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Theoretical expressions are presented of the a.c. polarization and of the a.c. polarography and voltammetry
for a two-step surface redox reaction (O,zq-+n,6=2S,q, Saa-+n,62R,4) in which the charge transfer reactions
take place exclusively between the adsorbed reactants O,q, S,;q, and R,4, and all the reactants are adsorbed
so strongly that the amount of O, S, or R brought to or removed from the electrode surface can be neglected.

The interaction between the adsorbed reactants is assumed to be expressed by Frumkin’s a-parameters.
effect of the double layer impedance is taken into account.

There have been recently increasing studies on redox
modified electrodes, which are prepared by attaching
irreversibly redox species to the surface of an electrode
material (via irreversible adsorption, coating, or chem-
ical binding efc.), in prospect of their applications to
electroanalysis and electrocatalysis (for reviews, see
Refs. 1 and 2). Information on the electrochemical
characteristics of surface redox reactions is very im-
portant in the applications of the redox modified
electrodes. For this purpose cyclic voltammetry has
been widely used. In a previous paper? we have
presented a theory of the faradaic impedance and of
a.c. polarography and voltammetry for surface redox
reaction (O,,+ne=R,,) in which the interaction be-
tween the adsorbed reactants and the correction for
the double layer impedance are taken into account.
This theory has been applied to the electrode processes
of ferredoxins irreversibly adsorbed on the mercury
electrode surface.%® The results indicated that a.c.
polarography and voltammetry are powerful techniques,
in particular, for elucidating the kinetic aspect of the
electrode processes.

Two-step charge transfer mechanism is an important
mechanistic category in biochemical as well as chemical
redox reactions. Numerous studies have been devoted
to this type of electrode reaction (EE mechanism)
and theoretical treatments of the EE mechanism have
been presented for d.c.®~1% and a.c.!4~1® polarography
and other electrochemical techniques.!®-2%) To our
knowledge, however, no theoretical treatment of a.c.
polarization has been presented for the two-step surface
redox reaction (surface EE mechanism).

In this study we present a theory of the faradaic
impedance and of a.c. polarography and voltammetry
for the two-step surface redox reaction. In this theory
the interaction between the adsorbed reactants is taken
into account. Also the effect of the double layer
impedance is considered.

Derivation of the General
Expressions

Let us consider a two-step surface redox reaction,
(1)
(1b)
In the following we shall make the same assumptions

as made in the previous work:? (a) the charge transfer
reactions take place exclusively between the adsorbed

Ist Step:7.0uq + me == Saa
2nd Step: S,q + me == R,q.

The
Several simplified cases are discussed in detail.

reactants, (b) all the electroactive species (O, S, and
R) are adsorbed so strongly (irreversibly) that the
amount of O, S, or R brought to or removed from the
electrode surface by mass transfer can be neglected
in comparison with the amount which remains ad-
sorbed, and (c) the interaction between the adsorbed
reactants can be expressed by Frumkin’s a-parameters.2®)

Since the surface redox reaction proceeds exclusively
between the adsorbed reactants (assumption (a)), the
faradaic current-density, I, is a function of the electrode
potential, E, and the surface concentration of the
reactants, Iy, I'g, and I'y;

Iy = Ip(1) + Ix(2) (2a)

Ig(1) = gi(E, o, I's) (2b)

IF(2) = g2(E> FS: FR)’ (2C)
where I'; (i=0, S, or R) is the amount of the adsorbed
reactant i per unit electrode surface area, I(1) and
I;(2) are the faradaic current-densities of the first
and second step, respectively.

For a small variation of the potential, E, superim-
posed on the “d.c.” potential, E,,, (E=E,,+dE), the
surface concentration I'; will change around the mean
(“d.c.”) value, I',, with a small variation, 6I",, (I';=
T, +6I') and the faradaic current-density will be given
by

IF - ]dc + (SIF- (3)
Thus we have for the first harmonic of faradaic cur-
rent,*) 6,1,

00y = 8,0x(1) + 6,1x(2), (4a)
O dp(1) = (AI(1)/0E)0,E + (91(1)/9I'0)0:1 "0

+ (9I(1)/oIs)o, 1, (4b)
0,Ip(2) = (0I(2)/0E)0,E + (01(2)[0I's)0:I"s

+ (01(2)/0I'r)0, [y, (4c)

where §,E and 6,1"’s are the first harmonic variations
of E and [I'/’s, respectively. From assumption (b)
we further have

d(6,]0)/dt = jwd,I"o = 6,Ip(1)/n,F, (5a)

d(0,07s)/dt = jwd I's = — (8,Ix(1)/miF) + (8:1(2)/noF),
(5b)

d(6,'g)/dt = jwd, 'y = —d,Ip(2)/n,F, (5¢)

where j is the operator (—1)V2, and w the angular
frequency of sinusoidal variations.

By combining Eqs. 4a to 5c we obtain the I-E char-
acteristic for sinusoidal variation of small amplitude,
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. (rit+12) =il t22+ (ma/ng) 31— (ma/n1) 5]
8,1y = 8,15 + joIimes = . 8,E, (6a)
e i Sty (nra— 9192 — %1%2) — J (e 1+ 11.92) !
(ry+12) (nra— 19— %1%) + (e + 1290) (172 + (/1) % — (na/m1) %]
611;?&! — P 2 51E, (Gb)
(rire—o102— %1%) 2+ (2 + 72.1)
oI = (r1+13) (1 2+ 12.91) — (nra =212 — %1%2) [1 + 02+ (ma/ng) 3, — (/1) %] 8.E, (6¢)

where 8,I5" and 6,/¥*¢ are the real and imaginary

component of the faradaic a.c. current-density, re-

spectively, and ry, 73, 31, J2, %, and x, are given by
r, = 1/(0I(1)/0E), (7a)
r, = 1/(01(2)/0E), (7b)
21 = (Yon,F)[—@I(1)/0 o) + (31(1)/8I's)1/(II(1)/3E),

(7¢)
22 = (HonF)[—(31(2)/0Is) + (01(2)[0I'r)]/(31(2)/9E),

(7d)
% = (1on,F)(3I(1)/0I's)/(31(1)/9E), (7e)
%, = (1/on,F)(91(2)/0Is)[(01(2)/0E). (7f)

Because of the specific adsorption of the reactants,
the non-faradaic impedance may differ from that ob-
served in the absence of the electroactive species.
In this case we can assume that the surface charge
density on the electrode, ¢, is a function of E, r,
I'y, and I'y only. Thus for sinusoidal variation of
the nonfaradaic current-density we have for the first
harmonic,?"

Sy lyr = (dg/dt)ac

= jw[(3g/0E)8,E+ (¢/0L 0)0:I" o+ (3g/01 )61 [
+(9¢/0I'g)é:I"g].- 8
From Egs. 5a, 5b, 5c, and 8 we obtain for the non-
faradaic a.c. current-density,

8yIyr = [(my—ny)[m,16:0(1) + [(my—ny)[n]0:1e(2)

+ jo(9q/E)S,E ©)
where (m,—n,)[n; and (my—ny)/n, are given by

(my—ny)[ny = (1/n,F)[(39/910) — (3g/3I's)], (10a)

(my—n3)[ny = (1/n,F)[(3g/0's) —(3g/01"s)], (10b)
Thus for the total (faradaic and non-faradaic) a.c.
current-density we obtain

8,1, = d,Ix + Oulxp

= (myfny)0, (1) + (ma/ny)d,1x(2) + joo(3g/OE),E,
(1)
and the real and imaginary component of the total
a.c. current are

8,1 = (myfn))d L (1) + (myfny) 0,05 (2), (12a)
8Ly = (myng) 8™ 4(1) + (mafny) 0,13%(2)
+ w(3g/0E)5,E, (12b)

where 6,I¥*(i) and §,/¥**(i) are the real and imag-
inary component of 6,f;(i), respectively, and are
given by
8,1 (1)
_ ry(rira— 31 0s— %1%) + (11 0+ 1) [+ (n1/n3)%1]
B (nra—2102— %1%5) + (192 + 1)

X 8,E, (13a)

(nra—ynm—x%)*+ (r1p2+1391)*

0,1+ (2)
_ ri(rte— 192 — %1%) + (11 92+ 12 00) [ 1 — (ng/n1) %,]
(1172 —p1.Y2— %1%) %+ (11 D2+ 1201)*
X 0,E,

(13b)

0,15 (1)
_ ro(r1 e+ 1o 1) — (1t — 3192 — %1%5) [ 92 + (my/02) %11
(ry7a— D192 — %1%) 2+ (11 95+ 12 91)?

X 6,E, (13¢c)
0, 0™%(2)
_ r1(r1 e +1an) = (1ra =910 — %1%) [ 91— (ma/ny) 5]
(=310 —%1%)2 + (11 ye +121)*
X 6,E. (13d)

As pointed out previously,® the term w(d¢/dE)é,E on
the right-hand side of Eq. 12b can be estimated from
double-layer capacity measurements employing very
high frequencies and for practical purpose can be
eliminated approximately by the conventional method
of correction for a.c. base current as usually used in
a.c. polarographic technique:
0,15 = 0,1i™F — w(3g/0E)d,E
= (my/m): L5 5(1) + (my/ny)01¥™%(2). (12c)
On the other hand it is very difficult to estimate the
terms (my/n;) and (my/n,) experimentally. However,
since the potential range in which the faradaic current
of each step appears does not exceed a few tenths of
a volt, it would be reasonable to assume that these
terms are practically constant within the range studied.
In a similar manner as has been done in the previous
work,? we assume that the current-potential-concen-
tration characteristic can be expressed as

Ie(1) = mF(V(1) = V(1)) (14b)
Ie(2) = n,F(V(2)—¥(2)) (14c)

V(1) = ki(1)£,0,B:(1)* exp[ B, (,F|RT) (E—E,y)]
X exp[—ass fofi—asofi0i—asr(l —f1—f2)0:] (14d)
V(1) = ki(1)£,0.Bo(1)~* exp[— oy, F|RT) (E— Eoy)]
X exp[—aoof10s —aos fofs—aor(l —f1—f3)0:] (l4e)
V()= Ki(2)(1=fi—f2)0.Br(2)~ exp[By(nF/RT) (E— Eoy)]
X exp[—agrr(l —fi—/f2)0i—arofify—arsfof:] (14f)
V(2) = Ki(2/,0B5(2)~* expl —ay(mF|RT) (E—Eoy)]
X exp[—ass fobi—asofibi—asr(l ~fi—f3)0:]. (14g)
Injthese equations B,(1) and B,(2) are constants related
to the molar adsorption energies of species i on the

electrode surface at E=E_, and E=E ,, respectively;
a;; is the Frumkin’s a-parameter of interaction between
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the adsorbed molecules i and j (g;; is positive for at-
traction and negative for repulsion); 6, is the total
coverage defined by 0,=1I",/I"  =0,+0s+0; with 6,=
Lo|ly, 05=L|Ty, Op=0"g/T",, and I' =D o+-T's+1'y
=Iy+Is+Tg, I', being the maximum value of the
total surface concentration; f;=0,/0,, f="04/6,; ks(1)=
k() s K@) =k,(2)T,; k(1) and £k (2) are respec-
tively the rate constants of the first and second charge
transfer step at the formal standard potentials of the

surface redox reactions, E;; and E.;, which are defined
by

Ey = Eoy + [RT /(%14 B1)mF][In(Bs(1)/Bo(1))

— (1/3)(a00 — ass + @os — aso + aor — ars) 6] (15a)
E, = Eop + [RT/ (ot + B)m F1[In(Br(2)/(Bs(2))
— (1/3)(ass — arr + asg —ars + aso— aro)0:] (15b)

o, and B, (i=1 and 2) are the transfer coefficients for
cathodic and anodic charge transfer of the i-th redox
step, respectively. E,; and E_, correspond to the
standard potentials of the redox couples O/S and
S/R in the bulk of solution, respectively. Here we
shall make the following two assumptions: (1) o,’s
and fs are independent of the potential, and (2)
the a,-parameters are independent of the potential.
These assumptions will be reasonable as the first ap-
proximation, because the potential range in which
the faradaic a.c. current appears does not exceed a
few tenths of a volt.
From Egs. 7a to 7f and 14a to 14g we obtain

7y = (1nF) [By(mF|RT ) Vao (1) + oty (n,FJRT) Ve (1)1

(16a)
ra = (UnyF) [By(mFIRT) Voo(2) + ata (mFIRT) Voe(2)]*
(16b)
2 = (/o) {Vae(D[(1/T0) = (a00—aos) ./ I')]
+ Vao(1)[(1/Ts) — (ass — aso) (6,/ )1} (16¢)
22 = (o) {Vao ) [(1T's) — (ass —ase) 6/ )]
+ Vao(2) [(1/T'x) — (are—ars) 0/ )1} (16d)

% = (1)) [Vae(1)(1/Ts) = (Vae(1)ass— Vao(1)aos) (0/1,)]
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(I6(2))ao/neF = Vao(2) — Vao(2). (17b)

(i) A.c. Polarization with Negligible Rectification®) at
D.c. Equiliblium Potential: In this case

(Vdc(l) - f;dc(l))equmbnum =0 (18a)
(Vao(2) — Vae(2)equntoriom = 0 (18b)
and the mean surface-coverage fractions fi=1I /I,
and f,=I/I", are given by
Ege = Eoy + [RT[(21+ B1)mF][In(Bs(1)/Bo(1))
—(1/3)(a00— ass +aos — aso+aor— asr) 0

+In(fi/f2) +(1/3)(1—3f,)G.0,+ (1/3)(1-3£,)H,8,]

(19a)
Ese = Eoy + [RT/(o+ Bo)noF][In(Bg(2)/Bs(2))
— (1/3)(ass — argr +asrp— ars + as0 —aro)0:
FIn( /(1= Fim o)+ (13) (1~ 37)Gafs
+(13)(1 -3/ Hy] (19b)
with
G, = apo — @or — Gso + asr (20a)
H, = aps — aor — @ss + asr (20b)
G, = aso — asg — @gro + @grr (20c)
H, = ass — agg — ags + agr (20d)

In this case ry, 75, y;, 95, %;, and x, are given by

r = [(ea+By) (mF|RT)I,(1)] (21a)
ry = [(ag+Ba) (0, F/RT)L,(2)] (21b)
21 = [0+ B) BFRT)wl ]
X [(1A)+ (11f2) — (G — Hy)6,] (21c)
2 = [0+ B;) (BFYRT )l ]
X [(UfR)+(1/(1—fi—fo)) — Hyb,] (1d)
% = [(aa+ B) (BFRT)o '] [(1/f;) — (ass — aos)0s]
(21e)
% = —[(o+ Bo) BFYRT) oI J[(1/f;) — (ass— ars)6:]
(21f)

where I (1) and I (2) are respectively the exchange
current densities of the first and second step at E=
E,,, and are given by

e

. . . (16e) (1) = BT k(1) (FiBo(1)tya)iu/tas 40
Xg = —(Tz/w)[Vdc(Z)(I/Fs)_(Vdc(z)ass—Vdc(z)aRs) (Ot/['e)l X (ﬂBs(l)-l},S)al/(nl+ﬂl) (22a)
(00 1(2) = mFT hu(2) (/iBs(2)Hys)ol et
Here V,,(1)=V()[E=E,, fi=fy fi=hil, Va(l)= X (L=fimfi) Ba(2)Yyw)es/Cas (22b)
VE=E,, fi=fy fifal Val=V(@)E=E,, with
fi=lo fi=Fils and Vo @ =V@QIE=E,, fi=f fim 70 =ep{~laoofitaosfutaon(l-fi=f10}  (23a)
fol with f=T"/I", and f,=I"y/I",, and these are related ys = exp{—[ass fo+asofi+ase(l —fi—12)10.) (23b)
to the faradaic d.c. current-densities by yr = exp{—[agr(1—fi—f3) +ano fy -+ ans f;10:} (23¢)
(Ie(1))ae/mF = Vao(1) — Vao(1), (172)  The phase angle, ¢, is given by
cot p = (8,155, I1me%) = (r1ry— 3192 — %1%,) (114 15) + (r1s+ 12 31) [ 91+ 22+ (ny/n) %y — (na/1,) %3] (24)

(r1p2+1,20) (11 +13) — (1172 — 91 9, — x1%,) [ D1+ Do+ (/1) 11— (ng/y) %]

(it) A.c. Polarography and Voltammetry for D.c. Reversible
Steps: Equations 19a, 19b, 2la to 21f, and 24 are
applicable without alteration to a.c. polarography
and a.c. cyclic voltammetry of the two-step surface

redox reaction, when both the steps (1a) and (1b) are
d.c. reversible (d.c. Nernstian), that is, when £, (1)7>
I and £,(2)r»1 in a.c. polarography with a d.m.e.
whose drop time is 7 or when 4RTk,(1)/n,Fv>1 and
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4R Tk (2)/nFv>1 in a.c. voltammetry with the poten-
tial sweep rate of »;

(Vao(1) = Vae(1))ae reversivte = 0 (252)

and

(‘I—/.dc(z) - f/’dc(z))dc reversible =~ 0. (25b)

Simplified Cases

In the following we shall consider several simplified
cases, in which both the redox steps (la) and (1b)
are d.c. reversible, and n,=n,=n, oy=oy=a, and
Br1=B=8.

Case (1): a=ago=ap5=0pr=055=05o=05p=0gp—
po=0dgg- When all the interaction parameters
a;’s are of the same value, a, the effect of the interac-
tion between the adsorbed reactants on a.c. waves
is characterized implicitly by the parameter a in Egs.
27a and 27b; that is, the terms 7y, 75, 91, ¥s, %;, and
%y are reduced to

n= [(a+/f)nF(nF/RT)ksap(l)P»(‘/m a/(ampﬁ/(“ﬁ)p]_l
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_ ® V'K p? -t
no= [ R ORRTIO T e ]
(26¢)
_ ® VKp -t
7= [T el e
(26d)
o= = | (a ol VKo 17
1 %y [( +B)nF(nFIRT )l (1+1/f,0+p2)J
(26e)

where
ksap(1) = ka(1)Bo(1) /(4D B (1)~ala+Dexp(—aty) (27a)
ksap(2) = ks(2)Bg(2)—A/(a+B) By (2)—a/(a+Pexp(—aby) (27b)

K = exp[(x+ ) (nF/RT) (E},—E.,)] (28)

p = exp[(ax+ B) (nF|RT)(Eqe—E;)] (29)
with

Ey = Eoy + [RT/(ox+ B)nF]In[Bs(1)/Bo(1)] (30)

Ey = Eoy + [RT/(a+ B)nF]In[Bg(2)/Bs(2)] (31)

E, = (E,,+E.)/2. (32)

In these equations K corresponds to the formation
constant of the adsorbed intermediate S,, defined by

(1+V'Kp+p?)
(26a) K = [S44]%/[O04][Raq] (33)
= and E; to the formal standard potential of the ad-
/(a /(a+p) -
Ty = |:(0£+ﬁ)nF(nF/RT)ksap(2)rc(VK)ﬂ :ﬂ)pﬂ ;ﬁ ] ' sorbed redox couple O,,/R,,.
(1+v'Kp+p? From Egs. 6b, 6¢c, and 26a to 26e, §,/¥* and §,1i*
(26b)  are given by
real __ 1/?,0 Pd/(a-}-ﬁ)
O™ = (a4 BFFIRT ol s 20—
(VR Uakap?e/ @D — (L1 v K p + p9)] UV KD 2oy K)o/ +P p] +
(VE+40 +VE ) MGV K @HD(1+1/ K p)+ A1V K)/ @D (/K +p)]}0,E
{K[Mdo 020/ 4B — (141K p + 0P+ [M(V K)#/+D(1+1/ K p) + (34a)
L(VK)/ @B (/K + p)2p2e/(@+h)}
VKp
imag RT l—v __var
I = (et BB IR el o 1 o) ;
{p2e/@+B A, (v KB/ @+B) + Ly (V K )/ (a+8) p] [Al(y'j(“)ﬁ/(aw)ﬂ_,_ VEKpP) +
L(VE)Y@BD(V/ K+ p)]—V K [MAep2/@+B) —(1+1/ Ko+ p2)][VK +4p+1V K p2]}0,E i
{K[Ahep2e/ @+ — (1 4+ K p+ p2)]1*+ [M(V K)#/ (=B (1 +1/K p) + \
(V' K)/a+B) (1 K 4 p)]2p2e/(a+B)}
with
A= w/ksap(l) (35&)
Ay = w/ksap(z). (35b)
For the phase angle we obtain ,
{V K Dahop2/ 4B — (1+1/ K p+ ) [ (V K)P/@HD + 4,(V K )2/ @+ B p] +
cot ¢, =9 Ireu/d J[imee — (l/f+4p +1/—I?P2) [ll(l/f)ﬁ/(""'p)(l—k]/_[( p)+12(1/K)a/(a+ﬂ)(VK +p)]}pa/(a+p) (36)
= 0y [0y E = .

{2l B [y (v K )PP + Iy (1 K )/ +D p] [k (1 KB (141K p) +

L(VEK)@HDA/ K+ p)]—V K [Iahep?/ D — (1+1/K p + )]V K +40+V K %]}

Case (I)-(i): A.c. Wave (I). When £, (1)=
keop(2)=kg,, and a=p, it can easily be shown from
Eqs. 34a, 34b, and 36 that both components of the
a.c. wave as well as the cot ¢ versus E,, curve are
symmetrical with respect to the FE/-axis and that
the value of cot¢ at E; =E/;, [cot{]r.-E, is
given by

[cot $,.—r; = A/(K)* (37)

with A=w/k,,,. Thus in this simplified case a plot
of [cot ¢]E,-E, -against angular frequency yields a
straight line passing through the origin with a slope
of kg,,71(K)~Y/4. Since the thermodynamic parameter
K can, if n and («+p) are known, be determined
from the reversible linear sweep (d.c.) voltammograms
as will be described in Case (I)-(iii), we can determine
the apparent rate constant, £k, from this plot.
Case (I)-(ii): Reversible A.c. Wave(l). When
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-100 0 100
n(Egc~EoV/mV

Fig. 1. Normalized reversible a.c. wave(I) calculated
by Eq. 38 with a+pf=1.
K: (1); 0.1, (2); 1, (3); 4, (4); 16, (5); 100.

both the rate constants kg, (1) and £, (2) are so
large (i.e., w/ky,,(1)<1 and wfk,,(2)<1) that the
conditions (r;/y;)<1 and (ry[y;)<1 are satisfied, Eq.
6 is reduced to

Nttt ra—x
= (01 poy = 22 LS E
(611F)rev ( F ) e ,}’1)’2+x1x2

= (x+B)nF(nF/RT )l

% plo(VKp+2)+ (/K +2p)] 8\E

(11 Ko+ p?)? (38)

and
cotp — 0.

Namely, 6,/5* becomes vanishingly small and ¢
approaches 90°. In Eq. 38 p and K are given by
Egs. 29 and 28, respectively. This equation predicts
that the reversible a.c. wave (voltammograms with
stationary electrode as well as polarograms with d.m.e.)
is symmetrical with respect to the potential E, =
E;. The normalized a.c. waves, @=(8,1%),,,/nF (nF/
RT)oI' §,E, are shown in Fig. 1 for different values
of K at («+p)=1.

When K16, there is only one peak, of which the
peak potential E;" is equal to E;. The peak current,
(041%) 04> and the half-peak width, AE}};, are given
by ‘

(0L 2)rev = (a+ B)nF(nF|RT oI,

6,E (39)

2
(2+v'K)

AE}; = [2RT[(x+ B)nF]|In §| (40)
where & is the solution of the equation: §¢—K§&3-
(K—4V'K—6)§2—K&+1=0.

On the other hand, there are two peaks for K>16.
Their peak potentials Ej" and Ei’ are given by
Ex = E, + [RT/(x+ B)nF]

X ln[(K—8)+V/ (K—4)(K—16)]2V'K
Eyy = E, + [RT/(a+ B)nF]
X In[(K—8)—V/(K—4)(K—16)])2/K.

(41a)

(41b)
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Thus the thermodynamic parameter K can be deter-
mined from the half-peak width, AE3;, for K<I6,
or from the peak separation, |ER"—ER"|, for K>16,
if (a«4+p) and n are known.

Case (I)-(iii): Reversible D.c. Wave. Further-
more it can be shown that the theoretical expression
of the reversible linear sweep (d.c.) voltammogram
is the same as that of the reversible a.c. wave if the
term wd, E is replaced by the potential sweep rate
». That is, the shape of the reversible linear sweep
(d.c.) voltammogram is the same as that of the revers-
ible a.c. wave, and the peak potential of the reversible
linear sweep (d.c.) voltammogram, E3}°, coincides
with the peak potential of the reversible a.c. wave,
Ey; EyY=Ey"=FE,, and the same discussion as
described in Case (I)-(ii) is applicable to the reversible
linear sweep (d.c.) voltammograms.

Application of these simplified equations given in
Case (I)-(i) through (I)-(iii) to the electrode processes
of flavins irreversibly adsorbed on mercury electrode
surface will be reported in a succeeding paper.

Case (II):  apo+aso=00s+ass=09r+asp =050+
Apo=0ss+aps=asp+app, ay=a; (1,j=0, S, or R)
and a=p. In this simplified case, the effects of
the interaction between the adsorbed reactants on a.c.
waves can be characterized explicitly by an interaction
parameter G=2(a;—a,) (Eq. 44) and implicitly by
(a;+a,) (Eq. 43). That is, the terms 7, 75, ¥;, Yo,
%, and x, are reduced to

ry = [20nF (nF|RT )ksop(1) "o (f1.f2) /21 (422)
ry = [20nF (nF|RT)ksap(2) I 2 (1= fi—fo) V5] (42b)
1 = [20nF (WF|RT) oI ] [(1/F) + (1/f2) — GO, (42c)

22 = [2anF (nF|RT) ol [(1/f2) + (1 (1= fi—f2)) —GO.]

(42d)
X, = —xy = [20nF (nF|RT) ol ] [(1/f,) — (1/2)G6,]
(42e)
where
ksap(1) = ks(1)(Bo(1)Bs(1))~Y*exp[— (1/2) (a1 +a5)0:]
(43a)
ksap(2) = ks(2)(Bs(2)Br(2))~Y2exp[— (1/2) (a;+ a5)0:]
(43b)
and G is given by
G = 2(a;—ay) (44)
with
ay = @po = dss = ArR — @0R = 4RO (45a)
ay = dos = Aso — AsR = 4Rs. (45b)

The mean fractions of the surface coverages f; and
fz are related to the d.c. potential E,, by
Ey. = E, + [RT[2anF][Iny/ K +In(fi/f>)
—(1/2)(1-27,)G6,]
Ese = E, + [RT20nF][—InV/ K +In(fo/ (1 =fi—f2)

(46a)

+(1/2)(1-2£,)G] (46b)
where E.; and K are respectively defined as
E; = (Ea+Ey)[2 (47)
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K = exp[(20nF|RT)(Eq—Eq)] (48)

with E{;=FEo+[RT/2anF]In[Bg(1)/By(1)] and E/;=
Eo:+[RT|2anF]In[Bg(2)/B4(2)]-

The a.c. wave is expressed by Eq. 6 with Eqs. 42a
to 48, and the phase angle by Eq. 24 with Egs. 42a
to 48, which are, when G=0, reduced to the same
equations as given in Case (I).

Case (II)-(i): A.c. Wave(Il). When it is
further assumed that k(1) =£,,,(2) =£,,,, it can easily
be shown from these equations that both components
of the a.c. wave as well as the cot ¢ versus E,, curve
are symmetrical with respect to the E;-axis. Further-
more the value of cot ¢ at E; =E;, [cot¢]E,=E,
is given by

[cot Pz, =k, = (w[ksap)[24/(2B—C—G0,)] (49)
with

A= [2/p(1—n)]"/2 (50a)

B = (1+79)p(1—9) (50b)

C =2 (50c)

7 = {1+ @2V K)exp[(1/2)(1-29)G6,]}-1.  (50d)

That is, [cot ¢]e.-£; is proportional to angular
frequency but in this case the slope of a plot of [cot
¢]E,=E; versus » depends on the interaction parameter
G, as well as K and £,,,. Since K and Gf, can, if
n and « are given, be determined from the reversible
linear sweep (d.c.) voltammograms as will be de-
scribed in Case (II)-(7it), these three parameters, i.e.,
ksaps GO,, and K, can be determined by combination
of the a.c. and d.c. measurements.

Application of these simplified equations to the elec-
trode processes of a ferredoxin irreversibly adsorbed
on the surface of the dropping mercury electrode has
been reported in another article.?)

Case (II)-(ii): Reversible A.c. Wave(II). When
the rate constant k,,, is so large compared to o that
(n[»1)<1 and (ryy,)<1, then, the a.c. wave(Il) is
reduced to the reversible a.c. wave(Il), 6,7", which
is expressed by
Nt+Jetxi—%

N1 Vs XXy
and the phase angle approaches 90°. In this equation

the terms y;, »,, and x,=—x, are given by Eqgs. 42c,
42d, and 42e, respectively. The mean fractions of

the surface coverages f; and f; are related to the d.c.
potential E;, by Eqs. 46a and 46b.

These equations predict that the a.c. wave is also
symmetrical with respect to the FEi-axis. However,
in contrast to Case (I)-(ii), the wave shape will change
with changing the total surface coverage 6,. That is,
with increasing GO, the normalized peak current,
0,=(6,1+"),/nF (nF|RT)owI",, becomes larger and the
half-peak width, AE}j, smaller, as shown, for ex-
ample, for the case of K=1 in Fig. 2. Thus the two
parameters K and G can be determined from the
reversible a.c. waves measured at various values of
0, if n and « are given.

Case (II)-(iii): Reversible D.c. Wave. It can
easily be shown that the theoretical equations of the
reversible linear sweep (d.c.) voltammogram are the

07" = (015 rev = 0,E (1)
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=100

n(Egc—Eo)¥mV

Fig. 2. Normalized reversible a.c. wave(II) calculated
by Egs. 51, 42¢, 42d, 42e, 46a, and 46b with a=
p=0.5 and K=1.

Gb: (1); 3, (2); 1, 3); —1, (4); —3.

same as those of the reversible a.c. wave if the term
wd,E is replaced by the potential sweep rate ».
Thus the same discussion as described in Case (II)-
(i¢) is applicable to the reversible linear sweep (d.c.)
voltammograms.
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