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Abstract The redox reactions of 2-mercaptobenzoxa-
zole (MBO) have been investigated by cyclic voltammetry
at glassy carbon electrodes in aqueous solution. Four
anodic and three cathodic processes could be identi®ed.
A more detailed analysis of the oxidation processes up to
a potential of +0.6 V (SCE) and the corresponding re-
duction signals showed that the oxidation leads to
bis(benzoxazolyl) disul®de (BBOD). Owing to its low
solubility, the oxidation product remains at the electrode
surface. This product has been identi®ed by ex situ
FTIR and XPS analysis. During the reduction of
BBOD, mainly MBO is formed. The remarkable lower
solubility of BBOD in aqueous solutions compared to
MBO allows preparation of layers of BBOD in situ and
to control the amount of deposited BBOD via the MBO
solution concentration and electrolysis time. The peak
potential and peak shape of the reduction signals change
remarkably as the amount of BBOD increases from
submonolayer coverage to coverages that correspond to
multilayers. The behavior can be explained by assuming
an electrochemical conversion of BBOD microcrystals,
which are deposited on the electrode surface, if the
amount of BBOD formed during the MBO oxidation
exceeds one monolayer.
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Introduction

The electrochemistry of 2-mercaptobenzoxazole (MBO,
Fig. 1) and related compounds has been studied at
various electrodes. These studies focused (1) on the
determination of 2-mercaptobenzothiazole (MBT) con-
centration, for instance in rubber, where it ®nds its most
important technological application as accelerator in
the vulcanization process [1, 2], (2) on the accumulation
of heavy metals by complex formation with MBT or
2-mercaptobenzimidazole (MBI) prior to a volta-
mmetric trace determination of heavy metals at modi-
®ed electrodes [3, 4], and (3) on electroorganic synthesis
[5, 6]. Recently, MBO and MBT have been suggested as
new collectors in the ¯otation of metal sul®de ores [7].
They are e�ective at much lower volume concentration
than xanthates used traditionally for this purpose [8]
and bind to important minerals like galena (PbS) [9],
pyrite (FeS2) [10], chalcopyrite (CuFeS2) [11], chalcocite
(CuS2) [12], and CdS [13] at neutral pH, while xanthate
¯otation is carried out under alkaline conditions [14].
Extensive surface spectroscopic investigation using
synchrotron radiation-excited photoelectron spectros-
copy (SXPS, [15]) con®rmed that MBO and MBT form
adsorbed layers on minerals with varying thickness and
chemical composition. At MBT solution concentrations
below 10)5 M a chemisorbed monolayer of MBT is
formed on those minerals by forming a coordinative
bond between the exocyclic sulfur and metal cations at
the mineral surface [9]. The participation of the N atom
in the bond formation to the metal ion is not clear
yet [16, 17]. With increasing collector concentration,
organic multilayers of MBT, its disul®de bis(benzo-
thiazolyl) disul®de (BBTD), and possibly its monosul-
®de are formed [9]. The formation of disul®de from the
xanthate-type collectors is considered to be a prerequi-
site for the ¯otation of some minerals because only the
more hydrophobic disul®des provide enough hydro-
phobicity [18]. The extent to which disul®des of MBO
and MBT are formed varies signi®cantly between
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di�erent minerals and increases with an increasing band
gap in the order PbS < FeS2 < CdS [19], although this
simple scheme does not account for all experimental
results.

Although the MBO structure is very similar to that of
MBT, MBO chemisorbs to a much lesser extent on all
the minerals investigated [19]. The corresponding disul-
®de [bis(benzoxazolyl) disul®de (BBOD)] is not observed
spectroscopically on PbS or FeS2. In order to separate
the role of the semiconducting minerals and the in¯u-
ence of the cations in the adsorption process from the
nonspeci®c hydrophobic interaction of the collectors
with surfaces, the electrochemistry of MBT and MBO
was also investigated in aqueous electrolytes at glassy
carbon (GC) electrodes ± a material that, unlike Hg [20]
or noble metals [21±23], cannot chemisorb the thiols by
metal-sulfur bond formation, while physisorption of the
hydrophobic organic molecules can still be expected.

Surprisingly, the behavior of these compounds at GC
is all but simple. The unusual dependence of the cyclic
voltammograms on scan rate and MBO bulk concen-
tration are explained by the reaction of microcrystals.
The latter are formed if a critical amount of collector per
electrode area has been oxidized. Microscopic and
spectroscopic evidence is presented for the reactions of
MBO. The behavior of MBT at GC electrodes will be
discussed in a forthcoming paper. Besides the results
relevant for ¯otation research, the study provides an
example for the voltammetric behavior of organic mic-
rocrystals on electrodes. It is known that cyclic voltam-
mograms (CVs) of substances immobilized onto
electrode surfaces by solvent evaporation [24] can ex-
hibit large peak-to-peak separations which are di�cult
to account for by slow electron transfer in adsorbed
layers [25], as the same redox systems show rather rapid
kinetics if dissolved in solution. Just recently, the con-
cepts of abrasive stripping voltammetry [26, 27] could
explain some of the special features of solid state vol-
tammetry [28] such as the large peak-to-peak separation.
These considerations can be extended to organic sub-
stances deposited by solvent evaporation onto electrode
surfaces, which exhibit a low solubility in the working
solution [29]. In the case investigated here, MBO has a
limited solubility in the electrolyte but the solubility of

the oxidation product is even much lower so that
essentially all the oxidation products formed at the
electrode will remain at the electrode surface. We dem-
onstrate that if a critical amount of BBOD is formed, the
behavior follows that of microcrystals rather than that
of an adsorbed layer. In light of the electrochemistry of
microcrystals, the MBO study represents a particular
interesting example because the microcrystals consist of
BBOD whose amount can be adjusted exactly by the
solution concentration and the potential program.

Experimental

MBO (95%, Aldrich, Steinheim, Germany) was recrystallized from
ethanol. Bis(benzoxazolyl) disul®de (BBOD, Fig. 1) was synthe-
sized by oxidation of MBO with H2O2 in cooled acetic acid [30].
Recrystallization from ethanol/water and drying above CaCl2 led
to yellow needles. MBO and BBOD identity and purity were
characterized by elemental analysis, 1H NMR (400 MHz) and 1H-
decoupled 13C NMR, mass spectrometry and melting points. Data
are available as Supplementary material. NaH2PO4 (Fluka, Buchs,
Switzerland), Na2HPO4 (Fluka), and ethanol (Roth, Karlsruhe,
Germany) were of p.a. quality and used as received to prepare
bu�ers of 0.1 M ionic strength with deionized water (Christ,
Stuttgart, Germany, 18 MW cm).

Voltammograms were recorded with a PC-controlled Autolab
PGSTAT10 (Eco Chemie, Utrecht, Netherlands) with a saturated
calomel electrode (SCE, Sensortechnik Meinsberg, Meinsberg
Germany) and a coiled Pt wire as counter electrode. All potentials
given in this paper are referred to the SCE. Pen-shaped GC disk
electrodes (active electrode area 3 mm diameter, total cross section
of insulator + active area 6 mm, Bioanalytical Systems BAS, West
Lafayette, Ind., USA) were used as working electrodes in the
cyclovoltammetric experiments. Experiments that required the
transfer of the working electrode into a spectrometer were per-
formed with pieces of glassy carbon (Sigradur G, HTW Hoch-
temperatur-Werksto�e, Thierhaupten, Germany) polished in house
on a motorized stage on subsequently ®ner grinding paper and
Al2O3 slurries for several hours on each corn size (®nal 0.05 lm).
They could be used conveniently as interchangeable electrodes with
a holder machined by Senslab (Leipzig, Germany). GC electrodes
of both sources gave equivalent CVs of MBO and were cleaned
between experiments by polishing 3 min each on Al2O3 (0.3 lm and
0.05 lm) on a polishing pad (Buehler, Lake Blu�, Ill., USA) fol-
lowed by rinsing with water after each polishing step. Surfaces
showing reproducible behavior during MBO oxidation were ob-
tained by performing ®ve cyclic voltammograms between )0.8 V
and +0.8 V at 0.1 V s)1 in the bu�er solution used for the fol-
lowing experiment. Bu�ers were deaerated by bubbling Ar
(99.996%, AirLiquide, DuÈ sseldorf, Germany) through the cell for
15 min. During the measurement, Ar was streaming over the liquid
surface. Solutions with MBO were prepared with 5% (v/v) absolute
ethanol. To allow the establishment of the adsorption equilibrium
of MBO, the electrode was held at the starting potential for 120 s.

FTIR spectra were recorded with an IFS 55/S instrument
(Bruker, East Milton, Ont., Canada) to which an IR microscope
was attached. For adsorbed species, di�erence spectra are given
with the spectrum of polished GC as the background. Reference
spectra were obtained by evaporation of 10 ll of a 10)2 M solution
of the compound in CHCl3 on a NaCl crystal. In these cases the
background is the spectrum of the clean NaCl crystal.

Photoelectron spectra were recorded with an ESCALAB
220iXL (VG, East Grinstead, UK) with monochromatized Al Ka
excitation. The energy scale of the spectrometer is routinely cal-
ibrated by the binding energy of the Au 4f7/2 (84.00 eV) and
Cu 2p3/2 (932.67 eV) emissions [31]. With a pass energy of 10 eV
used for recording single line spectra, the full width at half maxi-

Fig. 1 Structure of MBO and BBOD
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mum is 0.48 eV for the Ag 3d5/2 signal. The binding energies for
modi®ed GC electrodes are given with respect to the graphitic
carbon signal of the GC electrode at 284.4 eV. No sample charging
was observed for modi®ed GC electrodes. Sample charging en-
countered during measurement of reference samples (insulating
powders) were compensated with an electron ¯ood gun at 4 eV and
0.1 mA emission current. Those signals are given with respect to
the C 1s line of ubiquitous organic contamination (-CH2-) at
284.7 eV. Interpretation of spectra was facilitated by the program
UNIFIT for Windows [32], which allows very convenient least
square ®tting of the experimental spectra by a Shirley-type back-
ground [33] and several spectral components. The special advan-
tage of that program is the possibility to describe the peak as a true
convolution of Gaussian and Lorentzian contributions, whereas
most other packages use the simplifying multiplication of Gaussian
and Lorentzian contributions. Background-subtracted experimen-
tal data are given as solid circles, individual components and the
sum of all components are represented as solid lines.

Results and discussion

Voltammetric signals for MBO oxidation

Typical cyclic voltammograms of MBO are shown in
Fig. 2. Four anodic processes labeled Ia through IVa
can be identi®ed. By systematically varying the anodic
switching potential Ek it can be shown that the cathodic
process Ic ()0.09 V) corresponds to the anodic process
Ia at +0.14 V (Fig. 2, curve 1). It is a conversion of an
adsorbed product because the current decreases to zero

after passing through the peak. The peak Ic is not ob-
served if Ek is more positive than the second oxidation
process IIa at +0.36 V (Fig. 2, curves 2±4). In this case
the cathodic peak IIc ()0.46 V) develops. The inset
compares the total cathodic and anodic charges passed
in one cycle. From this graph it is evident that up to
Ek = +0.8 V the cathodic charge is exactly equal to the
anodic charge. This observation is independent from the
scan rate in the concentration range investigated (0.2±
5 mM), leading to the conclusion that all the products
formed during the oxidation remain at the electrode and
are available for the reduction in the second half-cycle.
Deviation from this behavior is seen if Ek is more posi-
tive than peaks IIIa (+0.84 V) and IVa (+1.20 V),
causing development of another cathodic signal IIIc
()0.7 V). In this paper we restrict the discussion to the
processes occurring up to a potential of +0.8 V. The
signals IIIa, IVa, and IIIc are caused by a rather com-
plicated mechanism leading to the formation of a poly-
mer ®lm during multi-cycle experiments. They are
observed more clearly in solution of low MBO bulk
concentration when signal IIa is diminished. Under
these condition, signal IIIc is not observed. As the in-
vestigation of these reactions by cyclic voltammetry,
microscopy, FTIR, XPS, and SIMS would divert from
the focus of this paper, details will be reported sepa-
rately.

It is instructive to arrange the CVs of MBO obtained
with Ek = +0.8 V and a range of scan rates and MBO
bulk concentrations as a matrix (Fig. 3). There are two
distinct types of CV within this set. Process IIa is more
important at high MBO bulk concentration c(MBO)
and low scan rates v (Fig. 3a, b, e, f), whereas process Ia
dominates the CVs at low c(MBO) and high v (Fig. 3l, o,
p). This feature suggests that signal Ia results from the
oxidation of an adsorbed species, while signal IIa is
caused by the oxidation of a di�using reactant. This
assumption can be veri®ed by several criteria. The peak
current for signal Ia is proportional to the scan rate
(Fig. 4a), indicative of an immobilized redox system. It
was determined as the di�erence to the extrapolated
background current. Peak currents for peak IIa were
approximated as the di�erence of the peak current
measured against the same baseline and the peak current
of signal Ia. The peak current for signal IIa follows a
proportionality to the square root of scan rate (Fig. 4b),
typical for di�usion-controlled reactions. Therefore, the
contribution of this signal dominates the CV as lower v
are used. Further evidence comes from the dependence
of the peak currents on c(MBO) at constant scan rate
(Fig. 5). As expected for the reaction of adsorbed spe-
cies, signal Ia approaches a saturation value at high
c(MBO) while signal IIa increases proportionally with
c(MBO). If experiments are performed during turbulent
stirring, the signal IIa is enhanced and shows increased
noise and increased currents due to convection of the
solution, indicating that it represents a di�usion-con-
trolled process (Supplementary material). Signal Ia is
unchanged, as expected for the oxidation of a previously

Fig. 2 Cyclic voltammograms of 3 mM MBO in phosphate bu�er
(pH 7) at 0.025 V s)1 scan rate with various anodic switching
potentials Ek. Anodic and cathodic peaks are labelled for discussion in
the text. Inset: Anodic (j) and cathodic (d) charges as a function Ek
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adsorbed species. The cathodic signal IIc is enhanced
but does not show increased noise due to convection.
This signal will be discussed in detail below. The peak
potential for signal Ia is not dependent on c(MBO). The
peak potential for signal IIa decreases as c(MBO) in-
creases, and increases as the sweep rate v increases. This
is in qualitative agreement with earlier reports on di-
merization reactions by SaveÂ ant and Vianello [34]. They
used the slope of Ep versus log(c) and Ep versus log(v)
plots as diagnostic criteria for dimerization mechanisms
where both reactants and products are dissolved. The
utilization of these criteria in a quantitative way is pre-
vented by the limited concentration and sweep rate
ranges under which signal IIa could be observed, the

limited accuracy of peak potential determination under
the condition of a partially overlapping pre-peak, and
the unknown in¯uence of adsorbed reactant and prod-
uct layers on the kinetics and possible mechanisms of the
dimerization.

According to the literature, oxidation of MBO,
MBT, and MBI may lead to the corresponding disul-
®des [6, 35, 36], monosul®des and elemental sulfur [5],
or sulfonic acids [37] under di�erent experimental
conditions. In analogy to recent results on related
compounds, polysul®des [38] can be expected. It is
shown here that the disul®de is the dominant oxidation
product in aqueous solution at a GC electrodes up to
E = +0.8 V.

Fig. 3 Cyclic voltammograms
of MBO in phosphate bu�er
(pH 7); scan rates v and MBO
bulk concentrations c(MBO) are
given at bottom and left margins;
current scales are given for each
CV separately
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As discussed above, all the products of processes Ia
and IIa remain at the electrode surface up to a switching
potential Ek = +0.8 V (Fig. 2, inset). In particular, a
sulfonic acid is unlikely as the oxidation product because
its solubility in aqueous solution is higher than that of
MBO and it would be expected to desorb easily from the
electrode. Because the oxidation products are attached
to the electrode surface, their chemical nature can be

determined by spectroscopic techniques after immersion
of the electrode. Having con®rmed the chemical nature
of the oxidation product, the in¯uence of the amount of
oxidation product on the reduction signal IIc is studied
and the in¯uence on microcrystallinity is discussed.

Spectroscopic identi®cation of MBO oxidation product

Comparison of the FTIR spectra of chemically synthe-
sized BBOD and the oxidation product on the GC
electrode (Fig. 6) demonstrates that BBOD is indeed the
product formed during the electrochemical oxidation.
Because all bands found at the electrodes immersed at
+0.6 V (after process IIa) are matched by those of pure
BBOD, it is clear that there are no other oxidation
products at comparable amounts. Up to +0.6 V (SCE)
the oxidation proceeds according to

2MBO� BBOD� 2eÿ � 2H�:

Static secondary ion mass spectrometry does not provide
additional information under the experimental condi-
tions available to us, because BBOD and other possible
oxidation products are volatile at room temperature in
ultra-high vacuum (UHV). XPS spectra of immersed
GC electrodes could be measured at 200 K and at room
temperature (298 K). The cooled GC electrodes show a
very intensive S 2p3/2 signal at 164.4 eV and a N 1s
signal at 399.0 eV (Fig. 7). They are matched by the
signals of chemically synthesized BBOD. Sublimation of
BBOD in UHV at room temperature results in greatly
diminished intensities of the signals of BBOD. The loss
of signal intensity corrected by the instrumental sensi-
tivity factors for the S 2p and N 1s emissions has a ratio
of 1:1, corresponding to the atomic ratio S:N in BBOD.
The N 1s signal of the modi®ed GC electrodes at
400.0 eV originates from the GC electrode itself. A rest

Fig. 4 Dependence of peak cur-
rents for signal Ia and IIa from
scan rate; a peak current of
process Ia vs. scan rate;
c(MBO) = 0.2 mM; b peak
current of process IIa vs. square-
root of scan rate;
c(MBO) = 5 mM

Fig. 5 Dependence of peak currents for signal Ia (j) and IIa (s) on
MBO bulk concentration; pH 7, v = 0.005 V s)1. Solid lines are
spline interpolations to highlight the trend in the data set
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remains on the warmed-up electrode, showing S 2p3/2
and N 1s binding energies of 161.9 and 164.2 eV and
399.0 eV, respectively. These peaks become the domi-
nant signal if continuous potential cycling is extended
beyond Ek = +0.8 V, where the formation of a poly-
mer occurs. Most likely the signals result from initial
stages of the polymer ®lm formation and will be dicussed
in detail with other experiments on that problem.

Reduction of BBOD

Further evidence consistent with the spectroscopic re-
sults can be obtained if chemically synthesized BBOD is
dissolved in CHCl3 and deposited onto a rotating GC
electrode. After evaporation of the solvent, a CV of the
modi®ed electrode is recorded in aqueous phosphate
bu�er (pH 7), where BBOD is almost insoluble. A re-
duction is observed at )0.2 V (Fig. 8a). The reduction
product is mainly MBO but considerable amounts of by-
products are formed. Because MBO and other possible
reduction products are slightly soluble in the electrolyte,
they di�use away from the electrode. Therefore, only a
small oxidation signal at +0.3 V is observed in the
subsequent positive-going half-cycle (Fig. 8b).

BBOD decomposes slowly (over months) if stored as
powder under air. The decomposition products are
MBO and benzoxazolinone, as identi®ed by IR spec-
troscopy. If old batches of chemically synthesized

Fig. 6 Ex situ FTIR di�erence spectra of GC electrodes after
potential scans from )1.2 V in 3 mM MBO solution at pH 7 up to
the indicated emersion potential; background is the spectrum of
polished and electrochemical pretreated GC. Spectra of BBOD and
MBO are given as reference

Fig. 7 XPS spectra of the N1s
and S 2p region of GC elec-
trodes emmersed at the indi-
cated potential after a
potential scan starting at
)1.2 V in 0.5 mM MBO so-
lution (pH 7). For compari-
son, spectra of a polished GC
electrode as well as of MBO
and BBOD powders are given
below
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BBOD are deposited on GC, we observe a small oxi-
dation signal at +0.4 V in the initial positive-going
scan. This signal increases with the storage time of
BBOD.

Electroreduction of electrochemically formed BBOD

A careful inspection of the reduction peaks IIc in Fig. 3
reveals interesting details. The peak width w1/2, given as
full width at half maximum, decreases, from 281 mV in
Fig. 3p (0.2 V s)1, 0.1 mM MBO) to 58 mV in Fig. 3a
(0.005 V s)1, 1 mM MBO). As outlined by the compi-
lation of cathodic charges (Table 1) and w1/2 (Table 2)
for all CVs shown in Fig. 3, w1/2 decreases with in-
creasing c(MBO) for a given v. Increasing the bulk
concentration of MBO leads to a higher amount of
BBOD deposited on the electrode. Lavrion [39, 40]
showed for the special case of Frumkin-type adsorption,
where the reduced and oxidized reactants R and O re-
place the same number m of solvent clusters, that w1/2 is
controlled by a parameter x = m(aRR + aOO ) 2aRO) ´
hT. In this notation, aRR, aOO, and aRO are the interac-
tion coe�cients for interactions between R-R, O-O, and
R-O, respectively; hT represents the sum of coverage of
R and O. If there is attractive interaction (a > 0) for O-
O and R-R or a repulsion for R-O (aOR < 0), x will

increase with hT. If x ³ 2, the peak shape cannot be
de®ned mathematically. Lavrion [40] provides a very
instructive reasoning and physical interpretation of this
fact. A qualitative similar situation may be expected in
our case. There are, however, important di�erences.
Experimental veri®cations for the theory of Lavrion
have been obtained using mercury electrodes [39], where
uniform adsorption sites can be assumed. Solid electrode
surfaces such as GC possess non-equivalent adsorption
sites. Therefore the adsorption process cannot be de-
scribed by a Frumkin isotherm. On such electrodes,
peak broadening has been observed with increasing
surface concentration and was related to kinetic dis-
persion [25] caused by the di�erent microenvironments
of the adsorbed reactants. As shown below, the amount
of BBOD present at the electrode surface corresponds to
multilayers. As the amount of BBOD increases, the peak
potentials are shifted by about 0.2 V, in contrast to some
10 mV predicted for the case of Frumkin adsorption
with strong intermolecular attraction [40].

Assuming an unordered monolayer of BBOD
(M = 300 g mol)1) having the same density q as the
solid powder (1.43 g cm)3), one obtains an area density
(q/M)2/3 of 3.32 ´ 10)10 mol cm)2. Assuming a rough-
ness factor r = 1 [41] for the glassy carbon electrode
(A = 0.07 cm2) and a two-electron reduction, the
charge required to reduce a monolayer of BBOD is
4.5 lC. Assuming an oriented adsorption with the ring
system perpendicular to the electrode surface results in a
charge of 12.4 lC. All CVs having a reduction charge of
this magnitude are highlighted by a bold box in Tables 1
and 2. If the charges exceed this value, w1/2 decreases
proportional to the logarithm of the cathodic charge,
which is proportional to the amount of BBOD on the
electrode surface (Fig. 9). If the cathodic charge is larger
than 37 lC, w1/2 remains approximately constant at
65 mV. The scattering around this value for
Qred > 37 lC is probably also caused by the di�erent
scan rates used to record the data points in this section
of the plot. The constant small peak width at higher Qred

re¯ects the situation where BBOD is present at the
electrode surface as microcrystals only. The decrease of
w1/2 for the Qred values corresponding to submonolayer
coverage up to 37 lC can be described as superposition
of reduction from adsorbed layers and microcrystals
present at other parts of the surface.

Fig. 8 Cyclic voltammograms of spin-coated BBOD on GC in
phosphate bu�er (pH 7) with v = 0.025 V s)1: a ®rst cycle, b second
cycle. The CV of blank GC is given for comparison c

Table 1 Cathodic charges of the peaks IIc of Fig. 3 The values
highlighted by a bold box correspond to a coverage up to one
monolayer (see text)

c(MBO) (mM) Qred (lC)
v (V s)1)

0.005 0.025 0.05 0.2

1 347 109 72 33
0.6 185 65 37 24
0.4 151 37 22 10
0.1 13 11 6 3

Table 2 Peak width (w1/2) of the reduction peaks IIc in Fig. 3. The
values highlighted by a bold box correspond to a coverage up to
one monolayer (see text)

c(MBO) (mM) w1/2 (mV)
v (V s)1)

0.005 0.025 0.05 0.2

1 58 61 58 93
0.6 77 63 75 135
0.4 73 100 117 190
0.1 110 176 195 281
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Besides peak width, the general peak shape also
changes. The in¯ection points move very close to the
peak potential, giving the peak a very pointy appear-
ance. Such peaks are typical for processes that are lim-
ited by phase formation phenomena, as in the reaction
of microcrystals. The coincidence of peak shapes typical
for microcrystals, with the Qred exceeding the charge
expected for a reduction of a monolayer, con®rms the
conclusion that microcrystals start to form if the cov-
erage is higher than about one monolayer. This is rea-
sonable, as the formation of a compact microcrystal can
only be envisioned if there is an interaction between
neighboring BBOD molecules deposited on the electrode
surface. There is a much lower chance of such interac-
tion at submonolayer coverage and the molecules be-
have as an adsorbed layer.

Recently, Komorsky-Lovric [42] observed a shift of
0.300 V towards more negative potentials for the re-
duction of azobenzene microcrystals on graphite versus
reduction of azobenzene adsorbed from solution. This
additional indication is also evident for the reduction of
BBOD. The cathodic peak potentials IIc shift to more
negative values at constant v if the amount of BBOD
formed at the electrode during the positive-going half
cycle increases at higher MBO solution concentrations
(Table 3).

Finally, optical microphotographs of the BBOD
microcrystals could be obtained (Fig. 10). The forma-
tion of a dendritic solid deposit with micrometer exten-

sions can clearly be seen. This deposit dissolves to a large
extent at the negative-going scan. As indicated by the
XPS spectra (Fig. 7, top), the rest represents most likely
initial stages of a polymer ®lm formation becoming
more prominent during multi-cycle experiments with
Ek > +0.8 V.

Conclusion

MBO can be oxidized at GC. Four oxidation signals can
be identi®ed. The ®rst two signals are caused by the
oxidation of adsorbed and di�using MBO, respectively.
Up to a potential of +0.8 V, BBOD is the dominant
oxidation product. The signi®cantly lower solubility of
BBOD in aqueous solutions compared to MBO allows
preparation of layers of BBOD in situ and to control the
amount of deposited BBOD via MBO solution concen-
tration and electrolysis time. Peak potential and peak
shape of the reduction signals change remarkably as the
amount of BBOD increases from submonolayer cover-
age to coverages that correspond to multilayers. The

Fig. 9 w1/2 of the cathodic peak as a function of the cathodic charges
for CV between )1.2 V and +0.8 V for all combinations between
scan rates (in V s)1) of 0.005, 0.01, 0.025, 0.05, 0.1, 0.2, and c(MBO)
(in mM) of 0.1, 0.2, 0.4, 0.6, 0.8, 1.0 (j). Solid lines obtained by a ®t
forQred < 37 lC andQred > 37 lC serve to highlight the trend of the
data

Table 3 Dependence of the reduction peak potential IIc on the
MBO solution concentration at v = 0.005 V s)1

c(MBO) (mM) 0.1 0.2 0.4 0.6 0.8 1.0
Ep (V) )0.123 )0.141 )0.204 )0.248 )0.313 )0.319

Fig. 10 Interference microphotographs of a GC electrode after
polishing (a) and after a potential scan from )1.2 V to +1.3 V
at 0.025 V s)1 in 3 mM MBO solution at pH 7 (b)
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behavior can be explained by assuming an electro-
chemical reduction of BBOD microcrystals which are
formed on the electrode surface if the amount of BBOD
present at the electrode surface exceeds one or a few
monolayers.
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