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molecules on gold substrates and to elucidate voltammetric behaviors of them. I hope that the findings

obtained in this work will benefit in progress in interfacial electrochemistry.
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General Introduction

The self-assembled monolayer (SAM) is spontaneously formed by chemical adsorption of
molecules onto a substrate from a homogeneous solution. The organization is obtained from the
affinity of the head group for the substrate combined with the favorable interactions between close-
packed tail groups. The first class of SAM is the monolayer of alkylsilanes formed on glass or
aluminum oxide and the phenomenon of self-assembly has been known for nearly 50 years [W.C.
Bigelow, D.L. Pickett, and W.A. Zisman, /. Colloid Sci., 1(1946)513.]. The second class of SAM is based on
strong adsorption of thiols, disulfides, and related moieties onto several kinds of metals such as
gold, platinum, and mercury. Recognition of this versatile approach can be credited to Allara and
Nuzzo in 1983 [R.G. Nuzzo and D.L. Allara, . Am.Chem.Soc., 105(1983)4481.], and the succeeding papers
in 1987 by various groups initiated high activities for research on thiolate SAM, because SAM with
sulfur moieties is more easily and reproducibly prepared than with the hydrolytically sensitive
silanes.

This thesis deals with thiolate SAMs on Au substrate. The proposed reactions for both

thiols and disulfides lead to formation of a gold(I)-thiolate species:

Au + RSH - Au Au'S—R + 1/2H,

Au + 1/2RSSR - Au_AuS—R

No external oxidant or reductant is needed for self-assembly since SAMs can be formed even from the
gas phase. Since SAMs of thiol and related moieties do possess a structural order and a high packing
density due to the van der Waals forces, the monolayer displays a highly impermeable character toward
both solvent and electrolyte ions. Using these qualities, electron transfers of a redox species at the SAM
electrode with electron tunneling mechanism has been studied to investigate the effect of insulating
layer of SAM on the rate of electron transfer reactions. Although such fundamental studies have been

mostly carried out in electrochemistry fields, SAM electrodes are also useful for practical applications,

vi



because SAM which contains functional group such as acid/base group and enzymatic activities can
be prepared, as recent studies showed.

The present study has aimed to develop the novel functionalized electrodes utilizing thiolate
SAM and elucidate the electrochemical characteristics of SAM-modified electrodes.

This thesis is consisted of four chapters. Chapter 1 and 2 describe simple techniques that
allow preparation of a microelectrode array utilizing the photo-induced elimination of SAM in air
and the removal of SAM in cyanide solution, respectively. SAM of a long alkylthiolate was used as
an insulating material. Chapter 3 describes the preparation of functionalized electrode for electro-
chemical oxidation of NADH. The electrodes were prepared by using The SAM was used as an
anchor to bind an electrocatalytic mediator for the NADH oxidation to an electrode surface. A
theory on the voltammetric response of electrodes coated with electroactive monolayer is pre-
sented in Chapter 4, which gives theoretical basis for anomalous voltammetric behaviors of sur-
face-confined redox species such as current spikes and broadning of redox waves. Finally, the

results obtained in the present study are summarized in Conclusion.
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chapter 1

Preparation of a Microelectrode Array by
Photo-induced Elimination of a Self-assembled
Monolayer of Hexadecylthiolate on a Gold
Electrode

1.1 _INTRODUCTION

In the past several years much attention has been paid to a self-assembled monolayer of
alkylthiolate derivatives on gold surface which is formed by chemisorption of dissolved alkylthiols
and their spontaneous organization [1]. Beside fundamental studies on the structure of the mono-
layers [2-6], some applications such as information storage devices [7], chemical sensors [8], li-
thography [9], and resists for patterned etching of Au and Si [10] have been attempted. In electro-
chemical fields, gold electrodes coated with the self-assembled monolayer have been used for
fundamental studies on long range electron transfers [11-17]. Electrochemical techniques were
successfully applied to detect structural defects of the monolayer like pinholes [11,18-22]. Fur-
thermore, preparation of metal electrodes coated with the monolayers of thiolates having electro-
chemically active groups has attracted interests as a new method to attach special functions to the
electrodes [23-27]. These utilizations are indebted to relatively high stability of the self-assembled
monolayer against mechanical, thermal, and chemical treatments. Recently, it has been reported
that irradiation of the alkylthiolates monolayer in air with UV-lights induces oxidation to the cor-
responding alkylsulfonates, and the oxidized monolayer is eésily removed from the gold substrate
surface when immersed in aqueous solution [28-31]. If UV lights through a photomask are irradi-
ated to the monolayer, patterned elimination takes place, and this property has been successfully
utilized as a photoresist [32].

This chapter describes the attempt of preparation of the microelectrode array by utilizing the



photo-induced elimination of alkanethiolate from Au electrode in electrolyte solutions as well as
in air. Beside the removal of the monolayer by irradiation with UV lights in air, it has been discov-
ered that a self-assembled monolayer of hexadecylthiolate on Au surface is eliminated by irradiat-
ing the monolayer with visible lights in electrolyte solution containing K ,Fe(CN),. In this chapter,

voltammetric properties of various photo-fabricated electrodes are presented and discussed.

1.2 EXPERIMENTAL SECTION

Ethanol used as a solvent was distilled after storing in the presence of sodium metal. Water
used for preparation of electrolyte solutions was purified by twice distillation of deionized water.
Other chemicals of reagent grade were used without further purification. An Au plate (0.5 x 0.5
cm) was used as an electrode substrate. An electrical lead wire was attached to its back face with
silver epoxy and fixed with epoxy resin. The surface of the electrode was successively polished
with 1.0 and 0.3 pm alumina, followed by being subjected to ultrasonication in water. Formation of
a self-assembled monolayer of hexadecylthiolate on the Au electrode substrate was carried out by
immersing the electrode in ethanolic solution containing 1 mmol dm™ hexadecylthiol for 12 h, and
then the electrode was rinsed several times with pure ethanol to remove physically adsorbed spe-
cies. The resulting electrode will be denoted here as HDT/Au.

Photo-induced elimination of hexadecylthiolate adsorbed on the Au electrode was made by
irradiation of the entire surface of HDT/Au with a 500 W high pressure Hg arc lamp (Ushio Ul-
501C) in air or in 0.5 mol dm™ KCl aqueous solution containing 50 mmol dm? K ,Fe(CN),. The
light intensity used was 800 mW cm?. In the case of preparation of an ordered microelectrodes
array in the HDT/Au electrode in air, the Hg arc lamp was irradiated to the electrode surface
through a photomask (Toppan Printing Co.) prepared by photorithography. The mask had transpar-
ent holes of 19 um radius arrayed with regular hexagonal bases. The distance between the centers
of neighboring holes was 76 um, giving a ratio of transparent part to opaque one of 1:3. Focused
photo-induced elimination of hexadecylthiolate from HDT/Au was made by one-pulse irradiation

in the above mentioned electrolyte solution using second harmonic of a Q-switched Nd: YAG laser



(532 nm) (Spectra-Physics GCR-11). The light intensity of the focus was 20 mW and the half-
width of pulse was 10 ns.

Electrochemical measurements were carried out using a BAS-100B electrochemical work-
station. An Ag/AgCI(KCl-saturated) served as a reference electrode and a Pt foil (2 x 3 cm?) was
used as a counter electrode. Above mentioned electrolyte solution was used in this study and the

solution was bubbled with N, for 1 h prior to measurements.

1.3 RESULTS AND DISCUSSION

1.3.1 Photo-induced Elimination of Self-assembled Hexadecylthiolate on an Au

Surface in Air

The entire surface of a HDT/Au electrode

was irradiated in air for different time with a 500
W high pressure Hg arc lamp, and after then cy-
clic voltammograms were taken in 50 mmol dm-

3 K,[Fe(CN),] dissolved in 0.5 mol dm™ KCl

I/ mA

aqueous solution. Figure 1.1 shows results ob-

tained for the electrodes irradiated for 0, 2, 3,

and 4 h. The as-prepared HDT/Au electrode ex-

hibited no electrochemical response, whereas an- 3 | : ! ! |
. _ 0 01 02 03 04 05 06
odic and cathodic waves due to the redox reac- E/Vs. Ag/AGC

. 3-/4- i i
tion of [Fe(CN),]** appeared and increased with Figure 1.1

increasing the irradiation time. The cyclic  Cyclic vottammograms of HDT/Au electrode taken
in 50 mmol dm?® K [Fe(CN),] dissolved in 0.5 mol
dm™ KCl solution at v= 100 mV s"'. The measure-

ments were made after irradiation of the electrode

voltammogram of the electrode taken after irra-
diation for 4 h was almost consistent with that of
the bare Au electrode in the same electrolyte so-  in air with a 500 W Hg arc lamp for 0 (a), 2 (b), 3

lution, indicating that UV-irradiation for 4 hwas ~ (©»and4(d)h.



enough to remove completely the hexadecylthiolate adsorbed on the Au electrode. As shown in
Figure 1.1, the cyclic voltammogram of the HDT/Au electrode irradiated for less than 4 h showed
a large peak separation the magnitude of which depends on the irradiation time, and the longer the
irradiation time, the smaller the peak separation. Such behaviors may reflect effects of different
magnitude of IR drops at the diffusion layer on cyclic voltammogram of an electrode of conven-
tional size. In the case of UV-irradiation of the electrode in air, oxidation of the adsorbed
hexadecylthiolate must uniformly take place on the entire electrode surface, but the photo-oxida-
tion proceeds slowly and then the removal of the closely packed monolayer would take place in
such way as to give isolated islands of the adsorbed molecules. With increasing the illumination
time, the density of the adsorbed hexadecylthiolate must become low. Even if the density becomes
such low that adsorbed molecules cannot interact with each other, however, cyclic voltammograms
do not exhibit the characteristic feature of microelectrode array, due probably to contribution of a
fairly large IR drop across the covered molecules to the cyclic voltammograms of the resulting

electrode.

1.3.2 Preparation of an Ordered Microelectrode Array by Irradiation of UV Lights
through a Photomask

The HDT/Au electrode was irradiated in air with the Hg arc lamp through the photomask
mentioned in the experimental section to prepare ordered microelectrode array on the electrode.
Cyclic voltammograms of the resulting electrode were taken in the [Fe(CN)]* solution, and the
results obtained are shown in Figure 1.2. In this figure, dimensionless current, I/EAc* DV*(F/RT)"*v"?
[33, 34], is given in the vertical axis to compare the shape of voltammograms taken at different
potential sweep rates, where A is the area of electrode substrate, c* is the bulk concentration of
electrochemically active substances, D is the diffusion coefficient for [Fe(CN)]* (6.8x10° cm’® s
[34]), v is the potential sweep rate, F, R and T are their usual significance. The voltammogram
obtained at 20 mV s! showed definite anodic and cathodic peak currents, whereas the peak height
became lower with increase in the potential sweep rate, making its shape sigmoidal like the I-E

curve obtained for the single microelectrode. These electrochemical responses are characteristics



of the microelectrodes array [18,34,35]. Theo- 03
retical studies on the microelectrodes array [18, o 02
;_>
34,35] gave the dimensionless currents yofcy- £ 0.1
o
g\./
clic voltammograms as given by eq (1.1) .% 0
&
w=Il/[nFc' (nFDv/RT)"?] (1.1) -0.1
where / is the current density, c' is the bulk con- | | | | , 1
02
centration of redox active species, D is the dif- 0 o0t 02 03 04 05 06 07
. . ) , E/V vs. Ag/AgC
fusion coefficient of electroactive species, and
Figure 1.2

v is the potential scan rate. y is also given as Cyclic vol ograms of HDT/Au electrode irradiated

the solution of the following integral equation.  with a Hg arc lamp though a photomask in air. v=20
(@), 50 (b), 200 (c), 500 (d), and 1000 (¢) mV s*. The
y=Ae*[(1-1ly- w/B) - Ay + yA)e?] (1.2) open circles are simulated plots of a cyclic
voltammogram taken at 50 mV s using eq (1.1) in text.

where 1/is the convolution integral of y given

by eq (1.3), €is dimensionless potential given by eq (1.4), and 4 and B are defined by egs (1.5) and
(1.6).

Ty = ;z—”z(f)y/(t - )t (1.3)
£=-(nFIRT)(E-E*’) (1.4)
A = k(1-6(RT/DFv)"” (1.5)
B = (DRT(1-6)/Fv)"/(0.6r,) (1.6)

The 4 and B are dimensionless parameters including the heterogeneous electron transfer rate con-
stant (k°), a half of the average distance between the centers of neighboring microelectrodes (7,),

and a ratio of inactive area (6), and other parameters have their usual significance. By substituting

k°=0.0125 cm s [34], .= 38 um and #= 0.75 which are given by the photomask used into

equations (1.3) and (1.4), simulated plots of a cyclic voltammogram taken at 50 mV s! were

obtained, as shown by open circles in Figure 1.2. Good agreements are seen between the simulated



plots and the experimentally obtained voltammogram, indicating that the photomask pattern was

precisely produced on the HDT/Au electrode.

1.3.3 Photo-induced Elimination of Self-assembled Hexadecylthiolate on an Au Sur-

face in Electrolyte Solution

It was found that the photo-induced elimination of the thiolate monolayer also occurred in
the above mentioned electrolyte solution. Figure 1.3 shows changes in cyclic voltammograms of
the HDT/Au electrode which was irradiated with the Hg arc lamp under open circuit conditions for
various times prior to the measurements. The increase in the redox waves with increase in the
illumination time is also seen in this case. It is noteworthy by comparing the results shown in
Figure 1.3 with Figure 1.1 that the rate of the photo-induced elimination in the electrolyte solution
was higher than that in air. The same Hg lamp was used for both cases, but since the irradiation of
the electrode in the electrolyte solution does not allow the photon incidence of wavelength shorter
than 420 nm at the electrode surfaces due to high absorbance of dissolved [Fe(CN)]* species, it is
believed that visible lights worked effectively for the elimination of hexadecylthiolate on the Au

electrode. Indeed, similar increase in the redox waves was observed when the HDT/Au electrode

06 4
04 |- (e
02| @ ©
E (c) <E( )
~ (b) ~ (e)
T 0 (@ @
02
_04 | ! L | l H -3 | L L L L l
0 01 02 03 04 05 06 07 0 01 02 03 04 05 o068 07
E/V vs. AglAgCl E/V vs. AglAgCI
Figure 1.3

As in Figure 1.1 but the irradiation was made for 0 (a), 20 (b), 30 (c), 40 (d), 50 (e), 60 (f), and 70 (g) min

to the electrode immersed in the electrolyte solution under the open circuit condition.



was irradiated in the electrolyte solution with the second harmonic of a Nd: YAG laser at 532 nm. In
contrast, the photo-induced oxidation of hexadecylthiolate in air needs UV lights, suggesting that
the mechanism of photo-induced elimination of hexadecylthiolates is different between in air and
in electrolyte solution. If the photo-induced elimination of hexadecylthiolates with use of the Hg
arc lamp was also attempted by irradiating the HDT/Au electrode immersed in 0.5 mol dm™ KCl
solution or distilled water in the absence of [Fe(CN),]*, the observed rate of the elimination was
lower than that obtained for the irradiation of the electrode in air shown in Figure 1.1, suggesting
that [Fe(CN),]* dissolved in the electrolyte solution was involved in cleavage of S-Au bonding.
The mechanism for the cleavage and the role of [Fe(CN),]* will be described in chapter 2.

As already shown in Figure 1.3, irradiation of the entire surface of the HDT/Au electrode
immersed in the [Fe(CN),]* solution caused gradual elimination of hexadecylthiolate from the Au
surface. It was found that in a middle stage of the photo-induced elimination of the monolayer on
Au electrode the electrode possessed electrochemical properties characteristics of the microelec-
trodes array. If the irradiation time was shorter than 40 min, the resulting electrode gave sigmoidal
curves, which are a characteristic property of

microelectrodes that appear when the radial dif-

fusion layer developed at each micro electrode 03 @-—
is isolated from each other. When the irradia- |, | E?:))
tion time was longer than 40 min, both anodic g; EZ;
and cathodic peak waves developed in the cy- QE T
clic voltammograms. In that case, the peak height :; 0
was decreased by increasing the potential sweep = o1k
rate as shown in Figure 1.4 where the
1 ! ! !
voltammograms taken after irradiation for 60 min o 0 01 02 03 0.14 05 06
are given. The obtained results are in conformity E/V1e. AdiAgC
Figure 1.4

with whose obtained at microelectrode array. When Cyclic voltammograms of the HDT/Au electrode

cyclic voltammogram of the electrode is taken  taken after irradiation of the electrode for 60 min
with a Hg arc lamp in the electrolyte solution. v =
20 (a), 50 (b), 100 (c), 500 (d), and 1000 (¢) mV

S-l

at a lower potential sweep rate, the radial diffu-

sion layers developed at each microelectrode sur-



After irradiation in air
Conducting, but highly resistive

face are overlapped with each other, result-

ing in formation of a planar diffusion layer.

l
W ff;frr MM’WM fr”rlj;f The voltammogram profile obtained under

such condition resembles that obtained us-

Irradiation in electrolyte solution ing a planar electrode having a large size,

Fe(CN)g* + H,0

Defect lhv though the ratio of Faradaic currents to back-

8 K_\ ON™ + [Fe(CN)5 OHl* _
ground currents is much higher than that

Au

in the potential sweep rate the size of the

After irradiation in electrolyte solution o ) _
radial diffusion layer reduces, causing their

Conducting
;’% ] % loose overlapping. As shown in Figure 1.1,
Au

however, if the HDT/Au electrode was irra-

Figure 1.5 diated in air with UV light for different time,

Schematic illustrations of the formation of mi- no electrochemical responses characteristics
croelectrode in the HDT/Au electrode. of the microelectrodes array appeared.

If the irradiation was carried out in the
electrolyte solution, [Fe(CN),]* close to the S-Au bonding is believed to assist the bond-cleavage,
and this event occurs at the place where structural defects of the self-assembled monolayer are
present, because closed packing of the adsorbed layer does not allow insertion of any kind of
molecule into the monolayer. Once the exposed area appears with irradiation, elimination of the
adsorbed molecule with assistance by [Fe(CN),]* becomes promoted, resultong in microelectrodes

array. In Figure 1.5, hypothetical illustrations for the formation of microelectrodes in the electro-

lyte solution are given together with that for the photo-elimination of the monolayer in air.
1.3.4 Preparation of Microelectrodes in Electrolyte Solution
One pulse of a focused laser beam from the Nd:YAG laser was irradiated to the HDT/Au

electrode immersed in the [Fe(CN),]* solution, and then cyclic voltammograms of the resulting

electrode were taken at various potential sweep rates. The diameter of the laser spot irradiated on



the HDT/Au electrode was evaluated to be about
180 um by its observation with a microscope.
The obtained results are shown in Figure 1.6. The
voltammograms taken at potential sweep rates
lower than 10 mV s gave a sigmoidal I-E curve
the shape of which and a limiting plateau cur-
rent (Ilim) were independent on the potential
sweep rate, giving a characteristic feature of a
single microelectrode. The relationship between

I and radius of the electrode (r) in an one-elec-

tron system is given by

I

1

. = drFDc* (1.7)
By substituting the known parameters and ex-
perimentally determined /.= 1.2 pA into equa-
tion (1.7), the radius of the prepared electrode
was evaluated to be 91 um which agrees well
with that of the light spot as described above.
When the potential sweep rate was increased,
gradual increase in anodic and cathodic peak
waves was observed, indicating that the diffu-
sion mode changes from radial into planar one.
This is another electrochemical feature of the
microelectrode.

Plural microelectrodes were successfully
prepared on the HDT/Au by irradiation in the
electrolyte solution of the laser spot at ordered

places in 0.5 mm distance of the electrode sur-

2
<
0
— - - ./’

2 F -

-4 l I ! | ! |

0 01 02 03 04 05 06 07
E /V vs. Ag|AgCl
Figure 1.6

Cyclic voltammograms of the HDT/Au elec-
trode irradiated with a laser spot of ca. 90 um
radius prior to measurements. v=10 (a), 100
(b), and 500 (¢) mV s’!

20
(9)
15 |
(f)
10 |
< (e)
= (d)
S (c)
(b)
(a)
0
_5 | | | 1 | |
0 01 02 03 04 05 06 07
E /V vs. Ag|AgCl
Figure 1.7

Cyclic voltammograms of the HDT/Au electrode
in which plural microelectrodes were prepared by
one-pulse irradiation of laser spots of ca. 90 pm
radius at different places of the electrode surface.
The number of the microelectrodes prepared was
1 (a), 2 (b),3 (c),4(d),5(e), 7 (f),and 10 (e). v
=10 mV s



face. Figure 1.7 shows changes in cyclic voltammograms caused by increase in the number of the
microelectrodes. As expected, /. increased in proportion to the number of the microelectrodes,
while the sigmoidal shape of I-F curve was retained, suggesting that this technique is useful for

preparation of plural microelectrodes.
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chapter 2

Preparation of a Microelectrode Array Using
Desorption of a Self-assembled Monolayer of
Hexadecylthiolate on a Gold Electrode in
Cyanide Solution

2.1 INTRODUCTION

Recently, intensive studies have been carried out on the preparation and utilization of a self-
assembled monolayer (SAM) of thiol or disulfide derivatives, which is formed by their chemisorp-
tion onto gold surface with spontaneous organization [1-3]. The SAM of long alkylthiolates pos-
sesses high stability [1,4] and the characteristics of insulator films [5,6]. Several attempts have
been made to eliminate such an SAM from the Au substrate by using mechanical [7-9] and photo-
oxidative [10-16] methods to make patterned holes in the SAM with the aim of applications as
resist materials. In chapter 1 it is described that photo-induced desorption of SAM using three
different techniques was useful for preparation of a microelectrodes array [17]; Irradiation of the
Au electrode coated with hexadecylthiolate (HDT/Au) with UV-light through a photomask, two
dimensional irradiation of the same electrode with a focused laser beam of 90 pm diameter in 0.5
mm distance, and irradiation of the entire surface of the HDT/Au electrode with UV light in a
K,[Fe(CN),] aqueous solution. In the last case, the adsorbed hexadecylthiolate was found to be
photo-desorbed in such a way as to give electrodes having electrochemical responses characteristic
of a microelectrode array. However, the mechanism of the photodesorption of hexadecylthiolate
was unclear when the last technique was developed. The study which is described in this chapter
was initiated to clarify the role of K,[Fe(CN),] in the photo-induced elimination of the
hexadecylthiolate that produced a microelectrode array at the HDT/Au electrode. As will be shown

later, CN" ions generated by photo-decomposition of K,[Fe(CN),] are found to be involved in the
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desorption of the adsorbed hexadecythiolate from the gold surface, and attempts have been made
to prepare microelectrodes array by just immersing the HDT/Au in aqueous cyanide solutions. The

results obtained with such an approach will be described in this chapter.

2.2 EXPERIMENTAL SECTION

Ethanol used as a solvent was distilled after storing in the presence of sodium metal to elimi-
nate water completely. Water used for preparation of electrolyte solutions was purified by twice
distillation of deionized water. Other chemicals of reagent grade were used without further purifi-
cation. An Au plate (0.5 x 0.5 cm?) was used as the electrode substrate. An electrical lead wire was
attached to its back face with silver epoxy and covered with epoxy resin. The surface of the
electrode was polished successively with 1.0 and 0.3 mm alumina, followed by being subjected to
ultrasonication in water. Formation of a SAM of hexadecylthiolate on the Au electrode substrate
was carried out by immersing the electrode in ethanol containing 1 mmol dm hexadecylthiol
(Wako) for 12 h, and then the electrode was rinsed several times with ethanol to remove physically
adsorbed species. The resulting electrode will be denoted here as HDT/Au electrode. The HDT/
Au electrode was immersed either in a K,[Fe(CN),] solution pre-irradiated with a 500 W high
pressure Hg arc lamp (Ushio UI-501C) or in a KCN aqueous solution to investigate the desorption
behavior of the SAM. Both solutions were thermostated at 25+1 °C and saturated with N, gas for
30 min prior to use. Details of the experimental conditions are described in the Results and Discus-
sion section.

Electrochemical measurements of the electrode was carried out in 50 mmol dm= (Wako)
dissolved in 1 mol dm KCl aqueous solution under thermostated conditions at 25+1 °C with the
use of a BAS-100B electrochemical analyzer connected to a Gateway 2000 computer. An
AglAgCIKCl(sat) and a Pt foil (2 x 3 cm?) served as a reference and a counter electrode, respec-
tively. N, gas was thoroughly bubbled into the electrolyte solution prior to measurements.

To confirm the formation of microelectrodes array in SAM, electrodeposition of Cu was

attempted for the HDT/Au electrode after immersing in KCN solution for a given time. For this
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purpose, the electrode was polarized at -0.5 V vs. Ag|AgCl in 0.5 mmol dm~ CuSO, aqueous

solution for 10 s using an HA-301 potentiostat (HOKUTO DENKO Ltd.). The surface of the

resulting electrode was observed by an optical microscope (Nikon, model S).

2.3 RESULTS AND DISCUSSION

2.3.1 Photo-induced Elimination of Self-assembled Hexadecylthiolate on an Au

Surface in K, [Fe(CN).] solution

It was shown in chapter 1 that a SAM of hexadecylthiolate formed on an Au electrode was

eliminated by illuminating the HDT/Au electrode with UV-light in 50 mmol dm” K [Fe(CN),]

dissolved in 0.5 mol dm~ KCl aqueous solution [17]. Although the presence of K [Fe(CN) ] in the
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Figure 2.1

Cyclic voltammograms taken in 1 mol dm? KCl aque-
ous solution containing 50 mmol dm? K [Fe(CN),]
at the scan rate of 100 mV s!. (a) as-prepared HDT/
Au electrode; (b) HDT/Au electrode prepared by im-
mersing in 50 mmol dm? K, [Fe(CN),] solution for 1
h in dark after irradiation of the solution with an Hg

arc lamp for 1h; (c) bare Au electrode.
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solution was found to be essential, its role in
the elimination of the SAM was unclear. Ac-
cording to Ohno [18], illumination of
K,[Fe(CN)] dissolved in aqueous solution with
UV-light causes its decomposition to give CN-

ions, as given by

hV_ [Fe(CN)sOH,J> + CN°

[Fe(CN)g]* + H,0

(2.1)
The involvement of the photoproduced CN- ions
in the elimination of the adsorbed
hexadecylthiolate was confirmed by the follow-
ing experiments. 50 mmol dm™ K, [Fe(CN),] dis-
solved in 1 mol dm” KCl aqueous solution was
irradiated with a 500 W high pressure Hg arc
lamp for 1 h beforehand, and then the HDT/Au



electrode was immersed in that solution for 1 h in the dark, followed by thoroughly washing with
distilled water. If a cyclic voltammogram of the resulting electrode was taken in a fresh solution of
50 mmol dm? K, [Fe(CN),] dissolved in 1 mol dm™ KCl aqueous solution, the electrode showed
activities for the redox reaction of [Fe(CN),J*'*, as shown by curve (b) of Figure 2.1. In this figure,
voltammograms of an as-prepared HDT/Au electrode and of a bare Au electrode were also shown.
The as-prepared HDT/Au electrode exhibited no electrochemical response because of the high
resistance of the SAM of hexadecylthiolate [5,6]. The finding that the HDT/Au electrode showed
redox activity after soaking in the photo-irradiated K,[Fe(CN),] solution suggests that the photo-
generated CN- ions caused desorption of hexadecylthiolate chemisorbed on the Au electrode and
that the irradiation of the HDT/Au electrode was not essential to desorb the adsorbed
hexadecylthiolate. The results obtained here are in conformity with our previous report [17] that
the immersion of Au electrodes coated with the same kind of SAM in aqueous solution containing

CN- caused desorption of the adsorbed thiolate.

2.3.2 Elimination of Self-assembled Hexadecylthiolate on an Au Surface in KCN

Aqueous Solution

In our previous study [17], it was discovered that illumination of the entire surface of the
electrochemically inactive HDT/Au electrode with UV-light from high pressure Hg lamp in
K,[Fe(CN),] solution resulted in electrochemically active electrodes having the characteristic fea-
tures of a microelectrodes array. If the adsorbed hexadecylthiolate is desorbed with assistance of
the photogenerated CN- as mentioned above, a similar microelectrode array could be prepared just
by immersing the HDT/Au electrode in an aqueous cyanide solution. Gradual desorption of the
adsorbed hexadecylthiolate was certainly suggested from changes in cyclic voltammograms of
K,[Fe(CN),] at the HDT/Au electrode prepared by changing the soaking time of the electrode in
0.3 mol dm™ KCN aqueous solution. As clearly shown in Figure 2.2, the redox waves due to
[Fe(CN)]>'* became larger as the soaking time of the HDT/Au in the KCN solution increased. The
difference between cathodic and anodic peak potentials decreased a little with the growth of the

cyclic voltammograms.
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Figure 2.2
Cyclic voltammograms taken in 1 mol dm™ KCl
aqueous solution containing 50 mmol dm?
K, [Fe(CN)] at 100 mV s"'. The measurements
were taken after soaking of the HDT/Au electrode
into 0.3 mol dm KCN aqueous solution for (a)
0 min, (b) 10 min, (¢) 20 min, and (d) 30 min.
The cyclic voltamogram of (e) was obtained at a

bare Au electrode.

In order to obtain direct information on the
formation of the microelectrode array in the
HDT/Au electrode by the KCN soaking, at-
tempts were made to deposit Cu onto the HDT/
Au electrode after soaking the electrode in 0.3
mol dm~* KCN solution for 20 min and then to
observe the deposited Cu patterns. Figure
2.3(A) shows a picture taken by an optical mi-
croscope of the deposited Cu patterns on the
HDT/Au electrode. The deposited Cu is given
by dark spots in the picture, which are distrib-
uted over the whole surface of the HDT/Au
electrode. By determining the diameter of all
the Cu deposits on the HDT/Au electrode, a
size-distribution profile of the deposited cop-
per islands as shown in Figure 2.3.1 was ob-

tained. The Cu deposits ranged from 11 to 21

um in the radius, the average being 17 um. If the area of the deposited Cu was determined and if

its fraction to the total electrode area was evaluated, the fraction of Cu deposits of 0.25 was ob-

tained.

Concerning the mechanism of the desorption of the adsorbed thiolate, we speculate like

this; Cyanide ions enter into defects (pinholes) in the monolayer of hexadecylthiolate, since hydro-

philic CN- anions cannot penetrate the hydrophobic compact layer of the adsorbed hexadecylthiolate.

Once the cyanide ions reach the Au electrode substrate, the desorption of the adsorbed

hexadecylthiolate begins to take place at the pinhole. The size of the pinhole begins to grow with

increasing the soaking time of the electrode in the KCN solution . The desorption of the adsorbed

thiolate might occur as a substitution reaction with CN- ions [19], but there is another possibility

that the desorption takes place where the gold substrate is etched chemically with CN-ions [20,21].
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Figure 2.3
(A)Optical microscope image of the HDT/Au electrode having deposited copper. The electrode was im-
mersed in 0.3 mol dm= KCN aqueous solution for 20 min before the electrodeposition of copper was made
at- 0.5 V vs. Ag|AgCl for 10 s from 0.5 mol dm® CuSO,. (B) Size-distributins of the depositted copper
islands on the HDT/Au electrode.

2.3.3 Evaluation of Changes in Surface Coverage of Hexadecylthiolate on Au

Electrode

Changes in the surface coverage of the adsorbed hexadecylthiolate during the course of
immersion of the HDT/Au electrode in the KCN solution were evaluated by measuring the elec-
trode capacitance and then by applying the capacitance to the equivalent circuit. The equivalent
circuit used was assumed to be composed of the capacitance C, due to the electrical double-layer
of the pinholes (i.e., microelectrodes) and C _ due to the remaining monolayer in parallel [22,23].
The value of C_ was determined to be 11 uF cm™ by measuring the charging currents at -0.05 V vs.
Ag|AgCl in cyclic voltammograms of the as-prepared HDT|Au electrode taken in 1 mol dm= KCl
aqueous solution at the potential scan rate of 100 mV s. In order to evaluate C, value, the capaci-
tance of a naked Au electrode was measured in the same way as that mentioned above for the as-
prepared HDT/Au electrode. Since microelectrodes in the HDT/Au were formed by reactions of

cyanide ions with the gold electrode substrate, an Au electrode soaked in 0.3 mol dm= KCN aque-
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ous solution for 5 min was used as the naked Au electrode. The value determined was 280 pF cm
2. If the Au electrode was soaked in the same KCN solution for 70 min, 285 puF cm™? was obtained
as the capacitance value. Then, the capacitance of 280 pF cm™ was used as C,. The electric

capacitance of the HDT/Au electrode having pinholes (C,,,) s given by,

C,, = C, +(1-0C, (2.2)
where 1is the surface coverage of the adsorbed hexadecylthiolate. Solving eq (2.2) with respect to
Qyields

Coo — C
0= exp dl
—Cm _C, 2.3)

Figure 2.4(A) shows the cyclic voltammograms of the HDT/Au electrodes prepared by soaking in
0.3 mol dm KCN solution for 0, 10, 20, and 40 min. The charging and discharging currents
increased with an increase in the soaking time of the electrode in the KCN solution. If the surface
coverages estimated by the use of eq (2.3) are plotted as a function of the soaking time, a relation-
ship as shown in Figure 2.4(B) is obtained. In this figure, results obtained by soaking in 0.1 and 0.2

mol dm= KCN solution are also given. It is clearly seen that the use of higher concentration of
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Figure 2.4

(A) Cyclic voltammograms taken in 1 mol dm3 KCl aqueous solution at 100 mV s!. The measurements
were taken after soaking the HDT/Au electrode in 0.3 mol dm KCN aqueous solution for (a) 0 min, (b) 10
min, (¢) 20 min and, (d) 40 min. (B) The surface coverage of hexadecylthiolate obtained using eq. (3).
Soaking of the electrode in (a) 0.3 mol dm?, (b) 0.2 mol dm?, (c) 0.1 mol dm= KCN aqueous solution.
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KCN caused more rapid desorption of the adsorbed thiolate. It is recognized that complete elimi-
nation of the SAM of hexadecylthiolate occurred with the soaking time in 0.3 mol dm? KCN
solution for longer than 60 min. The coverage of the remaining SAM obtained at the soaking time
of 20 min was 0.72 (i.e., the exposed area of 0.28) which accorded well with that obtained by the

deposition of Cu on the same electrode (0.25) as described above.

2.3.4 Electrochemical Characterization of the KCN-treated HDT/Au Electrode

Theoretical studies on the microelectrodes array [24-28] gave the dimensionless currents
y of cyclic voltammograms as given by eq (2.4)
w = I/[nFc'(nFDv/RT)'?} 2.4)
where I is the current density, ¢’ is the bulk concentration of redox active species, D is the diffusion
coefficient of electroactive species, and v is the potential scan rate.  is also given as the solution

of the following integral equation.

w=Ae*[(1-1y- wB) - ly+ yld)e?] 2.5)
where Ly is the convolution integral of  given by eq (2.6), £is dimensionless potential given by eq

(2.7), and A and B are defined by eqgs. (2.8) and (2.9).

Iy = n'llziyf(t —7)dr (2.6)
£=-(nF/RT)(E-E) Q2.7)
A = k(1-6)(RT/DFv)" (2.8)
B = (DRT(1-6)/Fv)"*/(0.6r,) 2.9)

The A and B are dimensionless parameters including the heterogeneous electron transfer rate con-
stant (k°), a half of the average distance between the centers of neighboring microelectrodes (r,),
and a ratio of inactive area (6), and other parameters have their usual significance. Note that the

radius of individual microelectrodes r, is related to r, and & as given by [23],

r=r.(1-\ (2.10)
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If literature values of diffusion coefficient (D = 6.8 x 10 cm?s! [27]) and heterogeneous electron
transfer rate constant (k° = 0.0125 cm s [27]) of [Fe(CN),]***, and the values of 6 which was
estimated from the capacitance measurements (Figure 2.4) were used, the simulation of theoreti-
cally predicted cyclic voltammogram to the experimentally one can be made using 7, as a sole
adjustable parameter. The numerical algorithm programed by Matsuda et al.[27] was used for the
unfolding of eq (2.5) to obtain the theoretically expected current-voltage curve. Figures 2.5(A) and
2.5(B) shows the cyclic voltammograms of the HDT/Au electrodes in 50 mmol dm? K,[Fe(CN),]
containing 1 mol dm KClI after soaking the electrode in 0.3 mol dm KCN solution for 20 and 30
min, respectively, and the best fitted simulation plots of the theoretically predicted voltammograms
to them. Current values are given by the dimensionless current to compare the shape of
voltammograms taken at different potential scan rate [27]. As shown in both Figures 2.5(A) and
2.5(B), good agreement is seen between the simulated voltammograms and the experimentally
obtained ones, and in both cases the same r, value of 33 uﬁ was used to give the best fitted

simulation curves while 7 values in those cases calculated using eq (2.10) were 18 and 23 um for

0.5 0.5

iIFAC'D"(FIRT) "2y
i/FAC’ DY (F/IRT) "?v"?

0 0.1 02 03 04 05 06 07 0 061 02 03 04 05 06 07
E /V vs. AglAgCl E /V vs. AglAgCI

Figure 2.5
Cyclic voltammograms of the HDT/Au electrode taken in 1 mol dm? KCl aqueous solution containing 50
mmol dm™ K, [Fe(CN),] at 50 (O) and 500 (A) mV s’, taken after soaking the HDT/Au electrode into 0.3
mol dm? KCN aqueous solution for (A) 20 and (B) 30 min, respectively. Solid curves are experimentally
obtained cyclic voltammograms and plots of symbols are simulated ones using (A) 7,=33 pm, =0.72, and

(B) r,=33um, £=0.5 . Other parameters are shown in the text.
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the 20 min and 30 min soaking, respectively. The r_ value of 18 pm estimated by simulation of the
HDT/Au electrode prepared by soaking in the KCN solution for 20 min was in accordance with the
average radius of microelectrodes obtained by observations of the Cu-deposition (17 pm), as shown
in Figure 2.3. If the soaking of the HDT/Au electrode in the KCN solution was made for longer
than 40 min, the shape of voltammograms was not changed by changing the potential scan rate,

suggesting that the diffusion layers formed at individual microelectrodes were totally overlapped.
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chapter 3

Electrochemical Oxidation of Reduced
Nicotinamide Coenzymes at Au Electrode
Modified with Phenothiazine Derivatives
Monolayer

3.1 INTRODUCTION

The oxidation of B-nicotinamideadenine dinucleotide (NADH) to its oxidized form (NAD+)
has attracted much interest from the viewpoint of the high utility of the reaction in biosensors and
bioreactors where NAD*-dependent dehydrogenases are usually used [1]. NADH can be oxidized
electrochemically at conventional electrodes such as Pt and Au, but in these cases high overpotentials
of about 1 V are required due to a very low reaction rate of the oxidation [2,3], and then it is desired
to find out efficient electrocatalysts for NADH oxidation. It has been reported that several kinds of
quinone derivatives [4-9] and redox dyes such as phenoxazine and phenothiazine derivatives [10-
15] possess catalytic activities for the oxidation of NADH. The investigations have been mostly
carried out by immobilizing these substances on the electrode surface by various means; physical
adsorption onto carbon electrodes [4-6, 10-12], covalent binding to an oxidized carbon electrode
surface [4], adsorption of polymers derivatized with o-quinone moieties onto carbon electrodes [7,
8], electrodeposition of quinone derivatives on carbon electrodes [9], and electrochemical poly-
merization of phenothiazine derivatives on carbon electrodes [13, 14, 15].

Recently, a self-assembled monolayer [16] of thiol or disulfide on Au electrodes has been
utilized to attach special functions to the electrodes with a high density [17-31]. Beside direct
attachments of electrochemically active thiol or disulfide to the electrode [17, 18], binding of
electrochemically active substances to electrochemically inert thiol or disulfide monolayer on Au

has also been attempted [19-28]. Among a variety of studies in this area, electrocatalytic elec-
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trodes for oxidation of NADH have been prepared by covalently binding pyrroloquinolinequinone
(PQQ) to a self-assembled monolayer of cystamine on an Au electrode [27, 28] and several kinds
of phenothiazine and phenoxazine derivatives to a self-assembled monolayers of mercaptopropionate
[29], cystamine and cysteine [30] on an Au electrode. These studies demonstrated definitely the
utility of self-assembled monolayers in designing electrocatalytic electrodes, but kinetic studies in
systematic ways have not yet been made to clarify effects of the immobilized redox species on their
catalytic activities.

This chapter describes kinetic studies on electrocatalytic oxidation of NADH on an Au elec-
trode coated with a monolayer of phenothiazine derivatives such as thionine, azure C, and azure A.
The electrode substrate was previously coated with a monolayer of 3,3'-dithiobis(succineimidylpropionate)
[31] and the above phenothiazine derivatives were covalently bound to the monolayer. It will be
shown that the prepared electrodes possess high catalytic activity for the oxidation of NADH, and
the discussion focuses on the determination of the second-order reaction rate constant between

NADH and monomer and dimer species immobilized on the electrode.

3.2 EXPERIMENTAL SECTION

All chemicals used in this study were of reagent grade and used without further purification.
Water was purified by twice distillation of deionized water. An Au wire of 0.4 mm diameter was
used as the electrode substrate, and was encapsulated in a glass tube using an insulating wax,
Daifloil® (Daikin Co., Ltd.) except for the electrode area of 0.25 cm?. Before use the electrode was
stored in concentrated H,SO,, and just prior to use it was immersed in concentrated HNO, for 15
min, followed by rinsing with distilled water.

The immobilization of phenothiazine derivatives in an oxidized state on the Au electrode
was accomplished using the reaction scheme shown in Scheme 2.1, which was developed by Katz
[31]. A self-assembled monolayer of 3,3'-dithiobis(succineimidylpropionate) (DSP, Nacalai) was
prepared by soaking overnight the Au electrode in dimethylsulfoxide (DMSO) containing 10 mmol
dm DSP, followed by being rinsed with 0.1 mol dm™ phosphate buffer (pH 7.0). The electrode
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Ilustration of chemical modification procedure.

was then immersed in a phosphate buffer solution containing one of the phenothiazine derivatives
(thionine (Aldrich), azure A (Nacalai), or azure C (Nacalai)) bf 0.1 mmol dm™ for more than 4 h to
bind it covalently to the DSP monolayer. The phenothiazine derivatives which were adsorbed on
the electrode without making covalent bonds were removed by polarization of the electrodes at -
400 mV vs. Ag|AgCl in 0.1 mol dm™ phosphate buffer (pH 7.0) under vigorous stirring for a few
minutes. The Au electrode coated with a monolayer of thionine, azure A, and azure C will be
denoted here as Th/Au, AzA/Au, and AzC/Au, respectively. When the immobilization of reduced
thionine was attempted, the Au electrode coated with DSP monolayer was polarized at -400 mV

vs. Ag|AgCl for 4 h in 0.1 mol dm"® phosphate buffer containing 0.1 mmol dm™ thionine. The
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resulting electrode will be denoted as Th(r)/Au to distinguish it from the Th/Au electrode prepared
without polarization of the electrode. All the modifications of the electrode were carried out under
thermostated conditions at 25 + 1 °C.

Electrochemical measurements were carried out under thermostated conditions at 25 + 1 °C
using a BAS100-B/W electrochemical analyzer connected to a Gateway 2000 computer. An
Ag|AgClKCI (saturated) electrode and a Pt foil were used as a reference and a counter electrode,
respectively. N, gas was thoroughly bubbled into the electrolyte solution prior to measurements.
In cases of cyclic voltammetry using high potential sweep rates, /R drop due to solution resistance
was electronically compensated by an automatic /R compensator equipped to BAS 100-B/W.

The catalytic activities of the oxidized form of thionine, azure A, and azure C for chemical
oxidation of NADH (Oriental Yeast Co., Ltd.) were investigated by measuring changes in absor-
bance at 600 nm using a Hewlett-Packerd 8452A diode array spectrophotometer. For this purpose
0.1 mmol dm? dye solution and 0.1 mmol dm= NADH solution were prepared using 0.1 mol dm?
phosphate buffer (pH 7.0), and were deaerated by bubbling with N, gas for 15 min. After mixing

both solutions of 0.75 mL each, the absorbance change was monitored.

3.3 RESULTS AND DISCUSSION

3.3.1 Oxidation of NADH by Phenothiazine Derivatives in Homogeneous System

Rates of chemical oxidation of NADH to NAD"* by the oxidized form of thionine, azure A,
and azure C were evaluated from changes in absorbance at 600 nm where the oxidized form of
these substances shows intense absorption but their reduced form does not. The changes in absor-
bance obtained are shown in Figure 3.1. The chemical oxidation reaction of NADH is represented

by

P*+NADH — PH+NAD" 3.1

where P* and PH denote, respectively, the oxidized form and the reduced form of phenothiazine
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(A) Time course of absorbance changes at 600 nm of 0.1 mol dm™ phosphate buffer (pH 7.0) containing 50
umol dm NADH and one of thionine (O), azure C (A), or azure A ([J) in 50 pmol dm?. (B) Changes
in a relative absorbance 4°/4 with the reaction time obtained from the results shown in (A), where 4° and 4

are absorbance at time # = 0 and at ¢, respectively.

derivatives. The reaction rate for reaction (3.1) is given by

d[P*] . 62
=k [P [NaDH .
where k,_is the second-order reaction rate constant. As mentioned in the experimental section, P*
and NADH were dissolved in the same concentration. If the initial concentration and the concen-

tration at time ¢ of P* are given by ¢° and ¢, respectively, eq (3.3) holds
cle=kct + 1 3.3)

According to the Lambert-Beer’s law, the term of ¢%c is equivalent to 4%/4 where 4° and A4 are the
absorbance of the dye solution obtained before oxidation of NADH and that obtained at the reac-
tion time ¢. Since the plots of 4%4 as a function of the reaction time gave a linear relationship with

the correlation coefficients greater than 0.997 as shown in Figure 3.1 (B), k, was evaluated with a
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fairly high precision, and 64.2, 39.8, and 11.8 mol"! dm? s*! were obtained for thionine, azure C, and
azure A, respectively.

The redox potential of thionine, azure C, and azure A were determined to be -120 mV, -135
mV, and -165 mV vs. Ag|AgCl in 0.1 mol dm= phosphate buffer, respectively, by means of cyclic
voltammetry using a glassy carbon electrode. Using these redox potential values together with the
reported redox potential of NADH of -540 mV vs. Ag|AgCl [32], the Gibbs energy changes (AG®)
of oxidation of NADH with thionine, azure C, and azure A in 0.1 mol dm™ phosphate buffer at pH
7 were estimated to be -81.1, -78.2, and -72.3 kJ mol, respectively. If logarithms of k. values
obtained above are plotted as a function of the corresponding AG®, a good linear relationship is

obtained between the two, indicating that these electron-transfer reactions are controlled by AG°.

3.3.2 Preparation of Phenothiazine Derivatives-immobilized Au Electrode and Their

Electrochemical Responses

The immobilization of phenothiazine derivatives on an Au electrode was made by the
reaction scheme given in Scheme 3.1 in which acylation reaction of amino groups of phenothiaz-
ine derivatives is essential for making covalent bonds with the DSP monolayer. The feasibility of
the acylation reaction using succineimide active ester was confirmed by synthesis of acyl deriva-
tives of azure A. N-succinimidylpropionate (Wako) was added to an aqueous solution containing
10 mmol dm? azure A so as to give the final concentration of 10 equivalents and the solution was
stirred for 5 h. The resulting dye molecules were collected by adsorbing on silica-gel, followed by
washing successively the dye-adsorbed silica-gel with copious water and methanol. The dye mol-
ecules were desorbed by dispersing the silica-gel in methanol containing 2 vol.% HCI and were
dried in vacuum. Comparison of FT-IR spectrum of the final product to that of azure A revealed
the appearance of new adsorption bands at 1650, 2850, and 2915 cm™'. The band at 1650 cm™! was
assignable to the characteristic adsorption of C=0 in amide group and the bands at 2850 and 2915
cm™ were due to C-H stretching of alkyl group, indicating that the acylation reaction took place
with just mixing N-succinimidylpropionate and azure A. Then it was definitely expected that

phenothiazine derivatives were covalently bound to the DSP monolayer by acylation reaction, as
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given by Scheme 3.1. The Au electrode having immobilized phenothiazine derivatives possessed
redox activities due to the redox dyes, as will be shown below.

Figure 3.2 shows cyclic voltammograms of the Th/Au electrode taken in 0.1 mol dm3
phosphate buffer (pH 7.0) in a potential range between -300 and +450 mV vs. Ag|AgCl. The
voltammogram (a) was obtained at an as-prepared Th/Au electrode which was not subjected to any
reductive polarization. In that case, three redox waves appeared, whose average potentials of
anodic and cathodic peaks were -170, -30 and +240 mV vs. Ag|AgCl. Similar redox behavior
giving three redox waves was reported for an Au electrode coated with a self assembled monolayer
of 3-mercaptopropionate to which toluidine blue O (TOB) was chemically bound [29]. However,
if the Th/Au electrode was polarized under vigorous agitation of the electrolyte solution at -400
mV vs. Ag|AgCl, which was negative enough to reduce the adsorbed thionine, the redox wave
observed at -170 mV disappeared, as shown by voltammogram (b) of Figure 3.2, indicating that
this redox wave was due to adsorbed thionine molecules which were not covalently bound to the
self-assembled monolayer. The presence of such
adsorbed thionine molecules on the Th/Au electrode
must be due to the positive charges on the thionine
molecules which allow electrostatic binding to the
negatively charged propionate groups generated by
hydrolysis of DSP on Au [33]. It was also suggested

that formation of dimeric thionine due to the Lon-

don force (i.e., m-electron stacking) took place be-

tween the chemically bound thionine on the gold U RPN S RPN SR TN BN S B
. . 1 -0.4 02 0 0.2 0.4

substrate and dissolved molecule in the oxidized E / Vv AglAGC]

state [34]. Thionine molecules physically adsorbed Figure 3.2

due to electrostatic interaction and the London force Cyclic voltammograms of the Th/Au electrode
taken in 0.1 mol dm” phosphate buffer (pH 7.0)
at the potential scan rate of 200 mV s before (a,
- - - =) and after (b, —) polarization at -400 mV

must be desorbed by negative polarization because
neither electrostatic interaction nor the London force
operate at the reduced thionine molecule [34]. vs. Ag|AgCl under agitation of electrolyte solu-

s tion.
Therefore, the remaining redox waves after the nega-
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Figure 3.3
Cyclic voltammograms of (a) the Th/Au (—), (b)
the AzC/Au (— - —), and (c) the AzA/Au (----)

electrodes taken in 0.1 mol dm? phosphate buffer
(pH 7.0) at potential sweep rate of 200 mV s after
polarization at - 400 mV vs. Ag|AgCl for a few min-

utes.

tive polarization should be ascribed to thionine
covalently immobilized to the DSP-monolayer
thorough amide bonding. Why the chemically
bound thionine showed two redox waves will be
discussed below. The electrochemical responses
giving three couples of redox reactions as ob-
served at the as-prepared Th/Au electrode were
also observed at the as-prepared AzA/Au and
AzC/Au electrodes. If polarization of these elec-
trodes was made at -400 mV vs. Ag|AgCl, the
redox wave af the most negative potential was
eliminated as Figure 3.3 shows.

The redox wave at -30 mV vs. Ag|AgCl of
the Th/Au electrode can be ascribed to thionine
monomers covalently immobilized on the elec-
trode surface through amide bonding. Its redox
potential was 90 mV more positive than the origi-
nal redox potential of thionine dissolved in the
electrolyte solution. This positive shift of the

redox potential seems reasonable because the

electron-withdrawing property is enhanced by the transformation of the amino group in position 3

of the phenothiazine derivatives into the amide group [35]. Schlereth et al. reported that a dimer

species formed at the TOB monolayer-coated Au electrode gave the most positive redox potential

among three redox waves observed [29]. The same might be true for the electrochemical re-

sponses observed at the Th/Au electrode. In order to confirm this assumption, the immobilization

of thionine onto the DSP monolayer-coated Au electrode was performed under polarization of the

electrode at -400 mV vs. Ag|AgCl. The cyclic voltammogram of the resulting electrode (Th(r)/Au)

is shown in Figure 3.4 together with that obtained for the Th/Au which was given by curve (b) in

Figure 3.2. The Th(r)/Au electrode exhibited a pair of anodic and cathodic waves only. The

30



similar changes in the voltammetric behavior caused
by polarization of the electrode during the course
of immobilization was reported for the above men-
tioned TOB monolayer-coated Au electrode [29, 30].
The average potential of anodic and cathodic peaks
at the Th(r)/Au electrode was -45 mV vs. Ag|AgCl

which was close to the formal potential of a thionine

monomer observed at the Th/Au electrode. How-

ever, the redox waves observed around 240 mV in L
) 0.4 0.2 0 0.2 0.4
the voltammogram of Th/Au is not seen at Th(r)/ E /V vs AglAGC]
Au. As mentioned above, thionine molecules in oxi-
Figure 3.4

dized state give easily its dimeric species because
Cyclic voltammograms of the Th(r)/Au (—) and

they have a high equilibrium constant (K =[dimer]/  ho Th/Au electrode (- - -) taken in 0.1 mol dm?

[monomer]>>10?) due to the London forces, whereas ~phosphate buffer (pH 7.0) at 200 mV s

their reduced form is not  [34]. Accordingly, if the

immobilization was carried out without any polarization, dimers would be predominantly immobi-
lized. If only one thionine molecule of dimer is covalently immobilized through amide bonding,
another thionine molecule of the dimer must be eliminated by negative polarization as mentioned
above, leaving the immobilized monomer. If this is the case, the subsequent positive potential scan
will not result in any significant wave characteristics of the dimer which is discussed below. Since
the two pairs of redox waves appeared even after the negative polarization, two thionine molecules
of the dimer must be covalently immobilized through amide bonding to the DSP-monolayer on Au
electrode. If the immobilized dimer is reduced, two monomers are formed which are believed to
possess a favorable geometric arrangement for re-dimerization to take place with subsequent oxi-
dation, while an immobilized monomer would not be dimerized due to limitation of its motion on
the electrode surface and the absence of the partner for dimerization to take place. Such differ-
ences in the immobilized states between the monomer and dimer of thionine would result in differ-
ence in the apparent redox potentials, though we cannot present any quantitative discussion on the

magnitude of the redox potential difference because the voltammetric behavior of surface-con-
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fined redox species must be affected by their

degree of solvation and dielectric constant [36],

. . . but no established technique to predict the re-

L g R o e o dox potentials including these factors is avail-
é s o - able. It is evident that dissolved thionine in
= T homogeneous media gives one pair of redox
AA waves only, because the monomers and the

dimers in oxidized state are in equilibrium. If

o™ 0 |2 ; ; ; the electrode is negatively polarized during the
t/h course of the immobilization, the monomer

Figure 3.5 alone must be immobilized. Then, it seems

Changes in surface coverage of thionine in mono-  reasonable to assign the redox wave at 240 mV
meric ( [J), dimeric states ( A ), and both of them (@)
immobilized on Au electrode as a function of immersion
time of DSP-coated Au electrode in 0.1 mmol dm thionine ~ T€40X reaction of the immobilized thionine

in the voltammogram of Th/Au electrode to the

solution. dimer. The same discussion might be true for

the AzA/Au and the AzC/Au electrode. Here-

after, the two pairs of redox waves will be distinguished each other by the term of monomer and
dimer.

The amount of surface coverage of the immobilized thionine was evaluated by integrating
the anodic peak area under an assumption that two electrons were involved in the redox reaction of
one thionine molecule. Figure 3.5 shows the surface coverage of monomeric and dimeric thionine,
and the sum of them as a function of immersion time of the DSP-coated Au electrode in the thionine
solution. As shown in this figure, the surface coverage of thionine monomer was saturated at 5.8 x
10" mol cm™ with the electrode immersion time of 4 h, whereas that of thionine dimer was satu-
rated to as high as 1.2 x 10""° mol cm™ with the immersion time of 2 h, giving the total surface
coverage of adsorbed thionine of 1.78 x 10-° mol cm™. As for the AzC/Au and AzA/Au electrodes,
the total amounts of adsorbed molecules were 1.1 x 101° and 0.9 x 10°'° mol cm?, respectively.

If cyclic voltammograms of the Th/Au electrode prepared without polarization were taken in

0.1 mol dm phosphate buffer (pH 7.0) at several different potential sweep rates ranging from 20 to
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500 mV s, the peak currents of the redox

250
waves of both monomer and dimer increased
in proportion to the potential sweep rate, indi- 200
cating that the immobilized thionine exhibited > 150
electrochemical responses characteristic of the Sn
redox species confined on the electrode. Fig- < 100
ure 3.6 shows the magnitude of separation of 50
the peak potentials between the anodic and
cathodic waves of the two redox couples as a ° |0.101 0{1 ; 1|0 1l02
function of the potential sweep rate. Applica- vIvs
Figure 3.6

tion of Laviron’s method [37] to the results
Plots of the peak separation (AE ) of redox couples

shown in Figure 3.6 gave the electron transfer due to monomer (@) and dimer (O ) species of

rate constant of ca. 50 s! for the immobilized the Th/Au electrode taken in 0.1 mol dm™ phos-

thionine. In this evaluation, the transfer coef- phate buffer (pH 7.0) as a function of potential

sweep rate.
ficient was assumed to be & = 0.5 because the
dependence of the cathodic peak potentials on logarithm of the potential scan rate was nearly equal
to that of the anodic peak potential in absolute value. Similar results were obtained for the AzC/Au
(ca. 50 s) and the AzA/Au (ca. 45 s?) electrode. The electron transfer rates obtained here are large

enough to give the Nernstian voltammetric behavior of the immobilized species if measurements

are made at potential sweep rates less than several hundreds mV s [38].

3.3.3 Electrochemical Oxidation of NADH

Cyclic voltammograms of the Th/Au electrode taken in the phosphate buffer (pH 7.0) in the
presence and absence of 1 mmol dm™ NADH are shown in Figure 3.7. When the electrolyte
solution contained NADH, an irreversible anodic wave appeared in potentials positive of the redox
wave of the thionine monomer immobilized on the electrode. If the same experiment was con-
ducted using a bare Au electrode, no anodic wave appeared in the same potential range, indicating

that thionine molecules immobilized on the Au electrode worked well as an electrocatalyst for
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Figure 3.7
Cyclic voltammograms of the Th/Au electrode taken
in 0.1 mol dm™ phosphate buffer (pH 7.0) in the pres-
ence (—) and absence (- - - -) of 1 mmol dm? NADH
at 200 mV s

5 pA cm?

‘..o',u

-0.2 0 0.2

E /V vs Ag|AgCl

Figure 3.8
Experimentally obtained cyclic voltammograms of
the Th(r)/Au electrode taken in the presence (—) and
absence (- - - -) of 1 mmol dm NADH at 200 mV
s'and simulated ones (O). Parameters used in the

simulation are given in the text.
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oxidation of NADH. If the potential sweep was
repeated, a gradual decrease in the anodic peak
currents was noticed, but the voltammogram
shown in Figure 3.7 was recovered by polarizing
the electrode for a few minutes at the lower po-
tential limit of -300 mV vs. Ag|AgCl chosen in
the cyclic voltammetry without changing the so-
lution, suggesting that the observed current de-
crease resulted from a decrease in the concentra-
tion of NADH on the electrode surface due to its
consumption and/or adsorption of some impuri-
ties arising from NADH oxidation [12] rather
than due to desorption of thionine from the elec-
trode. The peak currents of the voltammograms
were proportional to square root of the potential
sweep rate from 10 to 100 mV s’ if the bulk con-
centration of NADH was below 2 mmol dm?3,
suggesting that diffusion of NADH predominated
in the oxidation processes of NADH, which
occured with EC mechanism at the Th/Au elec-
trode [39].

Figure 3.8 shows cyclic voltammograms of
the Th(r)/Au electrode taken under the same con-
ditions as those given in Figure 3.7. The increase
in the oxidation currents was observed at poten-
tials positive of -120 mV vs. Ag|AgCl where oxi-
dation of the immobilized thionine took place.
However, the catalytic currents obtained were

very small compared to those obtained at the Th/



Au electrode, giving no definite peak currents in the potential range chosen for the measurements.
The results show clearly that the dimeric form of thionine has much higher catalytic activity for
oxidation of NADH. In this figure, simulation plots for the catalytic oxidation of NADH are also
shown by open circles. The procedures of obtaining simulation curves will be described in the next
section.

The AzC/Au and the AzA/Au electrodes prepared without any polarization also exhibited
high catalytic activities for oxidation of NADH, but the peak currents obtained at these electrodes

were a little smaller than that obtained for the Th/Au electrode (see Figure 3.9).

3.3.4 Kinetic Studies on Electrocatalytic Oxidation of NADH

As already shown in Figure 3.7, the thionine molecules immobilized on the Au electrode
substrate worked well as an electrocatalyst for electrochemical oxidation of NADH. However,
since only one wave appeared in the oxidation of NADH, it is difficult to distinguish whether the
monomeric or dimeric species immobilized on the electrode contributed to the catalytic oxidation
of NADH. The same was true for electrochemical measurements using a rotating disk electrode
(RDE) technique, where a catalytic current having a simple sigmoidal shape was obtained, sug-
gesting that one kind of redox species efficiently worked as the electrocatalyst. Then, digital
simulations using an explicit finite difference calculation [38, 40] were used to evaluate the rate
constant of the electron exchange between NADH and each immobilized species. The technique
used here was based on the work developed recently by Xie and Anson [38]. Though the preceding
works on theoretical treatments of cyclic voltammetry for surface-confined electrocatalysis [39,
41] was available, whole current-voltage curves obtained by using them did not give good fit to the
experiment.

If both monomeric and dimeric species of phenothiazine derivatives immobilized on the

electrode are taken into consideration in the catalytic oxidation of NADH, the oxidation reactions

are given by
Meg1 == M, + 2¢ + H* (formal potential: E,*) (3.4.2)
Mpgr == My, + 2 + H* (formal potential: E,*) (3.4.b)
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k
M, + NADH —*% M,_,, + NAD* (3.5.a)

ox,1

M,, + NADH -EL M,,, + NAD* (3.5.b)
where M_ and M_ 4 (i =1, 2) denote the immobilized phenothiazine derivatives in the oxidized
and reduced form, respectively, k_; is the second-order reaction rate constant of the catalytic chemi-
cal reaction, and the subindex 1 and 2 denote the surface-bound phenothiazine derivatives in mo-
nomeric and dimeric states, respectively. Since both monomeric and dimeric species exhibited the
Nernstian redox behavior as mentioned above, the modified Nernst equation [38] as given by eq.(3.6)
is useful to correlate the electrode potential and the surface coverage of the immobilized species of

oxidized (£, ) and reduced (/) forms.

red,i

I ..
E=E°'+ RT Inj =4 3.6
' nFg, \I, (3.6)

red,i

where g, is an empirical parameter that is valid for expressing an non-idealized voltammetric be-
havior of the redox species immobilized on an electrode and its value is estimated from a full-
width at half-maximum (FWHM) of the cathodic or anodic wave, i.e., FWHM = 90.6/(ng,) mV
[38]. The n value is the number of electrons involved in the redox reaction, and F, R, and T have
their usual significance. The sum of I, . and I" . is given here by I.
1—; = 1~ox,i + I_r'ed,i (37)
The current density at the time of ¢ after initiating the potential sweep (j(¢)) is composed of

that of the redox reactions of the immobilized phenothiazine derivatives (j (7)), that of charging

and discharging of the double layer (j ), and that of the catalytic oxidation of NADH (j ().

J@®) = Jo@)+ jeu (D + (3-8)

The j () can be obtained by
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d]:)x,i (t) =—nF dEcd,i (t)

(1) = nkF
Jo@®)=n dr d

(3.9)
where I (?) and I, (1) are the surface coverage of the immobilized species of oxidized and re-

duced forms at time ¢, respectively. By substituting eqs (3.6) and (3.7) into eq (3.9), eq (3.10) is

obtained.

2Fg;
2 i I A
4F vgiEexp[—RT (E(t) E; )}

2
Jo(O) =2

i=1 2Fg; iy
RT{I + exp[ﬁ(E(t) — E )}}

2 (3.10)

where v is the potential sweep rate, and positive values hold for positive potential scan, and £(?) is
the electrode potential at time ¢.
The charging currents of the double layer j_is assumed to be independent of £(f) and is

given by the product of the double layer capacity (C,) and the potential sweep rate v.
J, =Cyv ' (3.11)

If it is assumed that current values at -0.25 V vs. Ag|AgCl of cyclic voltammograms taken in the
NADH-free electrolyte solution give the double layer charging currents, 60 uF cmis obtained for
C,, which was used for all digital simulations of cyclic voltammograms. The j_ value may contain
some error, but even if it is the case, the contribution of Jj, to the total electrolysis current is very
small as compared to the contribution of the catalytic current, resulting in no serious errors in the
following discussion.

The anodic current due to oxidation of NADH catalyzed by the immobilized phenothiaz-

ine derivatives is given by

2
Jeat () = 2Feyapn (r03t)§kc,iax,i (1) : (3.12)
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where ¢ 1) is the concentration of NADH at the electrode surface at time ¢. The I, (?) is

NADH(rO’

given by eq (3.13) with use of egs (3.6) and (3.7).

r;

L..(1)=
oxi () 1+exp[— (nFg, | RT)E(t)- E®") (3.13)

J.,(D) is also correlated to the flux of NADH at electrode surface (r = r,) by eq (3.14).

Jau® _ (acNADH(r,t))

oF  NADH or (3.14)

r=ny
where D, .. is the diffusion coefficient of NADH, r is the distance from the center of a wire
electrode, and 7, is the radius of the wire electrode used in the present study. Under our experimen-

tal conditions, the mass transport of NADH obeys a cylindrical diffusion, which is given by eq

(3.15)

denapn (1) _ DNADH{achADH (r,1) , 1 8exppn (r,t)} 15

ot or? r or

The explicit finite difference calculations [40] were then applied to eq (3.15) to evaluate j_ (r) with
combining eqs (3.12) through (3.14). For these calculations, 2.191 x 10* cm and 0.01 s were
chosen as the width of each volume element in the discretized diffusion layer and the time incre-
ment for each iteration, respectively. It was confirmed that these values were small enough to

obtain convergence. c,,..(c0, ) = 1 mmol dm* (concentration of NADH in bulk solution) and

NADH
Doy = 2.4 x 10 cm?’s™" [42] were used for the calculations.

Figure 3.9 shows the experimentally obtained voltammograms of the Th/Au, AzC/Au and
AzA/Au electrodes taken in the electorolyte solution containing 1 mmol dm= NADH and the best
fitted simulation curves which were obtained with use of the parameters summarized in Table 3.1.

In this table, E °° of each species dissolved in solution and k. values obtained for chemical oxida-

tion of NADH in the homogeneous system are also given for comparison. The simulation curves
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Table 3.1
Formal potentials and the second-order reaction rate constant

for oxidation of NADH
Thionine Azure C Azre A
(Dissolved state)
E® (mV vs. Ag/AgC)) ? -120 -135 -165
ki, (mol 'dm’s)° 64.2 39.8 11.8
(Immobilized state)
E\* (mV vs. Ag/AgC)) 230 -45 -85
I (10" %molem %) 0.58 0.40 0.40
E)” (mV vs. Ag/AgC) 240 230 210
-10 -2
15 (10" "molem ™) 12 0.70 0.49
ks> (10°mol 'dm’s™) 12 0.95 0.55

a; The formal potential estimated from the midpoint between the cathodic and anodic peak
potentials of cyclic voltammogram in 0.1 mol dm? phosphate buffer (pH 7.0) at a glassy

carbon electrode.
b; Estimated from the absorbance change at 600 nm of 0.1 mol dm? phosphate buffer (pH 7.0)
containing 50 mmol dm? NADH and 50 mmol dm~ phenothiazine derivatives.

| I 1 1 1 1 ) I A | ST 1 | 1 | I BT | | R | | 1 ! I 1 | |
0.4 0.2 0 0.2 0.4 0.4 -0.2 0 0.2 04 0.4 -0.2 0 0.2 0.4
E/Vvs Ag|AgClI E /Vvs Ag|AgClI E /Vvs AglAgCI
Figure 3.9

Experimentally obtained cyclic voltammograms (—) of the Th/Au (a), the AzC/Au (b), and the AzA/Au (c)
electrodes taken in 1 mmol dm™ NADH at 200 mV s and best fitting simulated ones ( O ) to each
voltammogram. g, values (i = 1, 2) used in the simulation were 0.4 for all cases. Other parameters used in the

simulation are given in Table 3.1.
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shown in Figure 3.9 were obtained by assuming that
k., was the same for three kinds of electrodes used
and it was 1 x 10 mol! dm® s, This assumption is
rationalized in the following way. As shown in Fig-
ure 3.10 for the case of the Th/Au electrode, if kc,l
values larger than 1 x 10° mol! dm3 s! was used in

the simulation, the obtained voltammograms gave

an anodic peak at around E,°, and the peak became
E/V s AglAgC! large with increasing k., It was found that use of

Figure 3.10 k,,=1x 10> mol'dm’ s gave a very good fitted

Simulated anodic waves of the Th/Au obtained shape of the voltammogram to the experimentally
by using k_, of 1x103%(—), 1x10%(— - —), and

obtained one around E?” for all the simulation.
1x10°(— - - —) mol'dm’s™. k_, is fixed to be

1.2 x 10° mol" dm’ s and other parameters are Values of k_, were then chosen so as to give the best

the same as those used in Figure 3.10. Blank curve  fitted voltammogram with use of this k,, value. As
(- = -) was obtained by calculation of eq (3.10). shown in Table 3.1, the second-order reaction rate
constant of the catalytic oxidation of NADH (k_,)
obtained for the Th/Au was (1.2 £ 0.1) x 10° mol! dm? s™'. This value is larger than the highest rate
constant reported so far for oxidation of NADH which was obtained with use of 3,4,-
dihydroxybenzylamine [4] as a catalytic reagent ((7.7 = 0.8) x 10* mol"! dm? s'). The uncertainty of
the obtained k_, results in shifts of simulated peak potential of as small as + SmV.

An attempt was also made to simulate the voltammogram obtained by the electrocatalytic
oxidation of NADH using the Th(r)/Au electrode, as shown in Figure 3.8. The catalytic currents
exhibited two shoulders at around 0.1 and 0.3 V vs. Ag|AgCl in the positive potential scan, suggest-
ing that there were two kinds of species which worked as electrocatalysts. However, only one pair
of redox waves was observed in the voltammogram of the Th(r)/Au taken in the absence of NADH,
as already shown in Figure 3.4, making it rather difficult to clarify the nature of the two kinds of
shoulders observed. If assumptions were made that one kind of redox couple observed in the cyclic

voltammogram shown in Figure 3.4 worked as an electrocatalyst and caused an increase in the

oxidation currents at potentials positive of 0.1 V vs. Ag|AgCl, the simulation curves given by open
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circles in Figure 3.8 were obtained with the use of parameters of 77=1.3 x 10" mol cm?, E,*’= -
0.03V vs. AglAgCL k  =1x 102 mol"! dm® s and g, = 0.3. Apparently, the simulation curves
deviate greatly from the experimentally obtained voltammograms. It is speculated that even with
the use of the Th(r)/Au electrode a very small amount of the dimer, which could not be detected by
cyclic voltammetry, was immobilized on the electrode surface, and the appearance of the two
current shoulders are due to the contribution of both monomer and dimer.

Figure 3.11 shows the second-order rate constant of the catalytic oxidation of NADH ob-

tained at immobilized dimeric species of thionine, azure C, and azure A as a function of the Gibbs

energy changes (AG°) for the oxidation reaction
of NADH, which were evaluated by the redox
potential of immobilized electrocatalysts and
NADH. Also included in this figure are the rate
constants obtained by other investigators with use
of monolayer-coated electrodes of 1-amino-3,4,-
benzoquinone [4], 3-hydroxytyramine [4], 4-me-
thyl-1,2-benzoquinone [4], 1,2,-naphtoquinone-
4-sulfonic acid [6], poly(thionine) [13], and PQQ
[27], which are given by open circles. As this
figure shows, a linear free-energy relation is
maintained even if the redox species are immo-
bilized on electrodes. Since AG° of NADH oxi-
dation with the monomeric form of thionine,
azure C, and azure A immobilized on the elec-
trode are estimated to be -98.5, -95.5, and -87.8
kJ mol’!, respectively, determined with use of
their formal potentials, the second-order reaction
rate constants with use of these monomers (k)
must be ca. 10? mol! dm® s, as judged from the

results shown in Figure 3.11. It is noticed by

log(k )

1 1 1 1

1 [ I B
-70 -90

L

-110

-130 -150 -170

AG’ / kJ mol

Figure 3.11

Relationship between logarithm of the second-
order reaction rate constants and the Gibbs en-
ergy change obtained for electron exchange be-
tween NADH and dimeric Th/Au (a)o, dimeric
AzC/Au (b)a, dimeric AzA/Au (c)a, 1-amino-
3,4,-benzoquinone/carbon (d)B, 3-
hydroxytyramine/carbon (e)[3, 4-methyl-1,2-ben-
zoquinone/carbon (f)B, 1,2,-naphthoquinone-4-
sulfonic acid/carbon (g)y, poly(thionine)/carbon
(h)3, and PQQ/Au (i)e electrode. a:Measured in
this work. B:From ref. 4. y:From ref. 6. 3:From
ref. 13. e:From ref. 25.
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comparing the reaction rate constants between dissolved phenotiazine derivatives and immobi-
lized ones, which are given in Table 3.1, that the reaction rate is enhanced by a factor of more than
10* by immobilization of the phenothiazine derivatives on the electrode. As has been reported [11,
12] and mentioned above, the redox potential of the 3-amino-derivatives of phenothiazine is shifted
positively by conversion of an amino group to an amide group. Furthermore, a positive shift of the
redox potential occurs with dimerization of the phenothiazine derivatives. Such positive shifts of
the redox potentials enhance the thermodynamic driving force of the electrochemical oxidation of
NADH. As shown in Figure 3.11, the apparent activities for electrochemical of NADH are con-
trolled by the Gibbs energy difference between the electrocatalyst and NADH. The results may
suggest that the use of the term of electrocatalyst is not sound for the substances given in this figure
for NADH oxidation, because the electrocatalysts should show high activities for reactions of in-
terest with an activation energy as small as possible. However, it is also true that redox reagents
having thermodynamically large driving forces for NADH oxidation do not always show activities
for the oxidation of NADH. In this sense, the phenothiazine derivatives used in this study are said

to work as electrocatalysts.
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chapter 4

Voltammetric Response Accompanied by
Inclusion of lon-pairs and Triple lons Formation
of Electrodes Coated with an Electroactive
Monolayer Film

4.1 INTRODUCTION

Electrochemistry of self-assembled monolayers (SAM) having redox active groups has
been getting great interests in recent years [1-12]. Theory on cyclic voltammetry on such surface-
confined redox species has been developed with use of the Langmuir adsorption isotherm and the
Nernst equation [13]. However, the shape of experimentally obtained voltammograms are often
much broader [1,2,7,9] than that predicted by the theoretical predictions, and in some cases spiky
redox waves appear [5,11]. Furthermore, it has been found that the apparent formal potential is apt
to shift especially when the surface concentration of surface-confined redox species is high [1,2,7].
Such non-ideal voltammetric behaviors were first theoretically treated by Laviron who introduced
adjustable interaction parameters to make good matching of experimentally obtained
voltammograms to the theoretically obtained ones [14-16]. Recently White and Smith analyzed
voltammetric behaviors of an electrode coated with redox active SAM and showed that the broad-
ening of voltammetric waves and shifts of their apparent formal potentials can also be explained
without any empirical adjustable parameter if potential drops across the SAM are taken into con-
sideration [17]. Their theoretical treatments were further refined with inclusion of “discreteness-
of-charge effects” [18,19], and applied to other electrochemical problems in which the potential-
dependent acid/base equilibrium of a SAM [20,21] and the potential-induced orientation of an
amphiphilic molecule [22] were taken into consideration.

In this chapter, further refinements of the theoretical treatments made by Smith and White
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[17] are made in terms of formation of ion-pairs and triple ions between redox active SAM and
electrolyte ions. The ion-pair formation is suggested from the finding that the voltammetric peak
obtained at electrodes coated with SAM of alkylthiol derivatives of ferrocene was varied with
changes in the concentration of electrolyte solution [3,7,11]. Furthermore, in-situ measurements
using the EQCM (electrochemical quartz crystal microbalance) technique of electrodes coated
with SAM of alkylthiol derivatives of ferrocene [11] and viologen [12] revealed the occurrence of
association and dissociation of electrolyte ions with surface-confined redox species during the
course of the redox processes. A potential distribution profile éonsidered in the original work by
Smith and White [17] is shown in Figure 4.1 (A), where no ion-pair formation was assumed for
surface-confined species. If the same surface-confined species interacts strongly with the electro-
lyte counter anions, a potential distribution profile as shown in Figure 4.1 (B) seems valid. The
potential difference between the electrode substrate and the solution bulk is concentrated in the
SAM. If the surface-confined positively charged species is subjected to excessive compensation
such as with triple ions formation, the potential drop in the SAM is increased, as shown in Figure
4.1 (C), which is also valid for metal electrodes having specific adsorption of electrolyte anions
[23]. If such changes in the potential distributions occur in the redox reactions of the surface-

confined electroactive species, not only the peak potential but also the shape of voltammograms

Pra—

<+

Electrode
+

Figure 4.1

Schematic illustration of potential distributions across solution/SAM/electrode substrate interface. The zig-
zag line indicates a dielectric film like alkyl chain and the signs (+,-) denote the charges of electrode substrate
surface, surface-confined species, and the electrolyte ions. (A): For a case for insufficient compensation of
surface-confined positive charges with electrolyte anions, (B): as in (A), but for full neutralization, (C): as in
(A), but for excessive accumulation of electrolyte anions. The parameters given in the figure are described in

the text.
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will be changed depending on the degree of interaction of electroactive SAM with electrolyte ions.
In this chapter, explicit solutions for the peak current and the peak potential of the voltammetric
waves are presented, discussion is made to correlate them with the Laviron’s treatments [14,15],

and a graphical method to evaluate the double-layer effects is proposed.

4.2 THEORY

4.2.1 Model and Potential Distribution across Monolayer and Double Layer

Figure 4.2 shows an interfacial structure model of a plane electrode coated with a redox

active SAM having thickness d, and dielectric constant &,. The redox group is located at the end of

“+—1 Redox head group

Electrode

Figure 4.2
Schematic illustration of a solution/SAM/electrode substrate interface (upper) and the model system used to
calculate the potential profile (lower). The zig-zag line given in the upper figure indicates a dielectric film
like alkyl chain, open circles are redox group, closed and gray circles are electrolyte ions. o,, and o, are
delocalized on the electrode surface at x=0 and the inner Helmholtz plane at x=d, respectively. Boxes 1, 2,
and 3 denote for regions covering from the electrode substrate to the inner Helmholtz layer, for those to the
outer Helmholtz layer, and for those to electrolyte solution bulk, respectively, and the Gauss’ law was ap-

plied to them to correlate the electric field to the charge density.
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SAM (x=d|). The distance between the inner and the outer Helmholtz plane is d, in which a
medium of the dielectric constant ¢, is filled. The dielectric constant of the solution phase is given
by &,. The charges on the metal electrode surface at x=0 are given by o, and those on the inner
Helmholtz plane at which the redox head groups are presented are given by ¢;,_.. The inner Helmholtz

plane is denoted here as PET. It is assumed that both o;, and o, are delocalized in each plane, i.c.,

ET
the discreteness-of-ion effect [18] is ignored as assumed by Smith and White [17]. This means that
even if the ion-pairs and triple ions are formed, their charges are also delocalized on the PET. It is
further assumed that there are no net charges in the region of 0<x<d, and d,<x<d +d,, and the
volume charge density in the diffuse layer (x>d,+d,) is given by p(x).

In order to correlate the electric fields to the charge densities of interest with using the Gauss’
law, boxes 1, 2, and 3 are imagined for the inner Helmholtz region, the region covering up to the

outer Helmholtz region, and that extending to the solution bulk, respectively, as shown in Figure

4.2. Application of the Gauss’ law to the boxes 1 and 2 gives

gk = o, (Box 1) (4.1a)

&&E,=o,+ oy, (Box 2) (4.1b)
where E, and E, are the magnitude of the electric field in the region of 0<x<d, and d,<x<d +d,,
respectively, and &, is the permittivity of vacuum (8.854x102 J'C°’m™). Indefinite integration of

eq (4.1a) with respect to the distance from the electrode surface (x) using the relation of Ej=-d¢(x)/

dx gives
de(x) _ _{°%M
J=dx = f—nglgo 4.2)

Then, the average local potential, ¢(x), as a function of x can be given by

OMmX

#(x) = -

ey d>x>0 (4.32)

Similarly, eq (4.3b) is derived from eq (4.1b)
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P(x) = _W.{. B,

., dy+d,>x>d, (4.3b)

where B, and B, are integration constants whose values are determined so as to maintain the conti-
nuity of the potential distribution at d, and d +d,, respectively. Since most of the potential drops
should occur within the organic layer due to its low dielectric constant, the potential at the outer
Helmbholtz layer, g, at the distance of x = d +d, relative to the potential of the bulk electrolyte
solution must be equal to or smaller than ca. 50 mV, as already discussed by White and Smith [17].
Then, the potential distribution in the diffuse layer (x>d +d,) can be estimated using the following

relation [13, 24]

$(x) = ¢(d, +d,)e ¥4~ x>d, +d, (4.4)

where x is the Debye-Hiickel reciprocal length which is given by x = zF(2C/&,g,RT)” for a
symmetric z: z electrolyte solution with the concentration of C. The volume charge density in the

diffuse layer, p(x), is related to ¢(x) by the Poisson’s equation.

d’¢(x) _ p(x)
dxz == £, 4.5)

The application of the Gauss’ law to the box 3 given in Figure 4.2 yields the following relation by
taking into consideration of the charge neutrality,
Om t Oper + Ogit = Om + Oper +J';+d2p(x)dx=0 (4.6)

where o, refers to the net electric charge of the entire diffuse layer. Combining eqs (4.4), (4.5) and

(4.6) with each other, the potential in the diffusion layer is described by

(oy + opgr) explx(d, +d, —x)]
E360K

#(x) = d +d, <x (4.72)

It should be noted that ¢(x) gives the potential relative to the potential of the bulk electrolyte
solution (¢,=0). By determining B, in eq (4.1b) in such a way as to satisfy the continuity of the
potential at x=d +d,, then B, in eq (4.1a) is determined with consideration of the continuity of the
potential at x=d,. In this way, the potential in a region between the outer Helmholtz layer and the

electrode substrate is obtained which are given by eqs (4.7b) and (4.7c), respectively.
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d +d,—x 1
P(x) = ( 2 4 )(GM + Opgr) d <x<d +d, (4.7b)
d,—x)o d 1
#(x) = G M +( 2+ J(O-M +Opgr) 0<x<d, (4.7¢)
£18 E,6)  E35)K

4.2.2 Voltammetric Response of One-electron Reversible System

Involving Formation of lon-pairs and Triple lons

Let a one-electron reversible redox reaction of surface-confined redox couple, O*/R° like

ferricinium/ferrocene couple be given by

Ot+e == RO (4.8)

The redox couple in an equilibrium state gives the following relationship [17].

o RT |10 |

where ¢,, is the inner potential of the metallic electrode, ¢, is the potential at the PET (x=d,), E°
is the standard potential of a redox couple, E, is the potential of zero charge of the substrate
electrode, I+ and I, are the surface concentration of O* and R°, respectively, and R, 7, and F have
their usual significance.

As described already above, the EQCM studies on the redox active SAM of ferrocene [11]
and viologen [12] derivatives showed that when electrochemical oxidation of the monolayer oc-
curs, electrolyte anions are bound to the electrode. In the electrolyte solutions, the formation of

ion-pairs and triple ions may be formulated by eqs (4.10a), (4.10b), and (4.10c)

(Ion pair) Ct+ A = (CAY | (4.10a)
(Triple ions) (CAY+A = (CA) (4.10b)
(CAYP +C+== (C,A) (4.10c)
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where C* and A" denote cationic and anionic species, respectively [25-29], and the formation of
triple ions becomes marked with increasing the concentration of electrolytes especially when the
solvent has a low dielectric constant [25-29]. When cationic species are generated on the SAM
with a high density in the redox reaction, the ion-pair and triple ion formation as given by eqs
(4.11a) and (4.11b) seems easy to occur at PET, because the electrode substrate/solution interface

in such cases gives a lower dielectric environment than that of the bulk solution [30].
Or+X = (0X)° (4.11a)

(0X)° +X- == (0X,) (4.11b)

The equilibrium constants of the formation of (OX)° and (OX, ), which are denoted here as K | and

K ,, respectively, are defined by

I o
Ky=—F 1 (4.12a
ro* [X ]s . )
Ko = O (4.12b)
02 T _ .
[EOX)“ [X ]s

where I is the surface concentration of species i at PET and [X'], is the concentration of X" in the
bulk solution that is equal to the concentration of the supporting electrolyte (C). Note that K | and
K, are tacitly assumed to be independent on the potential. The surface concentration of the redox

active group in the oxidized state is, then, given by

I, +I
O

— 2
ot * Loy = Lo (1+ ¢k, +C KoK ) (4.13)

Combining eqs (4.9), (4.12a), and (4.12b) yields

. RT. | IL.(1+CK,+C*K K,
¢M —¢PET =F —Epzc _7ln{ 2 ( )

(4.14)
I ot F(OX)° + 1“(0)(2)_
The fraction of the redox active species in the oxidized states is given by
L.+l o+ .
f=10 (0X) (0X,) 4.15)
I:
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where [ is the total surface concentration of the redox species dr=15 + F(OX)O + r(oxz)‘ +100).

By substituting eqs (4.13) and (4.15) into eq (4.14), eq (4.16) which includes K and K, is obtained.

o RT RT |{1-
P —Poer =E° —E, — ?ln(l +CK, +C’K,K,, ) - 71n{'7f} (4.16)

Eq (4.16) is solved for f with the use of eqs (4.7b) and (4.7¢) (i.e., ¢,,=K0), ¢,..=4(d,)) to give

1 1
/= F ) F oud
1+K'CXP[— E° - E, — (v — $per) } 1+ K'ex —(E"—E —L) 4.17)
RT { pze } P RT NP
where
. 1
1+CK,, + C*K, K, (4.18)
The charge density at PET (g,,,) is given by
Opgr = FI_:I‘{ZOf+ZR(1_f)} (4.19)
where z,, is referred to the net ionic charge of the oxidized states, which is given by
1_'0+ B 1_('0X2 ) 1- C2 Kol Ko2
%0 = = 2 (4.20)
Il + T o + F<ox2>- 1+CK,, +C°K K,

and z, is the net ionic charge of the reduced state. Although z, is 0 in the present case, it is
consciously included in the equations for the purpose of general discussion. If the redox active
species in the reduced state also has any charges, the formation of its ion pairs and triple ions must
be taken into account, using the same procedure as those used for z, mentioned above. By combin-

ing eqs (4.17) with (4.19), a relation between o, and g, ,as given by eq (4.21), is obtained.

ET

Zg — 2R

4.21
1+ K'exp i(E" -E ——GMdl) (421)
RT

pzc
1&g

O-PET == FFTﬂ ZR +

L
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Since the applied electrode potential (E) is the sole parameter which can be externally controlled,

it is useful to combine the above descriptions with E using the following relation

ﬂO) = ¢M_¢S = (¢M —¢ref) - (¢5 —¢rcf) =E- Epzc (422)
where ¢__is the potential of the reference electrode. Substitution of eqs (4.21) and (4.22) into eq
(4.7a) yields
[dl PR . jO'M+FFT[ b 1 )ﬁZR+ %0 ~Zr r—E+E, =0
£1Ey EEy &E3EK £,8 &K
150 &8 &% 260 &3¢ 1+ K'exp L[EO_EPZC_O'Mle
RT £1&

(4.23)
Then, the faradaic current is described in the following way.
i =FAJ}£=FA1}(£)(@)@=FAvJ}(i)(.dG—M) 4.24)
dt doy/\ dE J dt doy/\ dE :

where 4 is the electrode area, and v is the potential sweep rate. (df/do,,) and (do,/dE) are obtained

by differentiations of eqs (4.17) and (4.23), respectively

F(EI_J Ko
 _ &% (4.25)
doy, RT(1+K'e")
doy 1
dE
(zo—zR)FZFT( B, 1 J( 4 )K'e"
( d , d 1 j+ f2f Ex6k/\Erty (4.26)
18y &8y &385)K RT(1+K'e")
where
F omd,
n=ﬁ(E° ~Ep - a5, j (4.27)

The faradaic current is obtained as a function of g;, by substituting eqs (4.25) and (4.26) into eq (4.24).
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F?AvIK'e"

B 2
RT(1+K'e’7) (1+%+i)+(zo —zR)FZFT( 9, +——1—)K'e’7 (4.28)
&d, &xd, E,8)  E360K

Although it is necessary to calculate o,, as a function of E using eq (4.23) to obtain whole current-

voltage curves, the peak current and the peak potential are obtained straightforwardly if /is equal

to 0.5. In that case, o, is given by eq (4.29) from eq (4.17).

£ & o RT ,
oy = -;_Q{E —E,+ 7ln(K )} (4.29)
1

Substituting eq (4.29) into eq (4.28), the peak current, By pealc is given by

F? AvI;

4RT(1+fﬁA+_€1—j+(zo_zR)Fm(_d2—+ ! ) (4.30)
&d, &Kd, &8y E36K

1f,peak =

The peak potential relative to the potential of zero-charge of the substrate electrode, E 7 E . is

obtained by substituting eq (4.29) into eq (4.23)

+zp )FIT+( d
E eak Epzc = {Eo - Epzc +EIH(K')}(1+ gldz + d ) + (ZO ZR) T [ 2 + 1 ]

4.31)

4.2.3 Numerical Calculation for Whole Current-Voltage Curves and Potential Distribution

The faradaic current of i, given by eq (4.28) is a function of 7 which varies linearly witho;,
as given by eq (4.27). In order to investigate the variation of i  as a function of E, o,, must be
obtained for a given E. Though there is a non-linear relationship between E and g;, as given by eq

(4.23), the computational calculations can be carried out using the Newton-Raphson method [29].
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For this purpose, let the whole left hand side of eq (4.23) be represented by a function g(o,,). The
problem is to find out a o, value for a specified E by iterating calculations until o, /" becomes

eventually equal to o, using the following equation [29].

0'1(\/{+1) - O.l(v/[') _ 8(0'1(\/{))
(Lg("M )) (432)
aCJ'M O_Mzo_l(v{)

where superscript (f) is the iteration number. The calculation was carried out using (¢, &,E)/d, for
an initial value of ¢, ©. Once g, is obtained for a given E, then, i, o,.,, and f at E are obtained by
using eqgs (4.28), (4.21) and (4.17), respectively. A potential distribution profile for a given E is, in

turn, obtained by substituting the obtained o,

r and o, into eqs (4.7a-c).

Another method which is described below and was adopted in the work by Smith and
White [17] is also applicable to draw a current-voltage curve. If a value of fis arbitrarily chosen,
the corresponding o;, value is obtained by with use of eq (4.17). Then, E and i, can be evaluated by
using eqs (4.23) and (4.28), respectively. It was confirmed that both methods gave completely the

same voltammetric waves, as will be shown in the Results and Discussion.

4.3 RESULTS AND DISCUSSION

4.3.1 Current-Voltage Curves

To examine effects of the net charge at PET on the voltammetric behaviors, calculations
were carried out using the following common parameters; £E°=0.2 V vs. E,,T=298K, d=0.9 nm,
d,=0.1 nm, =3, £=12, £=78.5. The dielectric constants of ¢, and &, chosen were those of typical
values of aliphatic monolayers [30], and the bulk water [31], respectively, and &, used was that
reported for the secondary water layer [31]. The calculations were repeated until g(o,,?)/g’ (5, %)

became smaller than 10° C m which was of convergence tolerance. If the potential in the diffuse
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Calculated cyclic voltammograms of surface-confined
redox species at (A) 7> =0.3x10"° mol cm? and (B)
I’'=3x10"°mol cm?. (a)K =K =0,z =+1,(b) K =1,
K =0, z,=+0.5, (¢c) K =10, K =0, z, =+0.09, (d)
K =100, X =0, z, =+0.01, (e, broken curve)
K =100, K ,=0.25, z,=-0.19, and (f, dotted curve)
ideal Nernstian without ion-pairing. Other parameters

are given in the text.
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layer is given by an exponential function, the
charging current is not large enough to distort
the voltammogram. Therefore, the contribution
of the charging current is not considered here.
The expected voltammograms in that case are
symmetric with respect to the peak potential.
However, it seems important to note here that
the shape of voltammograms is asymmetric with
respect to the peak potential if the charging cur-
rents in the diffuse double layer cannot be ig-
nored, as already discussed by White and Smith
[17] based on eq (4A-1) given in Appendix of
this chapter.

Figure 4.3 shows normalized voltammograms,
which were obtained by dividing the current
value by the product of electrode area and po-
tential scan rate (4v). An ideal Nernstian type
voltammogram of an one-electron reversible
system without formation of any ion-pairs and
triple ions is also given by dotted curve in Fig-
ure 4.3 for comparison, where the full width of
half maxima (FWHM) is 90.6 mV (at 25 °C)
[13]. Since the reversible system gives cathodic
and anodic waves having a mirror image of each
other, only anodic waves are shown in the fig-
ure. When the amount of surface-confined re-
dox species is relatively low (/. = 0.3 x 10
mol cm?), the shape of voltammogram is not

greatly different from that of the ideal Nernstian



as shown in Figure 4.3 (A), but the peak potential is negatively shifted by decreasing the z, values.
On the other hand, when the amount of the surface-confined redox species is high (/7. = 3.0 x 10
mol cm™), the voltammetric wave is largely deviated from the ideal Nernstian in both the shape and
the peak potential, as shown in Figure 4.3 (B). When the net ionic charge at PET (i.e., z,) is
positive, the peak currents decrease with increase in z, and the width of the wave become broad, as
shown by curves (a-c) in Figure 4.3 (B). If the positive charges of the redox active group are
neutralized with electrolyte anions at PET, the shape of voltammetric wave becomes close to that
of the ideal Nernstian as shown by curve (d) in Figure 4.3 (B), though the peak potential is differ-
ent. The formation of triple ion (OX,) giving negative z, makes the shape of the wave higher in
height and narrower in the width than that of the ideal Nernstian as shown by curve (e) in Figure
4.3(B). Such voltammetric behaviors were experimentally obtained for an Au electrode coated
with a monolayer of alkylthiol derivatives of ferrocene, where voltammograms having FWHM
narrower than 90.6 mV were obtained and the binding of 3-18 % excess of electrolyte anions
(ClO,) to surface-confined ferricinium cations was suggested by EQCM studies [11].

Figure 4.4 shows electrostatic potentials of @, 4,.., and, @, (vs. @) as a function of ap-
plied electrode potentials E (vs. E,) for conditions under which voltammograms b, d, and e in
Figure 4.3 (B) are obtained. As shown in Figure 4.4 (B), if positive charges generated at PET are

almost neutralized by the ion-pairs formation, the magnitude of @, -¢,., which determines the
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Figure 4.4
Electrostatic potentials, ¢, (=40)), ¢,..(=&d,)), and g.(=¢ (d td,)) as a function of the applied electrode
potential (vs Epzc). I=3x10" mol cm?, (a) K =1, K =0, z,=+0.5, (b) K =100, K ,=0, z, =+0.01, and (c)
Km:l 00, K02=O.25, z, =-0.19. Other parameters are given in the text.
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Dependence of the voltammetric peak potential (vs E )on the concentration of electrolyte solution. (A)
I=0.3x10"° mol cm? and (B) 7,=3x10"° mol cm?. (a) K =K =0, z,=+1, (b) K =1, K_=0, z =+0.5, (c)
K =10, K =0, z,=+0.09, (d) K, =100, K ,=0, z,=+0.01, (¢) K =100, K ,=0.25, z,=-0.19. Solid curves are
obtained using eq (4.31) and dotted curves are obtained by calculation with use of E . E,=E-E, +HRT/
F)In(K), i.e., the double-layer effect is taken into account for the solid curves but not for dotted curves which

are the same between Figures 4.5 (A) and 4.5 (B). Other parameters are given in the text.

equilibrium state of surface-confined redox species (see eqs (4.16) and (4.17)), is close to the
applied electrode potential (E-E_,). Then, the shape of the voltammogram is almost the same as
that of the ideal Nernstian voltammogram. However, if the positive charges at PET are insuffi-
ciently compensated, the value of @, -4, is smaller than the applied electrode potential for E>E
where the oxidation reaction takes place, as shown in Figure 4.4 (A). Then, an excess polarization
is necessary to complete the oxidation, resulting in enlargement of the width of the voltammetric
wave. On the contrary, since the formation of triple ions makes the value of @, -, larger than the
applied electrode potential as shown in Figure 4.4 (C), the oxidation is accomplished with small
polarization, resulting in decrease in FWHM of voltammetric waves from 90.6 mV.

The peak potential (E,.,) is influenced by the concentration of electrolyte solutions, be-
cause eq (4.31) contains electrolyte concentration-dependent variables of K” given by eq (4.18)
and the Debye-Hiickel reciprocal length x(=zF(2C/¢,6 RT)'?). Figure 4.5 shows the dependence of

the peak potential on the concentration of the electrolyte solution for two different surface concen-
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trations of 3.0x10!! and 3.0x10'° mol cm™. Results for the case of the ideal Nernstian, in which
the formation of ion-pairs and triple ions is taken into account but the double-layer effect is not, are
also contained in this figure with dotted curves for comparison. Considering that the difference in
E . between the solid curves and the corresponding dotted curves results from the double-layer
effect, the deviations of £, from the ideal Nernstian is not great if the surface concentration of
surface-confined redox species is relatively small as shown in Figure 4.5 (A). The dependence
with the slope of roughly -60mV/logC appear in that case for low concentrations. In contrast, as
shown in Figure 4.5 (B), the deviation from the ideal Nernstian behavior is remarkable at an elec-
trode having a high surface concentration of the redox species unless the charge compensation is
complete (curve (d) in Figure 4.5 (B)). According to the results obtained by voltammetric studies
on SAM having the ferrocene group, the shifts of E . with one decade increase of the concentra-
tion of perchlorate were 54-60 mV for both cases of relatively low surface density (2.4x10™"! mol cm?)
[3] and high density (5.4x101° mol cm™) [5]. The results seem reasonable, because the strong ion-
pairing must occur between the surface-confined ferricinium cation and perchlorate anion in those
cases [5], resulting in complete neutralization of surface charges as given by curve (d) of both
Figures 4.5 (A) and (B). To our knowledge, no experimental results have been reported on the
relationships between the peak potential and the concentration of the supporting electrolyte solu-
tion for cases where electrolyte ions are weakly bound to electrodes having high surface concentra-

tion of redox species.
4.3.2 Significance of Present Work in Reference to the Preceding Work

As already shown, the peak current (U o) and the peak potential (E]De . are given by eqs
(4.30) and (4.31), respectively. Both equations contain a common term of ¢,d,/(¢,d))+¢/(&,xd,),
but this term may be too small to make a significant contributions to the calculated results. If this

term is ignored, eqs (4.30) and (4.31) can be simplified

F? AvI;

48T+ o )P L] @33)
£,6)  E36,K

Ifpeak =
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RT (zo+zg)FI7( d 1
— O _ 2 ) R T 2
Epu=E ln(l +CK, +C K01K02)+ 5 (5250 + 53501() (4.34)

Such simplification is acceptable for aqueous media having a high &, value, but it may cause serious
errors for nonaqueous electrolyte solution systems of low &,. The eqs (4.33) and (4.34) have similar

forms to egs (4.35) and (4.36) which were already derived using adjustable parameters [14,15],

L F?AlLv
Creek = Y RT — I RT(rg +17) (4.35)
RTI(ry —r

2F

where 7, and r, are so-called interaction parameters which were originally introduced using the
Frumkin isotherm to explain an activity effect due to interactions of adsorbed species. However,
these equations were derived by assuming that no electrolyte ions are involved in the redox reac-
tions of the surface-confined species. Furthermore, the nature of the interactions itself is not clear,
though it may be imagined that purely electrostatic interactions are operative among the surface-
confined redox species. The physical significance of the interaction parameters, 7, and , in eqs

(4.35) and (4.36), can be clarified by correlating the set of eqs (4.33) and (4.34) with the set of eqs

(4.35) and (4.36).
2
ZoF (dz 1 ) 1 5
fo =~ + +—In(1+CK,, + C°K K,
© RT \ g6, &exc) Iy ( ol ol °2) (4.37)
2
R F°( d, 1 ) 1 5
R = + -—In(1+CK,, +C*K_ K
RORT (8280 g&k/) I ( ol ol 02) (4.38)

According to the original interpretation of the interaction parameters, positive and negative sign of
r,1r, means attractive interaction and repulsive interaction, respectively, and the peak width of
voltammetric waves (i.c., FWHM) is determined by the sign and the magnitude of (r+r)I". [32].

which is obtained with the use of eqs (4.37) and (4.38).

60



FZ(ZR - ZO)FT(i + : )
5E EEK

RT

(4.39)

In the case of z,=0, only z determines the polarity of 7 +7,, and if z >0 at z,=0 the charge compen-
sation of the cationic species at PET by electrolyte anions is insufficient, resulting in operation of
repulsive forces between the surface-confined cationic species. On the other hand, if triple ions are
formed at PET the resulting charges give z,<0, which favors stabilization of cationic species due to
operation of the attractive forces.

It is of importance to note that the numerator of the right hand side of eq (4.39) gives the
electrostatic potential energy difference at the PET between /=0 and /~=1. In other words, the
voltammetric peak width depends on the electrical parts of electrochemical potential but not on the
chemical potential. On the other hand, eq (4.34) predicts that the voltammetric peak position
changes depending on both the changes of the chemical potential due to the formation of ion-pairs
and triple ions (the second term of eq (4.34)) and on the self-atmosphere potential of the PET

which stems from o, at /=0.5 only (the third term of eq (4.34)).

PET

4.3.3 Estimation of ¢, . in Real System

As described in the previous section, the potential difference between ¢, -4, and E-E
is responsible for non-ideal voltammetric behaviors. If the non-ideal voltammetric behaviors could
be explained by such double-layer effects alone, an average potential at PET in real systems can be
estimated from knowledge on the fraction of surface-confined species in the oxidized state or
reduced state in the following way.

The fraction of surface-confined species in the oxidized state f{E) is obtained from fara-

daic current i, as a function of the applied electrode potential E (vs.E_ ).

pzc

1
VFATT

f(E) = Iz, icdE (4.40)
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where E_is an initial potential in the measurements of voltammograms which must be chosen to
be AE )=0. Computational calculations allow the integration of the right hand side of eq (4.40) to
determine f{E). On the other hand, f can also be obtained as a function of @~@yp - (D Fper) g s
from eq (4.17) without any knowledge of the dielectric constants and the thickness of electrical
double-layer, where (@ Foer)sq 5 is @, -@,; at /=0.5 and is equal to E"-Epn-(RT/F)ln (1+CK _+CK K).
Of course, the ion-pairing of the reduced species must be considered, if necessary. Figure 4.6 (A)
shows fTelative to E -E_ and @, ~Boer - (B Gopr) o s Since £ -E,. and @~ B - (B Pocr)ross having
the same f value must have one-to-one correspondence, we can obtain relative relationships be-
tween these two parameters as shown in Figure 4.6 (B) with the unit given by the left axis of
ordinates. The origin of the relationship is determined with the use of the relation that ¢, -4,
=(gg00/d)is0at E=E . A dotted line in Figure 4.6 (B) is drawn through the origin with the
slope of 1, and @, relative to the potential of the bulk solution at a given £ can be deduced then
from the difference in the ordinate between the solid curve and dotted line. Furthermore, the value
of ¢,-Bye; Which is a function of £ -E__ gives the formal potential corrected for the double-layer

effect. Thus, the Frumkin effect (or ¢,-effect) in the real systems can be evaluated quantitatively
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Figure 4.6

The graphical method for estimation of average local potential. (A):curve (a) is for fvs. (8,,-@,..)-(d,,-

Port)ros obtained using eq (4.17) and curve (b) for fvs. (E-E,,) which is obtained by converting the experi-

mentally obtained voltammogram using eq (4.49). (B): solid curve is for (8,-8,;) vs. (E-E ) obtained from

the one-to-one correspondence of Figure 4.6 (A), and dotted line for (¢,,-¢,) vs. (E-E )
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from knowledge on the fraction of a surface-confined redox species in either oxidized or reduced

state.

4.4 APPENDIX; Gouy-Chapman Model

If the potential drop within the organic layer is too small to be approximated by the potential in the
diffuse layer which is given by eq (4.6), the potential distribution must be governed by the Gouy-
Chapman model [13]

tanh{w] - tanhl: zF (j’; ; )

ART ——] explc(dy+d, =) x>d, +d,  (4A-1)

If this is the case, the same mathematical treatments as those described in the text can be applied

and the following relations are obtained.

d, +d,—x
#(x) = (ﬁ——)(w + Oper) + b d+d, 2x2d, (4A-2)
260
(d, —x)oy |, dx(0ym + Oper)

x) = + +

#(x) ot oo 28 d2x20 (4A-3)
where @, is given by
2RT . 1| zF (o + Opgr)

= ——sinh -

e zF [ 2RT&;60x (4A-4)

The faradaic currents in that case are given by the use of the following relation instead of eq (4.26)

doy 1
dE
(zo —zR)FZFT{ b, S }( il JK'e”
( d, d, ) S N £,6) & &K |\ & & (4A-5)
&1&y &8, ErEgK RT(1+K'6”)2
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where S 1+u(® +1)™"* and _zZF(om + Oper)

u+u? + 1) 2RTe,6.x

At the limit of u to 0, eq (4A-5) becomes eq (4.26).
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Conclusion

This thesis has dealt with novel functionalized electrodes prepared by utilizing self-assembled
monolayer and with theoretical treatments of voltammetric behaviors of electrodes coated with
self-assembled monolayer. The main results and conclusions obtained in this study are summa-
rized as follows.

Chapter 1 describes the preparation of a microelectrodes array utilizing photo-induced elimi-
nation of hexadecylthiolate on Au electrode. An electrode characteristics of a microelectrodes
array was fabricated by irradiating with UV lights of a self-assembled monolayer of
hexadecylthiolate formed on Au electrode in air through a photomask. Furthermore, it was dis-
covered that the irradiation of the monolayer electrode in a K, ,Fe(CN), solution allowed removal
of the monolayer in such a way asto give an electrode characteristics of microelectrodes array
depending on irradiation time. A microelectrodes array was also fabricated by irradiating the mono-
layer electrode with focused laser beam of the second harmonics of a Nd:YAG laser (532 nm) in
ordered places in a K Fe(CN), solution. Cyclic voltammograms of the photo-fabricated electrodes
are compared with those predicted from voltammetric theories.

Chapter 2 describes the preparation of a microelectrodes array utilizing elimination of
hexadecylthiolate on Au electrode in cyanide solution. The immersion of an Au electrode coated
with a self-assembled monolayer of hexadecylthiolate (HDT/Au) in KCN aqueous solution causes
desorption of chemisorbed hexadecylthiolate molecules, depending on the immersion time. The
desorption is initiated at pinholes of the HDT/Au electrode through which cyanide ions reach the
gold substrate, causing desorption of the adsorbed hexadecylthiolate. Electrochemical deposition
of copper onto the HDT/Au electrode after immersing the electrode in KCN solution revealed that
the size of holes generated by desorption of the adsorbed hexadecylthiolate became large as the
immersion time in the KCN solution increased, and the holes produced were distributed fairly
homogeneously over the entire surface of the HDT/Au electrode. Detailed simulations of cyclic
voltammograms of the HDT/Au electrode obtained in K [Fe(CN),] solutions after immersing the
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electrode in the KCN solution suggested that the resulting electrodes possessed electrochemical
activities characteristics of a microelectrode array depending on the immersion time in the cyanide
solution. The average radius of the microelectrodes estimated by the best fitting of the experimen-
tally obtained voltammograms to the simulated ones accorded well with that obtained from obser-
vations of the Cu-deposited electrode by an optical microscope.

Chapter 3 describes the utilization of self-assembled monolayer as an anchor to attach
functional molecules onto electrode surface. Au wire electrodes coated with phenothiazine deriva-
tives such as thionine, azure C, and azure A were covalently bound to self-assembled monolayer of
3,3'-dithiobis(succineimidylpropionate) on the Au substrate, and the resulting electrodes showed
two redox waves due to monomeric and dimeric forms of the phenothiazine derivatives. It was
found that the dimeric forms have high activities for electrocatalytic oxidation of NADH. The
second-order reaction rate constant for NADH oxidation was evaluated by digital simulation. The
rate constants obtained at the thionine-modified electrodes was about 10* times greater than that
obtained for the oxidized phenothiazine derivatives dissolved in solution, and was greater than
those reported previously with use of other electrocatalysts.

Chapter 4 describes a theory on voltammetry of electrodes coated with electroactive mono-
layer film. Potential distribution at electrode/solution interface is discussed for a metal electrode
coated with a self-assembled monolayer containing redox active moieties with taking into consid-
eration of inclusion of ion-pairs and triple ions formation. Theory on current-voltage curves in a
potential sweep experiments is derived for these special cases. Explicit expressions derived in this
study for the peak current and the peak potential have similar in their forms to those published
previously using the Frumkin adsorption isotherm. Methods to graphically evaluate the average
local potential in the double layer of the real system are proposed. The results derived here does not
require the use of adjustable parameters in obtaining the peak current and the peak potential in
cyclic voltammograms, and can explain well the appearance of currents spikes and broadning of

the waves of voltammograms.
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