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Electroanalytical properties of tetra-tert-butyl phthalocyanine (PcH,-tBu) modified electrodes are studied by cyclic voltammetry
(CV). The modified electrodes are obtained by CV deposition techniques on gold (Au) and glassy carbon (C) screen-
printed electrodes (SPEs) and used for the electrochemical detection of acetic acid (AA). Based on the CV experiments, the
electrodeposition mechanism is detailed. The modified PcH,-tBu electrodes reveal one oxidation and one reduction peak within
the potential window of the working electrodes. In the presence of the analyte (acetic acid), the modified electrodes show sensitivity
in the range of 10 mM to 400 mM. For the PcH,-tBu modified Au electrode, a limit of detection (LOD) of 5.89 mM (based on the
+0.06 V peak) was obtained while for the PcH,-tBu modified C electrode a LOD of 1776 mM (based on the +0.07 V peak) was
achieved. A signal decay of 17%, based on 20 experiments, is obtained when gold is used as working electrode. If carbon is used
as working electrode a value of 7% is attained. A signal decay is observed after more than 50 cycles of experiments and is more

pronounced when higher concentrations of acetic acid are used. A mechanism of sensing is proposed at the end.

1. Introduction

Acetic acid (AA) represents one of the most abundantly
produced volatile fatty acids (VFAs) [1, 2]. Its monitoring is
necessary for the optimization of biogas or biofuel production
[1-4]. The current methods to control such process are con-
ventionally based on distillation and colorimetric and chro-
matographic techniques [5]. Most of these methods required
specific equipment and are time and space consuming. Other
methods use catalytic reforming which necessitated specific
working condition (high temperature, use of a catalyst, etc.)
but they are considered as “destructive methods” since the
VFAs are completely transformed at the end [6-10].

If the previous cited methods are well documented, other
methods based on use of electrochemical approaches are
less explored. This observation can be explained by two
aspects: (i) a direct oxidation or reduction of acetic acid is

very difficult to achieve in conventional electrochemistry and
(ii) the use of biosensors based on the grafting of enzyme
or biomolecules able to detect the VFAs requires specific
conditioning.

In front of this finding, it seems essential to develop an
indirect method, that is, to find an electrochemical signal,
which would generate different response in the presence
of acetic acid. Such a feature can be fully achieved using,
for example, electrochemically modified electrodes. Macro-
cycles (MCs) like phthalocyanines derivatives are known
for their suitability to perform electrode modification. Sev-
eral phthalocyanines have been investigated for application
devoted to electrocatalysis [11-13] and also for sensing pur-
pose [14-18].

It has been demonstrated that the PcH, molecules can
react with acetic acid in solutions (mix of acids). In such
reaction, the protonation of the phthalocyanine can occur



mainly in the meso-nitrogen position [19]. Moreover, other
studies [20, 21] described some phthalocyanines derivatives
as multicenter conjugated systems with simultaneous acid
and base properties. Even if in the article of Gaberkorn et al.
[19] higher concentration of acetic acid is used, the presence
of the acetic acid seems to initiate the protonation, which can
affect the HOMO-LUMO band gap. This idea will be explored
in our study. Since the PcH, is not soluble in organic solvent,
its tetra-butyl derivative (PcH,tBu), which is more soluble,
will be used as sensing material for the electroanalytical
investigation.

Here we have realized the electrode modification of a
gold and glassy carbon working electrode using a metal-
free phthalocyanine (PcH,tBu). First, the deposition pro-
cess has been achieved by cyclic voltammetry and then
the effectiveness of the electrode modification is revealed
through characterization using CV techniques. Finally, the
electroanalytical performance of the PcH,tBu-based modi-
fied electrodes towards acetic acid detection is highlighted by
CV experiments.

2. Materials and Methods

2.1. Reagents. All reagents were of analytical grade and were
purchased from Aldrich. Anhydrous chloroform (CHCL,
purity grade > 99%) and acetonitrile (ACN) were used as sol-
vent without further purification procedure. 2,9,16,23-Tetra-
tert-butyl-29H,31H-phthalocyanine (purity 97%), denoted
by PcH,tBu, was used as sensing material. For electro-
chemical investigation, tetrabutylammonium tetrafluorobo-
rate (TBAB), H,SO, (0.5M), and KCl (3 M) were used as
electrolyte while acetic acid (AA) was used as analyte.

2.2. Apparatus. All measurements were carried out at
room temperature. Electrochemical measurements were per-
formed with a uSTAT 200 potentiostat (DropSens, Oviedo,
Spain) controlled by a DropView software. The electrodes
consist of screen-printed electrodes (SPEs) (DRP C110 and
DRP C220AT, DropSens, Oviedo, Spain) based on a config-
uration where working, counter, and reference electrode are
localized on the same electrode support [14, 22]. The working
(4 mm in diameter) and counter electrodes are made of glassy
carbon (C, DRP Cl110) or gold (Au, DRP C220AT) while the
reference electrode is made of silver (Ag, in both SPEs). Such
SPEs have been already used in related literature for electrode
modification purpose [14, 22-24].

2.3. Electrodes Modifications by Cyclic Voltammetry. All solu-
tions were freshly prepared before the experiments and
deionized water was used for aqueous phase. For a gen-
eral procedure, the solutions are prepared by dissolving
the PcH,tBu in a solvent (0.1mM to 1mM) followed by
adding TBAB as electrolyte. Before the electrodeposition
experiment, the solution was thoroughly stirred and finally
immersed into an ultrasonic bath for 5 to 10 minutes.

Prior to any deposition, the electrodes were cleaned in
a 0.5M H,SO,. The cleaning process consists of a repetitive
cycling of the electrode in a 0.5M H,SO, solution between
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—-0.1V and +1V (for the Au working electrode) or from —1
to +1V (for the C working electrode) with a scan rate of
0.1V/s. The end of the cleaning process is determined by the
number of cycles at which the last ten subsequent cycles were
identical.

In a typical process of electrodeposition, the electrodes
were immersed into a solution containing PcH,tBu (0.2 mM)
material in a CHCL;/ACN (1:4 volume ratio) solution with
TBAB (0.1M). The deposition process is carried out by
scanning within a predefined potential window at a scan rate
of 0.1 V/s. The modified electrodes will be denoted by C SPE-
PcH ,tBu and Au SPE-PcH,tBu in the following part of this

paper.

2.4. Acetic Acid Detection Experiments. For the acetic acid
detection experiments, KCl was used as electrolyte. Stock
solutions of acetic acid (1mM to 500 mM) were prepared
from concentrated acetic acid solutions dissolved in 0.1 M of
KCI. The cyclic voltammetry experiments were performed on
aqueous media, and the working potential was delimited to
be —0.5V to +1V and —0.3V to +0.8 V for carbon and gold
electrodes, respectively.

3. Result and Discussion

3.1 Electrode Modification by Cyclic Voltammetry. Electrodes
modification based on the use of phthalocyanines derivatives
[25, 26] or other moieties [27] is already reported. Generally
a repetitive cycling is performed on the electrode dipped
into the solution containing the materials to achieve the
electrodeposition. Due to solvent compatibility with SPEs
in our case, the deposition was conducted using a well-
established method resulting from our preliminary exper-
iments (not shown here) in which we found that using
a solvent mixture can prevent electrode alteration. For a
general procedure, the PcH,tBu was dissolved in the solvent
mixture which consists of CHCI;/ACN (1:4 volume ratio)
and finally TBAB (0.1 M) was added. The electrodeposition
was performed by repetitive scanning from —1to 1V at a scan
rate of 0.1 V/s. Figure 1 shows the CV curves recorded during
the electrodeposition process of PcH,tBu materials. After 10
cycles the cyclic voltammogram presents peaks which can
be assigned to phthalocyanines ring-based redox processes
[26, 28] as being the dominant electrochemical process in
phthalocyanine-based materials [29].

We first performed a series of experiments to optimize the
electrodeposition. This optimization is obtained by recording
the peak current located at —0.15V, for example, as function
of the scan number (see inset in Figure 1). In the first scan,
the PcH,tBu redox peaks are not well identified, but in the
following scans they become more and more intense. We
can see that the current peak at —0.16 V increases with the
scan number. However, a very fast growth of the current
peak is recorded within scans numbers 25 and 85. After
more than 100 scans, an electrode alteration was visible.
Moreover, we remark that the deposited layer, obtained after
more than 100 scans, was easily removed (accidentally) from
the electrode just upon rinsing the electrode. We therefore
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FIGURE I: Repetitive cyclic voltammogram of the PcH,tBu showing
the film formation onto a gold electrode. Inset shows the current
peak as function of the number of scans based on the peak around
-0.16 V.

defined a number of 100 scans as an optimum for the
electrode modification.

A general mechanism of formation of the layer is not well
established for the electrodeposition process for phthalocya-
nine derivatives. Generally, the change of the voltammogram
while increasing the number of scans is used to evidence an
electrode modification [26, 28]. De Wael et al. [30] explained
the electrodeposition as multistep formation process while
[langovan et al. [31] suggest a mechanism following nucle-
ation and growth. To explain the electrodeposition process,
we have focused on CV curves in Figurel. In the first
scans, the small peaks attributed to the PcH,tBu start to
increase. The reduction peaks at —0.15V and the oxidation
one at +0.14 V increase simultaneously, which means that
these two peaks are associated. The small current variation
in the beginning of the CV cycling illustrates adsorption
process of the PcH,tBu molecules. This adsorption phase
occurs randomly and is described as a chaotic orientation
of the phthalocyanines molecules [32]. This happens during
the first ten cycles. After this adsorption phase, the PcH,tBu
molecules start to organize on the electrode surface in a more
ordered way (stacking or columnar growth). This organiza-
tion explained the increasing current density accompanied
by the small shift in the potentials (from —0.15V to —0.17 V).
Such a simultaneous peak shift and current increase during
electrodeposition are generally indicative of a change on
the surface attributed to deposition [33, 34]. This second
stage occurs until 80 scans. At the end, the formed layers
are dense enough to prevent any further molecules to be
deposited. This last stage is corresponding to a saturation
and is illustrated by the stagnation of the current density.
So we can suggest here also a multiphase process leading
to electrodeposition: (i) random adsorption, (ii) ordered

Current (uA)

-10

-15
-0.3 -0.1 0.1 0.3 0.5 0.7 0.9

Potential (V)

—— Au SPE-PcH,tBu
—— CSPE-PcH,tBu

--- CSPE
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FIGURE 2: CV studies of the modified electrodes revealing the redox
peaks of the PcH,tBu in KCl 0.1M. For comparison the cyclic
voltamogramm of the bare electrodes on the KCl solution are shown.

growth, and (iii) saturation due to formation of a barrier
(thickness dependent). The potential peak around 0.41V
follows a nonhomogenous growth. Its formation seems to
start after 70 scans. This peak is attributed to the formation
of adsorbed aggregates. This is further confirmed during
electrochemical characterization where a simple rinsing of
the electrode leads to a disappearance of the peak at 0.41V.

For the C working electrode (not shown here) we were
not able to identify the well-defined peaks. This is due to the
very large background current which makes the faradic peaks
imperceptible in our working conditions.

3.2. Characterization of the Modified Electrodes. We have
first performed CV studies of the bare electrodes to delimit
the electrochemical window for using these electrodes in
aqueous media and also in the presence of the analyte. It
comes out from this study that the working potential range
for C electrode and gold electrodes is delimited to —0.5V to
+1V and -0.3V to +0.8V, respectively. To characterize the
coating, we have performed cyclic voltammetry experiments
of the modified electrodes in KCI (0.1 M) and for comparison
the cyclic voltammograms of the bare electrodes are also
presented in the same graph.

The results are shown in Figure 2. A potential sweep
from -0.3V to 0.8V in 01M KCI reveals for the Au
SPE-PcH,tBu an oxidation wave with a peak at +0.09V,
which forms with the reduction peak located at —0.07V a
quasireversible couple. An identical result is observed for
the C SPE-PcH,tBu with two peaks localized at +0.04V
and —0.12'V. No electrochemical signals are obtained when
CV experiments are realized on bare electrodes in the same
conditions. Therefore, we could undoubtedly attribute these
peaks as arising from the PcH,tBu. Compared to the CV
obtained during the electrodeposition, the Au SPE-PcH,tBu



peaks are shifted (from +0.15V to +0.09 V and from —0.17 V
to —0.07 V). These shifts are mainly attributed to change
in the experimental media and solvent nature. For both
modified electrodes, AEp (Ep, — Ep,) is greater than 150 mV
while Ip,/Ip, ratio is less than 1, suggesting a quasireversible
process. The deviation from reversibility in such compounds
is mainly attributed to aggregation [26]. We have also noticed
in some cases that around +0.8V the Au electrode starts
to oxidize. For this reason, we have performed the same
experiments under nitrogen. We observed that experiments
conducted under aerated condition and nitrogen bubbling do
not show any differences in the peak potential positioning or
intensity within the potential window from —0.3V to 0.8 V;
for this reason we have performed the rest of the experiences
without nitrogen. Of course the effect of oxygen is observed
at a higher reduction potential (~—0.6 V to —0.7 V).

The deposit seems to be more stable on the carbon elec-
trode compared to the gold electrode. Taking into account the
fact that the carbon electrode contains graphitic layers, this
behavior can be explained by the possibility of the PcH,tBu
to interact with the carbon electrode via 7-7 interaction. This
kind of interaction favored the preliminary adsorption of the
molecules before the electrodeposition starts. Such a nonco-
valent interaction is established when carbon nanotubes, for
example, are functionalized by phthalocyanines derivatives
[35].

3.3. Acetic Acid Detection. Cyclic voltammetry was employed
in order to test the electrochemical sensor. As shown in
Figure 3, cyclic voltammograms of the Au SPE-PcH,tBu
modified electrodes at different acetic acid concentrations
were recorded. At acetic acid concentration of 0.01 M an oxi-
dation peak located around +0.06 V dominates the voltam-
mogram. As the concentration of acid increases, the current
intensity increases and the peaks become less broadened.
At higher concentration (around 0.2M) the current stops
increasing and this observation indicates that a saturation
occurs. The same saturation peaks were obtained for 0.4
and 0.5M (not shown here). The sensors obtained with our
electrodeposition method display a linear response to acetic
acid in the range of 10 mM-200 mM (inset in Figure 3) with
a correlation coefficient R* of 0.85. R* value can attain 0.98 if
only the range of 10 mM-100 mM is evaluated. This improved
R? value (0.98) shows that the saturation starts already
with the 200 mM concentration of acetic acid. At higher
concentrations (>200 mM) the calibration curve deviates
from linearity due to the saturation of the sensor.

From the calibration curve (inset in Figure 3), we have
evaluated the limit of detection (LOD). The limit of detection
is calculated following 3SD/m criterion, as already published
[36], where m is the slope of the calibration graph and SD
is the standard deviation of the voltammetric signal at the
lowest concentration. We can calculate a LOD of 5.89 mM
from the anodic peak at ca. +0.06 V.

In the case of C SPE-PcH,tBu, a similar trend is
observed, except that the saturation phenomenon occurs at
higher concentration (>400 mM) and the lowest attainable
concentration is 50 mM. Figure 4 represents the CV of the
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FIGURE 3: CV curves of Au SPE-PcH,tBu with addition of the
acetic acid. Scan rate = 0.1V/s. Inset represents the calibration
curves obtained from the anodic peak current as function of
the concentration. Note that the curve for the AA 0.3M is only
represented here to point the saturation phenomenon.

C SPE-PcH ,tBu modified electrode upon addition of acetic
acid. A small increase is observed in the lower concentration
range while a linear increase dominates in the range of
100 mM to 400 mM. As previously observed, in this case
also, the current intensity increases with the concentration
of acetic acid. The sensor displays a linear response to acetic
acid in the range of 50 mM-400 mM (inset in Figure 4)
with a correlation coefficient R* of 0.94. Here again, R
value can attain 0.99 if only the range of 50 mM-300 mM is
evaluated. This improved R? value (0.99) shows again that
the saturation starts around 400 mM concentration of acetic
acid. This was further confirmed in our analysis by recording
the CV at 500 mM (not shown here). We obtained a LOD of
21.76 mM from the anodic peak at ca. +0.07 V.

In both cases (C SPE-PcH,tBu and Au SPE-PcH,tBu),
current versus concentration analysis revealed a linear depen-
dence between the current peak and the analyte concentra-
tion (see insets in Figures 3 and 4); however the two sensors
present different concentration ranges and LOD. This can
be explained by two factors: (i) the better electrocatalytical
activity of gold electrode compared to glassy carbon elec-
trode, which allows a better sensitivity at lower concentration,
and (ii) a better anchoring of the PcH,tBu molecules on the
carbon electrode probably initiated by the m-m interaction.
Another explanation can arise from the surface structuration
of the sensing layer which can affect the numbers of active
sites available for the analyte molecules. It is worth noting that
there is not enough data available to compare our sensors data
with published ones in terms of LOD and concentration range
using the electrochemical methods for acetic acid detection.
Therefore we could not provide comparison data.

Finally, we have conducted electrochemical experiment
on the modified electrodes to characterize the nature of
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of the square root of the scan rate in a 0.1 M acetic acid solution.

the redox process in the presence of the analyte. This study
has been performed in a 0.1M acetic acid solution while
increasing the scan rate from 25 to 300 mV/s. Figure 5 shows
the current recorded as function of square root of the scan
rate in a 0.1 M acetic acid concentration for the two modified
electrodes. An increase of the scan rate gives rise to an
increase of the current peak as shown in Figure 5.

The modified electrodes show a linear dependence of
the anodic peak current with the square root of the scan
rate. The linearity observed in Figure5 is also attested by
the regression coefficient (R?) value (R* = 0.9938 for C
SPE-PcH,tBu and R* = 0.9821 for Au SPE-PcH,tBu) and

is indicative of a predominant diffusion-controlled redox
process. The difference in slopes is attributed to the difference
in the nature of the electrode material. It is important to
mention that this linear evolution of the current as function
of the scan rate is also accompanied by a shift of the potential
peak (not shown here). In fact, for both modified electrodes,
AEp (Ep, —Ep,) separation value increases with the scan rate.
This evolution is characteristic of a quasireversible process
and confirms the precedent results discussed in Section 3.2.

Besides the small intensity variation, the modified elec-
trodes show potentiality to be used as electrochemical sensors
for the acetic acid detection. Therefore, in this paragraph,
we have focused on the possible sensing mechanism. The
reaction of acetic acid on phthalocyanine induces mainly a
protonation. And this assumption has been already proven
by spectroscopic studies by Gaberkorn et al. [19] in the
case of the PcH,. This protonation induces a change in the
HOMO/LUMO band gap positioning causing a shift in UV-
visible spectra. Concomitantly, this perturbation will induce
a change on the positioning of the peak potential since the
electrochemical signal involved electron’s promotion from
the HOMO or LUMO energy levels. Once protonated, the
PcH,tBu can also interact with the acetate anion which
possesses high coordinating power. We can imagine that the
acetate anion will also coordinate the protonated molecules.
Accordingly, we proposed a two-step mechanism: a first step
leading to a protonation and the subsequent coordination
of the deprotonated analyte (acetate) and/or normal form
(acetic acid). Nevertheless, the simple coordination of acetic
acid (not deprotonated) in its normal form is also possible.
Moreover, hydrogen bonding interaction can be also initiated
between the macrocycle ring and the acetic acid.

We have also evaluated the reproducibility and the life-
time of the electrochemical sensors. For this study, the 0.1 M
acetic acid has been used in 20 successive experiments. A
general current signal decreasing is notified and this effect is
more pronounced in the Au electrode. Indeed, the percentage
current decay is 17%, based on 20 experiments, when gold
is used as working electrode, while this value averages 7%
for the carbon electrodes. After several experiments also new
peaks coming probably from the Au electrodes oxidation are
identified for the Au SPE-PcH,tBu. In summary, after 40 to
50 experiments, the sensors show a general alteration which
is characterized by a pronounced flattening of the current
peaks. The lifetime has been set to 50 CV cycles. This effect
is more accelerated when higher acetic acid concentration is
used. Even if the LOD has to be improved and the coating has
to be further optimized, these modified electrodes (if they are
freshly prepared) can be used for acid acetic detection.

4. Conclusion

Here we investigate the possibility to modify SPEs with
metal-free phthalocyanines derivatives. The easy to handle
electrodes can be modified by attaching organic macrocycles
and the characterization by cyclic voltammetry evidences
the electrode modification. The gold modified electrode
presents a LOD of 5.89 mM in the concentration range of



10 mM-200 mM. This low LOD is attributed to the better
electrocatalytic properties of gold. However its percentage of
current decay averaging the 17% as well as the rapid aging
effects limits its use. For the carbon modified electrodes the
limit of detection is slightly higher (1776 mM) but a better
percentage of current decay (7%) is obtained. Taking into
account the fact that these kinds of SPEs are disposable, this
observation is not a shortcoming at all, since freshly prepared
electrodes can realize up to 50 experiences. We show here
that these modified electrodes can detect acetic acid. The
proposed detection mechanism follows a protonation and
subsequent coordination of the analyte. Of course, attempts
to improve the process and to lower the detection limit will be
further investigated as a continuation. This work opens a new
window on the utilization of macrocycles based material for
acid acetic detection and settles new ideas for VFA detection.
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