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Abstract Chronoamperometric data for proton-assisted
reduction/oxidation of a series of dyes, namely, alizarin,
purpurin, luteolin, morin, and indigo are compared with
the predictions of the model of Lovric and Scholz for
redox conductive microcrystals assuming electron and
proton hopping in mutually perpendicular directions.
Upon the attachment of solid dye microparticles to
paraffin-impregnated graphite electrodes in contact with
aqueous electrolytes in the pH range between 4 and 7, an
excellent agreement between theory and experimental
data was obtained. The diffusion coefficients of electrons
and protons across dye microcrystals were estimated as
5·10�7 cm2 s�1 and 1·10�10 cm2 s�1, respectively.

Introduction

The voltammetry of microparticles is an increasingly
growing research field focused in the electrochemistry of
solid nonconducting microparticles attached to inert
electrodes in contact with selected electrolytes. Along the
last decade, the scope of this methodology has experi-
enced a considerable growth, including from the analysis
of high-temperature superconductors to mineral, alloys,
glasses and organic compounds [1–4].

Application of the voltammetry of microparticles, to
the identification and characterisation of organic com-
pounds has claimed attention in recent years. From the

seminal work of Scholz et al. [5], the voltammetry of
different organic compounds [6–8] and organic-based
materials [9–11] has been described in the last years.

In this context, Lovric and Scholz [12, 13] and Old-
ham [14] formulated theoretical models for explaining
electron transfer processes involving nonconducting
solids. In the more recent version reported by Schröder
et al. [15] electron transfer processes in a solid com-
pound characterised by mixed ionic/electronic conduc-
tivity, involve an initial reaction at the three-phase
electrolyte/particle/electrode junction further extended
via transport of electrons and charge-balancing cations
in perpendicular directions.

Electron transport occurs via electron hopping be-
tween immobile redox centres, whereas, ion transport
must be accomplished via cation insertion and diffusion
in solids such as hexacyanoferrates [3] and microporous
materials such as zeolites, layered hydroxides and alu-
minosilicates [16]. In this context, Bond et al. have de-
scribed the solid state electrochemistry of solid
[Co(mtas)2](X)n (mtas=bis(2-(dimethylarsino) phenyl)
methylarsine; X=BF4

�, ClO4
�, BPh4

�; n=2,3) and
[M(bipy)2 M¢(bipy)2 (-L)] (M,M¢ =Ru, Os; bipy = 2.2¢-
bipyridyl; L = 1,4-dihydroxy-2,5-bis(pyrazol-1-yl)ben-
zene) where anion insertion takes place [17–19].

In the case of much organic solids, in which in general
ion insertion cannot occur, proton transfer processes
appears to be the unique way for yielding solid state
voltammetric processes. This requires proton transfer
between the electrolyte solution and the external layer of
molecules in solid microcrystals, and eventually, charge
propagation across the solid via proton hopping between
adjacent molecules. This situation parallels to that de-
scribed by Andrieux et Savéant [20] andWu et al. [21] for
redox polymers. In the case of organic solids, however,
one can expect that the propagation of electron hopping
has to be significantly hindered, so that the extent of the
electroactive region in which effective proton hopping
occurs is limited to a shallow boundary region of the
particles. The influence of the concentration of electro-
lyte cations was also studied by Lovric et al. [22].
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The current work describes a voltammetric and
chronoamperometric study devoted to (1) test the
applicability of such model to organic solids, and (2) to
compare alternative formulations depending on the ex-
tent of possible proton hopping and electron hopping
processes throughout the solid. Theory will be compared
with experimental data for different indigoid, anthra-
quinonic and flavonoid dyes, namely, indigo (3H-indol-
3-one, 2-(1,3-dihydro-3-oxo-2H-indol-2-ylidene)-1,2-di-
hydro), alizarin (1-hydroxy-, 2-hydroxy-, 1,2-dihydroxy-
anthraquinone), purpurin (1,4-dihydroxy-, 1,8-dihydr-
oxy-, 1,2,4-trihydroxy-anthraquinone), luteolin
(3¢,4¢,5,7-tetrahydroxyflavone), and morin (2¢,3,4¢,5,7-
pentahydroxyflavone). Structural formulas of such
compounds are depicted in Sch. 1.

These were selected as test compounds because of: (1)
their insolubility in aqueous electrolytes, and, (2) their
similar solid-state electrochemistry, displaying, in all
cases, reversible two electron, two-proton reduction
and/or oxidation processes. Thus, solid indigo is
reversibly reduced to leucoindigo and a reversibly oxi-
dised to dehydroindigo [7, 8, 10] (see Scheme 2). Such
systems enable for an eventual distinction between
proton/electron gain and proton/electron loss processes.
Voltammetry of indigo adsorbed on pretreated carbon
paste [23] and mercury [24] electrodes and direct elec-
trochemical reduction of indigo [25, 26] have claimed
attention recently for sensing and recycling of dyes.

In agreement with literature concerning anthraqui-
nonic and flavonoid compounds in solution, quinone
groups of anthraquinonic dyes are reversibly reduced to

p-diphenol, whereas, o-phenol subunits (common to
flavonoids and the anthraquinonic dyes studied here) are
oxidized reversibly to the corresponding quinones [27–
33]. This scheme is consistent with the observed vol-
tammetry of microparticles of anthraquinonic [9, 10]
and flavonoid [10, 11] dyes.

Experimental

Chronoamperograms, cyclic voltammograms and
square wave voltammograms (CAs, CVs, and SQWVs,
respectively) were performed with a BAS CV50W
equipment. A standard three-electrode arrangement was
used with a platinum auxiliary electrode and a AgCl
(3 M NaCl)/Ag reference electrode in a cell thermo-
stated at 298 K. Aqueous acetic/acetate (total concen-
tration 0.50 M) and phosphate (total concentration
0.50 M) buffers (Merck) were used as supporting elec-
trolytes.

Indigo, alizarin, purpurin, luteolin, and morin were
supplied by Aldrich and used without further purifica-
tion.

Paraffin-impregnated graphite electrodes (PIGEs)
consist on cylindrical rods of 5-mm diameter of graphite
impregnated under vacuum by paraffin. Preparation
details are described in references [1–4]. To prepare
sample-modified PIGEs, ca 50 mg of indigo was pow-
dered in an agate mortar and pestle, and placed on a
glazed porcelain tile forming a spot of finely distributed
material and then abrasively transferred to the surface of
a PIGE by rubbing the electrode over that spot of
sample. Deposits containing 0.15±0.02 mg of indigo
were routinely used. Sample-modified PIGEs working
electrodes were dipped into the electrochemical cell so
that only the lower end of the electrode was in contact

Scheme 1 Structural formulas of the compounds studied here
Scheme 2 Scheme of redox processes involving indigo microparti-
cles
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with the electrolyte solution. This procedure provides an
almost constant electrode area and reproducible back-
ground currents.

Morphological examination of dye-modified elec-
trodes was obtained using a Jeol JSM 6300 scanning
electron microscope (SEM). The analytical conditions
were: accelerating voltage 20 kV, beam current
2·10�9 A. Images were obtained using backscattered
detector.

Theory

Let us consider a three-phase system formed by the
electrolyte solution in contact with a solid particle
deposited over an infinite conducting electrode. The
Lovric and Scholz model [12, 13] for ion insertion pro-
cesses assumes that the reaction starts at the three-phase
boundary between electrode, solid particle and electro-
lyte. From this point, the reaction zone grows while
electrons and charge-balancing cations diffuse perpen-
dicularly along the crystal.

This model can directly extended to organic micro-
particles assuming that the redox reaction involves the
transfer of electrons through the electrode/particle
interface and the transfer of protons across the electro-
lyte/particle interface. The overall electrochemical pro-
cess can be represented as:

A ðsolidÞ þ nHþðsolÞ þ ne� ! HnAðsolidÞ ð1Þ

Here, A represents the oxidized form of the localised
redox centre and HnA its reduced (and protonated)
form.

If the electron transfer/cation insertion reaction de-
scribed by Eq. 1 is thermodynamically governed, it de-
scribes an equilibrium that must satisfy the Nernst
equation:

A½ � ¼ HnA½ � exp
nF E � Ef
� �

RT

� �
¼ HnA½ � eg ð2Þ

where Ef is a formal potential defined as:

Ef ¼ Eo þ RT
nF

lnK þ RT
F

ln Hþ½ � ð3Þ

In this equation, Eo is the standard potential of the
redox couple A/HnA and K represents the equilibrium
constant for the reaction of proton insertion described
by Eq. 1.

The propagation of the redox reaction requires
simultaneous electron hopping and proton hopping be-
tween immobile redox centres. This reaction can be
represented as:

HnAðsolid; site1Þ þAðsolid; site2Þ

! Aðsolid; site1Þ þHnAðsolid; site2Þ ð4Þ

Here, site 1, site 2, represent different adjacent sites
alternatively occupied by the oxidized and reduced
forms of the dye.

Depending on the extent of the redox reaction
through the solid microparticle, different theoretical
formulations can be made, namely: (a) without restricted
diffusion of electrons and protons through the solid; (b)
restricted proton diffusion; (c) restricted electron diffu-
sion, (d) hindered proton diffusion, and (e) hindered
electron diffusion.

The most general approach developed by Schröder
et al. [15] using finite difference simulation methods,
yields short-time chronoamperometric current (i)–time
(t) curves (CAs). For CAs at potentials sufficiently po-
sitive/negative to make negligible the effects of electron
interfacial transfer, current/time curves can be described
by:

i ¼ nF
vm

�
p
�

DxoD1=2
e þ DzoD1=2

H

2p1=2t1=2

�

þ p
�
DeDH

�1=2 � 4DH

�
2Det

�1=2
�

ð5Þ

Here, DH, De represent the diffusion coefficients of
protons (in the x and y directions) and electrons (in
the z direction), respectively, and vm represents the
molar volume (cm3 mol�1) of the solid. p represents
the perimeter of the three-phase electrode/electrolyte/
microcrystals junction of the cuboid. Dxo, Dzo are the
size of the three-phase junction boxes in which the
crystal is divided for applying simulation procedures.
It is that the electrochemical process is thermody-
namically governed, isotropy for the diffusion of ions
(DH = Dx = Dy) and that the time experiment is
sufficiently short to ensure that the diffusion-migration
layer thickness is small when compared to the solid
thickness.

Equation 5 corresponds to a Cottrell-like current/
time dependence (i � t�1/2) incorporating additional
time-independent and t1/2 terms. This last is independent
of the perimeter of the three-phase junction and is
attributable to a ‘‘edge effect’’, whereas, the time-inde-
pendent term can be associated to the finite size of the
crystals [15].

Equation 5 represents the theoretical CA curve
corresponding to short times for unrestricted diffusion
of electrons and protons (case a). The corresponding
equations for cases b (restricted proton diffusion) and
c (restricted electron diffusion) can be obtained by
taking DH << De, and DH >> De, respectively. The
above formulation can also be extended to the case of
hindered proton diffusion, DH=0 (case d), and
hindered electron diffusion, De = 0 (case e). As
pointed out by Lovric and Scholz [14], there is redox
conductivity even in the last two cases. Thus, if
protonation reaction is limited to the surface layer;
i.e., the solid particle cannot be penetrated by protons,
Dx=0 and the reaction is confined to the particle/

951



electrode interface (case d). If electron transfer
across the solid is hindered (Dz=0), the reaction is
limited to the particle/electrolyte interface (case e).

At long times, available algebraic solutions of the
diffusion problem corresponds to cases b and c. If elec-
tron diffusion is faster than proton diffusion, this last
becomes rate-determining. Then, for a cuboid crystal
one obtains [15]:

i ¼ 3:3nFHDH

vm

X1

j¼1
exp

2p2DHt
L2

� �
ð6Þ

where L represents the breadth of the cuboid and H its
height.

If proton diffusion is much faster than electron dif-
fusion, the chronoamperometric current at long times
approaches [15]:

i ¼ 2nFADe

Hvm

X1

j¼1
exp

p2Det
4H2

� �
ð7Þ

A being the area of the crystal/electrode interface.
Equations 6 and 7 are formally equivalent to CAs for
thin-layer cells.

For testing alternative formulations, it is convenient
to rewrite Eq. 5 in the form:

it1=2 ¼ Bt�1=2 þ CB� Dt ð8Þ

This current–time relationship applies for short-time
CAs in cases a–c, while for cases d and e this relationship
reduces to it1/2 = Bt�1/2 . That is, an ‘‘ordinary’’ Cott-
rell-type behaviour is predicted.

At long times, the CA current for cases b and c sat-
isfies equations of the type:

ln i ¼ F � Gt ð9Þ

That is, a logarithmic behaviour is predicted.
The above equations can be adapted for describing

the case of a deposit of N cuboid microparticles of size a.
Then Eq. 5 can be rewritten as:

i ¼ nFNc
�
4a
�

f ðD1=2
e þ D1=2

H Þ
2p1=2t1=2

�

þ 4a
�
DeDH

�1=2 � 4DH

�
2Det

�1=2
�

ð10Þ

where n is the number of electrons involved in the
redox reaction, c (= 1/ vm) represents the concentra-
tion (mol cm�3) of the electroactive centres in the solid,
and f represents an effective length, that corresponds to
a mean size of the three-phase junction boxes in which
the crystal is divided for applying simulation proce-
dures.

Equation 6, corresponding to the case b (restricted
proton diffusion), can be adapted to this N-particle
formulation assuming that proton diffusion through the

solid is limited to a narrow region or ‘‘active’’ layer of
thickness d close to the particle/electrolyte interface.
Then, the ‘‘electroactive’’ volume will be 4a2 d per cu-
boid and Eq. 6 reduces to:

i ¼ 3:3nFNacDH

X1

j¼1
exp

2p2DHt

4d2

� �
¼ ioe

�bt ð11Þ

Similarly, for the case of restricted electron diffusion
(case c), one can assume that the diffusion of electrons is
constrained to a narrow layer of thickness v adjacent to
the particle/electrode interface. Then, Eq. 7 can be
rewritten as

i ¼ 2nFNa2cDe

v

X1

j¼1
exp

p2Det
4v2

� �
¼ ioe�bt ð12Þ

In Eqs. 11 and 12, io represents a zero-time current
for the region of exponential decay of CA curves. This
magnitude can be calculated as the ordinate at the origin
in ln i versus t plots. The major drawback for testing
such equations is the large uncertainty in estimating the
number of cuboids due to: (1) it is uneasy to control
the exact amount of material mechanically transferred to
the electrode surface; (2) even transferring weighted
amounts of the solid, the variable aggregation of the
particles makes uncertain the amount of particles
displaying an effective contact with the electrode.

Attempting to avoid these problems, one can relate
CA data with the total charge passed during the exper-
iments, q. This magnitude can be obtained upon inte-
gration of CA curves and is directly related with the
amount of electroactive particles. Charge measurement
provide a mean for directly testing the model b (re-
stricted proton diffusion) assuming that: (1) charge
transfer is completed when the reduced form, HnA, is
distributed in a tight layer of thickness d in the lateral
faces of the cuboids, and, (2) one of the faces of the
cuboids are in contact with the electrode surface. Then,
the total charge passed at the end of the CA experiments
can be approached by:

q ¼ nFN4a2
Zx¼d

x¼0

cðxÞdx ð13Þ

c(x) representing the concentration of HnA at a distance
x from the electrolyte/particle interface when the charge
transfer process is exhausted. This concentration profile
is representative of the diffusion of protons through the
solid. Assuming that the concentration profile at the end
of the charge transfer process remains essentially iden-
tical for all cuboids, one can combine Eqs. 10 and 13, to
yield a N-independent equation:

q ¼ 1:2aio

DH

Zx¼d

x¼0

cðxÞdx ð14Þ

952



This equation predicts a linear dependence of q on io,
a relationship that can be tested experimentally by
measuring io and q for deposits containing different
number of cuboids.

A similar treatment can in principle be proposed for
the case c, restricted electron diffusion. Then, a rela-
tionship between the total charge passed and io similar to
Eq. 14,

q ¼ 2vio
De

Zz¼v

z¼0

cðzÞdz ð15Þ

can be proposed.

Results and discussion

Voltammetric and chronoamperometric responses

Examination of dye-modified electrodes by scanning
electron microscopy revealed that, in all the studied
cases, the organic compound was deposited in aggre-
gates of microcrystallites, whose size varied from 1 lm
to 10 lm. A typical SEM image is shown in Fig. 1 for
indigo.

The square wave voltammetry of indigo attached to
graphite electrodes in contact with acetic/acetate buffer
is shown in Fig. 2. In agreement with voltammetric data
of Komorsky-Lovric et al. [7], Bond et al. [8], and
Grygar et al. [10]. Indigo microparticles exhibit two
reversible couples at equilibrium potentials of +0.43
and �0.30 V versus AgCl/Ag. Both couples behave
reversibly, as judged by the appearance of well-defined
anodic and cathodic peaks upon separate examination
for the currents measured in the anodic and cathodic
portions of square wave pulses [7].

Peak potentials for both couples were found to be
pH-dependent, with linear variations of Ep with the pH

in the pH range from 4.5 to 7.5. The slopes of such
straight lines for peaks at +0.43 and �0.30 V were of
58 and 57 mV/decade, close to that expected for a two-
electron/two proton reversible transfer. Accordingly,
the recorded couples correspond, respectively, to the
oxidation of indigo to dehydroindigo and the reduction
of the parent indigo to leucoindigo, illustrated in
Scheme 2.

As shown in Fig. 3a, SQWVs of anthraquinonic dyes
show two well-defined peaks at �0.53 and +0.53 V
(alizarin) and �0.56 and +0.50 V (purpurin) in acetic/
acetate buffer (pH 4.70). Since SQWV provides simul-
taneous examination of both reduction and oxidation
processes, the recorded peaks can unambiguously be
attributed to the reduction of the quinone group and the
oxidation of the o-phenol group of the parent
compound. Both peaks behave reversibly and yield lin-
ear dependences of the peak potential on the pH in
agreement with a two-electron, two-proton reversible
behaviour [9, 10]. For flavonoid dyes (see Fig. 3b), only
a pH-dependent reversible oxidation peak at +0.36 V
(luteolin) and +0.30 V (morin), was recorded. In these
cases, a reversible two-proton, two-electron oxidation of
the o-diphenol group is operative [10, 11].

In view of the nature of the redox processes, one
can expect that not only differences in electron hop-
ping, but also in electron hopping might be recorded
between the different compounds. Additionally, since
the oxidation of indigo the dehydroindigo involves the
loss of N–H bonds, whereas, the reduction of indigo
to leucoindigo involves the formation of O–H bonds,
differences between oxidation and reduction may ap-
pear.

Chronoamperometric curves can be used for testing
the alternative models. In all cases, CAs were performed
by application of a constant potential of a value 150 mV
past the square wave voltammetric peak. This ensures
that the electrochemical process is under diffusive con-
trol. In these conditions, Eqs. 5, 6, 7, 8, 9, 10, 11, 12, 13,

Fig. 1 SEM image of a typical
deposit of indigo on graphite
surfaces
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14 could be tested with CA data. Attempting to avoid
problems associated with relatively large background
currents, blank experiments were performed at bare
PIGEs immersed in each one of the electrolytes. Work-
ing CA curves were obtained by subtracting the CA
recorded at a bare PIGE from the CA obtained at a dye-
modified electrode. Typical curves are shown in Fig. 4,
corresponding to: (a) the oxidation of indigo in acetic/
acetate buffer at pH 5.04, (b) the blank CA, (c) the
subtracted curve. The integrated curve, yielding a direct
estimate of the total charge passed is shown in Fig. 4d.

Following Schröeder et al. [15], it1/2 versus t1/2 plots
have been used for comparing experimental data with
predictions from Eqs. 5 or 10. The corresponding rep-
resentation for the oxidation of indigo in phosphate
buffer at pH 6.85 is shown in Fig. 5. In this represen-
tation, the product it1/2 increases initially while time
increases until a maximum value is reached at a certain
transition time, t*. From which the product it1/2 de-
creases monotonically.

First of all, it should be noted that the presence of
this initial rising region in the it1/2 versus t1/2 plot de-
notes that cases d and e do not apply; i.e., that neither
proton diffusion nor electron diffusion are entirely hin-
dered.

The current decay recorded at times longer than t*
defines two overlapped regions in which it1/2 approaches
successively: (1) a linear dependence on t, in agreement
with Eqs. 5 and 10, and, (2) an exponential decay able to
be described by Eqs. 6 or 7 (or Eqs. 11 and 12, respec-
tively). Figure 6 shows it1/2 versus t plots for times be-
tween 4 ms and 10 ms for the CA oxidation of indigo
attached to PIGE at +500 mV in phosphate buffer
(pH 6.85). Here, a linear dependence of it1/2 versus t is
obtained, in agreement with Eqs. 5 and 10. Similar re-
sults were obtained for all tested oxidation and reduc-
tion processes.

Since Eqs. 6, 7 (or 11, 12) are operative when the
redox reaction is almost exhausted [15], the appearance
of such exponential decay suggests that the reaction is
completed in short time. First, this is in close agreement
with the general theoretical framework provided by the
model of Lovric and Scholz [15]: the fast current decay is
demanded by combination of finite crystal size and finite
diffusion space occurring in the electrochemistry of mi-
croparticles. Second, the relatively rapid current decay
indicates that the redox reaction is confined to a small
zone in the crystals.

Plots of ln i versus t at times ranging between 8 ms
and 25 ms for the CA oxidation of different indigo
deposits at pH 5.04 are shown in Fig. 7. Linear depen-
dences between ln i and t were obtained, confirming the
expectance from Eqs. 6 (or (11) or, alternatively, (7) (or
(12)). The y-intercept, depending on the number of cu-
boids, N, varied from one deposit to another, while the
slope remains almost constant. Again, similar results
were obtained for all tested electrochemical processes in
the studied dyes.

Fig. 2 SQWVs of indigo-modified PIGEs immersed into 0.50 M
acetate buffer + 0.50 M phosphate buffer aqueous solution at
pH 5.57. a Potential scan initiated at +0.65 V in the negative
direction; b potential scan initiated at �0.65 V in the positive
direction. Potential step increment 4 mV; square wave amplitude
25 mV; frequency 5 Hz

Fig. 3 SQWVs of PIGEs modified by: a alizarin, and b morin,
immersed into 0.50 M acetate buffer at pH 4.70. Potential scan
initiated at �0.85 V in the positive direction. Potential step
increment 4 mV; square wave amplitude 25 mV; frequency 15 Hz
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Extent of the redox reaction

The area under voltammetric peaks provides a direct
estimate of the total amount of charge passed during the
application of the potential step. For deposits containing
weighted amounts of indigo between 0.10 mg and
0.60 mg, the total amount of charge falls in the range
between 2 lC and 15 lC. As expected, these values are
considerably lower than the total amount of indigo
(3.8·10�7–2.3·10�6 mol) whose hypothetical exhaustive
two-electron oxidation or reduction should consume
charges between 0.073 C and 0.444 C. Similar results
were obtained for all other dyes.

Charge data suggest that the electrochemical reaction
is confined to a tight zone, as expected by effect of the
restricted process of proton hopping or restricted elec-
tron hopping (cases b and c, respectively) required for
the propagation of charge through the organic solid.

Representation of the total charge passed, q, deter-
mined as the time integral of the current in CAs, as a
function of io, determined as the ordinate at the origin of
such ln i versus t plots, yields graphs such as depicted in
Fig. 8 corresponding to indigo oxidation at pH 5.57. In
agreement with the predictions from Eqs. 14 and 15, a
linear q versus io dependence appears. Similar q versus io
plots were obtained for all other dyes.

Assuming that the model b applies, the minimum
thickness of the reaction layer, dmin, can easily be esti-
mated on assuming that (1) the indigo deposit is formed
by cuboid microcrystals of size a (mean value ca
5·10�4 cm as derived from SEM/EDX data), and, (2)
that all the cuboids are in contact with the electrode
surface. This second assumption, however, is not real-
istic; as shown in Fig. 1, the indigo deposits consist of
microcyrstal aggregates so that only a fraction of crys-
tals is in contact with the electrode surface. Accordingly,
charge transfer data only provides an estimate of the
minimum thickness, dmin, of the electroactive region of
crystals.

For estimating dmin, the number of cuboids, N, was
calculated from the mass of the deposit, m, the density of
indigo, and the cuboid size as N=m/qa3, q being the
density of the solid. Assuming that the reaction layer
occupies the lateral faces of the cuboids, the volume of
that reaction layer, V*, can be approached by the
expression V*=4dmina

2N. Assuming that the deposit of
indigo is composed by a set of cuboid microcrystals
of 5 lm size, for deposits of 1.5 mg, and taken a density
of 1.35 g cm�3, the number of cuboids is of 8.89·105
and then, the total length of the three-phase junction is
of 1,780 cm.

The values calculated for several a values are shown
in Table 1. Although a detailed account of the shape and
size distribution of the indigo particles is required for
properly estimate the thickness of the reaction layer, the
obtained values of dmin do not vary significantly for
cuboids size between 1·10�4 cm and 1·10�3 cm (dmin

Fig. 4 CA at an indigo-modified PIGE. Applied potential:
+550 mV. Electrolyte: aqueous acetate buffer (total concentration
0.50 M) at pH 5.04. a CA curve at indigo-modified PIGE; b CA
curve at unmodified PIGE; c curve resulting from the subtraction
a�b; d integrated curve representing charge versus time plot

Fig. 5 Plots of the it1/2 product versus t1/2 for the CA oxidation of
indigo at +500 mV in phosphate buffer (pH 6.85). Data from the
working curve obtained by subtracting the blank curve recorded at
an unmodified PIGE from that recorded at an indigo-modified
PIGE
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ranging between 4·10�8 cm and 4·10�9 cm). Compa-
rable results are obtained for vmin (model c, restricted
electron diffusion).

Proton and electron diffusion

The low charge values experimentally determined sug-
gest that the models b (restricted proton diffusion) and c
(restricted electron diffusion), rather than the model a
(unrestricted diffusion), may apply. This is in agreement
with the linear dependency of ln i on t obtained from
long time CAs. If the model b applies, the coefficient of
diffusion of protons and the thickness of the electroac-
tive layer can easily be calculated from the ordinate at
the origin, OO, and the slope, SL, of such representa-
tions using Eq. 11 as DH=e(OO)/3.3nFNca and d=(2p2

DH/4(SL))
1/2 . If the model c is operative, a similar linear

dependency of ln i on t must be obtained. Here, the
coefficient of diffusion of electrons and the thickness of
the electroactive layer can be calculated using Eq. 12
from the slope and the ordinate at the origin of such
representations as v=(e(OO)/(SL))(p2/8nNFa2c) and
De=(e2(OO)/(SL))(p2/16n2 N2 F2 a4 c2).

Assuming, as previously discussed, that the dye
deposits (typically 1.5 mg, density 1.35 g cm�3) are
composed by a set of cuboid microcrystals of 5 lm size,
and using the experimentally determined values of the
slope, SL, and the y-intercept, OO, of ln i versus t plots,
one obtain consistent values of DH and d for the b
model. Thus, using Eq. 11, DH values appear to vary

with the pH and are close to 5·10�10 cm2 s�1 while d
values approach to 2·10�6 cm. In contrast, inconsistent
values of such parameters are obtained for the model c
using Eq. 12. Here, using the SL and OO values derived
from experimental data and the aforementioned
parameters, one obtain De values close to
6·10�15 cm2 s�1, a value considerably lower than those
determined for redox polymers and zeolite-associated
metal complexes (between 10�8 cm2 s�1 and
10�11 cm2 s�1, vide infra), where one can expect a more
uneasy electron hopping. Accordingly, one can conclude
that, under our experimental conditions, a model
assuming restricted proton diffusion is operative.

Fig. 7 Plots of ln i versus t (times between 10 ms and 20 ms) for
the CA oxidation of different deposits of indigo attached to PIGE.
Data from the working curve obtained by subtracting the blank
curve recorded at an unmodified PIGE. Applied potential:
+550 mV. Electrolyte: aqueous acetate buffer (total concentration
0.50 M) at pH 5.04

Fig. 8 Plots of q versus io for the oxidation of different indigo
deposits at pH 5.57. From CAs performed at a potential of
+600 mV after subtracting blank CAs at bare PIGE electrodes

Fig. 6 Plots of it1/2 versus t (times between 4 ms and 10 ms), for
the CA oxidation of indigo attached to PIGE at +500 mV in
phosphate buffer (pH 6.85). Data from the working curve obtained
by subtracting the blank curve recorded at an unmodified PIGE
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The obtained values of DH and d values for indigo are
summarised in Table 2 for selected pH values. The val-
ues estimated for alizarin, purpurin, luteolin and morin
at pH 4.65 and 5.45 are shown in Table 3. The calcu-
lated effective breadth layer is close to 2·10�6 cm in all
cases. This value is considerably larger than the mini-
mum thickness value calculated from the charge passed
in voltammetric experiments.

The values of DH are lower than the values of the
diffusion coefficient of K+ into copper(II) hexacyano-
ferrate(II) reported by Kahlert et al.
(1.49·10�9 cm2 s�1) [34] and those calculated for Li+

and Et4N
+ cations diffusing in zeolites (1·10�9 cm2 s�1)

[35], but larger than those calculated for ferricinium ions
in plasma-polymerised vinylferrocene (5·10�13 cm2 s�1)
[36].

The values of De were calculated from the slope of the
it1/2 versus t plots (typically 1·10�3 A s�3/2) such as in
Fig. 6, using the previously calculated values of DH, as
De=vm

2 (SL)2/16n2F2Nc
2DH

2 . The corresponding values
for indigo at different pH values are shown in Table 2,
whereas, those estimated for alizarin, purpurin, luteolin
and morin at pH 4.65 and 5.45 are summarised in Ta-
ble 3. The calculated values were relatively high and

similar for all the studied dyes: close to 7·10�7 cm2 s�1

for the oxidation process and 2·10�6 cm2 s�1 for the
reduction one. Those values are close to typical values
for ion diffusion in solution, thus suggesting that a facile
electron hopping occurs, in agreement with the highly
reversible character of both the oxidation and reduction
processes. No systematic variations of De on the pH
were detected.

De values calculated here are larger than those typi-
cally reported for redox polymers, typically between
2·10�8 cm2 s�1 [20] and 2·10�9 cm2 s�1 [36], and
electroactive transition metal complexes encapsulated
into zeolites (2·10�11 cm2 s�1) [35], but are lower than
those reported for copper(II) hexacyanoferrate(II)
(0.10 cm2 s�1) [34].

Final considerations

Voltammetry and chronoamperometry of microparticles
of indigo, alizarin, purpurin, luteolin and morin at-

Table 1 Number of cuboids, total charge passed during chronoamperometric experiments and minimum thickness of the electroactive
layer for indigo-modified PIGEs immersed into aqueous electrolytes

pH Applied potential (mV) q (C) dmin (cm) pH Applied potential (mV) q (C) dmin (cm)

6.85 +475 1.5·10�6 1.7·10�9 6.85 �550 1.0·10�6 1.2·10�9
5.57 +500 3.0·10�6 3.3·10�9 5.57 �500 1.1·10�6 2.3·10�9
5.04 +550 4.8·10�6 5.4·10�9 5.04 �475 2.1·10�6 3.3·10�9
4.17 +600 8.2·10�6 9.2·10�9 4.17 �400 5.1·10�6 8.0·10�9

Mean value from three independent CAs at indigo-modified electrodes containing 0.00015±0.00002 g of the solid. Values of dmin

calculated by assuming a uniform distribution of cuboids

Table 3 Values of the coefficients of diffusion of protons and
electrons and effective breadth of the electroactive zone of the
crystals in the (a) reduction o, and (b) oxidation, of alizarin, pur-
purin, luteolin and morin attached to PIGEs in contact with acetate
buffer, at pH values of 4.65 and 5.45

Electrode
modifier

Applied
potential
(mV)

pH DH

(cm2 s�1)
d (cm) De

(cm2 s�1)

Reduction
Alizarin �650 5.45 2.2·10�10 3.1·10�6 5.4·10�7
Alizarin �625 4.65 2.3·10�10 3.8·10�6 6.8·10�7
Purpurin �700 5.45 1.8·10�10 2.8·10�6 4.4·10�7
Purpurin �675 4.65 2.0·10�10 3.1·10�6 6.6·10�7
Oxidation
Alizarin +650 5.45 4.0·10�10 6.2·10�6 2.1·10�7
Alizarin +675 4.65 2.6·10�10 5.0·10�6 4.1·10�7
Purpurin +675 5.45 3.8·10�10 7.2·10�6 2.5·10�7
Purpurin +700 4.65 3.0·10�10 6.8·10�6 3.3·10�7
Luteolin +500 5.45 1.9·10�10 2.1·10�6 2.4·10�7
Luteolin +525 4.65 1.3·10�10 2.4·10�6 3.0·10�7
Morin +475 5.45 1.7·10�10 3.9·10�6 2.0·10�7
Morin +500 4.65 1.5·10�10 4.1·10�6 3.8·10�7

From CAs recorded under conditions of diffusive control after
subtracting blank CAs performed at unmodified PIGEs. DH and d
calculated, as described in text, from Eq. 11 taking Nc=8.89·105,
vm=194 cm3 mol�1. De was calculated from the slope of it1/2 versus
t plots using Eq. 10

Table 2 Values of the coefficients of diffusion of protons and
electrons and effective breadth of the electroactive zone of the
crystals in the (a) reduction o, and (b) oxidation, of indigo mi-
croparticles attached to PIGEs in contact with aqueous electrolytes

pH DH (cm2 s�1) d (cm) C (A s1/2) De (cm
2 s�1)

Reduction
6.85 1.2·10�10 2.1·10�6 7.2·10�4 1.5·10�6
6.01 1.2·10�10 2.1·10�6 8.5·10�4 2.0·10�6
5.57 1.3·10�10 2.2·10�6 1.0·10�3 2.6·10�6
5.04 2.4·10�10 2.9·10�6 1.8·10�3 2.1·10�6
4.74 2.7·10�10 3.2·10�6 2.2·10�3 2.7·10�6
4.17 3.7·10�10 3.7·10�6 2.4·10�3 1.7·10�6
Oxidation
6.85 7.2·10�10 5.1·10�6 8.5·10�4 5.5·10�8
6.01 4.0·10�10 3.7·10�6 6.8·10�4 1.2·10�7
5.57 3.9·10�10 3.6·10�6 1.1·10�3 3.4·10�7
5.04 3.9·10�10 3.6·10�6 1.1·10�3 3.1·10�7
4.74 3.1·10�10 3.2·10�6 1.0·10�3 4.2·10�7
4.17 2.8·10�10 3.1·10�6 1.2·10�3 7.8·10�7

From CAs recorded under conditions of diffusive control after
subtracting blank CAs performed at unmodified PIGEs. DH and d
calculated, as described in text, from Eq. 11 taking Nc=8.89·105,
vm=194 cm3 mol�1. De was calculated from the slope of it1/2 versus
t plots using Eq. 10
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tached to graphite electrodes in contact with aqueous
electrolytes are in close agreement with the predictions
from the Lovric–Scholz model for both the reduction
and oxidation processes.

The redox process is rapidly exhausted, denoting that
the protonation/deprotonation of dye molecules is lim-
ited to a shallow layer in the vicinity of the particle/
electrolite interface. The maximum thickness of that
layer can be estimated as long as 0.6% of the particle
breadth. The values of the coefficient of diffusion of
protons and electrons in the indigo particles can be
calculated from CA data. Diffusion coefficients of pro-
tons are dependent on the pH of the electrolyte, with
values ranging between 1·10�10 cm2 s�1 and
7·10�10 cm2 s�1. The diffusion coefficient of electrons
was almost identical for both the oxidation and reduc-
tion processes and essentially pH-independent with a
typical value of 1·10�6 cm2 s�1.

These results act in support of the validity of the
Lovric–Scholz model for describing the voltammetry of
solid particles involving proton/electron diffusion in of
organic compounds.
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30. Garreau D, Hapiot P, Savéant JM (1990) J Electroanal Chem

289:73
31. Evans DH (1990) Chem Rev 90:739
32. Hendrickson HP, Kaufman AD, Lunte GE (1994) J Pharm

Biomed Anal 12:325
33. Petit Chr Nagy A, Quarin G, Kauffmann JM (1996) J Pharm

Belg 51:1
34. Kahlert H, Retter U, Lohse H, Siegler K, Scholz F (1998)

J Phys Chem 102:8757
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