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Abstract: A study on the electrochemical oxidation of piperazine and its electrochemical copolymerization
with aniline in acidic medium is presented. It was found that the homopolymerization of piperazine
cannot be achieved under electrochemical conditions. A combination of electrochemistry, in situ Fourier
transform infrared (FTIR), and ex situ X-ray photoelectron spectroscopy (XPS) spectroscopies was used
to characterize both the chemical structure and the redox behavior of an electrochemically synthesized
piperazine–aniline copolymer. The electrochemical sensing properties of the deposited material were also
tested against ascorbic acid and dopamine as redox probes.
Keywords: copolymer; polyaniline; piperazine; FTIR in situ

1. Introduction
Electrochemical devices based on conducting polymers, either working as sensors or as systems
taking advantage of other electrocatalytic effects, have become a topic of growing interest for molecular
electrochemistry during the last decades [1–6]. It is known that conducting polymers show the ability
to incorporate catalytic molecules, and numerous works based on this particular property led to
interesting applications in the field of bioelectrochemical sensing. The polymer constitutes an organic
matrix where catalytic molecules, such as enzymes, may preserve its activity better, and where the
conducting surroundings may electrically wire it to the metal electrode surface [7–10].
Besides the incorporation of catalytic species, the pristine conducting polymers (polyaniline,
polypyrrole, etc.) can be also chemically modified to gain further catalytic capabilities. The most
classical way to perform chemical modification is to copolymerize aniline or pyrrole, for example, with
monomers that are able to provide the final material with the desired catalytic features. In this context,
chemical derivatives of piperazine (diethylenediamine) constitute a promising group of catalytic
molecules that have been successfully applied in chemical and electrochemical sensing [6,11–14].
In spite of this, few studies exist that are devoted to the exploration of the catalytic properties of
polymer systems containing the parent piperazine molecule. Among them, it has been reported that
a novel piperazine-functionalized mesoporous organic polymer exhibited highly catalytic activity
and selectivity for some organic synthesis reactions in aqueous medium [15]. The electrochemical
sensing ability of piperazine in combination with inorganic polymers has been explored recently
in the selective detection of ascorbic acid [16]. The sensing system was a piperazine-functionalized
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at 50-eV pass energy, and are presented as a combination of Lorentz (30%) and Gaussian (70%) curves.
The C 1s line at 284.4 eV has been employed as the reference for the experimental binding energies, which
were obtained with 0.2 eV accuracy.
The scanning electron micrographs were acquired by means of an ORIUS-SC600 Field Emission
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Figure 1. Cyclic voltammograms recorded for a Pt electrode in 1 M of HClO4 solution containing 10

Figure 1. Cyclic
voltammograms
recorded
for awithin
Pt electrode
inregion
1 M 0.05–0.5
of HClO
4 solution
mM of piperazine.
(a) Electrochemical
behavior
the potential
V (10
cycles); (b) containing
10 mM of piperazine.
(a)response
Electrochemical
behavior
within the
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V (10 cycles);
Electrochemical
obtained during
the first excursion
of uppotential
to 1.4 V (solid
line), 0.05–0.5
and for clean
of piperazine
(dashed
in excursion
the same potential
= 50 mVline),
s−1 in all
Pt, in 1 M of
HClO4 free
(b) Electrochemical
response
obtained
during
theline)
first
of upwindow.
to 1.4 Vv (solid
and for clean
cases.
Pt, in 1 M of HClO4 free of piperazine (dashed line) in the same potential window. v = 50 mV s−1 in
all cases.

In situ FTIR spectroscopy has been used to increase the understanding of the piperazine oxidation
process. Figure 2 shows a set of spectra obtained for a Pt electrode immersed in 10 mM of piperazine
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mode disappears upon oxidation. The frequency of 1502 cm−1 is compatible with the –ND2+ stretching
deuterated piperazine [19], which occurs because of the proton–deuterium exchange equilibrium in
vibration of deuterated piperazine [19], which occurs because of the proton–deuterium exchange
D2 O solvent. The electrochemical oxidation of piperazine at higher potential values results in the
equilibrium in D2O solvent. The electrochemical oxidation of piperazine at higher potential values
formation
carbonyl
groupscarbonyl
within the
piperazine
ring,
as deduced
the C=O
stretching
resultsofindifferent
the formation
of different
groups
within the
piperazine
ring, from
as deduced
from
the
−
1
vibrations
appearing
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C=O stretching
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appearing
at around
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Figure
2. Set
of in
situFourier
Fourier transform
transform infrared
(FTIR)
spectra
collected
during
the oxidation
of 10
Figure
2. Set
of in
situ
infrared
(FTIR)
spectra
collected
during
the oxidation
of
mM of piperazine in 0.1 M of HClO4/D2O solution. Reference potential: 0.1 V. Sample potential labeled
10 mM of piperazine in 0.1 M of HClO4 /D2 O solution. Reference potential: 0.1 V. Sample potential
for each spectrum: 100 interferograms at each potential.
labeled for each spectrum: 100 interferograms at each potential.

Finally, the spectra collected at large anodic potentials display two additional negative bands at
Finally,
collected
at large
anodic
display
two
additional
negative
1660
and the
2030spectra
cm−1. The
former seems
related
with potentials
the occurrence
of C=O
in amide
species,
while thebands
−
1
frequency
of
the
latter
strongly
suggests
the
formation
of
multiple
C-N
bonds,
probably
as
at 1660 and 2030 cm . The former seems related with the occurrence of C=O in amide species,
isocyanates
[22].
It
is
known
that
piperazine
N-oxides
obtained
from
the
oxidation
of
piperazine
show
while the frequency of the latter strongly suggests the formation of multiple C-N bonds, probably
N-O stretching
at around
1350 cm−1 [23].
The presence
of this
kind
structure cannot
be
as isocyanates
[22].frequencies
It is known
that piperazine
N-oxides
obtained
from
theofoxidation
of piperazine

show N-O stretching frequencies at around 1350 cm−1 [23]. The presence of this kind of structure
cannot be ruled out during the electrochemical oxidation, because the frequency region between
1250 and 1450 cm−1 is altered in the spectra of Figure 2 due to the presence of diverse C-N, CH2 ,
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Figure 3. Cyclic voltammograms recorded for a Pt electrode during the electrochemical

Figure 3. Cyclic
voltammograms recorded for a Pt electrode during the electrochemical copolymerization
copolymerization of 0.5 M of piperazine and 0.1 M of aniline in 1 M of HClO4 solution. The upper
of 0.5 M of potential
piperazine
of aniline
1M
of and
HClO
upperones.
potential
set at
4 solution.
.
limitand
was0.1
set M
at 1.3
V for thein
first
scan,
at 0.9
V for the The
subsequent
v = 50 limit
mV s−1was
−
1
1.3 V for the first scan, and at 0.9 V for the subsequent ones. v = 50 mV s .
The electrochemical behavior of the deposited copolymer was tested in an acidic background
solution that was free of any monomer species, and the result is shown in Figure 4 (solid line). CV
The electrochemical behavior of the deposited copolymer was tested in an acidic background
shows three redox transitions centered at around 0.33, 0.68, and 0.97 V. The first one can be assigned
solution that
was free of any monomer
species, and
thetoresult
shown
in Figure
(solid line).
to a leucoemeraldine–emeraldine
transformation
similar
that of is
pristine
polyaniline.
The4second
CV shows one,
threewhich
redoxis transitions
at around
0.68,interpreted
and 0.97 in
V. The
onepresence
can be assigned
broader andcentered
less intense,
has been0.33,
usually
termsfirst
of the
of
different
quinoid
structures
[24,25].
For
the
copolymer
studied
here,
the
formation
of
ketopiperazines
to a leucoemeraldine–emeraldine transformation similar to that of pristine polyaniline. The second
piperazine
at very
potentials
(see Figure
2) of
demonstrates
thatofthe
one, whichupon
is broader
and oxidation
less intense,
has low
beenanodic
usually
interpreted
in terms
the presence
different
deposited material could incorporate a little amount of those previously formed quinoid structures.
quinoid structures
[24,25].
For
the
copolymer
studied
here,
the
formation
of
ketopiperazines
upon
However, the high relative intensity of the voltammetric wave at 0.68 V strongly suggests a main
piperazinecontribution
oxidation ofatactive
very redox
low anodic
potentials
(see Figure
demonstrates
centers involving
piperazine
units 2)
which
are oxidized that
after the
they deposited
are
material could
incorporate
little amount
those previously
quinoid
structures.
incorporated
to the a
copolymer
chain. of
Accordingly,
the secondformed
redox peak
may be
related to However,
the
existenceintensity
of redox of
transitions
involving hydroxypiperazine
ketopiperazine
species
within
the
the high relative
the voltammetric
wave at 0.68 V ⇌
strongly
suggests
a main
contribution

of active redox centers involving piperazine units which are oxidized after they are incorporated to
the copolymer chain. Accordingly, the second redox peak may be related to the existence of redox
transitions involving hydroxypiperazine ketopiperazine species within the copolymer structure [26].
With regard to the pair of redox peaks centered at 0.97 V in the CV of Figure 4, they can be clearly
related to the emeraldine–pernigraniline transition of the copolymer, which is similar to that undergone
by polyaniline under the same experimental conditions (dashed line).
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spectroelectrochemical
cell,
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acid solution that was free of monomers and prepared with D2O to facilitate assignments in the 1500–
The Pt-modified−1 electrode was transferred to the IR spectroelectrochemical cell, which contained
1700 cm spectral range. After some potential cycles within the stability window of the copolymer,
a perchloric
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wasagainst
free ofthe
monomers
with
2 O to facilitate
the acid
Pt surface
was that
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prismatic and
CaF2 prepared
window, and
a D
reference
spectrum assignments
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−1
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thesample
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Finally, the
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severalsample
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1170stepped
cm−1 can be
was collected
at 0.1
V. Finally,
the
potential
toobserved
higher together
values with
to collect
in the 1300–1400 cm−1 region. Some of the referred absorptions can be unambiguously assigned to the
and the results are displayed in Figure 5. Three main positive bands at 1516, 1436, and 1212 cm−1 ,
presence of a polyaniline skeleton. Particularly, the complete disappearance of the leucoemeraldine
−1 can be observed together with several
and threestate
clear
negative
bandsby
atthe
1630,
1580, ofand
cmC-C
at 0.6
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vanishing
the 1170
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stretching mode at 1516 cm−1 and of
−
1
features the
in the
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SomeThe
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referred
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can be
C-N-C
stretchingcm
at 1212
cm−1 [27,28].
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assignedpernigraniline
to the presence
a polyaniline
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Particularly,
the
complete
of
−1 [28,29], by the -CH in-plane bending at oxidized aniline rings at 1170 cm−1,
vibrations
at
1580
cm
the leucoemeraldine state at 0.6 V is evidenced by the vanishing of the aromatic C-C stretching
and, finally, by the generation of several intermediate-order C-N vibrations in the 1300–1400 cm1
mode at 1516 cm−1 and of the C-N-C stretching at 1212 cm−1 [27,28]. The formation of oxidized
frequency window [29,30]. On the other hand, the successful incorporation of piperazine structures
emeraldine
(0.6
V) and chain
pernigraniline
V) representative
structures isbands,
also supported
the development
of
to the
polyaniline
is evidenced(1.0
by two
which cannotby
be observed
for a
quinoid C=C
stretching
vibrations
at 1580 correspond
cm−1 [28,29],
byactivation
the -CHofin-plane
at oxidized
pristine
polyaniline.
These absorptions
to the
the CH2 bending
bending upon
−1 [31]), and to the carbonyl C=O stretching at 1630 cm−1.
oxidation
(positive-going
at by
1435the
cmgeneration
aniline rings
at 1170
cm−1 , and,feature
finally,
of several intermediate-order C-N vibrations
This latter band
supports the voltammetric result in Figure 3, and confirms that a significant fraction
−
1
in the 1300–1400 cm frequency window [29,30]. On the other hand, the successful incorporation
of piperazine rings are present in the form of electroactive ketopiperazines (C=O ⇌ C-OH). The
of piperazine
structures to the polyaniline chain is evidenced by two representative bands, which
absence of additional vibrations at around 1660 and 2030 cm−1 shows that neither amide structures
cannot benor
observed
forare
a pristine
polyaniline.
These
correspond
to theduring
activation
isocyanates
formed and,
consequently,
thatabsorptions
piperazine was
not overoxidized
the of the
−
1
CH2 bending
upon oxidation
(positive-going
feature at
1435 cm
[31]),FTIR
andassignments
to the carbonyl
C=O
electropolymerization
process
under the experimental
conditions
employed.
are
1 . This latter Material
collected
the−Supplementary
(Table S1).the voltammetric result in Figure 3, and confirms
stretching
at 1630incm
band supports
that a significant fraction of piperazine rings are present in the form of electroactive ketopiperazines
(C=O
C-OH). The absence of additional vibrations at around 1660 and 2030 cm−1 shows that
neither amide structures nor isocyanates are formed and, consequently, that piperazine was not
overoxidized during the electropolymerization process under the experimental conditions employed.
FTIR assignments are collected in the Supplementary Material (Table S1).
Additionally, the electrodeposited copolymer was examined by ex situ XPS in order to analyze
its surface composition, and also to give support to the chemical structures suggested by in situ FTIR
spectroscopy. A film grown after 10 voltammetric cycles as in Figure 3 was rinsed with ultrapure water,
dried under nitrogen, stored in a dry place for 24 h, and then analyzed by XPS. Figure 6 shows the
photoelectronic spectra of C 1s and N 1s core levels. The C 1s signal can be fitted with four peaks
at 284.5, 285.4, 286.6, and 288.7 eV. Both the high energy level and the weak intensity of the latter
contribution are compatible with the presence of a small amount of carbonyl carbon, which was
probably associated to the ketopiperazine centers. On the other hand, there are two major signals
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that were undoubtedly associated to aromatic carbon, and hence to aniline rings. This is the main
peak at 284.6 eV, which was attributed to plain aromatic carbon, and the signal at 285.4 eV, which was
due to aromatic carbon bonded to neutral nitrogen. On the other hand, binding energies at around
286.6 eV are characteristic of carbon bonded to positive nitrogen [32], and consequently, this peak is
compatible with the presence of piperazine rings within the polymer backbone. The best fit for the N
1s spectrum shows only two contributions at 399.6 and 401.6 eV, but unfortunately, it is not possible
to distinguish signals coming from the piperazine and aniline environments. The peak at 399.6 eV is
clearly attributed to neutral nitrogen, but it could be associated to any of the amine, imine or even
amide groups, as these species do not show significantly different chemical shifts. In the same way,
the higher binding energy signal at 401.6 eV is compatible with the presence of piperazine within the
material. That peak is assigned to positively charged nitrogen atoms resulting from the protonation of
imine centers (located exclusively at aniline rings) and secondary amine positions (at both piperazine
and aniline
rings)
Materials 2018,
11, [32].
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3.

Chemically obtained polyanilines are usually amorphous solids, but more or less ordered
structures can also be obtained depending on the synthesis conditions [33]. In general, better ordering
is observed for electrochemically-prepared thin films [34]. The surface morphology of the aniline–
piperazine copolymer electrodeposited on platinum after 10 cycles has been examined by SEM. The
top image in Figure 7 shows how this organic coating is completely distributed over the surface in
the form of flat ribbon strings with a width of about 3–5 μm. These structures are quite different from
those detected for unmodified polyaniline deposited on Pt under similar experimental conditions,
for which a uniformly distributed, smooth film is obtained (Figure 7b). According to these
observations, the presence of a significant amount of piperazine units is seen at the origin of the
particular morphologic features shown by the copolymer material.
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3.3. Testing the Electrocatalytic Properties of the Copolymer towards Dopamine and Ascorbic Acid
Platinum electrodes coated with copolymer films have been employed to determine dopamine
(DA) and ascorbic acid (AA) in synthetic samples. The sensitivity of the measurement and the
catalytic performance of the copolymer have been evaluated in acidic medium. First, DA samples
were prepared within a concentration range from 0.2 to 3.0 mM. Then, the oxidation current of this
analyte was recorded for the Pt electrode covered with the copolymer at a potential of 0.85 V, which
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3.3. Testing the Electrocatalytic Properties of the Copolymer towards Dopamine and Ascorbic Acid
Platinum electrodes coated with copolymer films have been employed to determine dopamine
(DA) and ascorbic acid (AA) in synthetic samples. The sensitivity of the measurement and the
catalytic performance of the copolymer have been evaluated in acidic medium. First, DA samples
were prepared within a concentration range from 0.2 to 3.0 mM. Then, the oxidation current of this
analyte was recorded for the Pt electrode covered with the copolymer at a potential of 0.85 V, which
corresponds to the first anodic peak of the DA→DQ reaction (see Figure S1 in Supplementary Materials
for a CV curve). This anodic peak potential is nearly the same as that reported in the literature for
bare Pt electrodes in acidic medium [35,36]. Figure 8a shows how the oxidation current of dopamine
increases almost linearly at increasing analyte concentrations. From that plot, it can be derived that
the copolymer demonstrates quite a sensitive response, in the order of 29 µA mM−1 , within the
range of concentrations studied. A similar electrocatalytic effect can be observed in Figure 8b for AA
electrooxidation. For such a reaction, cyclic voltammograms recorded with a Pt electrode covered with
the copolymer material (see Figure S2 in Supplementary Materials for a CV curve) shows the anodic
peak centered at 0.89 V, which is a value slightly below that usually obtained for bare Pt surfaces under
similar experimental conditions [37,38]. Also in this case, the determination of AA on the copolymer
Materials 2018, 11, x FOR PEER REVIEW
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4. Conclusions
4. Conclusions
The electrochemical oxidation of piperazine on platinum electrodes at moderate potentials

The electrochemical oxidation of piperazine on platinum electrodes at moderate potentials
(roughly below 1.0 V/RHE) preserves the ring structures and produces ketopiperazines as the main
(roughly below 1.0 V/RHE) preserves the ring structures and produces ketopiperazines as the main
reaction product. In situ FTIR spectroscopy strongly suggested that ring opening and overoxidation
occur at higher potentials to form both amides and isocyanates. As a result, it was observed that the
homopolymerization of piperazine cannot be achieved in perchloric acid aqueous solution under
electrochemical conditions.
On the contrary, piperazine can be successfully copolymerized with aniline in acidic medium.
The deposited copolymer shows some electrochemical features similar to those of pristine
polyaniline, particularly those related with leucoemeraldine-to-emeraldine and emeraldine-to-
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reaction product. In situ FTIR spectroscopy strongly suggested that ring opening and overoxidation
occur at higher potentials to form both amides and isocyanates. As a result, it was observed that
the homopolymerization of piperazine cannot be achieved in perchloric acid aqueous solution under
electrochemical conditions.
On the contrary, piperazine can be successfully copolymerized with aniline in acidic medium.
The deposited copolymer shows some electrochemical features similar to those of pristine polyaniline,
particularly those related with leucoemeraldine-to-emeraldine and emeraldine-to-pernigraniline
transitions. However, a key difference arises in the intermediate potential region between both transitions.
As shown by in situ FTIR and XPS spectroscopies, the intermediate redox peak is a consequence of the
incorporation of piperazine units to the copolymer structure. Most of these piperazine centers undergo
electrochemical oxidation during the copolymerization potential scans and, as a result, a new reversible
hydroxy ketopiperazine redox transformation seems to occur as the intermediate voltammetric feature
centered at 0.68 V. It should be noted that, owing to the conservative potential program applied during
the deposition process, any significant amount of overoxidation products was not incorporated to the
copolymer structure. As a result, the deposited material is chemically stable, and presents a well-defined
electrochemical behavior.
It was observed that the aniline–piperazine copolymer shows a linear response when applied to
the electrochemical determination of dopamine or ascorbic acid in synthetic samples. The sensitivity
of the measurement is in both cases high enough to assure the correct quantification of analytes. This
electrode material has to be tested in real samples, but according to the results presented in this
contribution, it shows potential application in DA and AA sensors, owing to its facile synthesis, high
chemical stability, and reproducible linear response.
Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1944/11/6/1012/
s1, Figure S1: Linear Sweep Voltammogram showing the oxidation of 3 mM DA on a Pt electrode covered with the
aniline-piperazine copolymer. DA oxidation peak is centered at 0.85 V, Figure S2: Linear Sweep Voltammogram
showing the oxidation of 30 mM AA on a Pt electrode covered with the aniline-piperazine copolymer. AA
oxidation peak is centered at 0.89 V, Table S1: Observed frequencies and proposed assignments for the vibrational
bands derived from Figures 2 and 5.
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