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The electrochemical redox reaction of flavin-adenine dinucleotide (FAD) adsorbed on a hanging mercury drop
electrode was studied in a pH 6.9 phosphate buffer by means of cyclic d.c. and a.c. voltammetry. Both the oxidized

and reduced forms of FAD were strongly adsorbed on the mercury electrode surface.

At the surface concentrations

of FAD, I', lower than 5.0 X 10-! mol cm~2, the cyclic d.c. and a.c. voltammetric behavior of adsorbed FAD was

explained by the theory for a two-step one-electron surface redox reaction.

The formal redox potential, semiquinone

formation constant, and charge transfer ra'e constant for the surface redox reaction of FAD and the interaction
parameter of adsorbed FAD species were determined. Cyclic d.c. voltammetry and differential capacity measure-
ment showed that, as I” exceeded 5 x 10-1! mol cm~2, the reorientation of adsorbed FAD molecules occurred. At
I'>5.8% 10-1* mol cm™2, the semiquinone formation constant was very small and the behavior was interpreted by

the theory of a single-step two-electron surface redox reaction.

The electrochemical surface redox properties of

FAD adsorbed on a mercury electrode surface appear to depend on the orientation mode of adsorbed FAD molecules.

In a previous paper! we have shown that a stable
adsorption monolayer of flavin mononucleotide (FMN)
is formed on a mercury electrode surface and that the
electrochemical redox reaction of the adsorbed FMN is
well explained by the theory of a two-step one-electron
surface redox reaction. The apparent charge transfer
rate constants, redox potentials, and semiquinone forma-
tion constants of the surface redox reaction have been
determined at pH 6.9 and 4.9 using cyclic d.c. and a.c.
voltammetry. Recently the electrochemical behavior
of flavin—adenine dinucleotide (FAD) irreversibly ad-
sorbed on graphite and glassy carbon electrode has been
studied by Gorton and Johansson? and Huck34% using
cyclic d.c. voltammetry. The (apparent) charge
transfer rate constant of ca. 1 s~ for FAD adsorbed on
graphite electrode at pH 1.05? and the semiquinone
formation constant of 2.6 for FAD adsorbed on glassy
carbon electrode at pH 7 are reported. The charge
transfer rate constant obtained by the former authors is
considerably smaller compared with that for FMN
adsorbed on a mercury electrode,” though the isoal-
loxazine moiety is oxidized or reduced in both the redox
reactions of the adsorbed FMN and FAD. It seems
interesting to determine the charge transfer rate constant
of FAD adsorbed on a mercury electrode and to compare
the results with those obtained with FAD adsorbed on a
carbon electrode and to elucidate whether the difference,
if any, should be ascribed to the difference in the
electrode material.

In this work the electrochemical redox reaction of
FAD adsorbed on a hanging mercury drop electrode
has been studied in a pH 6.9 phosphate buffer by means
of cyclic d.c. and a.c. voltammetry. We have deter-
mined the kinetic and equilibrium parameters of the
surface redox reaction of FAD at the various surface
concentrations and found that the charge transfer rate
constant and the semiquinone formation constant
depend on the orientation mode of the adsorbed FAD
molecules. The results and discussion are presented here.

Experimental

Flavin-adenine dinucleotide (FAD) and other chemicals

were commercially-available reagent grade materials and were
used as received.

All voltammetric measurements were performed in a dark
box at 25 °C under potentiostatic conditions with a three-
electrode system consisting of a hanging mercury drop working
electrode, a coiled platinum counter electrode, and a saturated
calomel reference electrode (SCE). The hanging mercury
drop electrode (HMDE) was'a Metrohm drop electrode E410,
the surface area being 0.018740.0003 cm2.  Buffer solution
containing 0.2 mol dm~2 sodium dihydrogenphosphate-diso-
dium hydrogenphosphate of pH 6.9 was used as the base solu-
tion. The ionic strength was adjusted to 0.5 mol dm-3 with
potassium nitrate. D.c. and a.c. voltammograms were
recorded after a fresh mercury drop from the HMDE had been
exposed to a test solution for a given period of time, referred to
in the following as the exposure time, f,,,, at a constant d.c.
potential, E;. All potentials were measured against a satu-
rated calomel electrode (SCE). The d.c. voltage scan was
started from E; with the scan rates, v, of 98 mV s~! for cyclic
d.c. voltammetry and of 18 mV s~ for a.c. voltammetry unless
otherwise stated. Other details concerning the apparatus
and methods of electrochemical measurements have been
described elsewhere?

Results

Electrochemical measurements were performed at
concentrations of FAD, Crap, lower than 3.6 x10-8
mol dm—3, at which the current due to the redox
reaction of diffusing, unadsorbed FAD will be negligibly
small compared with the current due to the surface
redox reaction of FAD confined to the electrode surface
by adsorption. The exposure time, f.y,, was varied from
0.5 to 5 min. In cyclic d.c. voltammetry FAD gave a
pair of peak-shaped cathodic and anodic waves charac-
teristic of the surface redox reaction at —0.40 V, which
is attributable to the redox reaction of the isoalloxazine
moiety.? The waves appeared in various shapes,
depending on the exposure time and bulk concentration
of FAD (Fig. 1), t.e,, on the surface concentration of
FAD accumulated on the electrode surface during the
exposure time. Figure 1 shows cyclic d.c. voltammo-
grams of 2.7 X 10-% mol dm~3 FAD, recorded after three
different exposure times; the voltammograms A, B,
and C were recorded at ¢y, =70, 90, and 120 s, respec-
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Fig. 1. Cyclic d.c. voltammograms of 2.7 x 10-¢ mol

dm~—3 FAD recorded in a pH 6.9 phosphate buffer after
three different £,,,s at E;=—0.20V vs. SCE. {,.,:
(A) 70, (B) 905, (C) 120 s.

tively, at E;=—0.20V. In this study the surfacc
concentrations of FAD, I', were estimated from the
area under the cyclic d.c. wave (corrected for the base
current) by assuming that the number of electron
transferred for each molecule of FAD is equal to 2 and
that m,/n,=my/n,=1% or min=1.9 When the surface
concentration of FAD was lower than 5.0 x 10-11 mol
cm~2, the shapes of the cyclic d.c. waves were broadened
and flattened as seen by voltammogram A in Fig. 1,
of which I' was estimated at 4.9 X 10-1! mol cm—2. When
I' exceeded 5.0 X 10~ mol cm~2 and approached 5.8 x
10-11 mol cm~2, the waves became narrower and sharper
(see voltammogram C in Fig. 1). In the intermediate
surface concentrations of FAD, t.e., 5.0 X 10~ mol cm—2
<I'<5.8x 10~ mol cm~2, the wave shape was asym-
metrical and deformed (see voltammogram B in Fig. 1)
and changed sensitively with I'.  Quite interestingly the
electrochemical behavior of the adsorbed FAD at
Ir<5.0x10-1 mol cm-2? was different from that at
I'>5.8x10"* mol cm~2. In the following the surface
concentration of FAD lower than 5.0 X 10-1! mol cm—2
will be referred to as the low surface concentration,
whereas the surface concentration higher than 5.8 x 10-11
mol cm~2 will be referred to as the high surface concen-
tration.

Cyclic d.c. and a.c. Voltammetric Behavior at the Low
Surface  Concentration. When I'<<5.0x 10~ mol
cm~2, i.e., at the low surface concentration, the electro-
chemical behavior of FAD adsorbed on the HMDE
was essentially the same® as that of FMN adsorbed on
the HMDE.? In cyclic d.c. voltammetry, the peak
heights of the cathodic and anodic waves, I;,; and I,
after correction for the base currents, were proportional
to the potential scan rate, v, between 32 and 192 mV s—1,
and also to I' at I'<{5.0x 10~ mol cm~% (Fig. 3).
The peak height ratio I,,/I,. was unity in the above-
stated ranges of v and I when corrected for the difference
between the amounts of the adsorbed FAD at the
cathodic and anodic peak potentials due to the difference
in teyp. The peak potentials of the cathodic and anodic
waves, E% and E¥, coincided with each other and were
independent of both v and I'; E}¢=EP;=—0.40 V. The
half-peak widths of the cathodic and anodic waves,
AEY; . and AED:., were also independent within
experimental errors of both v and I'; AERS .=AED; .=
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Fig. 2. A.c. voltammograms of 8.1 X 10~7 mol dm—3 FAD
in a pH 6.9 phosphate buffer at 500 Hz. D.c. voltage
scan was started from E;= —0.20 V vs. SCE after ¢, ,=
5min. R Real component, C: imaginary component.

7043 mV.

Figure 2 shows representative real and imaginary
components of a.c. voltammograms of adsorbed FAD
at I'<{5.0 x 10-1! mol cm~2; the voltammograms were
recorded after the electrode had been exposed to the
electrolysis solution containing 8.1 X 10~7 mol dm—3 FAD
for teyp,=>5 min at E;=—0.20 V, where I'was estimated
at 3.0x10 molcm~2 from the cyclic d.c. wave
measured under the same conditions. The peak poten-
tials of the real and imaginary components, EX* and
E#, were independent of the ac frequency in the range
between 100 and 500 Hz, and also of I' less than 5.0 x
10-1* mol cm~2. They agreed with each other and with
the peak potentials of the cyclic d.c. waves; Ep*'=
E*8(=E}°)=—0.40 V. The ratio of the peak height
of the real component (8,/5*') to that of the imaginary
component (6,157°€), (6,15 [6,1™%) 5_ Eic, Was propor-
tional to the a.c. frequency between 100 and 500 Hz.

Cyclic d.c. and a.c. Voltammetric Behavior at the High
Surface Concentration. When I' exceeded 5.8 x 10-11
mol cm~2, i.e., at the high surface concentration, the
shape of the cyclic d.c. waves became narrower and
sharper compared with those observed at the low
surface concentration (see Fig. 1). Table 1 shows the
scan rate dependence of the peak heights, peak poten-
tials, and half-peak widths of the cyclic d.c. voltammo-
grams. The voltammograms were recorded with
various scan rates after the electrode had been exposed
to 3.6 X 10-¢ mol dm~3 FAD solution for fey,=2min at
E;=—0.20 V, when the surface concentration of FAD
was estimated at 6.7 x 10~ mol cm~—2. ER and EX
agreed with each other and were independent of both
v and I'; EN=ER(=E¥)=—040V. AE};. and
AEY, . were practically invariant with both v and I';
AEY, c=AEY,.=4340.7mV. Both I, and I,, were
proportional to v (Table 1) and increased linearly with
I’ at I'’>5.8 X101 mol cm~2 as shown in Fig. 3. The
peak height ratio I,,/I,. was unity independently of »
and I'.

The a.c. voltammetric behavior of adsorbed FAD at
the high surface concentration was- different from that
at the low surface concentration described above.
Figure 4 shows a.c. voltammograms of 3.6 x 10-¢ mol
dm-? FAD at two a.c. frequencies, 100 and 500 Hz;
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SCAN RATE DEPENDENCE OF THE PEAK CURRENT, PEAK POTENTIAL AND HALF-PEAK WIDTH OF CYCLIG
d.c. voLTAMMOGRAMS OF FAD ADSORBED AT THE HIGH SURFACE CONCENTRATION
ON MERCURY ELECTRODE AT pH 6.9%

TABLE 1.
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Scan rate/mV s-! I .[uA I,/uA ER/Vv ERIV® AEYS, ./mV  AES, ,/mV
32 0.17 0.17 —0.40 —0.40 42 42
48 0.25 0.25 —0.40 —0.40 42 43
98 0.48 0.48 —0.40 —0.40 42 43
193 0.88 0.88 —0.40 —0.40 45 45

a) Cpap=3.6%10"¢ mol dm-3, ¢,,, =2 min at E;=—0.20 Vus. SCE. b) V s. SCE.

TABLE 2. PEAK POTENTIAL AND HALF-PEAKWIDTH OF a.C. VOLTAMMOGRAMS OF FAD ADSORBED AT THE HIGH SURFACE

CONCENTRATION ON MERCURY ELECTRODE AT pH 6.9%

Ers|v® E jmeg|y® AER/mV AEmpe/mV
Frequency/Hz —— —_— —_—
Obsd Calcd® Obsd Calcd® Obsd Calcd® Obsd Calcd’®
100 0.40, 0.4019 0.39, 0.3984 35 36.4 47 47.0
200 0.40, 0.4003 0.39, 0.3946 38 40.4 56 52.4
300 0.39, 0.3987 0.38¢ 0.3905 42 44.2 64 57.4
400 0.39, 0.3973 0.38, 0.3870 46 47.4 68 60.9
500 0.39; 0.3963 0.38, 0.3842 50 49.8 75 62.9
a) Cpap=3.6x10-*moldm=-3, ¢,,,=2min at E;=—0.20V wvs. SCE(I’=6.7x10"' mol cm-%). b) V us. SCE.

c) Calculated by using E’;=—0.400 V vs. SCE, k,,=5.12x 10%s-1, J=1.5, G=0.13, and 6,=0.957.
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Fig. 3. Plot of I, against I" at pH 6.9.

the voltammograms were recorded after fo,,=2 min at
E;=—0.20 V, when I'' was estimated at 6.7 X 10-! mol
cm~2 from the corresponding cyclic d.c. wave. The peak
potentials of the real and imaginary components shifted
to a more positive potential with an increase in the a.c.
frequency as shown in Table 2. In addition, the wave
shapes, in particular, of the imaginary components
changed from a nearly symmetrical to an asymmetri-
cal one with a shoulder with increasing a.c. fre-
quency. However, the current ratio of the real com-
ponent to the imaginary one measured at E=E},
(0ud= 0y m%%) Ehes Was proportional to a.c. frequency

as shown in Fig. 5.

Discussion

Adsorption of FAD on Mercury Electrode Surface.
The cyclic d.c. voltammetric data given above indicate
that both the oxidized and reduced forms of FAD are
strongly adsorbed on the HMDE surface. Figure 6
shows the dependence of the cathodic peak height, I,

~0.30 -0.35 -040 -045 ~035 -040 045 050
(E vs. SCE)/V

Fig. 4. A.c.voltammograms of 3.6 X 10-¢ mol dm-3 FAD
recorded after ¢,,,=2 min at E;=—0.20V z5. SCE
at (A) 100 Hz and (B) 500 Hz. R: Real component,
C: imaginary component. Dotted lines represent
theoretical voltammograms calculated by Eqgs. 5 and 6
using E(=-—0.400V wvs. SCE, k,,=5.12x1025",
J=1.5, G=0.13, 6,=0.957 and "™**=7.0x 10-11 mol
cm™2,

on teyy, at various concentrations of FAD. In this figure
the points below the broken line correspond to the
cyclic d.c. voltammograms at the low surface concen-
tration, t.e., at I'<5.0x 10~ mol cm~2 (see Fig. 1A),
whereas the points above the line correspond to the
voltammograms at the high surface concentration, t.e.,
at I'’>5.8x 10" mol cm~2 (see Fig. 1C), and the
points in parentheses correspond to the intermediate
surface concentration between 5.0 X 10~ and 5.8 x 10-11
mol cm=2. At Cypap<1.08 X 10-¢ mol dm~3, the peak
height I;,. (and also Iy,,) increased linearly with the
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Fig. 5. Frequency dependence of the ac current ratio at
E=EYC, (0,150, 15™8) p_ EZC. A.c. voltammograms
were recorded after the electrode had been exposed to
3.6x10-* mol dm~2 FAD solution for f,,,=2 min at
E,=—0.20V vs. SCE.
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Fig. 6. Plot of I, against [(D[r)ty,,+2(D[n)!/2 t52] at
pH 6.9. Bulk concentrations of FAD in mol dm~3 are:
(1) 2.7x10-7; (2) 5.4x 10-7; (3) 8.1x 10-7; (4) 1.08 %
10-5; (5) 1.62 x 10-8; (6) 2.7 x 10-8; (7) 3.6 x 10-%,

[(Dfr)texp+2(D[m) 23] function, where D is the
diffusion coeflicient of FAD, which was estimated to be
2.4x10-¢cm?s~! from the d.c. polarographic data,
using the Ilkovi¢ equation, and r is the radius of the
HMDE, which was estimated to be 0.038 cm. In addi-
tion, the slopes of the linear plots were proportional to
Crap. These results indicate the diffusion-controlled
adsorption of FAD at the mercury electrode surface.l:®
On the other hand, at Crsp>1.62 X 10-¢ mol dm~3, as
texp increased the wave shapes changed from a broad
(see Fig. 1A) to a sharp one (see Fig. 1C) and the peak
height I, increased and attained a maximum value,
when I' reached a maximum value, I'™3%X, The I'max
value was estimated to be 7.0 X 10~'! mol cm~2 from the
cyclic d.c. voltammogram. If we assume that an FAD
molecule is adsorbed on the electrode surface with its
isoalloxazine ring plane parallel but its adenine ring
plane vertical to the electrode surface, a CPK molecular
model gives I'™2*=7.5x 10~ mol cm~2. On the other
hand, when both the ring planes are oriented parallel
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Fig. 7. ty,-dependence of Cy measured in 2.7x 10-¢
mol dm~2 FAD solution at —0.20 V »s. SCE at pH 6.9.

to the electrode surface, it gives I'™2X=5,2 x 1011 mol
cm~2. These results suggest that at the low surface
concentrations, t.e., at I'<<5.0x 10! mol cm-2 FAD
molecule is adsorbed probably with both isoalloxazine
and adenine ring planes oriented parallel to the electrode
surface, and that, as the surface concentration of FAD
exceeds 5.0 x 10~11 mol cm~2, reorientation of the adsorb-
ed FAD molecule occurs, resulting in an adsorbed FAD
molecule probably with the isoalloxazine ring plane
oriented parallel and the adenine ring plane oriented
vertical to the electrode surface. This reorientation of
the adsorbed FAD molecule should cause the observed
transition in the voltammetric behavior of FAD at
the HMDE.

The reorientation of the adsorbed FAD molecules was
further indicated by the differential capacity measure-
ment. Figure 7 shows the #.y,-dependence of the differ-
ential capacity, Cq, at —0.20 V, where no faradaic
current takes place, in 2.7x10-%moldm—2 FAD
solution. Under these experimental conditions the
surface concentrations of FAD at various f.,’s were
estimated from the corresponding cyclic d.c. voltammo-
grams as: I'=5.0, 5.8, and 6.9 X 10~ mol cm~2 at t,,=
80, 100, and 180 s, respectively (marked by arrows A,
B, and C, respectively, in Fig. 7). If the orientation mode
of the adsorbed molecules remains unchanged in spite
of an increase in I' and if the relative decrease of the
double layer capacitance is proportional to the surface
concentration of the adsorbed molecules, then the double
layer capacitance can be written as

Cy = Cq + (CR=—-CYI/T™), (1)
where C§ and CH{** are the double layer capacitances
in the absence of adsorbed FAD and at the maximum
adsorption of FAD, respectively. That is, the double
layer capacitance should decrease monotonically with
the increase of I'.  Actually, for ¢.,,< 70 s the decrease
in the double layer capacitance, ACy=Cg —Cyq, was
proportional to the [(D[r)texp+2(D[7)*/2t5] function as
shown in Fig. 8, indicating the diffusion-controlled
adsorption of FAD for f,,,<70s. Substituting I'=
[(D[1)texp+2(D[7)/%35]Cran into Eq. 1, the slope of
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the ACyq; vs. [(D[r)texp+2(D/n)?353] plot can be given
by [(C&—CHi*™) X Crap/T'™3x]. If we assume that

0**=Cyq) at teyq=80s and I'™m3*=5.0 X 10~ mol cm™2,
the slope can be calculated to be 4.6x10%puF cm=3,
which agreed reasonablly well with the experimental
value of 4.2 x 102 uF cm—3 obtained from the plot in
Fig. 8. These results show that the decrease of Cy, with
texp at texp<<70s can be explained by the diffusion-
controlled monolayer adsorption of FAD, approaching
monotonically to the maximum adsorption near at
texp=80s or I'=5.0Xx 10" mol cm~2, which is the
maximum adsorption at the low surface concentration.
At tey,>>100 s or I'’>5.8 X 10-1* mol cm~2, Cy; decreased
abruptly and approached a small value, approximately
one half of the value at I'=5.0 X 10-1! mol cm—2, near
at Loy, =180s or I'=7.0 X 10~ mol cm~—2, which is the
maximum adsorption at the high surface concentration.
The decrease in the capacitance implies an increase
in the effective thickness of the adsorbed FAD layer.
This interpretation agrees with the above-stated reorien-
tation mechanism of adsorbed FAD molecules when the
surface concentration exceeds 5.8 X 10~ mol cm~2.

Surface Redox Reaction of FAD Adsorbed on the HMDE.
A) Surface Redox Reaction at the Low Surface Concentration:
As described above the cyclic d.c. and a.c. voltam-
metric behavior of the adsorbed FAD at the low surface
concentration was essentially the same as that of the
adsorbed FMN on the mercury electrode surface.’? The
behavior was explained also by the simplified equa-
tions!+® of the cyclic d.c. and a.c. voltammetry for a
two-step surface redox reaction;

O,q + € = S4q
Sn.d +e= Rad' (I)

The semiquinone formation constant, K=[S,q]?/
[O.4][Rag], was determined from the cyclic d.c.
voltammograms as K=1.5 from AE},. or AEpD;.
using Eq. 5 in Ref. 1 and K=1.5 from the slope of the
I, vs. I plot (Fig. 3) using Eq. 6 in Ref. 1. The apparent
(average) rate constants of the charge transfer, k,,,,
were determined at several surface concentrations using
Eq. 7 in Ref. 1. A linear dependence of In kg, on the
surface coverage 6, with a slope, 4, of 1.0 was obtained,
where 0,=I'/[I’'™3* was estimated by taking I'™2x=5.0 X

ACalpF cri?

0 0.l01 O.l02

O/ ey + 200 2822Y e

Fig.8. Plot of ACy against [(D/r)te,,+2(D/m) /%}/2]

at pH 6.9. Data were taken from the results presented
in Fig. 7.
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TABLE 3. ELECTROCHE MICAL REDOX PROPERTIES OF FLAVINS
ADSORBED ON MERCURY ELECTRODE AT pH 6.9

RF® FMN? FAD®
(E¢ vs.SCE)/V —0.40 —0.41 —0.40
K 1.2 1.1 1.5
Fynp(6:—0)/10% 5-1 9.9 9.5 7.2
I'™**/10-1 mol cm-2 8.9 8.0 5.0
a 2.0 1.3 1.0

a) Data obtained in this study at the low surface concen-
tration (see text). Previous, less accurate data® on FAD
were corrected as given here.

10-1 mol cm~2. The apparent rate constant at §,=0,
ksap(6:—0), was determined by the extrapolation of the
In kg,, vs. 0, plot to 6,=0. Table 3 summarizes the
values of the formal redox potential of the adsorbed
redox couple O,4/R .4, E:,as well as K, kg, ,(6,—0), I'™3x,
and a. For reference the values of the electrochemical
redox reaction parameters for the surface redox reactions
of FMNY and riboflavin (RF)® at mercury electrode are
also given in Table 3.

B)  Surface Redox Reaction at the High Surface Concentra-
tion: As described above, at the high surface concen-
tration, z.e., 5.8 X 10~ mol cm~2 <{I'<{7.0 x 10-11 mol
cm~2, the half-peak widths of the cyclic d.c. waves were
43 mV, which suggest that the semiquinone formation
constant K is very small. Therefore, the cyclic d.c. and
a.c. voltammetric behavior of adsorbed FAD at the
high surface concentration was interpreted in terms of a
single-step two-electron surface redox reaction rather
than a two-step one-electron surface redox reaction.
According to the theory of cyclic d.c.%? and a.c.®
voltammetry for a single-step n-electron surface redox
reaction,

O,q + ne = Ry, (I1)

in which the interactions between the adsorbed reactants
are taken into account, the peak heights, I, and I,,,
the peak potentials, E}¢ and E}, and the half-peak
widths, AED: . and AEDS ., of the reversible cyclic d.c.
voltammogram, and the real and imaginary components
of the a.c. current, 6,/5*' and §,/i™*¢, of d.c. reversible
surface redox process can be written, for a=8=0.5 and

n=m=2 (see Ref. 6 for the details), as:

I, = I, = (4F*RT)oAl" (4—G6,)! @)
E® = EY = E, = E_ + (RT/2F)

X [In(Bg/Bo) — (H6,/2)] (3)
AEY, . = AER, . = (RT/F)|In(1+7)/(1-T7)

—(G6,/2)| (4)

8,1 = 4(F2|RT)wI" A3,E
y Aexpl— (G—J)FO201 =7
exp[— (G— ) JoI1—GO,(1— ) [P+ 2(1-1)F
8,1im8 = 4(F*|RT)wI,A8,E
expl = (6= J)FOX1 =GO =P)FIF(1—F) _
exp[— (G— 0.1 —Go,(1~ /) fP+2(1—1f

with

G = ago + apr — dor — 4ro (7a)
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H = ago — agp + aor — ago (7b)
r =[(4—G6,)/(8—-G8,)]/? (7¢)
J = 2(apr—apo) (7d)
2 = wfkg,, (7e)
Feap = ks(BoBg)*/’exp[ — (agr +aor)0,/2], (7f)

where B; is the constant representing the adsorption
energy of species i(i=0O,R), ¢;(i,j=0,R) Frumkin’s a-
parameter of the interaction between the adsorbed
species i and j, E; and E, are the formal potentials of
the adsorbed redox couple O,4/R,q and of the redox
couple O/R in the bulk of solution, respectively, © and
0,E are the angular frequency and amplitude of the
applied a.c. voltage, respectively, f is the mean (“d.c.”)
ffraction of the surface coverage defined by f=
Iy I'(I'v=TI,+Tx), I'; being the mean (‘“d.c.”) value
of the surface concentration of species i, 6, the total
surface coverage defined by 6,=I",/['™2% and A4 the
surface area of the electrode. £ is related to the d.c.
potential, E4 ., by

Ey.. = E¢ + (RT2F)[In(f)(1-f)) +(1-2f)G6./2].  (8)

The interaction parameter G can be determined from
the half-peak widths of the cyclic d.c. voltammograms
(Eq. 4). Application of Eq. 4 to the experimental results
gave the average value of G as 0.1340.02 in the range
of I'' between 5.8 x 10-1! and 7.0 X 10~ mol cm~2, i.e.,
0.83<6,<1.0. This G value leads us to the normalized
peak heights of the d.c. waves,®=—1,.[4(F*RT)uI" A
=1,,/4(F?[RT)uI' 4, of 0.257 at §;=0.83 and of 0.258
at 0,=1.0, which means that the peak heights are
practically proportional to I'y, t.e.,

—I, = I, = 0.257(4F*|RT)oI" A. 2)

Thus the (theoretical) slope of the I, vs. I'; plot can be
calculated using Eq. 2" to be 7.1 x10%® A cm? mol-?,
which agreed well with the experimental value of 7.0 x
103 A cm? mol-L. Equation 3 predicts a linear
dependence of E¥ or ER on 6, for H+#0. However,
since 0, varied between 0.83 and 1.0, the dependence of

B¢ or EP; on 6; would not be experimentally detectable
when |H| is not so large. For example, the difference in
E%’s between at 6,=0.83 and 1.0 is calculated to be
2.2 mV for H=2, which is well below the magnitude
of experimental errors of the present determination.
Thus we may conclude that the value of |H| is not so
large and should not exceed 2, which is a reasonable
conclusion in view of Eq. 7.

Equations 5 and 6 predict that both the real and
imaginary components are not symmetrical with
respect to the E-axis for G# J, that their peak poten-
tials, E5*' and E}™$, should shift positively for G<(J
or negatively for G>J with increasing a.c. frequency,
and that the current ratio (6,/7*'/6,/i"*5)E,...= E; should
be proportional to a.c. frequency:

(050, F™*8) . =
= 0[2ypexp[ — (G— J)0,/41(1—GO,}4). (9)
The linear dependence of current ratio on the a.c.
frequency was experimentally found, as shown in Fig. 5.

Table 2 gives the experimental and calculated values of
Er Eime AEDS! and AE!R® of the surface redox
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Fig. 9. Dependence of the a.c. peak heights of 3.6 x 10-¢
mol dm-3 FAD on a.c. frequency at pH 6.9. A.c.
voltammograms were recorded after f,,,=2 min at
E;=—0.20V vs. SCE. @: Real component, O:
imaginary component. Solid lines represent theoretical
curves calculated by Egs. 5 and 6 using the same values
of the parameters as used in Fig. 4.

reaction of adsorbed FAD at the high surface concen-
tration, where the calculated values were obtained using
the following values of the parameters: E;=—0.400 V,
ksap==5.12x10%s7, J=1.5 and G=0.13. The a.c. peak
currents are plotted against the a.c. frequency in Fig. 9,
in which the solid lines are drawn by Egs. 5 and 6 using
the same values of the parameters as above. In Fig. 4
the dotted curves represent the theoretical a.c. voltam-
mograms calculated by using the same values of the
parameters as above, which are compared with the
experimental voltammograms shown as solid lines. The
agreement between the theory and experimental results
seems reasonably good, except for curves C in Fig. 4B,
in which the experimental asymmetric wave form is
reproduced only semi-quantitatively by the present
theory. These results indicate that the essential features
of the cyclic d.c. and a.c. voltammetric behavior of
adsorbed FAD at the high surface concentration can be
reproduced by the theory of a single-step surface redox
reaction in which the interaction between the adsorbed
molecules are taken into account. It is interesting that
the orientation mode of the adsorbed FAD molecules
has a significant influence on the electrochemical
properties of the surface redox reaction of FAD, such
as the semiquinone formation constant and the charge
transfer rate constant.
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