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Introduction

Poranvi® has advanced in conjunction with the present author on
the basis of experiments of FArkas, FARKAS and Ripza1® and of thelr
own ones”, the associative mechanism, '

I,
C.H, — C.H(a) I
o , — C.Hfa)| 225 It C.H,, (i)
o (@
2 lH(a) ..................

as responsible for the catalysed ethylene hydrogenation,
C.H,+H, = C.H, (i)

in the presence of nickel as well as of platinum catalyst i. e. that
ethylene and hydrogen are first adsorbed by Steps I, and I, respec-
tively resulting in adsorbed ethylene C.H(a) and adsorbed hydrogen
atom H(a) which combine each other by Step II, and the adsorbed
ethyl group C.Hy(a) thus formed finally picks up H(z) again to complete
ethane molecule, the last step III governing the rate of overall
reaction (ii).

Horrutr and Oxamoro® later found hydrogen electrodes of different
materials of 0.3 volt cathodic polarization at room temperature fell
into two groups of electrolytic separation factor of deuterium
respectively in the neighbourhood of 7 and of 3: to the former group
of separation factor 7 belong the hydrogen electrodes of Ni, Pt, Cu,
Au, Ag in acidic solution and Pb in alkaline solution, whereas to the
latter group of 3 those of Hy, Sn and Pb in acidic solution.

They have suggested on the basis of this and other experimental
facts that the reaction on hydrogen electrodes of the former group
proceeded through the intermediary of H(a) whose recombination
governed the rate, whereas on those of the latter group through that
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of hydrogen-molecule-ion™ Hj(a) adsorbed on the electrode, its neu-
tralization being the rate-determing step. These mechanisms were
called by them” the catalytm and electrochemlcal mechanism respec-
tively.

Worrexpen and Warrton conducted an exhaustive experiment on
the separation factor over a wide temperature range establishing the
experimental facts underlying the above point of view,

These alternative mechanisms were on the other hand confirmed
theoretically®™®” by deriving conclusions from them on various hydro-
gen electrode phenomena inclusive of the classical relationship between
the current and the electrode potential found by Tafel® and later
carefully established by Bowpenx and Ripear” with the special reference
to those of nickel® and mercury” as representatives of the respective
groups. It appeared that the intermediate of neutral hydrogen atom
in the case of nickel as well as of platinum was rather established,
as might generally accepted to be, throughout the electrode process
and the catalysis.

Later experiments with hydrogen electrode of platinum, cath-
odically polarized less than 0.1 volt, led however IxkusimA and the
present author™ to the conclusion of the electrochemical mechanism
through the intermediary of Hi(a) being respons1ble for the electrode
reaction, v

In accordance with the above result Horiurt and Kwan' have
further arrived at the conclusion that the hydrogénation of liquid
acetone proceeded through the intermediary of H(a) or of H;(a) when
catalysed by nickel or platinum respectively,

Summing up, N7 and Hg persist respectively in the intermediates
of H(a) and Hi(a), whereas Pt and Pb versatilely prefer either H(a)
or H}(a) according to the condition throughout the electrode process
and the catalysis. »

The present series of paper is devoted to the development of the
theory for understanding the complex features of the above result
and to its extension by experimenting on its conclusions, General
theory is developed in Chapter 1 of Part I on the effect of the varia-

*) The intermediate originally suggested in Ref. 3 was that consisting of a neutral hydro-
gen atom and a proton respectively linked to surface metal atom and to a water
molecule. It has later been shown (Ref. 7) that both its electronic and the nuclear
configuration worked out quantum-mechanically was adequately covered by the words,
“hydrogen- molecule-lon adsorbed on the electrode”.
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tion of different factors, the work function of the catalyst or the
electrode, ete., on abundance of hydrogen intermediates, H*(a) etec.
on the catalyst’s surface, and in Chapter 2 the above complex features
are explained on the basis of the general theory attributing the change
of leading intermediate to the difference of the factors.

CHAPTER 1 GENERAL THEORY.

§1 Scope of Theory,

Here will be treated the effect of varying several factors men-
tioned below on the abundance of intermediates Hi(a) and H(a)
eoncluded of being existent on the catalyst’s surface as mentioned in
the introduction inclusive of H*(a) similarly concluded elsewhere™,
The catalyst will include the hydrogen electrode, the relevant reaction,

2H*+2¢ = H,, - - (1.1)

where e is the metal electron in the electrode, being taken of the
simplest type of heterogenecous reaction catalysed by the electrode.
The factors considered are the concentration of electrolyte in
the medium surrounding the catalyst, which will simply be termed
surroundings in what follows, the work function A of catalyst, the chemi-
cal potential p (H*b) of proton or hydrogen ion H*() in the bulk of
surroundings, that x (H.) of hydrogen there and the electrode potential
of the catalyst, hydrogen ion in the bulk and metal electron in the
catalyst being assumed in equilibria, : '

H*(a) == H*(b), ’ 1.2.H%
Hi(a) = 2H*()+e, (1.2. Hy)
H(@) = H*®)+e, - 1. 2. H)

established either partially, perhaps, by virtue of a certain rate-
detemining step prevailing or as parts of the total _equilibrium.

Such an equilibrium is implied in the mechanism of the hydrogen
electrode reaction advanced in the introduction and, although not ex-
plicitly in that of the catalysed hydrogenation there, may be addition-
ally assumed without any confliction.

The electrode potential » of catalyst is defined in terms of chemi-
cal potentials x(H,) of hydrogen gas, 1(H?*b) and p(e) of metal electron
in the catalyst as,
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1
B0
where F' is Faraday. The 7 thus defined is the hydrogen overvoltage
vanishing at equilibrium of (1.1), when,

Fy = & p(H)—p(HD)—u(e), R

1 u(H) = w(HD+u(e), | 1.4)

The effect of above mentioned factors will be discussed with refe-
rence to the equilibrium relationship (1.2)* and with Poisson equation
to be satisfied simultaneously by the distribution of charged interme-
diates H*(a) and H,*(a) and ions in the surroundings, after having
specified our assembly, in which the reaction of interest is going on,
in the subsequent section for affording a conecrete basis to the formula-
tion of the above two relations i. e. (1.2) and that of Poisson equation.

§2 Specification of Assembly.

Our assembly consists of a heterogeneous catalyst involving metal"
electrons and of surroundings of any state, gas or liquid, containing
hydrogen and possibly some substrate of hydrogenation. The assembly
is specified in detail by (4) and (B) below.

(A) Catalyst’s surface consists of numerous physically identical sites
o's, each being empty or occupied by one of hydrogen intermediates
H*(a), H¥(a) and H(a) exclusively. The energy e(H*) or e(HY)
respectively of H*(a) or H3(a) is the sum of the electrostatic part and
the rest e (H*), or €(H.), which depends on the catalyst as well as
on the properties of the surroundings**, except on the concentration
of ion, on the chemical potentisl of hydrogen ion there and on the

%) The (1.2) refers to (1.2. H+), (1.2. H,') and (1. 2. A) together. This manner of no-
tation will be followed below throughout.

*¥  The energy of H+(a) will be lowered by the existence of nucleophilic reagent in the
neighbourhood of appropriate o. That of H; (a) will be too, inasmuch as its electronic
state or the relevant energy is adequately described just like the original hydrogen-
molecule-ion in vacuum as that resonating between two states of alternative occupation -
of the two hydrogen atomic orbitals by one electron [cf. Ref. 7], energies both of
the latter states being lowered by the nucleophilic molecule. .

The theory will be developed below regarding e(3:)y as if unique for each &: in a
given surroundings as far as §9. The state of & will be discriminated in § 10 with
respect to the different kinds of ensrgy depressing molecules in conjunction with an
example provided in §9 showing that the use of unique &(3:)v before implies no lack
of generality, if identified with the effective one or “weightad mean” defined there.
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population of intermediates on the catalyst™, whereas that e(H)
of H(a), devoid of the electrostatic part is definite for a definite
catalyst.

B) Electrostatlc potential E is E, homogeneously in the catalyst
inclusive on its plane surface C varying outside one-dimensionally
‘with distance x along the normal to C toward the bulk of surroundings

e , ‘ . vanishing at infinity; positive

% | charge of Hi(a) and H*(a) is

distributed homogeneously on a

plane P parallel to C, z, distant

from the latter as illustrated

in Fig.1; dielectric constant D

/ . ‘ is constantly D, between C and

—— x P inclusive of just outside P and

/?‘""‘”’ s D, in the bulk of surroundings,

varying in general continuously

and one-dimentionally. across the -

interspace; no charge exists

between C and P but on them,

wheras density p of true charge

outside P (on .the side of sur-

roundmgs) is a definite function of electrostatic potential E satisfying
the condition, :

= 0 according as K = 0, (2.1

Catalyst ‘ Surroundings

- Fig. 1.
Model of Boundary

such as for instance,
p = (NFIN,)(exp(—FE/RT) — exp (FE/RT)) (2.2)

of a uni-uni-valent electrolyte of concentration N in the bulk, where
N, is Avogadro’s number.

The function p=p(E) particular to the concentration and the sort
of electrolytes in the surroundings will be -called the spowe charge
function in what follows, ‘

After deduced some basic -conclusions in the subsequent two sec-
tions from the above specifications, we proceed to discuss the effect -
mentioned above in later ones.

*) The dependence of £(3:;)p on the population of intermediates will be allowed for in
later Part of this series.
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§3 Charge Density Referred to Adsorption Isotherm.

Here will be formulated the abundance of a.dsor_bed intermediates
and the charge density on P determined by the latter and thereupon
deduced their dependence on E. at P.

The abundance of any intermediate ¢,, standing for H*(a), H;(a)
‘and H(a) according as 7=1,2 and 3 is proportional, in compliance with
(A), §2, to the probability 6(5,) that ¢ is occupied by &, which is gen-
erally expressed as®* , '
, 0(3t) : (qq(5ﬂ)/p(3i)) 6(0), 3.1)
where 6(0) is the probability of ¢ being unoccupied, ¢,(5;,) the Bortz-
.MANN factor, )

, q4(8:;) = exp (—&(8,)/RT) ‘ (8.1.9)
of energy €(8,) identified with the reversible work** required to build
up §; in a specified, unoccupied o bringing its constituent particles
from their respective reference states, and, _

p(8;) = exp (—u(8,)/RT) (8.1.p)

that of chemical potential x(5,) or the reversible work required to add
a piece of 9, reckoned per mol, formed from its constituent particles
respectively in the same reference state, to the assembly without such
specification however as that for (5;). The x(3,) may be expressed
for individual ¢, as,

p(H*, a) = p(H*,b), (8.2. H*)
p(Hz, 0) = 2p(H*, b)+ p(e), | (3.2. H3)
p(H,a) = p(H*, b)+p(e), . (3.2.H)

in accordance with equilibrium relation (1.2),*** whereas €(5,) by (A),
§2 as, .
e(H*)= e(H*),+FEy, e(H})=e(H})+FE,,

e(H) = e(H), (3.3)

#) Cf. Eq. (5.1) of {Ref. 18. The notations 8oz, and Gs) in the original paper have
been replaced by simpler ones 6(8:) and 6{0), since the physically identical site of only
one kind referred to throughout the present paper needed hardly any detailed notation.

*%) The work required to carry out the specified process keeping the whole assembly in-
' volved in statistical equilibrium at its every step throughout.” Cf. § 7 of Ref. 13.
*¥%)  Cf. §6 of Ref. 13.
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where FE; is the electrostatic part and £(5), the rest as specified in
- (A) and (B), §2.
We have from (8.1),

0(d;) = exp ( —W—R(gf—)> - 6(0), (8.4.6)
where,
w(3) = & (3,)—pu(d) , (3.4.¢)

is, according to the definition of the quantities involved, the reversible
work required to fill up a specified, unoccupled o with &,.
Noting the relation,

6(0) +6(H)+0(H) +0(H) = £0() = 1, (3.5)

stating in accordance with (A), §2 that o is either empty or occupied
by one of H*(a), H:(a) and H(a) exclusively, we have from (3.4.0),
N\ — w(B) / _w@))
0(31)—exp< 2 ex p BT ) |
=0, 1, 2, 3, (8.6)

where ¢=0 refers to none occupying o, appropriate w(5;) being zero
according to the-definition.,
Charge density s on P-plane is now expressed on the bas is of (A)

and (B), §2 as,
GF + +
s_jr@wq+mﬂv | ‘(&ﬂ

where G is the number of o per unit area, F Faraday and hence
F/N, the elementary charge.

By varying E, alone, £(3,) of charged g, varies according to (3.3),
while ¢(3;) remains the same and hence w(s,) of (3.4.¢) as,

W@”—cF a=¢=1 ¢ =¢c =0. ‘(a&
YO ‘
We have now from (3.7), (3.6), and (3.8),
a8\ _ _ GEF* . .
(5o ™ Mg (P +00) (10D +00)) | 3.9)

suffix Ads. denoting appropriate to adsorption isotherm due to (1.2).
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Probabilities 6(5;)’s and hence —< % >Ads are according to '(3.9)‘es- ,

YO
sentially positive or s decreases with increasing E,» with reference to
the adsorption isotherm, i. e.

(aagr ) <0 - (3.10)

§4 Charge Density Referred to Poisson Equation.

~ According to (B), §2 the density of true charge ¢ and electric
_ displacement » should satisfy the one-dimentional Poisson equation
-written in the form,

ds
= =p, 4.1.0
ir ‘ (4.1.0)

This equation may be integrated as,

Py :‘Limr"” pdr=s, (4.1.P)
t3+0Jap-t
l,zsl?:rpz?dx, T > 2, . (4.l.a)

- remembering that E=0 at x=c according to (B), §2 and hence%
or ¢ vanishes there according to the relation, '

D oF : 4.2)

8= 2 2

4n o2

where suffix a or ¢ denotes just outside or inside P respectively.
We have now from (4.1) and (4. 2),

E.—E, _(3E\ _ 4rs . :
Tp ( ax >a D’ (%' 3.9)
BE _ 1 [T @ -
% =l 59
PEN 1 o (o
( - ); “DPN/‘S"L PDIE , (4.3.P)

where suffix P or C denotes being relevant respectively to plane P or
C; plus or minus sign of the square root should be appropriate respec-
tively to negative or positive K or E,, since otheriwise E, different
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from zero at z>x;,, leads to+co or —co at x=co in contradiction to
(B), §2.

We see on the other hand that the quantity in the square root of
(4.8.a) or (4.8.P) is essentially positive according to (2.1) and increases
or decreases with E or E}, according as the latter is positive or nega-
tive, vanishing when E or. E,=0. Tt follows from this conclusion and

. K
the above relevance of sign of the square root that <%:b_) decreases

with increasing E; irrespective of its sign, i. e.

3 'aE
=) <0. 4,4) .
EY S < % >a 4
We have now from (4.3.7¢) and (4.4),
/ 28 Dy D, a3 (oK '

= — o= 4.5,
(aEP )Pais. 471% 4r BEP ( ox > . ( e)

d 8 > Dy >0. 4.5,
an . ( aEP >Pois. 47rxP ( u)

Ag p tends to zero, so does %l;i' inclusive of <%) as seen from
4.3)* i. e. ‘

Lim Z_f — 0. | (4.6)
o0

It follows hence from (4.5.¢),

. 28 I
I-:)lgl < ok, >Pois. = Defdnz: . (4 7)

In the subsequent sections will be discussed the effect on w(5,)’s
of different factors mentioned before.

§5 Effect of Space Charge Function.

As shown in the foregoing two sections charge density s decreases
or increasss with increasing E, according as referred to the adsorption
isotherm or to the Poisson equation respectively. Both the relations
should of course be satisfied simultaneously at equilibrium (1.2), as

*) The E, is not necessarily infinitesimal, if Z—f were S0, since it is —% integrated

from z=a, to =co that gives K, according to (B), §2.
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illustrated in Fig. 2 by the intersection of full lines “Adsorption” or
“Poisson” relevant respectively to the above two relations,
, We will consider below the effect of increasing the absolute value

of the space charge function at every E in accordance with (2.1) as
for instance effected by increasing N in (2.2), keeping A, x4 (H?b), 7
and u(H,) constant. ' ‘

The constancy of the latter quantities assures now that of p(e) by

(1.3) and henceforth of x(5;)s according to (3.2) on one hand and that
of E; on the other hand by the relation,

—FQ+E;) = u(e), (.

which follows from the definition of the quantities involved.

The “Adsorption” remains unshifted by varying the space charge
function, w(5,)’s and hence 6(5,)s being now respectively functions
solely of E} by (8.8), (8.4.¢) and (3.6), whereas the “Poisson” shifts

upwards for positive E, due to decrease of (%?)1 in (4.3.7), in ac-

cordance with (4.3.P) and with the associated relevance of sign.
‘The dotted lines in Fig.2 shows the new “Poisson” shifted upwards
from the original one by 4s i. e.,

— L

Fig. 2.
‘Effect of Space Charge Function
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ds =

_De 9E>
47 ox /a’

according to (4.3.%), where —A(%f-)a is the decrease of <%f—>' . The

intersection shifts now leftwards or E, at the equilibrium of (1.2)
decreases.

It may similarly be shown that the intersection shifts rightwards
or not altogether according as FE is negative or zero respectively.

1t follows that E', tends to zero, either it be positive or negative
by increasing the absolute value of the space charge function, so that
at infinity £ as well as its increment 4E% is kept at zero irrespec-
tive of any variation of other factors, i.e.,

Lim B}, = Lim 4F, = 0. (5.2)

0 o0 (]

The solution of (4. 8. a) outside P is then E'=0 in coincidence with
the simple model of Hermuorrz’s double layer,

It may readily be shown that the homogeneous increase of dielec-
trie constant D=D(x) outside P brings about the similar result as that
of the space charge function.

In subszsquent sections wiil be deduced the effect of varying one
of 4, u(H'b), u(H,) and » in succession with others kept constant as-
suming that the distribution D=D(x) of dielectric constant and the
space charge function #=p(E) are respectively definite; it follows

from the assumption that (%L is the function solely of K., since E,

besides the condition E=0 at x=oo, fixes the solution, =K (x) of the
ordinary differential equation of the second order obtained from (4.1.0)
by substituting ¢ from (4.2).

§6  Effect of Work Function.

. We discuss here the effect of increasing 1 on w(5;)’s at constant
(Hb), p(H,) and .. This would correspond practically to the replacing
of the catalyst alone with such one as having greater 1 but the same
e(9,)8.. _ '

The constancy of p(H?b), n(H.) and 5 assures again that of u(e)
according to (1.3) so that the increase 41 of 1 is associated with the
decrease of E; of the same amount according to (5.1).

Whereas the “Adsorption” remains unshifted as deduced similarly
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as in the foregoing section from the constancy of p(H*b) and of «(e),
the “Poisson” shifts upwards due to the decrease of K¢ in accordance
with (4.8.7) by the amount 4s i. e.,

D,

47Txp

= G | 6.1)
(dE' . N . .
W)athere being now the function solely of E; according to §5.

. The result is the decrease —4E, of E, at the intersection, i. e.

— B, = as

( aaEs'P )Pm. o ( aaE'SP >Ada. !

as illustrated in Fig 3.

£y
Fig. 3.
Effect of Work Function

We have hence according to (6.1),
B, = —a, A2, 6.2.E)

" where

&, = Dy / {@xl,(( B%SP )m_ — (~§P >Ad)} , (6.2.)
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is, according to (3.9) and (4.5), a positive proper fraction, i. e.

0<a, <1. (6.2.a)
- . 47Txp o8 ) -1 _
The a; tends to (1 Q—Dp ( SE. Ad&) as P approaches zero accord
ing to (6.2.21) and (4.7), and moreover to unity as <aas ) in ad-
P Adas,

dition approaches zero, perhaps, along with the factor 6(H*)+ 6(H)
of (3.9) tending to zero or unity®

In the other extremity of infinite p, a; should vanish according
to (5.2) and (6.2. E).

The increase 42 of 2 thus causes that of e(H*) and e(H;) by
—Fa; 42 leaving e(H) unaffected. All x(d;)’s being kept unvaried ac-
cording to (3.2) because of the constaney of x(H?b) and p(e), the
increase 4w (3;Ys of w(s,)s of (3.4.¢) are,

dw(H*) = dw(HF) = —Fa; R, 4w(H)=0. - (6.3)
The w(0,)’s of charged §’s only are thus lowered, while w(H) re-

mains unchanged. The dw(H*) = 4w(HZ) approaches —F 2 / (1— 4gxf'
o

( 88 > ) or vanishes as ¢ tends to zero or infinity respectively.
3EP Ads.

§7 Effect of Chemical Potential of Hydrogen Ion.
Here is discussed the effect of increasing the chemical potential
#(H?b) of hydrogen ion,
p(H*b) = Fh (7.1.h)
by 4u(H}b)=F4h at constant 2, #(H,) and 7. |

The p(e) and E; increases then according to (1.8) and (5.1) re-
spectively as,

du(e) = —F4h, 4E.= 4h, , (7.1.¢), (1.1.E)
whereas ((3,)’s according to (3.2) and (7. 1.¢) as,
du(H?ra) = du(H¥a) = Fah, 4du(H, a)=0. (7.2)

The “Poisson” shifts in consequence downwards according to (7.

%) As 0(H+)+6(H{) tends to unity, the other factor 6(0)+6(H) in (3. 9), and in consequence
s ‘ ]
(3 E, ) . m_SPPrOaches zero according to (3. b).
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1.E) and (4. 3 i), < E> being now the function solely of E;, whereas

the “Adsorption” rightwards by 4k as shown in Fig. 4, inasmuch as the
effect of increasing x(5,) as given by (7.2) is equivalent, with regard
to w(3,) of (3.4.¢), which determines “Adsorption” uniquely, to that

of decreasing K, by 4k or of replacing every ordinate at E» with that
at EP_Ah-

Ep
Fig. 4.
Effect of Hydrogen Ion

The downward shlft (Ds, /4nxP)Ah of the “Poisson” causes now the
rightward shift,

AE.(P) = Dydh / {4rrxp<<; :;7? )= a"’;P )Ad>} (7.8.P)

of the intersection similarly as in Fig.3 and the rightward one 4k of

. . v S )
“Adsorption”, corresponding to the upward one —<aaE' )Ad 4h, gives
P AN

rise to the rightward shift of the intersection,

)= (), (), (), e

The total rightward shift 4E; of the intersection is the sum of 4FE.(P)
and 4F.(A), i.e. .

4By = JB(P)+ 4B A) = adh, (7.4.E)
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Hydrogen Intermediates on Catalysts and Electrodes

where,.

_ D _ -t { _( 3s
n l P/4nxP < YN >Ads /[< ok, >Po¢s ( ok >Ads.} )
(7.4, a)
The «, is a positive proper fraction, i. e.
0<a, <1, (7.5)

as follows from (4.5) and (3. 10), tending to unity or zero according to
(4.7), (6.2) and (7.4.E) as © approaches respectively zero or infinity.

The total increase 4w(s;) of w(d;) is now synthesized from 4E, of
(7.4) and 4u(s,) of (7.2) according to (3.4.¢) and (3.3) as,

dw(H*Y) = dw(H3) = —F(1—a)dh, dw(H)=0. (7.6

The decresase of w(H*) and w(Hy) is thus the same negative fraction
of F'4h, tending to zero or to the full amount F4h according as P ap-
proaches zero or infinity, on the contrary to the case of the work
function, when the effect tends to full or nil respectively reversely
with respect to the extremity of #; the w(H) remains however unaf—
fected in both the cases.

§8 Effect of Hydrogen Overvoltage and of Chemical Potential of
Hydrogen.

The hydrogen overvoltage 7 and the chemical potential ux(H.) of
hydrogen appear in (1.3) only but nowhere else throughout the set
of equations determining w(5,)’s. Introducing ! by the definition,

Fl= Fy—pn(H) (8.1.a)

and hence writing (1.3) in the form,
Fl+ py(Hb)+pu(e) =0, (8.1.b)

the effect of the individual variation of 7 or of u(H.) may be ad-
equately taken into account through that of I

The increase 4l now of I at constant 2 and 2 accompanies that
Adu(e) or 4E; of u(e) or K respectively according to (8.1.5), (7.1.h)
and (56.1) as,

du(ey.= —FA, 4E;= 4, (8.2.¢), 8.2.C)
which causes in turn that 4u(3,) of x(4,) according to (3.2) as,

i §7 —
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Ap(HY) = 0, dp(H3) = dp(H) = —FAL 8.3)

The éorresponding increase of s at constant £ or the upward shift
of “Adsorption” is, as worked out from (3.7), (3.6), (3.4.¢) and (8. 3),

GF"
N,RT

which results in, similarly as in the foregoing sections, the rightward
shift 4E:(A) of the intersection,

GF* G(H")6(H)—0(H3$)0(0)
- Al .. A4
NART<88) _(as> ! (8.5. A)
aE, /pus. N pHy / aas.
The E¢ increase of (8.2.C) causes on the other hand the downward

shift — o
TLp
appropriate rightward one 4E,(P) of the intersection i. e.,

AE,P) = DPAZ/ {47rxp<< 3 )Pm—( as ) Y. 8.5.P)

ds = — (0(H+)0(H) 0(H:)0(0)) 4, - (8.4).

AEH(A) =

«dl of “Poisson” as deduced similarly as in §7 and the

EY O oF, / aas./ |
The total shift 4F, rightwards of E, is now,
4B, = 4By(P)+ dE:(4) = a,dl (8.6.E)
where, | '

a = DP/47[1L'P+(0(H+)0(H)—@(H;)@(O))GFU/NART (8‘ 6. a)
< 28 ) . < a8 \
ol y / Pots. . oF, /Ada:

lies between -1 and 1 i. e,,

—1<0£;<1, (8.7)
inasmuéh as both < 28 ) and ——( 2s > in the denominator of
aEP / Pois ’ aEP Ads. ' .

(8.6.a) are positive and respectively greater in absolute value than
the first and the second term in the numerator according to (3.9) and
(4.5). The a, approaches zero, as P tends to infinity when 4E, vanishes
according to (8.6.E) and (5.2). As P tends to zero, a, approaches unity
or possibly negative proper fraction according as both #(H;) and 6(0)
simultaneously approximate zero as seen from (3.9) or 6(H:)6(0) be-
comes sufficiently large.

Synthesizing 4E, and 4u(5,) accordmg to (8.4.¢), (3.3) (8.6. ) and‘
~ (8.3) we have finally,
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dw(H*) = Fa,dl, tw(H$)= FQ+a)d, dw(H)= F4,
(8.8)

of which it may be noted,
dw(H$) = dw(H*)+ dw(H). (8.9)

§9 Analytic Derivation of Effects.

So far we have graphically derived the dependence of E or of
w(d;) on p, 4, h and I. We might give below an analytic derivation
colligating the conclusion arrived at in foregoing sections for the sake
of better insight into the effects inclusive of the rather involved ones
of non-dissociative base and acid in subsequent sections.

We have from (8.1.5) and (7.1.4),

u(e) = —F(l+h) (9.1.¢)
and hence from (5.1), ‘
Ee=Il+h—2, (9.1.E)
which gives, substituted into (4.3.17),
- Ep+2—h—1 adr 4rs '
— (&5 = 9.2
Zp (dx ) a  Dp ©.2)

Expressing x(g) and p(H?b) in (3.2) by (9.1. s) and (7.1. k) respec-
tively on the other hand, we have,

p(Hia)=Fh, p(Hia)=F(h-l), p(Ha)=—Fl, (9.3)
or substituting the latter into (3. 4.¢€), with due regards to (3.8),
w(H*) = e(H*),+ FE.—Fh, (9.4.H%)
w(H?) = e(HY)y+ FE,—Fh+Fl, (9.4.H)
w(H) = e(H),+Fl. ' 9. 4. H)

The s in (9.2) is now, at constant 1, 2 and [, the function only of

E; according to (3.6), (3.7) and (9.4), whereas (%)a varies with £,

as well as with . We have now by differentiation of (9.2) with re-

spect to P, ‘

X dp SEP % a dp ap ax a DP BEP dAO !
(9.5.a)

P
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or
dEs 4D; ;o <aaExP >a

@ . ( 32'81, ) Pots. ( 83;1- > A(.ia.

. . D D, 5 /(3K
here ( 58 ) or ( 28 writes respectivel P _..=F <—
w ak, / pos EY S )Adﬂ. p y Anxp 4z oFE5 \ ax >a

in (9.5.a) in accordance with in the graphical presentation,

: (9.5.9)

or

Ey
the differential of ¢ meaning that due to the increment of the para-
meter, for instance N in (2.2), which causes homogeneous increase of
P at every K.

The denominator of (9.5.b) is thus positive, whereas the numerator

i i : . . EYH .
is of opposite sign to Ky, since the same is the case with < axP >aand

the latter i‘l’_lcreases its absolute value with P according to §4. The

ok is in consequence also of opposite sign to Ep or Ep tends to zero

as P increases, if it be either positive or negative as shown graphical-
ly in §5.

The effect of varying dielectric constant outside P may be simi-
larly derived.
" Now is derived the dependence of E, on 1 at constant h, and !
with definite ¢#=¢(F) and D=D(x) by differentiating (9.2) with respect

to 1, remembering <Z7> as well as s is the functlon of Ev alone, A

being not explicitly included in the expression (9.4) of w(s,)s, and
hence not in s, as,

ddfip = —Dp {47rx << 821 >pm~s,_ < ai;P )Ads.>} !

The above equation is in full accordance with (6.2) arrived at
graphically.

The h being explicitly included in (9.4), s is the function of E. as
well as of & at constant 2 and ! with definite ¢ and D. We have hence
for the dependence of Ey on & from (9.2),

}_(dzp __1)_ aZ'P (aE> dE» _ 4rn <335P dgj +§%)

« dh D,

or

—0 —
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Dy/Angy + 25
dEy _ ah » (9. 6)

d}% ( eaE"sP >Pois._< a;z >Acls. .

is in accordance with (7.4) inasmuch as,

The above expression of dgf

?}; = <aa[31, >Ad8.;

as seen from (9.4) which includes E, and ~h symmetrically. The latter
transformation corresponds to the rightward shift of “Adsorption” in
Fig. 4.

Similarly is derived analytically the dependence of E, on [,

The variation of w(s;)’s with one of factors ¢ etec. is readily ob-
tained from that of £}, derived above according to (9.4).

§10 Effect of Non-dissociative Base or Acid®

We have so far allowed for the effeect of acid and base only in
terms of the chemical potential of hydrogen ion expressed by h as
well as, perhaps, of the space charge function.

The conclusion thus arrived at is accessible to experiments pro-
vided that p(H*b) is practically measurable, whereas not in the case
of such medium of the surroundings as gas or aprotic liqguid which is
incapable of giving rise to the electrolytic dissociation of measurable
extent of electrolytes 1nclus1ve of Bronsted’s base or acid of whatever
strength.

w(d;’s of the base or the acid at such a non-dissociative condition.
It would be reasonable to assume, in so far as we admit the existence
of proton and its compound with neutral hydrogen atom, i.e. hydrogen-
- molecule-ion at the boundary surface in equilibrium (1. 2), that base or
acid be capable, if not dissociative in the bulk of the surroundings,
of fulfiling its part of accepting or donating proton respectively there.
It then follows that their effect whatever must be closely connected

*) The result of the present discussion is, although indispensable for the development in
later Part of this series not directly necessary for the application in Chapter 2 of this
Part. It has nevertheless been given here because of the expedience of presentatlon
in extension of the foregoing part of the theory.

—_—1 —

In the following several sections will be studied the effect on
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with the occupation of the boundary surface. Modifying the model of
our assembly specified in §2 in this respect, we might study first the
effect of the base in such a condition as detailed in the next section
and, after having investigated in its connection, the effect of such
molecules inclusive of the base of interest as depressing & (3;), of charged
3, by their nucleophilic nature in the subsequent sections, go over to
that of the acid in the similar condition.

§11 Non-dissociative Base.

Hefe will be studied the effect of varying the chemical potential
“ (B), )
p(B)= —Fh (11.1)

of base B of w(s,)’s, detailing the model of our assembly as below :
the B will be attached to charged 4§, concurrently with some
nucleophilic molecule R in the surroundings, for instance water or
acetone, both to depress the appropriaté €(s;),: the probability of B
in the absence of charged 4, in o appearing in such a position as
attached to charged & in o is negligible whereas that of R not
necessarily : B or R in that position either with or without charged J;
in it, is in equilibrium with the respective molecule in the bulk of
the surroundings, the chemical potential x(R) of R there being kept
constant throughout the variation of u(B).

The B and R will be called together the associate, when attached
to the charged &, in what follows. The charge of H*(a) and H3(a)
will rest on P, as specified in §2, (B), irrespective of the presence or
absence of the associate. ' .

The total charge density s’ on P is given in this case by,

s = 8+8y, (11.2.¢)

where sp or s is that due to the charged §, with or without the associate
of B respectively, expressed as, -

_ GF
N

A

S

(0(H*) +0(H?)) : ' (11.2.5)

*) Cf. the foot-note on page 54.
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sa= ST (9(H: B) + 0(H1B)) (11.2.85)
A . .
where,
0(H*) = 0(H*0)+6(H* R), | (11.2. H*)
6(Hz) = 0(H0) + 0(HE R), (11.2. Hy)

0(H?!0) is the probability that a ¢ is occupied by H* without anv as-
sociate, 0(H R) or §(H*B) that with the associate of R or B respec-
tively and 6(H:0), 6(H: R) or 6(H: B) the corresponding ones of Hj.
The 6(H?*0) etc. may be expreSsed in extension of (3.6)* as,
6(6,,D;) = exp (—w(3.D))/ET)/ % exp( w(8,D;)/ET") ,

(11.3)
where 8, denotes the absence of occupant or the presence of one of
H +V(av,), 7(a) and H(a) according respectively as 1=0,1,2,3 as in §3
and D; similarly the absence of the associate or the presence of R or
B according respectively as j=0,1, 2, the complex of §, and D, as a
whole being taken here the occupant of o.

The w(5,D;) in (11.8) is expressed according to the premised
equilibrium of D, as, ‘
w(3,D;) = (8, Dj) — p(8:) — p(Dy), ‘ (11.4.w)
Where;' | ' '
e(8,D;) = €(8;, D)o+ e,FEp, (11.4.¢)
p(3)=0, FQ+E;-l), F@A+E.—2l)or —Fl (11.4.5)
for 4=0,1, 2 or, 3 respectively,
- u(D) =10, pu(R)or —Fh , (11.4.D)

for j=0,1 or 2 respectively and ¢; the number of elementary charge
on the intermediate 4, i. e. zero for ¢=0 and 3 or 1 for 4=1 and 2, as
seen from (3.2), (5.1), (8.1.b) and (11.1). Egs. (11.2), (11.3) and (11. 4)
show that ¢ is the funection of £, ‘

E,=E.,—E, ' o (11.5)

and of ~ at constant 1 and I,

*) The equation of the form of (3.6) is valid for any number of kinds of occupant mo-

- lecules in ¢. Cf. §19 of Ref. 13.
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Eq. (4.3.7) assumes the form, because of the vanishing of (ZE >

[

due to (4.6) and the premised absence of ion in the surroundings,

E,= % ) (11.6)

P

s in (4. 3.4) being replaced here by s of (11.2.s"), the total charge on
P. The above equation gives by differentiation,

dE, _ 4nx, (as’ 4 as’ dED>

dh D, \oh 3E, dh
or . v
dF, as’ D, a8’ .
- — 11.7
dh/ 8h . <47[xp aE D > * ( )

/
The —aé% in the expression may be developed according to (11.2),
(11.8) and (11.4) as,

22’ - _Jgg;{(om)w(ﬂ))(o(ﬂf]s)+0(HzB))

— (00, B) + 0(H, B)) (6(H*) + 6(H))]

where, . .
6(0) = 6(0,0)+6(0, R) (11.8.0)
or '
0(H)=6(H,0)+6(H, R) (11.8. H)
is, similarly as ¢(H*) or 6(Hy) of (11.2), the probability that ¢ is oc-
cupied by none of §’s or by H(a) respectively, either with or without
the associate except B. Neglecting 6(0, B) and 6(H, B), i.e. the pro-
bability of appearance of B in the position of the associate without
charged §; according to the premiss, we have,

4 3y A
Z_Z — 1\%1’ (6(0) + 6(H)) (6(H? B) + 6(Hz B)) . (11.8.h)
The aa;i: in (11.7) is given similarly as,
s _ _ GF + + + T
= NI o (0(0) + 6(H)) (6(H? B)+0(H B)+ 0(H*) + 0(H?)) .

(11.8. )
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Eq. (11.8) shows with due regards to (11.2) that both —h and aES,
D

are negative and the former is less than the latter in absolute value.

Ey
, dh
tion and hence from (11.4) because of the premised constancy of x(R),

dw(H:D,) _ dw(H$D

It follows now according to (11.7) that is a negative proper frac-

—F(—a), j=0,1,(11.9.D)

dh dh
dw(HB) _ dw(H:B) _ p 11.9.B
o o s (11.9.B)
dw(,Dy) _ o ;-91, . (11.9. H)
dh
where,
’ D,  a¢ a8’ \ // Dy as’
— ¥ + —_ — 11. 9. E
& <471'xP ah . SED > 47Txp GED ) ’- ( )
and

0<a,<1.

We might develop the above results further in §18, after having
coordinated in the next section the &(5, D, here introduced with
€(3;)o hitherto used.

§12 &(5,), and Associates.

We have so far assumed e(H), in §2 dependent on the properties
of the catalyst alone but £(5;), of charged 4, on those both of the
catalyst and the surroundings except the space charge function o, the
work function 2, the chemical potential x(Hb) of hydrogen ion, that
¢(H,) of hydrogen and to electrode potential » of the catalyst thus
deducing the effect of latters on w(d,)’s. The picture of our assembly
was now detailed in the foregoing section with special reference to the
associate D; of 4, discriminating between &(5;, D;),’s.

We might now investigate the correlation among the former and
the latter detailed treatment.

Eq. (8.1) may be written along with its extension in the foregoing
section of treating the complex of §, and D; as a whole the occupant
of o, as,
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6(3,D,) = 6(0, 0)-exp { —ﬂ@i’—@), i=1,23, (12.1.9)

RT
‘or as,
6(0. D;) = 6(0, 0)-e>§p ( —1”%) , (12.1.0)
wﬁere, .
w3, D,) = €3, D) — p(8) — p(D)), (12.1. wd)
w(0,D;) = €(0,D;) —pu(Dy). (12.1. wo)

Hence we hdve,

0®bDD=0«LDDmm<—SQ“DQ_SGLDﬁ—ﬂ@ﬂ>,

RT
(12.2.D)
or further, ’
1\ 20(0,D,) exp (— 0 D)~ (0. D)) )
(5 = 0(0) exp (#) 7 Ty
r 1 &
(12.2. 3)
where,
00) =%0@. D) i=1,23, (12.2.6,)
or 6(0) = 2 6(0,D;), ‘ (12.2.0)

which gives the probability that ¢ is occupied by any one of the
hydrogen intermediates or none of them respectively irrespective of

absence or presence of associates.
The latter probabilities should however satisfy the relation in ac-

cordance with (3.1.6),

005 = 6(C _E@tlﬁi; 12.3
(3) = 0(0)oxp (—-£2— %) ) (12.3)
valid® whatever be the associate, where £(5,) is the reversible work
required to build up §; in a specified, empty o, 3 itself or its material
being brought from the reference state.

*) Cf. Ref. 13, §2 & §5.
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. The comparison of (12.2.3) and (12, 3) gives with due regards to
(11.4. ¢),

_& (Bi! DJ')O _ 6(07 Dj)o
}jj 6(0, D,)-exp < BT )

500D, ,
12. 4)

where £(5,), is the above mentioned work minus ¢,FE,. The €(5, D;),
—&(0,D,), on the right of the above expression is the reversible work
required to bring up §;, from its reference state onto ¢ not occupied
by 8, but with the associate D, less the electrostatical part c,F'Ej.
The Boltzmann factor of &(5,), is hence the “weighted mean” of
Boltzmann factors of &(4;, D;),—¢&(0, D;), with respect to the probabili-
ties of each D; assuming the position of the associate without any 4,
occupying the relevant ¢. The £(8;), is in consequence depressed by
increasing the chemical potential x(D;) of such D; as providing low

i@o);

oxp (- ET

e(8, D;), and hence large exp (——8@’&%“—8(01)’)—0), inasmuch as its
“weight” 6(0, Dj) increases with x(D,) according to (12.1.0) and (12.
1. w0).

The present argument is of course applicable to any number of
D/s present in the surroundings or even to the case when any D, is

composed of several molecules in the surroundings. The use of single
constant e(&i)f, before is in consequence of the general validity with

surroundings of respectively constant x(D,)’s, provided that the &(g,),
is identified with the above “weighted mean”.

§13 Non-dissociative Base and Hydrogen Ion.

The conclusion arrived at in §11 is now developed on the basis
of the foregoing section to compare the result with the effect of the
chemiecal potential of hydrogen ion developed in §7.

We define e(H *) the mean in the sence of (12.4) with respect to
D;=0, R exclusive of B as,

%

6(0.0) exp (- %) +6(0, B) exp (—
8(0,0) + 6(0,E)

- exp <_

e(H*R),—¢e(0, R),)
. RT
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which gives in accordance with (11.4.w), (11.4.¢) and (3.3),

exp (— )

RT X
6(0, 0) exp (-M:Ol> +0(0, R) exp <_ w(H* R}B;w(ov k) )

RT
6(0,0) + 6 (0, R)

(13.1)

noting the vanish of (0), £(0,0) or w(0,0), i. e. the respective reversi-
ble work for none of §, or D;©, The w(H*) here is thus the average
of w(H}D;)—w(0,D,)™ over D, except B or the reversible work ac-
cording to the foregoing section required to fill up a particular ¢ oc-
cupied by none of intermediates with or without the associate except
B, with proton brought from somewhere in the assembly®

We have now from (11.9.D) and (13.1),

i‘lwé# — _F(l—a,). (13.2. HY)
noting that w(0,R) is constant and that 6(0,0) and 6(0, R) may vary
individually with & but 6(0,0)/6(0, R) given in accordance with (12.1.0)
by

exp (-——w 0, B) )

RT

and hence 6(0,0)/(6(0, 0)+ 6(0, R)) or 6(0, R)/(#(0,0) + 6(0, R)) remains

constant independent of 2 because of the premised constancy of x(R).
It is concluded from (11.9) similarly,

iw;_le — _F(l—a,) | (13.2. H?)
and,

dw(H) _ u

doctl) — o, | (13.2. H)

where w(H3) or w(H) is respectively the “weighted mean” with res-
pect to D; except B similar to w(H*) of (13.1).

Eq. (13.2) is valid as readily be shown for any numder of kinds
of R. '

Eq. (13.2) is formally in full accordance with (7.6) on the effect of

* Cf. §11 and §3.
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the chemical potential of hydrogen ion, & in the equations being de-
fined either by (11.1) or by (7.1.k) in the respective cases. The & of
these alternative definitions are congruent with each other in their
increment 4h, provided that the chemical potential x(BH*) of the
_conjugate acid BH* of B is kept constant, so that the increase of
¢ (H'b) equals the decrease of y(B) by virtue of the equilibrium relation,

u(H*B) = n(H?b) + p(B),

as in the case of hydroxyl ion of B in aqueous solution.
We will now investigate a, which modulates the effect on w(s,)’s
according to (13.2), in comparison with «, of the hydrogen ion effect.
We have from (11.9. F) remembering (11.2,¢),

Dy B8 sy | o Dy B
_ 4nxy oE, oE, oh drxy 3K,
qp = D, 33 _ 38 - Dy ___9p _ B8
47Txp SED BED 47Txp 8ED BED
) (13.3)
28 given by (11.8.k) being identical with 25 ot the expression,
oh LY
% _ _ G (40)+ (k) (0(H:B)+0(H:B)), (13.4)
ok, NRT ’ ’
7
derived similarly as (11.8. E) of <§%—>. Eq. (18.8) is analogous to
" .
(7.4.q) with < % > there substituted from (4.5.¢), sz or E, in the
ol / Pots.
former corresponding to fl’ (%i—') or E, in the latter respectively.
T a

The analogy may be brought closer by transforming (7.4.a) as
below ; we see from (4.1.0) and (4.2) that,

-9, :I:,P dz = %(%).;: 7] (13.5)

is the charge accumulated outside P per unit area of the catalysts
surface due to the distribution of ions in the surroundings, which is
the function solely of E» at a given #=p(¥) and D=D (x) as mentioned

in §6. Substituting <%>afrom (13.5) into (4.5.e¢) and transforming’
it from the set of independent variables E, and E, into that of
E,=E,—E; and E, we have,
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(jsf) __De _ 8[F]
ok / Pots. dnxs . 9K, ,

whereas for (Jas—) similarly,
Ads,

EY I

<7§§ﬂ> _ 88
oEy /as. 3K, .
Eq. (7.4.a) is now,
| _De _ 35

4dnxy EY S
D, [P} _ 5s
Ay oK, sk, ’
which is formally in close analogy with (18.3), the part of extra
charge brought about by B on P in the latter being played by [f] in
the former, the space charge outside P; as sz or [P] vanishes, so does
38w o 3P
oK, oF,
and (4.6), drawing a, closz to 1 or the h-variation’effect to nil: either
through s; or [£] is w(3,) of charged 4, affected by the variation A in
the respective case. v

The analogy breaks down however at greater sz or [f]: whereas
the increase of [P] or £ to infinity brings a, close to zero in the latter
case, the a, in the former case increases again up to 1, as sp increases
to the upper extremity corresponding to 6(H*B)+ 6(H:B)=1 in (11.

2.85) to squeeze 0(0)+0(H) in (13.4) or :;& in (13.3) to zero in ac-

(13.6)

u, =

according respectively to (13.4) and (11.2.sz) or to (13.5)

cordance with the relation, ‘
6(0) +6(H*)+0(H) +0(H)+0(H*B)+0(H; B) =1,
which follows from the premiss and the definitions.
This diserepancy is expected from the impenetrability allowed for
explicitly in the present case in terms of exclusive occupation of s
by ¢, inclusive of exira one due to B but not with the p-effect where

the electrostatic interaction between §’s and ions only is taken into
account.

§14 Non-dissociative Acid.

‘Here will be discussed the effect of the project at constant 1 and
l in the practical absence of the space charge. '
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The acid AH will give off proton, as mentioned in §10, the resul-
ting negatively charged acid rest A~ adhering to the boundary surface
as an aditional occupant of o as illustrated in Fig. 5.

Fig. 5.
Non-dissociative Acid at Boundary

The plane through the centre of A~ will ke taken outside P in
accordance with the magnitude of radii of anions definitely greater
than the calculated z, of H*(a) and H(a)* and the variation of dielec-

tric constant neglected.
The electrostatic potential varies then with distance z from C as

illustrated by the bold broken line in Fig. 6, being constantly £
outside P.according to (4.6), the charge existing only on C,P and P-
but nowhere else.
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Fig. 6.
Electrostatic Potential at Boundary

The effect of increasing the chemical potential n(AH), ‘
u(AH) = Fh (14.1) y

*) The proton of H *( a) or the centre of ckarge of H }a) was found by the detailed calcula-
tion of Ref. 7, 2.7 A or 25 A respectively apart from the centre of mercury atom on
the surface, the mean 2.6 A of them or the sum 3.4 A of 1.6 A radius of mercury atom
and 1.8 A of ‘chlorine ion being taken there the distance of the respective plane on which
the appropriate positive or negative charge was homogeneously distributed.
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of acid AH on w(d)’s is thus deduced below.
We have in accordance with (4.3.7),

—FEo , Ey—E; _ 4ns (14.2.5)
xP Ty D
and, in place of (4.3.P), for the charge density s~ on P-,
EP_E’; 47[8- -
— P — 14. 2,
Ty D (14.2.57)

where z7 is the distance between P~ and P. The is s given by (3.7)
and (3.4) as the function of w(3,)’s of §’s inclusive of A~ according
to the premiss and s~ as,
_GF
T o= - ﬁ A 14. 3
8 N 4. (14. 3)
The w(H*), w(Hs) and w(H) are expressed accordmg to (3.3),
(8.4.¢), (8.2), (5.1), (8.1.b) and (11.5) as, :

w(H*) = e(H*)y+ FE, + FI—-F2, (14.4. H*)
w(H3) = e(H})+ FE, + 2Fl—F2, (14.4. H?)
w(H) = e(H), + FI, (14.4, H)

whereas w(A~) similarly in the form,

w(A™) = e(A™)—FE; —pu(A™) = e(A-ﬁo—FEg-Fh—Fl+Fx,
(14. 4. A)

according to (5.1), (8.1.b), (14.1) and to the equilibrium relation,
#(AH) = p(A7) + u(HTY),

where, ‘
E;=E;—E,. (14.5)

Egs. (8.7), (14.8), (38.6) and (14. 4). show now that s or s~ is the
function of E,, E; and h at constant e (8,), ! and A
Writing (14.2) according to (11.5) and (14 5) in the form,

Ep | Br—E; _ 4n (14.6. P)
Tp x5 D :
Ei—E, _ 4r (14. 6.1)

Ty D
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() w b w e
1 <dE‘;, _d.E'D> _ 4= <as‘ dE, 4 8" dE; 4. 887 >’

dh dh ‘D \sE, dh sE; dh oh

Tr

lvi for AE,
or solving ah

D(s,s7) . D a(s+s)
dE, _ D(E;h)  4zz: ok
dh D(s,s) _ D {a(s—i—s‘) + a(s+s')}_mD 8S'+<D>2 1

D(E, E7) 4mx:i \ 2E, oE; dnxp 2E;  \dn/ xpas,
- (14.7)

where D(s,s™)/D(E5;,h) and D(s,s™)/D(E,, E;) are Jacobians.
The variation of w(s) at constant (3,), ! and 4 is given by the
left of the above equation according to (14.4) as,

dw(HY) _ dw(H:) _ qdE,  dw(H) _
dh e~ dh’  dh S

whereas terms on the right of (14.7), when expanded according to (3.7),
(14.3), (14.4) and the relation,

6(0)+6(H"+O0(HH+0(H)+0(A") =1, (14.9)

valid in this case, are,

D(s,s7) _ _2< GF* )Zg(A—)‘z {()(H+)+0(H;)}2, (14. 10. a)

D(E3,h) N.RT
a(s+s7) _ _ GF* i ) )
- NET 6(A~){6(0)-+26(H*)+26(H%)+0(H)} ,
(14.10.b)
D(s,s™) _ GF> Y’ . . Ry
b~ * (g ) o A o o)
* < ]\il];gT >-0 (A7) {0(H*)-+0(H)}{1+20(H*)+20(H3)}{6(0)+6(H)} ,
, (14.10.¢)
_a(s+s”) _ a(s+s?) _  GF? ) ) )
oE, = N (A0 AIH )+ 46H )+ 0(H))
" J\(figT {0(0)+oH) } {0(H*)+0(H)} (14. 10.d)
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a8~ GF* _ . “l o
BT NET 6(A ) {6(H )+0<H2)}.
(14.10. ¢)

We see now from the above expressions that both the terms in
the numerator of (14.7) are negative, whereas those in the denominator
exclusively positive and particularly from the comparsion of (14.10.a)
with (14.10.c) on one hand and of (14.10.5) with (14.10.d) on the
other hand that the absolute value of the numerator is less than that

of the denominator. The »dgff is thus a negative proper fraction i. e.,
dr .
B — g1, 14 11. F
i ( )
where,
0<a,<1 (14.11. @)
and in consequence we have according to (14.8),
dw(H*) _ dw(H}) dw (H)
= = —F({l—a,), =1 = 14.12
dh dh A=) =g, =0 (1412

_in close analogy to (7.6) or to (13.2).

Egs. (14.7), (14.10) and (14.11. E) show that the proper fraction
«, approximates unity when 6(A~) or s~ of (14.38), which corresponds
to [°] or sz in §13, tends either to zero or the upper extremity 1 of
6(A~) nullifying other #(3,)s similarly as in the case of the nondissoc-
iative base but in deviation from that of the space charge. This deviation
is to be attributed to the impenetrability of B or A~ allowed for in
the first two cases as mentioned before.

§15 Summary of Effects.

In the foregoing sections we have deduced first from the model
of our assembly specified in § 2 the effect of varying the space charge
function, the work function 2, the chemical potential p(H?b) of hy-
drogen ion, that ux(f,) of hydrogen and the hydrogen overvoltage »on
w(d;)’s, which determine the abundance of intermediates on the
catalyst. - ' -

In the next place the model has been modified to include the effect
of BronsTep’s base or acid in. the surroundings incapable of causing
any electrolytic dissociation whatever, the result being formally coin-
cident with that of hydrogen ion, the chemical potential of the acid
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or base playing the part of u(H*b) or —p(H?*b) respectively.
The conclusion thus arrived at is summarized in Table 1.

Taere 1 Effect on w(5,)’s of Varying
Different Factors.

) ! Increment of | Bounds of

Factors Varied l w(H +) \ w(H) l w(H) ' ax, as, and az

2 ‘ —Fu; 42 l —Fu 42 ! 0 \ 1>a,; >0
h=u(H +,b)/F,
or —#(B)/F, —F(1—an)dh —~F(1—an)dh 0 1>a,>0
or #(AH)/F
= 7—p (Ho)2F ‘ Fu,dl ‘ F(l+a) 4l Fal ‘ 1>a,> 1

! i

The variation of «;, a, and a, within the respective bounds indi-
cated in the Table may be summarized as below. In the case of the
model specified in §2, when there exist ions in the surroundings and
they interact with each other and with §’s solely electrostatically
without such impenetrability for instance as imposed upon by the ex-
clusive occupation of o, a;, a, and a;, tend all to zero with increasing
f; as P decreases, a, approaches unity and a, also, if 6(0)+ ¢(H) or
0(H;)+ 6(H*) simultaneously tends to zero; a, particularly increases
up to 1 or decreases possibly down to a negative proper fraction with
decreasing P according as both 0(H3) and 6(0) simultaneously approach
zero or 0 (H3) 6(0) becomes sufficiently large.

In the case of the modified ‘'model, when no ion exists in the sur-
roundings but Broxstep base or acid occupies ¢ concurrently with the
intermediates, as an associate to-charged §, or an additional occupant
A~ respectively, the appropriate proper fraction a, approximates unity
either at its vanishing or full occupation.

In the above treatment we have allowed for the variation of &(5,),
of charged 5, due to the interaction with the associate but not for
that due to the mutual interaction among the intermediates. The
latter sort of interaction will be taken into account in the later part
of this series of paper.
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CHAPTER 2 VARIETY OF INTERMEDIATES,

§16 OQutlines,

The leading part in the reaction is transferred from one to the
other intermediate from case to case as raised in the introduction.
The abundance of each §, depends now, as shown in the foregoing
chapter, on a set of w(s,)’s of (3.6), which in turn on different factors
defining the condition of our assembly.

An intermediate responsible for a prevailing mechanism may not
necessarily be a most abundant one: nevertheless it must be suf-
ficiently abundant to keep up the relevant reaction prevailing; as
it decreases along with the variation of a certain factor, it would
eventually hand its leading part over to the other one of some rival
mechanism. The leading part and the abundance of an intermediate
should hence change side by side, if not simultaneously, over a suf-
ficient range of variation of factors.

Attributing now the variation of the factor properly to that of
the case, we might proceed to explain the complex features raised in
the introduction in subsequent sections in the light of the theory
developed in the foregoing chapter.

§17 w(9,) on Nickel in Gas,

We consider first nickel catalyst in gaseous surroundings of hy-
drogen alone or of the latter mixed with some substrate of hydro-
genation at ordinary temperature and pressure. The w(H) may be
nearly equal to zero or even slightly negative in accordance with (3. 4.
), since hydrogen is considerably adsorbed on nickel at the condition.
The w(d,)’s of other §’s might be taken higher than w(H) in conformity
with the conclusion of them being not leading in the hydrogenation
and the electrode process throughout. As to the relative magnitude
of w(H3) and w(H*) we might infer as below. '

It is known that original hydrogen-molecule-ion in vacuum liber-
ates energy as much as 2.7 e-volt when formed from H and H*, The
energy libration of the same magnitude is expected for the formation
of Hi(a) from H(a) and H*(a) by resonance™ provided that respective

*) Cf. Foot-note (¥) on p. 54
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equilibrium position of protons of Hi{a) referred to the appropriate o
and to the associate molecule, if any, happens to coincide respectively
with those of H(a) and H*(a). The resonance energy of H:(a) is howev-
er the greatest as well known, when
the two component states of reso- T
nance i,e. HH* and H*H are of the

same energy, as realized by the sym-

metric position of the two protons o
involved”: it being not in general {69 4
coincident with that at the state of ,
H(a) or H+*(a), the latter must be T i
brought to the former at the cost : s A
at least partially of the liberated @),
energy. The energy liberation in /s
vacuum exceeding however even the
spectroscopic dissociation energy 2.6 s
e-volt of NiH®, its negative being
here approximately identified** with
e(H), referred to the state of free
hydrogen atom at rest at infinity, we
might safely assume that the former outweighs the cost, i.e.

e(H) < e(Hh+e(H*),
or according to (3.4.¢), (3.3) and (3. 2),

H}(a)
Fig. 7.
w(8:) on Nickel and Platinum

wHH < wH)+w(H?) (17.1)
Assuming,
w(H)£L0 17.2)
as above, we have, .
w(HF) < w(H*) (17.3)

Fig. 7 shows w(d,)’s thus estimated qualitatively by the height
of dot at the tip of the vertical lines with approppiate symbols.

*) Landolt: “Tabellen”, 1, 2 Teil, 32 (1951).

*%¥) The ¢(H ) of the description must be exactly the negative dissociation energy plus a
small quantity —RT log g, where ¢, is the partition function of H (a). Cf. Ref. 5 and
7.
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§ 18 Passing over from Nickel to Platinum in Gas.

We will assume by passing from nickel to platinum in the same
surroundings of the foregoing section, that e(H), as well as e(H"), is
not appreciably affected in accordance with the observed data of H(a)®
and the result of theoretical calculation on H*(a)** respectively, only
effective difference being that of the work function 4.6 volt™ of
nickel and 5.3 volt'™ of platinum. The &, in (6.8) should be nearly
unity according (4.5.¢), (4.6) and (3.9), because of the practical
absence of the space charge in the surroundings and of charged §; in
accordance with § 17.

" The w(H=*) (<w(H*)) decreases hence rapidly with increasing 2
until 0(HF) (>6(H™)) in (3.9) attains according to (6.3) and (3.6) to
such a value as <Eal%—>u in (6.2.2) is no more negligible, when the

o/ aas.
further decrease of w(H}) is more or less retarded by the decrease
of a;. The result is hence either the appreciable decrease of w(H3)
as much as F41 or else the appearance of Hi(a) to an appreciable
amount, ,

The conclusion is not altered, if the catalyst is in contact with
some aprotic liquid, which hardly affects e(Hy), or e(H™),

The 6(H;) is thus more or less increased by the increase of A from
nickel to platinum but possibly not so much as to lead the reaction.

Horiuti and Polanyi® concluded the associative mechanism assuming
H(a) the unique hydrogen intermediate both on the platinum and on
the nickel catalyst, It is however not altogether conclusive that H(a)

*)  Platinum black or reduced nickel adsorbs at 300°C, 0.57xX10-3¢ce NTP or 0.54cc NTP
hydrogen respectively at 1 mmHg pressure per unit BET area as calculated from KwAN’s
observation [“Catalyst” 4, 44 (1948)]. The 6(H) is calculated from the data at 057X
1076 6.0 X 102X 2/22400 X 10'5=38.1 X 10~? for platinum or 2.9 X 10-2 for nickel.

Assuming H (a) practically the only & in both the cases in accordance with §17, it
follows from (3.3) and (8.4) that w(H) or ¢(H ) is approximately the same. )
*%) The ¢(H +) is identical with —kT log ¢’Z" of Ref- 7 which is according to the detailed
theoretical calculation there —10.76 e-volt as referred to proton at rest in vacuum : the
interaction with the mercury atom contributes to it only —1.18 e-volt, the remaining
major part being due to the electrostatic interaction of proton with the conductor of
the electrode around the mercury atom and with the dielectrics of the aqueous electro-
Iyte. The former rather small contribution, which is electric polarization. in nature and
only part possibly specific to the atom involved, would presumably not make very mach
difference in ¢(H +)» from one catalyst material to the other in the eommon surround-
ings.
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is actually the leading intermediate on platinum, if the associative
mechanism stated in terms of H(a) fitted in with experiments, inas-
much as any alternative intermediate does at least formally as well®

§19 Platinum in Nucleophilic Reagent.

The e(H*), as well as e (H}),** is lowered by nucleophilic reagents
as acetone, water or ammonia in the surroundings in accordance with
the conclusion in §12. The w(H*) and w(H}3) thus lowers from dotted
line (1) to (2) in Fig 7 rendering H3(a) more and more abundant.

The part of keep’ng up the prevailing reaction may possibly be
passed over from H(a) to H7(d), if the increase of the work function
alone, dealt with in the foregoing section, were not effective enough.

This accounts for the mechanism of the hydrogenation of acetone™
and that" of the hydrogen exchange between water and hydrogen
both proceeding through the intermediary of H;(a) in the presence
of platinum ecatalyst. It is concluded on the other hand from the
contrasting persistence of H(a) leading the reaction on nickel at the
very condition where H;(a) assumes the part on platinum, that H(a)
on nickel is S0 much stable. This conclusion is amplified as discussed
later by the further survival of H(a) on nickel in much severer con-
dition.

§20 Platinum in Electrolyte.

We consider now platinum in nucleophilic liquid as water add-
ed with electrolyte, in comparison with the nickel at the same condi-
tion. The theory developed in §5 and §6 tells us that electrolyte
more or less diminishes the advantage of platinum over nickel in
lowering w(H7) due to larger A and nullifies it altogether at infinite
concentration or infinite space charge function.

*) The association of hydrogen atom,
C:H (a)+ H(a) — C:Hs(a)
or
C.Hx(a)+H(a) —~ C:Hy ) _
involved in the mechanism may be alternatively effected by H +(a) as,
C:H (a)+H *(a)+¢ — CoHs(a)
or by Hi(a) as,
C:H (a)+ HH(a) — CeHs(a)+H +(a)
for C:H 4(a) and similarly for C.Hs(a), H*(a) resulting from the reactant H i(a) being
convertible to the latter as implied in (1. 2). :
#*%) Cf. the Foot-note (**) on page 56.
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The situation will be investigated below with reference to a fic-
titious electrode T, whcse work funection is supposed to increase from
that of nickel to that of platinum, with other factors remaining the
same, on the basis of the reasonable coincidence of w(H) mentioned
in §18,

As T is at the state of nickel, 8(H*) and 6(Hz) and hence (8273 ).
P 8,

in (6.2) may be taken practically zero according to §17 and to (3.9).
The value a,, then of a, is expressed according to (4.5.¢) and (6. 2. 1)
as,

Dp/Anaxs { 3 ( 3E \
e (ﬁ) " oE, >aJ (20.1. @)
aEP Pots.
from which a;, is calculated at,
a0 = 053 at 300°K (20.1. N)
for 1N uni-uni-valent neutral electrolyte as below.
The ,92, ( ok ) in (20. 1. a) is given by (4.3. P) as,
2 (E\ _ ., /3 o,
3E,,( o )a— + ,/ f;’ «/—S’q’odE (20.2. B)
[1]
where,
D = {7eDaE / (Froam : (20. 2. D)

is the average dielectric constant outside P, ¢r the ¢ in the direct neighbourbood of P-plane,®
+ or — sign being respectively relevant to positive or negative Er in accordance with § 4.
Substituting now # for the uni-uni-valent electrolyte from (2.2) into (20.2. E),we have,

FE, FEp

3 (B3E\ _ 2N < “emr ERT)
FYo ( )a = —F BNLET +e ’ ’ (20. 3. @)

It is now required to determine Ep and I for working out a0 The same substitution
of ¢ from (Z.2) into (4.3.P) gives,

_FEp  FEp

B _VD_ fsNEI (, 5t ), .
<ax)“—p,: VL (e 70 (20. 3. b)

which, further substituted into (4.3.4), in turn,

rrp  FEp
o _‘/3— SnNRT( -"RT_ei’RT)_ 4rs

zp D, N4 D, (20.3.)

*) The 0, does not of course include the charge due to /s on P-plane, # in the integral
being the charge density outside P as implied in (4. 1).
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This equation allows us to determine E|, for a given set of values of E, x, D, D, and s.
The E_ was estimated at —0.14 volt for hydrogen electrode of nickel in neutral solution
from the usual value-+0.56 volt of E, or the “absolute potential” of normal calomel elect-

rode against the solution, by subtracting from it 0.28 volt to obtain that of reversible hydro-
gen electrode of mercuryin1 N acid solution and then further 1% loge 107 = 0.42 volt to

reduce it to that of the reversible hydrogen electrode in neutral solution. From this value
of E, of mercury that of nickel was calculated at —0.22 volt on the basis of 4.61 volt A of
nickel quoted in §18 and 4.53 volt 1 of mercury® according to (5. 1), #(¢) there being the same
for any reversible hydrogen electrode in the same surroundings. The z, was taken 10-%cm
as before, D, at 10 intermed_iate between the optical dielectric constant 1.7 in ¢’ and the
effective one 20 around o7, D at 40, half-way bstween D, above and Dw=80, and 3 finally
at zero in accordance with the practical absence of charged 8; concluded in §17.

The E| was thus worked out from (20.3.¢) at —0.065 volt which gives according to
(20. 3. a),

L(ﬁ
OF, \ 2w
and henceforth a,,, of {20.1. N).

The above estimation, although not very accurate, would show at
least qualitatively that «, is a proper fraction remote from zero or
that 1N concentration of electrolyte is far from being pratecically
infinite in the sense of §5. The lowering of 1 should hence be amply
effective in stabilizing H+*(¢) and Hi(a) at the nickel state of T.

It follows now that the conclusion arrived at in §18 on the effect
of Z-increase i.e. either the appreciable decrease of w(H*) and w(H:)
or else considerable increase of H*(a) and H;(a) remains valid at least
qualitatively even in the surroundings of an aqueous electrolyte. This
accounts for the contrast of the leading intermediates H(e) on nickel
and Hi(a) on platinum persisting at the condition of hydrogen elect-
rode.

§21 Effect of Hydrogen Ion.

We might now investigate the effect of varying the chemical po-
tential of hydrogen ion in the surroundings of the hydrogen electrode
of platinum or of nickel.

Eq. (7.6) shows that w(H*) aud w(H{) effectively decrease, if «,
is sufficiently less than unity. The expression (7.4.a) may be written
according to (20.1.q) and (3.9) as,

) = —8.8x107em~!
a

=14 | (21.1.4)
laz otk : : .

where,

*) D’ANS & Lax: “Taschenbuch”, Berlin 1949, p. 192

— 91 —



Journal of the Research Institute for Catalysis

_ _( 3 Dy, _ 4Anx.GF” . R
"= (aEP >Ads 4z, N.D.RT (B(H )+ 60(H )) <0(H)+0(0))
(21.1. %)

is an essentially positive number.
We see from (21.1.q) that a, lies detween a;, and 1 and that
it increases with a;, as well as with », remembering a;, a positive

proper fraction. The maximum a,,.. of «, thus corresponds to the
maxima d; ome a0d K, 0f @, and & respectively. The a;, is now
maximum at E;=0, as seen from (20.1. ) and (20.3.a), i.e. at,

27rN -t
= = .22
“l,O.max (1 xPF DNART> 0-69, (21 2 )

whereas £, is,
’Cmaz — 17 (21 2 IC)

according to (21.1.%) and (3 5) at (0(H*)+ 6(H))(O(H)+ 6(0)) =1/4 on
the basis of data given in §20. We have hence according to (21.1.q),

n mas = 0.97, . (21.2.h)

At given |E:|, a;, is definite according to (20.1.a) and (20.3.a)
and hence to (21.1.a), «a, lies between,
wL)=dty » and a,(U) = ﬁ (21.8.1), (21.3.U)
The |E| depends cn E, and s according to (20.3.c), and E, in turn
according to (5.1) and (8.1.5) on 1 at fixed ! and p(H*,b), whereas s
lies between 0 and GF/N, according to (3.7).
Fixing now ! and p(H"*,b) at those of the reversible hydrogen
electrode dealt with in the foregoing ssction, there were calculated
E, of nickel alternatively for

Tasre 2 Bounds a,(L) s=FG/N, and that of plati-

and “h<U> of . num for both the values of

] Electrode s at Ey;=-0.93 volt, shifted

8 | Bounds \ N Pt from E,= —0.22 volt of nickel

oLy | 053 (—0.08 021 (—0.143) by the decrease of 2 from

0 " ' ' ' ‘ 4.61 volt of nickel™ t05.32 volt
az(U) | 0.95(—0.06) 0-82 (—0.145) . Y .

of platinum™ according to

FG | (D) ’ 0.13 (+0.176) | 0.28 (+0.126) (6.1), a,(L) and «a,(U) appro-

N, | an(l) ’ 0.72 (+0.176) | 0.87 (+0.126) priate to each E. according

' to (20.3.a), (20.1.a), (21.3)
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and (21. 2. 5) being shown in Table 2. Figures in the parentheses shows
the relevant |E|.

The application of cathodic polarization or the decrease of [ at
constant x(H*,b) brings now about according to (8.1.5) and (5.1) the
decrease of E,, which gives rise in turn to that of E. just as in the
case of 1-effect developed in §6.

We might see from the Table that a, is appreciably less than the
general upper limit given by (21.2) except in the case when E} hap-
pens to fall near to zero.

. The decrease of h accompanies now, if a, is sufficiently below 1, an
appreciable increass of w(H;) relative to w(H); there corresponds to
a=0.5 according to (3.6) and (7.6) the increase of 0(H)/0(H3) by the
factor 10"**°=10"* or the conversion of the coverage for instance of
6(H*)=0, 6(H3)=0.98, 0(H)=0.01 and 6(0)=0.01 into that of 6(H*)=0,
6(HF)=5x10"°% 6(H)=050, 6(0)=0.50 for the change of 1IN acidic to
1N alkaline surroundings.

§22 Effect of l-decrease of Nickel Hydrogen Electrode.

We now consider the effect of decreasing ! i.e., according to (8.1.
a), of increasing the cathodic polarization -5 or hydrogen pressure, on
w(s,) of the hydrogen electrode of nickel in electrolyte either acidie
or basie, starting from the state of the electrode of practically absent
H*(a) and H(a) at moderate hydrogen pressure and »=0 in accordance
with previous sections. ‘

It will be assumed that (17.1) is valid even in this case, the
argument arriving at the relation being not affected by the presence
of the nucleophilic medium, and that (17.2) too in accordance with
the assumed absence of interaction of the neutral hydrogen atom with
the surroundings. It follows now that (17.3) is also valid in this case.

The a, of (8.6.q) is positive at the start, when 6(H*)=6(H}) =0,
equaling a,, of (20.1.«) or 0.53 particularly for the surrounding of 1N
uni-univalent electrolyte, bacause the szcond term in the numerator

and (
2
All w(5;)’s decrease now with decreasing ! at the start according to

(8.8) and w(H}) among them most rapidly.

in the denominator of (8.6. a) vanishes according to (3.9).

*) The #(H +,b) is taken as #(H +,b)=RT log N (H +) -+ const, where N (H +) is the con-
centration of hydrogen ion in the bulk of surroundings.
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Further variation of w(3,)’s after the start depends row on the
resulting change of a,, We may write the factor 6(H*)0(H)—6(HS)
#(0) of the second term in the numerator of (8.6.a), according to (3.4)
in the form,

O )A(H) — 0(H Y(0) = 6(H)0(0) fexp(HH—wH)—wll)) 4]

RT
(22.1)

We see that the argument of the exponential function is a constant
since the increments of w(s,)s cancel each other according to (8.9).
The constant factor in { } is now negative according to (17.1) and the
second term in the numerator of (8.6.a) necessarily too.

Along with the initial decrease of w(H{), 6(H7)6(0) may increase.
~and it may happen that the second term in the numerator (8.6.«)
outweighs the first in absolute value. If it does at all, a; is negative
and the decrease is led by H(a) instead by H:(a).

Sooner or later however «, becomes again positive so that w(H})
restores the lead in decreasing, since

w(H*) fon( WHD Vo w(HI)
exp / RT )J P Rpr

or

exp <

D) o < e D

which is the upper bound to ¢(H;)#(0) i.e.,

6(H)6(0) | : )
= exp( w(H ) /fl+exp( wé§+)> +exp< wgz{ ) +exp< w}g?»}o,
. (22.2)

developed according to (3.6), monotonously decreases with decreasing
I until at last the second term of the numerator of (8.6. a) recedes the
first acccording to (22.1) in absolute value.

Alternatively it may possibly be the case that «, remains through-
out positive the szcond term never .exceeding the first in absolute
value, until 4(H7)6(0) to which the sescond term is proportional ac-
cording to (22.1) begins to decrease.

In any case further decrease of ! causes w(H;) to decrease most
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rapidly until H;(a) predominates.

It follows from the lack of any sign of H;(a) leading the reaction
over a considerable range of cathodic polarization with nickel (Ref. 5, 15,
16) that w(H) is initially appreciably lower than w(H;) or w(H*) at
{=0 even in the presence of nucleophilic substance as water, which
should considerably lower w(H?) and w(H*). It is thus almost con-
vincing that the presence of the intermediate other than H(a) is
practically excluded at least in the absence of nucleophilic reagent as
tacitly assumed by Horiuti and Polanyi®

§23 Effect of I-Decrease of Platinum Hydrogen Electrode.

The effect of decreasing [ is now discussed starting from such a
state of platinum hydrogen electrode in aqueous electrolyte as co-
vered moderately by H(az) in accordance with §16, as well as by H:(a)
of an abundance, if not foremost, enough to keep up the appropriate
reaction prevailing,

The excess of w(H) over w(H3), 1f any, should hence be only slight
at the start in contrast to the case of nickel, when the assumption of
considerable excess reversely of w(H;) over w(H) is consistent with
experiment,

Either w(H) or w(H}) is most rapid in decreasing at the start
according as 6(H;)0(0) is sufficiently large as to render a, negative
or not as shown in the foregoing section; if negative, w(H) continues
to decreasz most rapidly, possibly to looss for some while its slight
excess over w(H}), so that H(a) makes the leading intermediate of
the reaction; if positive, it may turn easily negative provided that
6(H$)6(0) still increases, to pursue then the above course of variation.

This conclusion is in accordance with the fact referred to in the
introduction that the hydrogen electrode of platinum shows the ele-
ctrolytic seperation factor 7 characteristic to the catalytic mechanism
led by H(a) at 0:3 volt cathodic polarization® in contrast to the ele-
ctrochemical mechanism through the intermedate Hi(a) concluded®
of being operative at lower polarization 0.1 volt.

The Hj(a) will however restore its lead after all as ! continues to
decrease as disussed in the foregoing section although the experimen-
tal verification might not be practicable because of extremely high
a current density of platinum hydrogen electrode.

In connection to the conclusion in §21 we might further expect
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that the point of conversion from Hi(a) to H(a) is shifted toward
higher ! by changing the surroundings from acidic to alkaline and the
second one at lower ! in the reverse direction, although no experi-
mental material exists to verify it.

§24 w(s,)s on Mercury.

The w(H) is estimated as high as around 2 e-volt identifying
again according to- (8.4.¢) and (3.3) the excess of e(H), or of w(H)
on mercury over that on nickel with the difference of the spectros-
copic dissociation energy 2.6e-volt™ of NiH and 0.37 e-volt™ of HgH
in accordance with previous sections and assuming w(H) on nickel
approximately zero at moderate hydrogen pressure in accordance with
§17. ' :

The w(H*) is calculated at 0.8 e-volt as below on the basis of the
previous result” for the mercury hydrogen electrode in neutral 1N
uni-uni-valent electrolyte, in 1 atm pressure hydrogen, at =0 and
at 300°K, dealt with in §20. '

The w(HF) is now 2.6 —0.37 + w(H*)—27 + X according to §17,
where ‘X is the energy expense due to the shift of protons: assuming
again X the fraction of the dissociation energy of the hydride, it follows
that w(H) is more or less lower than w(H™).

. The w(H +) is expressed according to (3.2. H +), (3.3) and (3.4.¢) as,
w(H+) =e(H*), + FE, — #(H +,b)
or according to (8.1) and (5. 1) at 7=0 as,

W(H ) = e(H¥), + F(By=Eo=d)= 5 ().

The ¢{H +), is —10.76 e-volt as mentioned in §18*%. The #(Hz) is —31.90 e-volt at 1

atm and 300°K according to the expression***,
#(Hz) = RT log (N(H2)/Q(H2),

where N(H:) is the concantration of hydrogen molecule in gas and Q(H 2) the partition func-
tion of a single hydrogen molezule reckoned to unit volume. The E, is —0.065 volt according
to (20.8.¢) for E,=—0.14 volt, ¥, =10~%cm, D =40 dnd $=0. The w(H *) is obtained as
above from these data and A=4.53 volt. *¥*%

It was presupposed in the calculation that s=0 or neither H *+(a) nor H }(a) practically
present on the electrode surface of mercury at the specified condition. The result w(H *)
=0.8 volt- conforms with the presupposition with regard to H *(a), since it leads to

*) Landolt: “Tabellen”, I, 2 Teil, 30-32 (1951).
**) Cf. Foot-note (**) on p. 88.
#5%)  Cf. Ref. 7, §5. _ .
##%¥) D’ANS and Lax: “Taschenbuch” Berlin 1949, p.192.
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according to (3. 4. 8) or to_the associated in-
crease 4X10-"volt 4Ep of Er at most as
\ . calculated by the expression,
GF 4mep /1

\\ 4Er = N4 Dr

(. ' 0(H *+) = 4x10-14.9(0)

CO(H YO

We see from the above on the other hand
w(HY) is at least 2.6 —-0.37+w(H *)—2.7=
\ " W WHN=047 or 0.3 volt at X=0, to which

2 - - eorresponds similarly 6(H 3)=10-5-0(0) or
AN Aty 10-5 volt increase of E, at most.
NN S i The presupposition of the negligible s is

\ N thus consistent with the above conclusion.
|, The alternative one of greater s leads to

\L(@) higher -E,. and hence higher w(H *) and
w(H}) as generally inferred from (4.3.9),
#{a) Hila) #(9) " (3.4.¢) and (3.3) in contradiction with the

Fig. 8. premiss. The above value of w(H +) thus
w(3:) on Mercury and Lead follow necessarily frpm the basie data.

8
>

\ .
N Y S/ (sa) Fa

Fig. 8 illustrates the amount of w(s,)s estimated above by the
height of dot appropriate to respective 8, as indicated.

§25 Mercury Hydrogen Electrode.

We will follow the variation of w(3,)’s and 6(d,)’s along with the
decreasse of [ similarly as in the previous cases starting from the
state specified in the foregoing section, remembering that the main
difference from the previous cases consists in the outstanding height
of w(H) or the practically complete absence of H(a).

It follows now from the height of w(s,)’s given in Fig, 8, that
H+*(a) as well as H(a) is practically absent, that 6(H) < 6(0)** and
that 6(H)6(H*) is negligible compared with 6(H3)6(0), which is valid
not only at the start of l-decrease but whole throughout, because of

. . .. . . 3 .
*) We have by differentiation of (4.3.7) with respect to FE}, remembering (%%) is the
3 a

function only of E,,

1 2 (3F 4z
{ Tp oFEp ( ) }AE D, ds

or according to (3.7) and (20.1.a) the expression in the text for the increase 4%,
of E, due to increase of §(H+) from zero. The upper bound to the appropriate
4E;, is obtained as given in the text by substituting 6(H *) in the latter expression
by 6 (H*) =4x10- given there, inasmuch as 6 (0) =1.

#*#) The lower limit 0.3 e-volt of w(H?) given in §24 leads to the conclusion according to
(3.4.6). :
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the constancy of their ratio —%ZZ?—{,%?— independent of ! as shown
in §22. The a, is positive at the start, 6(H:)A(0) being sufficiently
small,® so that w(H) decreases by —F4l, w(H*) its positive fraction
and w(H;) most rapidly by the sum of the latter two decreases ac-
cording to (8.9) as illustrated in Fig. 8 by the descent from the tip
of the bold vertical appropriate to the respective w(5;,) to the res-
pective intersection with the dotted line (1). ,
As I continues to decrease the a, must turn sooner or later neg-
ative, since the ratio of terms in the numerator of (6.7.4q) is,
drx.GF* + . .
“N.D.ET 6(H:)8(0) = —676(H)6(0),
neglecting 0(H*)6(H), which attains to —17 at maximum 1/4 of ¢(HY)
6(0) according to the estimation in §21.

This argument inclusive of the maxmum 6(H:)6(0) value is valid
in the practical absense of H*(a) and H(a). The latter condition ful-
filled at the start is however a fortiori assured at lower [ so long as
a, is positive by the associated rapidiest decrease of w(HF) among
w(d,)’ s. The assumption of positive a, throughout leads us hence to
the contradiction since then @(H3:)#6 (0) should fully increase to turn
a, necessarily negative. = The «, should hence sooner or later turn
negative. '

As a, becomes negative, w(H) decreases by —F4dl as before,
whereas w(H?*) by its negative fraction and hence w(Hy) by the al-
gebraic sum of them or the positive fraction of —F4l as illustrated
by the descent from the respective intersection with (1) to that with

(). ,

: At any rate w(H;) continues to decrease with decreasing [ until
6(H3$)6(0) is finally reduced to infinitesimal similarly as in the case of
nickel or platinum, a, turning then again positive in favour of the
predominance of H.(a).

It is not however a priori excluded from data given above that
H(a) appears to some extent over the range of negalive a, on the .
coursz- of l-decrease.

If it does not practically appear after all, (H3)6(0) increases up
to the maximum 1/4 at 6(HF)=60(0)=1/2 and then decreases mon-
tonously with decreasing I. If it does to an appreciable extent, the ma-
ximum 6(H3) 6(0) is less than that in practical absence, according to (3.5).

*) Cf. Footnote **) on p. 97.
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The negative of «, there is thus not fully developed because of the
above diminution of the factor 6(H.)6(0) in the numerator of (8.6.a)
28
oFE;
The appearance of the intermediate other than Hj(a) thus buffers
more or less the effect of the negative a,, which favours the abundance
of H(a) in the course of the l-decreasein accordance with (8. 8).

The H7(a) is however strongly protected in this case of mercury
hydrogen electrode against the momentary replacement by extremely
high a value of intial w(H) compared with that on platinum: if it
were possible at all in the latter case, it would not be after all in
the former. This conclusion is in accordance with the persitence of
mercury to Hi(a) in contrast with the versatility of platinum.

>Ad in the denominator.™
/ S.

and of the invariance of the term —<

§26 Passing over from Mercury to Lead Hydrogen Electrode.

The w(d,)’s on lead hydrogen electrode are worked out below with
reference to those on mercury one given in the foregoing sections.

Identifying the excess of &(H), with the recess of the dissociation
energy, €(H), on lead must be 1.4 e-volt lower than that on mercury
but 0.8 e-volt higher than that on nickel on the basis of observed dis-
sociation energies 0.37 e-volt of HgH,** 1.8 of PbH** and 2.6 of NiH**»
The e(H*), might be taken much the same as that on mercury in the
common surroundings of aqueous electrolyte on the ground men-
tioned before***

The e(H}?), is now according to §17 or §24, e(H),+e(H*),—27+X
e-volt, the energy X of compensation being assumed less than but
increases with — &(H), referred to the free atom at rest in vacuum,
50 that decrease —de(H?), of e(H}), is the positive proper fraction
ay of that —4de(H), of e(H), i.e.

*) By differentiating the factor (0(H+)+0(Hf5)) (0(0)+ 0([{)) of ——( os )
3Ep ] as.

partially by w(H) according to (3.6), we heved (H) (0(H+) +0(H;f)) (0(0)+0(H)——

23
oFEr

00) = 0(HS) = % ,0(H*)=0(H)= 0 with respect to the decerease of w(H).

0(H+) - 6(H +))/ RT which shows that — ( )Al remains stationary at the pbint
d8. L)

*¥) Landolt: “Tabellen”, 1, 2 Teil, 30-33 (1951).
*%#) * Cf. Foot-note (**) on page 88.
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de(H{) = agde(H),, (26.1.s)
where
' 0<ay<l1. - (26.1.4a)
We might pass over from mercury to lead just as from nickel
. to platinum did previously, varying e(H), and €(Hj), in accordance
with (26.1.s) gradually keeping other factors constant.

The decrease of e(Hi), and of e(H), at constant Ep causes now
the increase 4s of (3.7) according to (3.6), (3.4.¢) and (3.3) as,

F + o + + +
s = AgRT {—H(Hg)(ﬁ(H)+0(0))dc(H2 o+ 6(E) (6(H )+0(Hg)>AE(H)(,}
(26. 2)

or so much an upward shift of “Adsoroption” similarly as in the case

of h- or l-increase.
The corresponding shift 4E, of the interszction is,

e = o™ ()

or substituting 4s from (26.2),

AE, = —azde(H),, (26.3. E)
where, '
ay — _ GF  as0(H:)6(H) +0(0)—6(H YO(H *) +0(HS))
N.RT as [ @s )
( aEP )Pois. < aEP )A(ls. )
(26. 8. 6)
It may be shown, )
O<ay—ar<1 (26. 3. X)
or ‘
ay — 1 < a, < ay v ' (26.3.7)
as below. :
The a,—a, is, according to (3.9) and (26. 3. 9),
A ]
N4RT / 3s . ) .
o axiamr (o) o HIE ) (00)+ 00D ) + (D) (oEs )+0(HI)>,
xr NART [ 3s . .
a (E)Pm.f(tl(oﬁo(hf))(«9(H )+0(H D))

(26. 4)
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which is essentially positive according to (4. 5. u).
The difference of the second term in the denominator and the sum of the second and
third term in the numerator is,

(060 +o(ED) ) (6CE +)+-0ET ) ) —a 8(E +){00)+0(H) ) —0(E) (02 +)+-0(ET )
= (80)+0(ED JoCH )12 ) + 00 $)—0(H +)o(H

" The first term on the right of the above identity is obviously positive and the second term
too, according to (17.1) and (22.1).
The a,—a, is thus the positive proper fraction as stated by (26.3. X).

The associated total increase of w(d,)’s are according to (3.4), (3.3),
(26.1.s) and (26.3. E),

dw(H*Y = —azde(H),, (26.5. H*)
dw(H$) = (ax—az)de(H),, (26.5. H)
dw(H) = de(H),. (26.5. H)

We have deduced (26.5) as if increments involved were infinites-
imal but it may readily be shown that the relation is valid qualitat-

ively for any finite increments with appropriate az—a, or a, satisfying
€4 4¢€

the relation (26.3.X)or (26.3.T), it being the average ja,de /4e or

szs—aﬁ ds/As of that given by (26.3.60) or by (26.4) respectively for

the infinitesimal increment of e=¢(H), over its finite range of varia-
tion from e to &4 Je, .

Eq. (26.5) shows that w(H*) increases by a positive or negative
proper fraction of de(H), w(H?) its positive proper fraction and w(H),
just by its amount.

Assuming w(H) on nickel approximately zerc at moderate hydro- -
gen pressure and =0 in accordance with §17, that on mercury or
lead is now according to (26.5.H) ca. 26—0.37=22 e-volt or 2.6—1.8
=0.8 e-volt respectively. The 8(H) is in consequence extremely small
compared with 6(0) throughout the range of variation of e(H), from
that on mercury to that on lead accoding to (3.4.6). The appropriate
average da, is In consequence either a positive proper fraction or prac-
tically zero according to (26.3.6) and hence w(H™*) generally increases
as de(H), decreases.

The e(H)rdecrease thus causes such a variation of w(5,)’s as the
dotted lins drawn through ths tips of w(5,)s vertical lines slants
down with turn from (1) onto (2) in Fig. 8 similarly as in the case of
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l-decrease with negative a, .

The work function decreases from 4.53 volt® of mercury to 4.15 volt® of lead in
addition to the decrease of ¢(H), taken above into account. The former’s effect may be
superposed on the latter’s by (6.3), a; there being 0.53 at most at the ordinary condition of
the hydrogen electrode according to §20. The result is (4.53-4.15)X0.53=0.2 e-volt elevation
at most of w(@:)’s of charged 3 but none of w(H). This effect might be ignored in
the present qualitative consideration with regard to the above rather large effect of ¢(H),
-decrease.

§27 Change of Intermediate on Lead Cathode.

It is important that w(H;)lowers less than w(H ) does or the stablility
of Hji(a) is decreased relative to that of H(a) with decreasng e(H),
according to (26.5) which is valid irrespective of the magnitude of
6(5,)s during the ‘“transition” from one to the other electrode. We
might go with this decrease taking abvantage of much the same
amount of the work function as far as nickel, where w(H) recedes w(H)
at last. The considerable increass of the work function from nickel
to platinum narrowly restores the lowest w(H;) or the predominance
of Hi(a), which is however readily upsat by lowering [ as inferred in
§ 23. ,

The situation with lead is hence some half-way between platinum
and mercury, Hi(a) there being well protected against the momentary
yield to H(a) compared with on platinum but not so strongly as on
mereury. ‘ : ’ ‘

It would hence be possible for the momentary yield to take place
on lead, whereas the l-decrease alone is sufficient to effect the same
on platinum, by superposing the h-effect on it, if it be excluded on
mercury. The Hi(a) covering the electrode surface may be practically
replaced by H(a), so that the electrochemical mechanism prevailing
converts into the catalytic mechanism by changing the surroundings
from alkaline to acidic as shown in §21, provided 6(H)/6(H$)in alkaline
surroundings lies above a certain bound or, according to (3.4.6), the
excess of w(H3) over w(H) there is sufficiently small.

This conclusion is in accordance with the observation mentioned
in the introduction that the lead cathode gives at —0.3 volt y in 1 atm
hydrogen pressure the characteristic separation factor 7 of the cataly-
tic mechanism, whereas in acid solution 8 of the electrochemical
mechanism. :

* D’ANS & Lax: “Taschenbuch” Berlin 1949, p. 192.
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§ 28 Cathodic Hydrogenation.

We have from (3.2. Hy) and (8.1.5),
p(HE) = p(H*, b)—Fl,

which shows that the chemical potential of Hj(a) on the electrode
surface may be chosen of any desired height by lowering I. Through
the intermediary of Hi(a) occurs now the hydrogenation of such an
atom group as carbonyl, as mentioned in the introduction, which as-
gociates the intermediate on the electrode surface by virtue of its nu-
cleophiliec nature.® An elementary reaction increases now its rate with
the increase of the chemical potential of any participant which remains
sufficiently abundant as detailed in the later Part of this series. The
lowering of ! should thus accelerate the hydrogenation of this kind,
provided that Hi(a) exists practically on the electrode surface at all
or it does not yield to H(a).

If it does at all, the rate of the hydrogenation of the above kind
decreases, while the resulting H{a) would cause such a hydrogenation
as that of ethylenic linkage according to the scheme (i) in the intro-
duction deteriorating the efficiency and selectivity of hydrogenation
with respect to the atom group: H(a) causes further the evolution of
hydrogen gas which proceeds bimolecularly® with its coverage, further
decreasing the current efficiency. The persistence of the cathode in
Hji(a) is thus favourable for both the efficiency and the selectivity of
the. eathodic hydrogenation.

~ This conclusion accounts for the well known competence of mercury
and lead cathode for the cathodic hydrogenation of acetone and carbon
dioxide.

Summary

Complex features of the following conclusions hitherto arrived at
on hydrogen intermediates of the hydrogenation and the hydrogen
electrode process were raised for explanation.

(1) Hydrogen intermediate on nickel is the adsorbed hydrogen
atom H(a) throughout the hydrogenation and the hydrogen electrode
process, whereas that on the mercury hydrogen electrode is solely the
adsorbed hydrogen-molecule-ion H;(a).

* - Cf. §1_3.
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(2) On platinum the hydrogen intermediate H(a) fits in with the
observation of hydrogenation in gas or in the presence of liquid ben-
zene, whereas that of Hi(a) exclusively in the presence of acetone or
water throughout the hydrogenation and the hydrogen electrode
process : the platinum cathode in aqueous electrolyte gave the elect-
rolytic separation factor of deuterium 7 at 0.3 volt cathodic polarization
in consistence with the hydrogen intermediate of H(a), whereas ex-
perimental results below 0.1 volt led to the intermediate of Hj(a).

(3) Lead gave the separation factor 7 or 3 at 0.3 volt cathodic
polarization respectively in alkaline or in acidic electrolyte.

Referring to the model specified below was now discussed the
effect of varying different factors determining the particular condition
cf the assembly consisting of the metallic catalyst, inclusive of the
hydrogen electrode, and the surroundings, in which the reaction of
interest was going on, in order to interprete the above features; any
one of physically identical sites ¢’s, which covered the catalyst’s sur-
face, was empty or occupied exclusively by one of H(a) and H;i(a) as
well as by adsorbed hydrogen ion H*(a) concluded of existence under
certain conditions elsewhere; the charge of H*(a) and H:(a) rested
on a plane P parallel to that of the catalysts surface; on the opposite
side of P to the catalyst the space charge of ions of desity p in the
surroundings was distributed one-dimentionally along the normal ac-
cording to the law that p=0 according as E=0, where E is the ele-
ctrostatic potential referred to that at infinite distance from P in the
surroundings ; the interaction among ions and charged intermediates
in ¢ was the electrostatic one incorporated with that of impenetrability
in terms of the above exclusive occupation of ¢; intermediates §,’s,
which stood for H*(a), Hi (@) or H(a) according respectively as ¢=1,2 or
3, were individually in partial equilibrium prevailing by virtue of a
certain rate-determining step with metal electron in the . catalyst.
and hydrogen ion in the surroundings.

One-dimentional Poisson equation and the adsorption isotherm for-
mulated in accordance with the above model were now solved simul-
taneously for the effect of the variation of the ion concetration in the
surroundings, of the work function 1 of the catalyst, of the chemical
potential x(H*,b) of hydrogen ion, and of quantity ! which included
the chemical potential . (H,) of hydrogen gas and the electrode potential
n of the catalyst referred to the reversible hydrogen electrode in the
same surroundings, as
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1 = p—p(H)2F,

where F' is Faraday.

The effect was expressed by that on w(s,), the work required to
compose J; in a specified, empty o keeping the whole assembly in
statistical equilibrium throughout the appropriate process, which de-
~ termined the probability 6(s,) of occupation of s by 4, as,

6(s,) = eXP(—iv%)/gexp<_%(‘;ﬁ> ’

where i=0 referred to none of occcupant for which w(s;)=0.

The conclusion was summarised in the Tdble, where 41 ete, showed
respectively the increment of ths factors i etc. defined in the first
column.

. I t of R £
Factors Varied w(H +) nc!;r(l};r;) oL w(H) “’au;%;e 8;) -
Work li'unc’cion —Fh, 42 - Fi, 42 0 > “’l. >0
Chem. Pot,f u(H*b)
O
Hydrogen Ion ~F(l-a,) 4k | —F(1—a,)4h Y 1>a,>0
h=us(H *+, b)/F
Electrode Pot. 7 ’ :
and
Chem. Pot. #(Hq)of Fu, 4l | F(i+a) 4l Ful 1>a,>—1
Hydrogen
{=n—pu(H2)/2F ‘

Further conclusion was that the increase or decrease of the ion

concentration shifted a,, a, and |a,| toward zero or 1 respectively, E
or (jl_f at P vanishing at the respective extremities, where z is the
distance from the catalyst’s surface along its normal.

In extension of the above was discussed the effect of BroNsTED'S
base B or acid AH in the surroundings, which were incapable of causing
any electolytic dissociation inclusive of that of B or AH in its bulk;
the model was modified so that B attached to H*(a¢) or Hi(a) by its
proton affinity or the acid rest 4- resulting from AH made an ad-
ditional occupant of . The conclusion was formally similar to that of
h given in the Table, k being identified with —u(B)/F or with x(AH)/
F, where p(B) or u(AH) was the chemical potential of B or AH re-
spectively ; the appropriate a, decreased from 1 as occupant B or A-
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of o increased from zero just as in the case of the foregoing model,
when the space charge outside P assumed the part of the charge of
H+*(a) to which B is attached or of A-: a, approached however 1 again
as the probability of occupation by B or A~ tended to 1 in deviation
from the case in the presence of .ion, when a, tended to 0 with their
increasing concentration or with the increasing space charge: this
difference was attributed to the impenetrability between ¢&’s and the
additional occupant giving rise to the h-effect, particularly allowed for
in this case. .

The complex features raised above was now accounted for on the
basis of the above theoretical conclusions.

The w(d,)’s on nickel in gas was plausibly estimated as the star-
ting point and shown that its transition to platinum with increasing
work function favoured the relative increase of Hi(a), if not enough
to play the leading part in the observable reaction. The introduction
of nucleophilic reagent as acetone or water was shown to amplify
the decrease of w(Hj) or the further increase of 6(H;) thus accoun-
ting for the change of leading intermediate from H(a) on nickel to
Hj(a) on platinum,. :

It was then concluded that the l-decrease of nickel or platinum
electrode initially increased H(a) relative to Hi(a) but acted reversely
later at sufficiently low I, thus acounting for the contrast of the hy-
drogen intermediate of H7(a) or of H(a) respectively consistent with
experiments at lower or higher cathodic polarization (higher or lower
l). It was concluded on the other hand from the lack of any sign of
- H}(a) on nickel playing the leading part even in the severest condition
of considerable l-decrease, that w(H) there was originally appreciably
low or H(a) was of such a high stability. ‘

The w(s,)’s .on mercury hydrogen electrode was determined as
w(H)>w(H*)>w(H$)>0 on the basis of the previous detailed cal-
culation [Horruri, Ken & Hirora: This Journal 2, 1 (1951)]. The
- l-decrease preferred again the H(a)-increase initially, but far from
sufficient to cause any appropriate reaction owing to extremely high
a value of w(H) in distinction from the case of Pt.

The w(s,)’s on lead hydrogen electrode was now derived from
those on mercury arriving at the conclusion that the relative increase
of H(a) to Hi(a) under the course of I-decrease was not so appreciable
as in the case of platinum, but still not practically exclusive as in the
case of mercury, On this l-effect was now superposed the h-effect,
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which increased Hj(a) relative to H(a) according to the Table and to
the above 6(5;) expression; the transition of the seperation factor from
7 to 3, appropriate respetively to the intermedate of H(a) to Hi(a), by
changing the electrolyte from alkaline to acidic was thus explained.

It was finally shown that the chemical potential of Hji(a) was
raised by the decrease of ! to accelerate the hydrogenation of nucleo-
philic reagent as acetone apt to attach to Hj(a), if it remained suf-
ficiently abundant or was protected from yielding to H(a) by high a value
of w(H) as in the case of Hg and Pb; the known expedience of their
electrods for the cathodic hydrogenation of such reagent was thus
accounted for. .

The present author wishes to thank Mr. T. Naxkamura for his
reading and correcting the manuscript, Mr. H. Svcawara for his kind
help in the present work and Miss. A, Morita for her sincere technical
assistance. )
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