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Abstract

1,4-Benzoquinone (BQ) and tetracyanoquinodimethane (TCNQ), which are reduced
consecutively to mono-anions and dianions under conventionally voltammetric
conditions, cannot be reduced up to the dianions without supporting electrolyte in
acetonitrile solution. Effects of the /R-drop and the electrostatic force in low
concentrations of supporting electrolyte are examined by use of the first reduction
waves. They apply to the analysis of the second waves. Voltammograms without
supporting electrolyte at microelectrodes with the diameters less than 0.4 um do not
include noticeably /R-drop. The large overpotential for the anions cannot be explained
in terms of the electric migration which has been estimated from solutions of the
Nernst-Planck equation and the Laplace equation. With an increase in the conductivity
of the solution by addition of electrolyte, the second reduction wave appears, involving
the potential shift. The electrolyte does not influence the first reduction waves but varies
the second one. The salt effect specific to the second wave is ascribed to

non-stoichiometric association of the redox anion with the salt cation.
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1. Introduction

Interpretation of Faradaic currents at low concentration of electrolyte is a classical
subject [1-3]. It has revived since currents of 1 nano-ampere order at microelectrodes
have provided negligible amount of /R-drop of solution resistance without deliberately
adding supporting electrolyte [4-11]. Theoretical work on voltammetry in low
concentration of supporting electrolyte has been developed for various combinations of
charge numbers of redox species and supporting electrolyte [12-21]. The experimental
results and the theory on the electric migration have been reviewed in the context of
microelectrode techniques [22,23]. The subject of low concentrations of electrolyte can
result conceptually not only in the /R-drop by solution resistance but also in the mass
transport problem complicated by the electric field [12,15]. The former is relevant to the
potential distribution in a cell which varies mainly with geometry of a cell and
electrodes, specifically with a distance between a working electrode and a counter
electrode. The solution resistance can be expressed by the Laplace equation or
accurately the Poisson equation [24]. In contrast, the latter is relevant to the mass
transport in diffusion layer, which is represented by the Nernst-Planck equation [25]
composed of fluxes by diffusion and the electric field.

The lower the concentration of supporting electrolyte, the more electrostatically a
redox ion interacts with the clectrolyte. The interaction lets the redox ion generate
complex-like species with salts, exemplified by labile species of lead, cadmium and
mercury ions [26,27]. This effect cannot be elucidated by the Nernst-Planck equation,
because it belongs to molecularly scaled behavior rather than the macroscopically
continuum model by the Nernst-Planck equation. Steady-state currents [28] and cyclic
voltammograms [29] including the complexation have been numerically obtained on the
assumption of complexation with definite stoichiometry. The numerical results have
been applied to thiocyanate complexes of mercury in the absence of supporting

electrolyte [30]. The complex-like species has been generated unintentionally with inert



salts present as impurities or with dissociation of the solvent, as for instance OH™ in
aqueous solution [26]. The complexation may be readily formed in dianions or dications
rather monomeric ions.

The prototypical species that forms dianions is tetracyanoquinodimethane (TCNQ),
which exhibits the two-step consecutive reduction [10,11,31,32]. The second reduction
wave was quite  sensitive to  electrolyte  concentration [10,32]. The
concentration-dependence has been ascribed to the homogeneous bimolecular reaction
(comproportionation) of the neutral species with the dianion [33], as has often been
considered for ion-exchange reactions [11,31,34-38]. It has been demonstrated, however,
the comproportionation has any effect on the voltammograms only when there are
difference in values of diffusion coefficients of the reactant, the anion radical and the
cation [10,31]. Difference among them for TCNQ is not so large as to exhibit strong
concentration-dependence of electrolyte [ 39 ]. If solution contains no ion,
comproportionation may vary voltammograms complicatedly owing to difference in
migration forces of the mono-anion and the dianion of TCNQ. Before considering this
complication, it is necessary to consider in details the effects of the /R-drop, the electric
field and the complexation on the voltammograms. The other explanation of the
concentration-dependence is formation of the complex of the radical anion with cation
of electrolyte, of which formation rate determines the current [32].

Voltammetry of non-charged species in the absence of electrolytes should show
ohmic current-voltage lines because of the absence of any electric carrier in solution
[17,40]. Voltammograms of non-charged species such as dioxygen [41], hydrogen gas
[42], TCNQ [10,11], ferrocene [16,43.44], tetrathiafulvalene [10] and copper
diethyldithiocarbamate [45], however, have shown clear enough shapes to identify the
species or analyze the current-voltage curves. These voltammograms must be supported
by ionic impurity included in solvents, redox species, water, or dissociated carbon
dioxide. This report, first of all, deals with searching size of microelectrodes on which

voltammograms of non-charged redox species can be obtained without potential shift in



electrolyte-free solution. The size effect including both the /R-drop and the electrostatic
force is examined by use of the first reduction waves of TCNQ and 1,4-benzoquinone
(BQ). The result is applied to microelectrode voltammetry of TCNQ and BQ under the
thus obtained conditions. The voltammograms are compared with the theoretical
voltammograms including /R-drop and the electric field effect. The complexation with
salt will be described to be responsible for appearance of the second reduction wave,

depending on electrolyte concentrations.

2. Experimental

2.1. Fabrication of microelectrodes

Microdisk electrodes with various diameters were fabricated by the previous
method [46,47], which was composed of etching of a platinum wire, sealing it with a
glass capillary by heat, dissolving the coating glass with hydrofluoric acid, and
polishing the glass tip with a monitor of ac-impedance. The radii, a, of the electrodes
were evaluated from the limiting currents, /1, in the acetonitrile solution including 0.1
M (= mol dm™) tetrabutylammonium perchlorate (TBACIO,) and 2 mM (= ¢)
ferrocene by use of I} = 4Fc*Da, where the value of the diffusion coefficient, D, was

1.55X 107 cm” s [48].

2.2. Chemicals

All the chemicals were of analytical grade. Ferrocene was purified with
sublimation to remove impurity which was included normally 10% [48]. TCNQ and BQ
were used as received. Commercially available acetonitrile (99.9%, Wako) was dried
with molecular sieves of 3A type. The molecular sieves were washed with
tetrahydrofuran and then dried in an oven at 300°C for 3 h. Supporting electrolyte used

was TBACIOy, which was dried in vacuum for 1 day.



2.3. Voltammetry

Voltammetry was made in the two-clectrode cell equipped with a working
electrode and a counter electrode of a platinum coil. Reference electrodes were not used
for voltammetry of TCNA or BQ without supporting electrolyte. They were used only
for estimation of amounts of leakage ions from them. The potentiostat was HECS 972
(Huso, Kawasaki), controlled with a homemade software. The electrode was rinsed with
solvent before being mounted in the cell. Voltammetry was carried out in deaerated
solution in a Faraday cage. The conductometer was DS-71 (Horiba, Kyoto).

The Ag|AgCl reference electrode was home-made, being very close in geometry to
a commercial available one, for example, type RE-IB (BAS, Tokyo). It contained
saturated concentration of KCIl. The silver oxide-coated silver wire was made by
immersing a silver wire into the concentrated nitric acid for 5 min. The silver
chloride-coated silver wire was made by applying 1.2 V to a silver wire in 10 mV HCI
solution for 30 s. The reference electrode in salt-included acetonitrile was Ag|lAg’

which contained 0.01 M Ag” and 0.1 M TBACIO..

3. Results and Discussion

3.1 Microelectrodes with negligible IR-drop

A reference electrode is usually a main source of unwanted ions in an electrolytic
cell [22]. In order to estimate ionic contamination from a reference electrode, we
immersed the Ag/AgCl (saturated KCI) electrode into 70 cm’ deionized water,
monitoring the conductivity of the solution during bubbling nitrogen gas. The
conductivity rose up rapidly at first from 0.2 pS ecm™, and then increased linearly with
the time, as is shown in Fig. 1 (open circles). This increase should be ascribed to
leakage of KCl from the Ag/AgCl electrode. A less contaminating eclectrode is a
quasi-reference electrode composed of metal and sparing soluble salt or oxide. We

obtained time-variations (in Fig. 1) of the pure water into which the silver oxide-coated



silver wire and the silver chloride-coated silver wire were immersed. Although the
conductivity by these electrodes was much less than that by the Ag|AgCl electrode, it
still increased with the time. The conductivity increased slightly even without inserting
an electrode, as shown in Fig. 1 (filled circles).

Solution without including ion has theoretically such high resistance that
current-voltage curves obey the Ohm's law [17,40]. Real solvents without deliberately
adding electrolyte have, however, detectable conductance because of impurity,
especially by dissociation of dissolved carbon dioxide or that of water in aprotic
solvents, as is exemplified in Fig. 1 (filled circles). If current at a microelectrode is so
small that the ohmic /R-drop may be negligible, voltammetry of non-charged redox
species can be supported by small conductance of impurity. It is difficult to know a
priory how small clectrodes allow us to obtain acceptable voltammograms. We
attempted to carry out voltammetry at various sized microelectrodes in dry and
deaerated acetonitrile solution which included only equi-concentration of ferrocene and
1,4-benzoquinone (BQ). The voltammetry was made by the two electrode system in
order to avoid contamination by a reference electrode. The counter electrode was a
platinum wire. Since the cathodic charge by the reduction of BQ at the microelectrode
can be compensated with the oxidation of ferrocene at the counter electrode, it is
necessary not to take into account the reaction overpotential at the counter electrode.
Examples of the voltammograms are shown in Fig. 2, where the current in the ordinate
was divided by the diameters. This plot is convenient to display in one graph the
voltammograms deviated by effects of the [R-drop from diffusion-controlled
voltammograms at various sized electrode. The micrometer-sized electrode (d) showed
ohmic current-voltage curves. The smaller the electrodes, the more clearly the sigmoidal
form appeared.

It is necessary to examine whether the halfwave potential difference, 0.95 V,
between ferrocene and BQ in Fig. 2(a) is close to the thermodynamic potential

difference. The thermodynamic potential difference can be realized approximately by



the peak potential difference in conventional cyclic voltammograms. Figure 3 shows
voltammograms of ferrocene, BQ and ferrocene at the 1.6 mm Pt disk electrode for v =
0.1 V 5™ in the solution including electrolyte. BQ and TCNQ exhibit the two reduction
peaks, as in the well-known behavior [49,50]. The difference in the peak potentials of
BQ and ferrocene was 0.91 V. This is close to the halfwave potential difference in Fig.
2(a). Therefore the /R-drop in Fig. 2(a) can be neglected.

We made a criterion of obtaining the maximum electrode diameter below which
the /R-drop is negligible. We took the maximum current, /,x, and the minimum one,
Iin, in the voltage domain from -1.2 to 0.6 V. If the /R-drop is neglected, Ziyax, and yin
should be equal to the oxidation and the reduction limiting currents of ferrocene and BQ,
respectively. Voltammograms drawn out by the /R-drop ought to have /.« smaller than
the limiting current. Then the amount, (/ynux - Imin)/2@, may be smaller than the
diffusion-controlled limiting current, 4([Fc]]+[BQ])F'D, where [Fc] and [BQ] are bulk
concentrations ferrocene and BQ, respectively, D is the common diffusion coefficient.
Figure 4 shows the plot of (/max - Imin)/2a against log(2a) in the solution of 2 mM
Ferrocene + 2 mM BQ in acetonitrile when the potential window was 1.8 V (=4V).
Values of ([ - Lnin)/(2aAV) were kept constant for @ < 0.4 um. The current at ¢ = 0.4
um, 1.4 nA, corresponds R = 1.3 GQ of the minimum solution resistance. This is
equivalent to p= 2 k€ m of the resistivity which was obtained by use of R = p/da [51].

It corresponds to the conductivity of 3 pM KCl solution.

3.2 Voltammetry in low concentration of electrolyte

Figure 5 shows voltammograms in the acetonitrile solution including ferrocene and
BQ and that of ferrocene and TCNQ at the 2a¢ = 40 nm electrode without adding
electrolyte. Since the potential was measured vs. the counter electrode, the anodic wave
of ferrocene including BQ was different from that including TCNQ. Wave (a) was

re-plotted in Fig. 5 so that the former was overlapped with the latter. The halfwave



potential differences between ferrocene and BQ and between ferrocene and TCNQ in
Fig. 5 were almost the same as the peak potential differences of the conventional
voltammograms in Fig, 3. Therefore the voltammograms in Fig. 5 has actually no
participation in the /R-drop. The cathodic wave at -3.0 V in Fig. 5 should be the
reductive decomposition of acetonitrile, because it was observed even in the absence of
BQ or TCNQ.

White et al observed the suppression of the second reduction wave of TCNQ in the
absence of electrolyte [10,11]. It is predicted that deliberate addition of electrolyte may
cause the second wave. Figure 6 shows dependence of voltammograms of ferrocene and
TCNQ on concentrations of TBACIO4. The voltammogram at zero concentration of
TBACIO; showed almost the first reduction wave, leaving behind a small rise of the
second wave near -1.5 V. With an increase in concentrations, the second reduction wave
appeared and was shifted in the positive direction. The limiting current increased with
the increase in the concentration. The further potential shift and the further increase in
the current were not observed for the concentrations higher than 60 mM. The limiting
current for £ < -0.8 V at concentrations over 60 mM was twice as large as that of the
first wave [31,39]. These variations indicate that the electrolyte should be responsible
for the formation of TCNQ dianion. Voltammograms of BQ are shown in Fig. 7,
exhibiting similar variation to Fig. 6 except for potentials. The suppression of the
second waves for the low concentrations can be understood qualitatively by Born's
energy, which mentions that formation energy of a dianion is four time larger than that
of a mono-anion. Born's energy, however, cannot explain the variation of the limiting
currents or the invariant potential of the first wave.

In order to discuss quantitatively the voltammograms, we obtained analytical
expressions for the steady-state current-voltage curves of a two-step sequential
reduction composed of A + ¢ <> A" and A"+ ¢ <> A” in high resistive solutions at a
hemispherical electrode « in radius on the assumption of a constant electric field. Since

the derivation belongs to a mathematical subject, it is described in Appendix. There is



no other theoretical work on current-voltage curves of the sequential two-electron
transfer reaction at low concentration of eclectrolyte, to our knowledge. The
current-voltage curve is expressed by Eq. (Al7) in the dimensionless form, [ (=
ja/c ' FD) vs. & (= F(E - E\°)/RT), with the parameter, i = F¢ D/RTx= (A Awi)/(c /¢,
where « is the conductivity of electrolyte solution. This parameter were to be the ratio
of the conductivity of A™ to that of the salt if all the amount of would be reduced to A"
Here, j is the current density, A is the molar ion conductivity of the redox species, Agy 18
that of the salt, and ¢, iS concentration of the salt. It is also a function of the standard

potential of E,° and E,’ for the first and the second reduction step, respectively.

3.3 Analysis

Figure 8 shows current-potential curves for several values of &, where the reference
potential is taken to be at the solution very close to the electrode, i.e. without /R-drop.
The voltammogram at & = 0 ((a) of Fig. 8), corresponding to high concentrations of
supporting electrolyte, shows the two sigmoidal waves of which halfwave potentials are
at E,\° and E,°. The limiting current density of the second wave is twice the first one.
When we take Ay = 0.015 S m® mol” for KCI [52] and D = 107 em?® s, the value of
Al A is 0.25 at 25°C. Since values of /A, do not change largely with kinds of species,
the ratio, c*/csa;t, varies mainly 4. For s > 10, the first wave shifts to the positive
direction because a decrease in the concentration of A™ by the electro-repulsive force
lets the potential be shifted positively through the Nernst equation. The limiting current
density of the first wave is independent of the electric field because of no charge of the
reactant, in contrast to charged redox species [12-21]. The second wave has less
influence of the potential shift than the first one, especially for # > 10. The limiting
current density of the second wave is ja/c' Da = -2, independent of the electric field.
This (f — -2) can be proved mathematically by taking E to be -o0 in Eq. (A17). Since the

second step occurs by diffusion of A’, the limiting current seems to be influenced by



concentrations of electrolyte [12-21]. Nevertheless, it has to be originated by diffusion
of A, and hence the second limiting current is twice the first one.

The above discussion was directed only to the electric field effect but did not
include /R-drop, because the reference potential was taken to be at the solution near the
electrode. Real voltammograms contain the solution resistance, ja/k (see the end of
Appendix), and is expressed by Eq. (A22). Figure 9 shows voltammograms including
the /R-drop for the same values of the parameters in Fig. 8. With an increase in £, the
waves are drawn out in the direction of the negative potential. Since a degree of the
drawn-out wave is approximately linear to the current density, the second wave should
be more largely draw out than the first one. The halfwave potentials, Ej, of the first
wave and the second one were evaluated for various values of 4, and are plotted,
respectively, in Fig. 10(a) and (b) against csa“/c* at A/ Age = 0.25. The 10 mV shift of the
first wave occurs for csau/cf > ().2, whereas that of the second one does for cgﬂh/c* >0.6.

The experimental halfwave potentials for the first waves of both BQ and TCNQ
were not shifted with concentrations of the supporting electrolyte (Fig. 6 and 7). This
behavior is in accord with the theoretical variation in Fig. 10(a). We plotted the
halfwave potentials of the second wave of BQ and TCNQ against Csall/c* in Fig. 10.
They showed the linear relation with log(csah/c*), which is different from the theoretical
one in Fig. 10(b). The slopes at low concentration domains are 0.18+0.03 V and
0.404+0.05 V for BQ and TCNQ, respectively, as shown in the lines in Fig. 10. The
values of the slopes are equivalent to the association of 3 and 7 cations (TBA") of the
electrolyte. In contrast, the slopes at high concentrations are 0.06 V, which corresponds
to the association of one cation. Then the second reductions can be regarded as a series
of weak association with the cations, as follows
BQ +1n TBA™ +¢ — BQ™(TBA"), (1<n<3) (3)

TCNQ +m TBA  +¢ = TCNQ™ (TBA"),, (1<m<7) (4

e mt

where the mar means the association of the cations in the ionic atmosphere rather

than a stoichiometric species.
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Reactions (3) and (4) can be separated into a chemical (C) reaction and an electron

(E) transfer reaction:

BQ +n TBA' — BQ " (TBA), (3C)
BQ ™ (TBA", +¢ — BQ* (TBA"), (3E)
TCNQ +m TBA" — TCNQ™ (TBA"), (40)
TCNQ™ (TBAM),, + ¢ — TCNQ™ (TBA"),, (4E)

Low concentrations of the electrolyte make the equilibrium in (3C) shift to the left side
so that [BQ(TBA"),] becomes low. As a result, the current in (3E) may be smaller than
the reduction current of BQ + ¢ — BQ". This prediction calls forth the plot of the
currents of the second reduction wave, /1>, against the concentration of the salt, as is
shown in Fig. 11. The currents increase with an increase in the concentration for cg; <5
mM, and then reach the same values as the current at the first reduction currents for cqy
> 30 mM. The variation accords qualitatively with the prediction.

We analyze here quantitatively the dependence of /;; at n = 1 (Csalt/C* >3 mM) on
Csane for BQ as follows: /1> is proportional to [BQ‘(TBA"')], ie., [BQ(TBA"] = kiy»,

according to Eq. (3E), for a constant k. Then, the equilibrium constant of reaction (3C)

is given by
K= [BQ][TBA'] _ (C* —kl, Xcsuli = k[u) (3)
" [BQ(TBA")] ki,

where ¢ means concentration of BQ. For high concentrations so that cq > k12, Eq. (5)

1s approximately rewritten as

¢ K
=—+1
k[LE Csah (6)

Figure 12 shows the inverse plots of /15 and ¢y, indicating a linear relation in accord
with Eq. (6). The variations in Fig. 10 and 12 support the reaction mechanisms
(3C)-(4E) of the second waves. The complexes with the cations in reaction (3) and (4)
cannot be detected in high concentration of the supporting electrolytes, but are observed

at the electrolytes at nanoelectrodes only in low concentrations of supporting
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electrolytes.

The cationic impurity may cause the complexation of Eq. (3C) and (4C). The 1onic
concentration of impurity estimated from the first reduction wave was 3 uM (in Fig. 4)
if the 1on is KCI. This concentration corresponds to less than 1 puM for hydrogen ion by
considering the difference in the diffusion coefficients. Voltammograms in Fig. 6 shows
that concentrations over 0.5 mM are responsible for the appearance of the second wave.
The impurity of 0.001 mM hydrogen ion is too low to participate in the complexation in
Eq. (3C) and (4C). Therefore cations involved in the impurity have no effect on the
second wave.

We compare our conclusion of the second wave with the reported mechanisms
which are the complexation of the dianion with the salt cation [32] and the
comproportionation complicated by electrostatic force [10,11]. The results reported
previously are similar to our result in the context of the participation in the chemical
complications. A feature of our strategy is to examine effects of the /R-drop and
electrostatic migration by use of the first reduction wave with the help of the theoretical
voltammograms. The experimental conditions, especially of impurity of salt
concentrations, were controlled by selecting size of microelectrodes and without any
reference electrode which would leak salt into the solution. The difference in
mechanisms of chemical complications has been revealed under these meticulously

controlled conditions.

Conclusions

When diameters of electrodes are less than 0.4 pm, steady-state currents of
non-charged species can be obtained without addition of salt in dry acetonitrile. Then,
BQ and TCNQ exhibit one reduction wave with the one electron transfer, although
those in salt solution show two successive waves. Formation of the dianions in the

absence of electrolyte requires the overpotential which is larger than the reduction
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potential of acetonitrile. The large overpotential cannot be explained in terms of the
electric field effect or solution resistance.

The second reduction wave appears in the electrolyte-added solution, associated
with the potential shift. The concentration of the salt does not influence the first
reduction waves but varies the second one. The Nernst-Planck equation should cause
theoretically the equi-potential shift of both the first wave and the second one. Therefore
the influence of the electrolyte concentration only on the second wave can be ascribed
to chemical or electrostatic interaction of the redox anion with the salt cation. The ionic

association like reactions (3) and (4) can explain the appearance of the second waves.

Appendix

Our reaction model is a two-step sequential reduction composed of A + e < A
and A"+ ¢ © A%, of which standard potentials are at £y and E», respectively. We use
the following five assumptions:

(1) Both reactions obey the Nernst equation;

(ii) The three species have a common value of the diffusion coefficient, D;

(ii1) The reactions occur at the hemi-spherical electrode a in radius;

(1v) Mass transport is controlled by both diffusion and electric migration; and

(v) Potential distribution in solution obeys the Laplace equation.

The potential distribution should be expressed accurately by the Poisson equation rather
than the Laplace equation. Since concentrations of 1:1 electrolyte in our conditions are
of the order of 1 mM (Fig. 6 and 7), the Debye length is smaller than 10 nm. This is
smaller than the thickness of diffusion layer or diameters of our electrodes. Therefore
we can replace the Poisson equation by the Laplace equation.

We denote the fluxes of species A, A” and A* as Jy, J) and J>, which are caused by
diffusion and electric fields. The fluxes are expressed by the Nernst-Planck equation in

the angular symmetric spherical coordinate:
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J,=—p% (A1)

or
'jl :—-D%—{.LDC‘I%

or RT  or (A2)
g == %+£Dczci£
) or RT or

(A3)

where ¢; is the concentration of A" (i = 0, 1, 2), and ¢ is the inner potential in the
solution phase. The steady-state condition combined with the equation of continuum,
Oc;lot + o(~J)/6r = 0, makes rJ; constant, or

Ji = -Dk;/Ir* (A4)

where k; is a constant. On the other hands, a solution of the Laplace equation
(2d(*d@dr)/dr) = 0) is given by

d¢/dr = Br (A5)

for a constant, B. Inserting Eq. (A4) and (AS) into Eq. (A1)-(A3) yields
dy_k do_ FB K de 2FB K

] - 2 A

2 T 2 2 &
dr dr RTr r dr RTr re

(A0)
Solutions of ¢; in Eq. (A6) under conditions, ¢y —> c*, ¢y —> 0, — 0 forr — w, are
given by

¢, =c _Eﬂ_, = RT%, exp[_lFBj—l (fori=12)
RTr

(AT)

The sum of the fluxes of A” for i = 0, 1, 2 at the electrode ( = a) should be zero
because of no adsorption. The sum of Eq. (A4) yields
ky+k +k, =0 (A8)

The current density is expressed by a sum of -iF(J/;),-4, and hence is given by

j==F(J,+2J,) _, =(FD/a*)k,+2k)=—(FD/a* )2k, +k,)

=

14



(A9)
where the right hand side was obtained by use of Eq. (A8). On the other hands, the
Ohm's law in the solution with the conductivity, x; into which Eq. (A5) is inserted is
given by
j=—«(dg/dr),_, =—xBa’

(A10)
Eliminating B from Eq. (A7) by use of Eq. (A10), and taking » to be a, we have
expressions for concentrations at the electrode surface
(o) =¢" —ky/a, (¢,)_, =k /Hfai—¢") ()., = (k, /2hfa)1—c™)

(ALL)

Here, f1s the dimensionless current density
f=jalc' FD (A12)

and 4 is the dimensionless parameter, given by
h=(F*¢'D/RTx)
(A13)
F’D/RT means the molar ion conductivity, A, of 1 M A; [53]. When  is represented by
the product of the molar conductivity of salt, Ay, and concentration of salt, ¢qy, Eq.

(A13) is rewritten as
h = A(-'* /Asahcsult = (‘2‘ / Asall X('“ / Csalt) (A14)
Therefore, / stands for the ratio of the conductance of A; to the salt.
Inserting the surface concentrations (Eq. (A11)) into the Nernst equations for the
first and the second reductions, we obtain, respectively

FlE-E) L if(cak,)

Zol k(1-¢") (A15)
. FE-E;)_, 2k(1-¢")
ST () (A16)
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Eliminating &, in Eq.(A16) by use of k& = -ko-k) (Eq. (A8)), expressing 4, in Eq. (A15)
and (A16) as j and Ay by use of Eq. (A9), and eliminating &y, we obtain via complicated

calculation
My +2) : (A17)

h+ﬁ—e”k5—1ﬁ2+u+e“k5

Our aim is to obtain current-voltage curves, of which dimensionless form is f'vs. ¢
for parameters of 4 and E>-E,. Since Eq. (A17) is not a closed form of f, iterative
numerical computations are required. One of them is the Newton-Raphson method. It
allowed us to evaluate f for ¢; < 0. The other method is iterative computation, which can

be made after Eq.(A17) is written as

2 LT
}?f:{l_m}{h+(l_e k }—Zh (A18)

A value of the right hand side can be calculated from an initial value (-0.1) of /. Thus
obtained A/ value is again inserted into the right hand side. This process is iterated for ¢;
> 0 until the values are converged.

We have confirmed that Eq. (A17) tended to the conventional equation for the

sequential two electron transfer reaction when /s approaches zero
o —ef +2)/(1+c 474 (Al19)

This is identical with the current-voltage curves of multiple electron transfer reactions
[54,55].

The electrode potential in Eq. (A17) refers to the potential in the solution very
close to the electrode, ¢,. Since the present voltammetry is made in two-electrode cell,
the reference potential should be the potential at the far distant counter electrode, ¢..

Therefore the observed voltage is given by
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V=E+¢,-¢, (A20)

Integrating Eq. (AS5) yields

p=-B/r+¢,

By the boundary condition, we have B = a(¢, - ¢.), which is equal to -ja*/x from Eq.
(A10). Then
¢, =P, —(RT | F)hf (A21)

Eliminating ¢, from Eq. (A20) and (A21), we have
V—E =E-E’ —(RT/F)hf
(A22)
The voltage really obtained is the subtraction of Af from &;. Eq. (A21) mentions that

(RT/F)hf is the solution resistance, which is equal to ja/x.
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Figure Captions

Figure 1. Time-variations of the conductivity of aqueous solutions into which reference
electrodes, (open circles) Ag|AgCl, (triangles) Ag|Ag,O, and (squares) AgCl coated Ag
wire, were immersed for a few hours during N, bubbling. The conductivity increased

even without immersion of reference electrodes (filled circles).

Figure 2. Voltammograms of 2 mM ferrocene + 2 mM BQ of deaerated acetonitrile
without adding electrolyte at v = 0.01 V s at microelectrodes with 2a = (a) 0.04, (b)

0.36, (c) 0.52 and (d) 1.70 pm.

Figure 3. Voltammograms in (a) 1.2 mM BQ + 1 mM ferrocene + 0.1 M TBACIO4 and
(b) 0.9 mM TCNQ + 1 mM ferrocene + 0.1 M TBACIO, of acetonitrile solution at the

1.6 mm Pt electrode for v=0.1 Vs

Figure 4. Plot of (Zax = Inin)/aAV against log(2a) in the solution of 2 mM Ferrocene +
(circles) 2 mM BQ and (triangles) 2 mM TCNQ in acetonitrile when the potential
window ranging from -1.2t0 0.6 V (4V'= 1.8 V).

Figure 5. Voltammograms of (a) 2 mM BQ + 2 mM ferrocene and (b) 2 mM TCNQ + 2
mM ferrocene in acetonitrile without adding electrolyte at 2a = 40 nm electrode for v =

10 mV s™.
Figure 6. Voltammograms of 2 mM TCNQ + 2 mM ferrocene in acetonitrile including

(a) 0, (b) 0.5, (c) 1, (d) 2, (¢) 5, () 10, (g) 30 and (h) 60 mM TBACIO, at 2a = 120 nm

electrode for v=20mV s,
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Figure 7. Voltammograms of 2 mM BQ + 2 mM ferrocene in acetonitrile including (a) 0,
(b) 0.5, (c) 2, (d) 10, (e) 30 and (f) 100 mM TBACIOy4 at 2a = 180 nm clectrode for v =
20mVs™.

Figure 8. Electric migrational components of voltammograms calculated from Eqg.

(A17) for A/Am=0.25 at cg /c'= (a) 100, (b) 0.33, (¢) 0.1, (d) 0.025 and (¢) 0.0125.

Figure 9. Voltammograms including both the clectric migration and the /R-drop
calculated from Eq. (A22) for /Ay, = 0.25 at ¢y /¢*= (a) 100, (b) 0.33, (c) 0.1, (d)
0.025 and (e) 0.0125.

Figure 10. Variations of the theoretical halfwave potentials of (a) the first and (b) the
second waves calculated from Eq. (A17) with log(csai /"), where potential values were
intentionally shifted by (a) -0.5 V and (b) -1.5 V in order to avoid graphical overlap.
Experimental halfwave potentials for the second wave of (triangles) 2 mM BQ and
(circles) 2 mM TCNQ are plotted against log(csan /c*). The two kinds of lines were

drawn for low and high concentrations of the salt.

Figure 11. Plot of the currents of the second reduction wave of (triangles) BQ and

(circles) TCNQ against cg,y; under the same conditions as in Fig. 10.

Figure 12. Variation of the inverse current with the inverse concentration of the salt

under the same conditions as in Fig. 10.
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