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Abstract

Potential-step chronoamperometry using a microdisk electrode was carried out for the simultaneous determination of the charge number

and diffusion coefficients of natural electron-mediator dimethoxybenzene analogues during electro-oxidation. The process was verified as a

one-electron oxidation during the radical cation formation.
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1. Introduction

Aromatic hydrocarbons, which have methoxy moieties,

are secondary metabolites produced by white-rot fungus

Phanerochaete chrysosporium during lignin biodegradation

[1]. As pioneering work, the radical cations of dimethox-

ybenzenes were detected and confirmed by ESR measure-

ment during the enzymatic reaction [2]. Later studies

showed that the one-electron oxidized form, i.e., the

corresponding cation radicals of methoxybenzyl alcohols

and methoxybenzenes, is not only an intermediate but also

works as natural electron mediator from the substrate, lignin

polymer to the enzyme, lignin peroxidase (LiP) [3]. The

three-dimensional X-ray diffraction structure of LiP sub-

stantiates the above mechanism, which indicates that direct

interaction between the lignin and the active site of the

heme prosthetic group of the enzyme is difficult since the

heme in LiP is buried inside the protein [4,5]. However,

there arises another question that the lifetime estimated

from the first-order rate constant of the decay seems too

short for the radical cation to be an efficient diffusible

mediator [6]. In recent developments, it has been proposed

that the formation of a complex of LiP and the cation
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radical extends the lifetime [7,8]. Thus, the investigation of

the properties of the cation radical formed from the aro-

matic compounds with methoxy groups is an important

subject, however, it is not easy to obtain parameters for

quantitative kinetic analysis of the reaction of a typical

compound such as veratryl alcohol (3,4-dimethoxybenzyl

alcohol) since it undergoes a one-electron oxidation fol-

lowed by a chemical reaction combined with an additional

electron transfer reaction [9]. To our knowledge, even the

charge number and the diffusion coefficient, which are the

essential parameters for the quantitative kinetic analysis,

have not been previously obtained. As mentioned above,

though dimethoxybenzenes work as mediators, a typical

compound, 1,4-dimethoxybenze, is not naturally produced

by white-rot fungus [10]. On the other hand, chloro-

dimethoxybenzenes are secondary metabolites and known

to be naturally produced mediators [11]. Baciocchi et al.

[12] reported that the role of mediator structure during LiP

catalytic process, and the efficiency of 2-chloro-1,4-dime-

thoxybenzene is second-best to veratryl alcohol in 16

mediators. In order to estimate the yields in LiP-catalysed

oxidation of synthetic lignin, model compound, 2-chloro-

1,4-dimethoxybenzene, was selected as a mediator since it

enabled the distinction between the oxidative products

from the substrate and the mediator [13]. Functions of 2-

chloro-1,4-dimethoxybenzene and other low-molecular-

weight compounds involved in lignin degradation have



Fig. 1. Cyclic voltammogram for 5 mM 2-chloro-1,4-dimethoxybenzene in

0.6 M NaClO4/CH3CN solution at a GC electrode. The sweep rate was

0.1 V s� 1.
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been discussed in a review article [14]. From the viewpoint

of electroanalytical chemistry, dimethoxybenzenes have an

advantage because their electrode processes are somewhat

simpler compared to that of veratryl alcohol [15]. In this

study, we employ the model compound 2-chloro-1,4-dime-

thoxybenzene and we demonstrate the charge number of

the electrode reaction and the diffusion coefficient which

are simultaneously determined in the electro-oxidation by

performing the potential-step chronoamperometry using a

microdisk electrode [16].
Fig. 2. (a) Cyclic voltammogram for 5 mM 2-chloro-1,4-dimethoxybenzene

(solid line) in 0.6 M NaClO4/CH3CN solution at a CF electrode. Dashed

line is the background. The sweep rate was 500 V s� 1. (b) Cyclic

voltammogram obtained by background subtraction from (a).
2. Experimental

2-Chloro-1,4-dimethoxybenzen (CDMB, Tokyo Kasei),

1,4-dimethoxybenzene (DMB, Kanto Chemicals) and ferro-

cene (Fc, Tokyo Kasei) were used as received. As a model

of a hydrophobic environment, the solvent acetonitrile

(Infinity pure grade, Wako) was used. Sodium perchlorate

(Wako) as a supporting electrolyte was used since it was

reported that the use of typical alkyl ammonium salts like

tetrabutylammonium tetrafluoroborate in acetonitrile leads

to a deposition on the electrode surface of a p-doped

polyphenylene film [17].

Cyclic voltammetry and potential-step chronoamperom-

etry were carried out using the conventional three-electrode

cell configuration. The electrode potential was controlled by

a potentiostat (Hokuto Denko, HA-501G) and a function

generator (Kenwood, FG-281), and the voltammograms and

the chronoamperograms were displayed and stored using a

digital storage oscilloscope (Tektronics, TDS-1012). A

glassy carbon (GC) disk electrode (diameter 1 mm, BAS)

and a carbon fiber (CF) microdisk electrode (diameter

33Am, BAS) were used as the working electrode. A Pt
spiral electrode and Ag/Ag+ (0.01 M (mol dm� 3) AgNO3 in

acetonitrile) electrode were the auxiliary and reference

electrodes, respectively. The surfaces of the working GC

and CF electrodes were polished on lapping films (9, 6, 3, 2

and 1 Am, 3M Imperial) and then sonicated in water for 3

min. All experiments were performed at room temperature

(22F 1 jC).
3. Results and discussion

The redox potentials of the substrates were first con-

firmed by cyclic voltammetry. Fig. 1 shows the cyclic

voltammogram of CDMB at the GC working electrode on

a conventional time scale. An essentially similar redox

property was observed for the oxidation of DMB in aceto-

nitrile except for the oxidation potential (Epa = 0.99 V).

Though DMB is reported to have a reversible redox prop-

erty [15], the reverse cathodic current could not observed,

suggesting that the corresponding radical cation decompo-



Scheme 1.
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ses in the given time scale. In Fig. 2, cyclic voltammograms

are shown using a CF working electrode under a linear

diffusion controlled condition. In these cases, chemically

reversible voltammograms were obtained and the ratio of

the cathodic and anodic peak currents (ipc/ipa) of the

voltammogram approaches almost unity. Therefore, the

effect of the chemical reaction following the electron

transfer can be considered negligible. The estimation of

the n value will confirm the elucidation of the above

electrode reaction (vide infra) (Scheme 1).

During oxidation of dimethoxybenzenes, since the for-

ward reaction for a potential step to the limiting current

region would be unperturbed by the following reaction,

even if it existed, we can determine the step potential from

the inspection of Fig. 2 [18]. The potential was stepped

from an initial value at which no faradaic current flows to a

value at which the electrode reaction of the reacting species

occurs at a mass transfer-controlled rate. The electrode

potential was stepped from 0 to + 1.3 V vs. Ag/Ag+. At

+ 1.3 V, CDMB is oxidized at a mass transfer-controlled

rate since it is quite positive compared to the anodic peak

potential. The chronoamperograms were corrected for the

residual current by subtracting the corresponding chro-

noamperogram recorded with the supporting electrolyte

solution. The typical chronoamperogram of the oxidation

of CDMB is shown in Fig. 3. The intercept and the slope of

Fig. 3 allow one to determine the charge number n
Fig. 3. Chronoamperogram for the oxidation of 5 mM 2-chloro-1,4-

dimethoxybenzene in 0.6 M NaClO4/CH3CN solution at a CF electrode.

The electrode potential was stepped from 0 to + 1.3 V vs. Ag/Ag+.
involved in the electrode reaction and the diffusion coef-

ficients D [16].

Chronoamperometric data were analyzed by the follow-

ing equation [19,20]

I ¼ nFADc
4

pr
þ 1:4367

p
ffiffiffiffiffi
Dt

p þ 0:02813r2

pðDtÞ3=2
� 0:00081r4

pðDtÞ5=2

( )

with Dt=r2z0:423 ð1Þ

where F is the Faraday constant, A is the electrode area, c is

the concentration of the electroactive species and r is the

diameter of the working electrode. If we assumed that, for

example, the diameter of the working electrode was 12.5 Am
and the diffusion coefficient of the substrate was 5� 10� 5

cm2 s� 1, then the third and fourth terms in Eq. (1) would

occupy 4% of the whole during the electrolysis time of 50

ms and 2% during 100 ms and 0.9% during 200 ms, so the

both terms can be negligible for the longer electrolysis in the

analysis. The n and D values can be simultaneously deter-

mined when the electrode area and the concentration of the

substrate are previously known. The electrode area in the

study was checked by the potential-step chronoamperomet-

ric measurement for the 5 mM Fc/Fc+ couple in 0.6 M

NaClO4/CH3CN using n = 1, and determined to be

32.8F 0.7 Am. For the curve in Fig. 3, a change in the

slope was made over the electrolysis time domain between

0.2 s (2.24 s� 1/2) and 4.8 s (0.46 s� 1/2). This time domain is

enough long to neglect the higher terms in Eq. (1). The

slope and intercept in Fig. 3 were analyzed by using Eq. (1).

Table 1 indicates the result of the n and D values. The n

values can be regarded as almost unity for both cases and

the electrode process of interest was verified to be radical

cation formation. Our D value of DMB in acetonitrile is

close to that in CH2Cl2/CF3COOH reported by Fabre and

co-workers [17]. In the case of veratryl alcohol (VA), the

lifetime of the radical cations is too short-lived (half-life, 0.5

ms) to diffuse away from the active site of the enzyme

[7,21]. Therefore, it was suggested that an enzyme-bound

radical formation and it was demonstrated that the presence

of an LiP compound II–VA+ complex [3,7]. On the other

hand, DMBs are oxidized to the corresponding cation

radicals, implying a possible function as a diffusible medi-
Table 1

n D/10� 5 cm2 s� 1 EoV/V

DMB 0.94F 0.09 1.88F 0.07 0.99F 0.01

CDMB 0.96F 0.12 2.75F 0.14 1.12F 0.01
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ator in LiP oxidations because of their relative stability as

cation radicals confirmed by ESR spectroscopy [2,21]. The

mediation efficiency is reported to be a function of the redox

potential for the mediator and CDMB is more effective than

DMB [12]. It is interesting that the order of the efficiency is

consistent with that of D value in this study. This presum-

ably means the difference of the mediation mechanism of

VA and DMBs during LiP oxidation processes. In conclu-

sion, for the oxidation of dimethoxybenzenes, the one-

electron oxidation process was verified and the appropriate

diffusion coefficients were obtained.
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