treatment of the resction coordinate in terms-of a
gin;le dimension has bean quostionoed (60,80,81). Johnston {81)
has pointed cut that the kinetic 1sotope effect at low temperatures
chows laryre degrees of tunneling for methyl radicel abstrscition
rouctions, Yut still subastantially less then 1s predictod from
wrestmontsbased on n one-diﬁanalonal resction cocrdinaste, The
question of hydro;en atom abstrection by a tunneling mochanism
i1s not raiced In this thesis (but soe reference 79 by the present
author) but the important factor here Lo that tho attempt to

retaln the onsedimens!ongl ropresentation of the reasction



coordinete leads to predictions of larger degrees of tunnelling
than thoso for a multidimensionsl suriace {80=33).

{(b) 1In the cslculation of the permeabllity G, tsee
eguations [81) and [85]), the assumption that the effective nuss,
iy 15 equal to the mags of & proton {or deuteron) may not be
correct. The use of an effective mass different from that
simply for i, for the complex such as Hgoﬁ-@ﬂz would reqguire a
detalled knowledge of the potential energ surface since m,
would vary as & funcilon of ry and ro8 ‘

(¢c) 1In the special ¢ases of hydroreun lon discharge at lig

and Pt electrodes, & quostionable quantiiy often used %o

" oveluata equationa [78] or {B88] (22-26) is the apparent activation

enecr;'y bﬁﬁ defined Ly eguation [297)s Irf A, the heat of
rorciion {292}, 1e negutive then AE” #11ll be less than the
exporimuntally observed quantity. Jince AH 1s an undet.rminable
quontity, the magnitude of the helrht of the real barrler is
unknown j

(d) Apparent deviation [rom classical behaviour for
reactions occurring in solutlon can .:: sometimes be ascribed
to phenomena other than guantumenechanrliesl tunnellinpy (719).
such phonomena include (1) a cham e in mechbaniam, (&) a chanse
of solvation in the activeted complexz, end (3) a change of

solvont atructure with temperstures
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CLAIMS ¢ ORIGINAL RESE.RCH

The dual effects of polentlal and coe-snion on the seperation
factor S, are reported for the first time for Pt and Hg
cathodes. The results are dilscussed both qualitstively
and quantit tively in ferms of reaction mechanism and the
physical model for hydrogen atom adsorption.

Anion effects are suggestod as being one of the poasible
causes for the discropanclies betwean the values of 3
raparted by varlous workerse The depondonce of S and i

on the anidn of the elecirolyte has hesn discusszed n
terms of effects the anions may have on the adgsorption of
H at oingle and multiple zltos at the alecirode surfoce.
The Justification for the multiple site model has been
discussed both quallt~tively and quantitatively. Although
the concept i1tsslf 1s not neow, i1te apnlication to electrode
kilnetics 18, Calculations have been pressented for

mercury and n'ckel cathodes ené the multlple site model is
shown to lead to the prediction of recsonabls 2 and i
valuos,.

‘ualitutive explsmations ere offered for the potential
dependence of 5 at It and Hg in teorms of the multiple zite
model for Heatom adsorption, enc in termc of double~layer
effects, Provious discussions as to the nature of tho Se
rolaetion, have elth:r been incorrect (e.r. with regnrd to

the role of catolytlc exchange according to resctlon [169]:
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gz(g) + &{)z}( &q) = 1{20( aq) + HD( g)‘) or the poasible
offects of potential have been neglected.

The effect of variation of electrode surface coversge Ly H
with poientisl hes been considered by reference tc the
possible dependence of the MH siretching foree constant
on coverage when the heat of adsorption of ii varies with
coveragoe

By the empirfcal method of assigning force constants by
referonco to analogous stable molecules, the observed
isotope effocts 3;y» 35 and R have been gshow to be
theoretically consistent with a slow discharge mechanism
for mercury in acid solutions and for nickel in alkaline
solutionse Thls theoreticel justification for the slow
discharge step with regerd to S5 values olarifies
criticisma that have been ralsed agalnst its epplicablility
for some 30 years.

A detalled analysis of reaction order applied to the
electroctiemical kinetlcs of the he.eers hasm besn given
wich supports the conclusions deduced from the lsotope
effoctse Uriginal cealculations of resction order for the
heters at platinum and mercury eloctrodes are nresented.
It 1s shown that such considerations confirm the oxistence
of a rete~deteormlning ntom-glom recombination at platinum

which is followed by atumeion discharge. similarly, the
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discherge step is confirmed for mercurye. Previcus
formulstions of pil effects (8) assumed that both the
aton-ton mechanlsm [2) end the Horiuti mechanism [l]

gave identical results. This is shown tc be incorrect
and that the mecheniamg (1], i2], [3] and [4] 1lead to
distinguishable pli effects.

The hydrogen and deuterium evolution resctions have been
studied for the firat timo below 0°C down to very low
G i g e
HC1 solutions has beén studled previously (133), the range/
much lower velues and tho annlogous deuterium resction
wus also exanmlned. At platinum, the experimentol atudy of
proton transfor dowm to =150°C involves the lowant
reporied temperature used to study protun trensfer .n |
any reaction,

The role of proton tunneling in elecirochemical discharpge
resctione is shiown to Le negligible. This conclusion

is bzsed on: (@) the independence of Tafel slope on the H
end D content of the adlutions, (b) the temperature
independence of the true actlivatlion eneryy differance
Azl;g-&ﬁﬁ » and (c) the deduction of z value of epproximately

unity ror the true frequency factur ratio Ay
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1l.

A method has besn presented which permits the ealculation
of the true activation energy differcnce, AE§-AE§ and the
true frequency factor ratio, AH/AD. The method %g based
upon calcule tion of the standard reversible potential
difference ﬂi.goﬂ:’ﬂ. and its temperature dependence
together with allowance for 1sotope effects in the heat
change for the single overall he.e.r. which determines the
difference between apparent snd true heate of ectivation.
These factors are required in the considoration of the

rolo of tunneling,

The decrease of values of B with decrénsing temperature has
beon discussed. The effact is moat probably duo to a
docrense in double=layer thicitmeass as temperature
decroapene Tho values of B for the he.eere at platinuﬁ
were fuund to inerease ss tomperature decrensed., This
effoct has been a ttributoed to vary{rg surfsce covorage

by adsorbed H or anions. There is/neglipible 1sotope

offect in the ‘Pafel slopo b
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