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Poly [Ni-Protoporphyrin] film (pNiPP), containing multiwall carbon nanotubes (MWCNT) was used to cover a
glassy carbon electrode. The hybrid material (pNiPP/MWCNT) successfully combines the permselectivity of
pNiPP with the high conductivity of MWCNT.
The modified electrode was used to perform amperometric detection of long chain aliphatic amines (LCAA) in
order to prevent the passivation effect of the aliphatic chain. Cyclic voltammetry (CV) and electrochemical im-
pedance spectroscopy (EIS) demonstrated that the pNiPP/MWCNT facilitates the electron transfer reaction.
The charge transfer resistance (Rct) values were significantly lower by up to one order of magnitude compared
to the bare electrode. Differential pulse polarography (DPP) showed amarked decrease of the overpotential gen-
erated by the aliphatic chain. The calibration of the amperometric peak area vs. concentrations of derivatized
LCAA exhibits a linear response within the range of 0.018 and 28 μM and correlation coefficient (R2) higher
than 0.999 (n = 5). The quantitation limit of the pNiPP/MWCNT electrode is about 400 times lower than
the UV–visible detection. RSD of 7.2%, 5.8%, 2.5% and 2.3% was obtained for concentrations of 0.028, 0.28, 2.8
and 28 μM of ferrocenyl octadecylamine. A solution of sphingosine, 0.23 μM, was exclusively detected with
HPLC-ECD with pNiPP/MWCNT electrode.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

In the last years, the development of nanostructured conducting
polymers has received great attention because of their unique electron-
ic, optical, and mechanical properties that make them versatile high
conductivity materials [1]. In this regard, many electrochemically
synthetized composites of conducting polymers and carbon nanotubes
have shown better mechanical integrity, and higher electronic and
ionic conductivity along with larger electrode specific capacitance [2].

Metalloporphyrins are ubiquitous organometallic compounds with
interesting physicochemical properties that have been used in numer-
ous electronic and electrochemical devices [3–5]. Therefore, the interac-
tion between porphyrins and nanotubes becomes a very attractive area
of research due to the promising optical and electronic properties of the
resulting hybrid nanomaterials. A non-covalent wrapping of carbon
nanotubes with porphyrins by condensation of formylporphyrins and
pyrenes was reported [6]. The porphyrin ring is bonded to the nanotube
wall by Van derWaals forces, and the π–π orbital interaction of the por-
phyrin ring and graphite surface enables the electronic charge transfer
[7]. Polymeric bimetallic Fe(III) and Cu(II) porphyrin films were
deposited onto multiwalled carbon nanotubes (MWCNT). The method
generates stable and homogeneous dispersion of nanotubes in the poly-
mer, favoring the catalytic reduction of hydrogen peroxide [8].

Also, the electrochemical behavior of electrodesmodifiedwith Ni(II)
Protoporphyrin films was studied. This film does not show significant
catalytic properties but deposited onto a glassy carbon electrode be-
haves as a permselective conducting film with non-Faradic current re-
sponse proportional to ion concentration in flow injection analysis [9].
This response resulted highly dependent of the electrode potential,
which produces positive charges in the film counterbalanced by the
movement of ions.

The structural units of the sphingolipids are long-chain aliphatic
amines containing two or three hydroxyl groups and often a distinctive
trans-double bond. The main component in nature is C18, but there are
also small amounts of C16 to C19 dihydroxy bases. Sphingolipids have
important roles in membrane and in cell regulation as second messen-
gers for growth and differentiation factors [10]; therefore, the develop-
ment of sensitive and reliable techniques to achieve the simultaneous
quantification of different sphingoid bases is a relevant matter.

The most commonly used method to quantify sphingolipids is HPLC
with different detectors (UV–vis, fluorometric, amperometric). These
detectors require the presence of chromophoric, fluophoric or redox
groups in the analyte which are absent in the aliphatic amines. Several
studies focused on the detection of low molecular weight aliphatic
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amines, employing a series of aromatic reagents that generate fluores-
cent [11–14] or chemiluminescent labels [15].

The ferrocene (Fc) molecule is one of the most stable and versatile
organometallic compounds and has therefore been used as an
electroactive component for the construction of redox molecules with
various applications (biosensors [16], electrochemical probes [17] and
catalysis [18]). Even though the reduction potential is highly dependent
on the electronic nature of the substituents [19], the cyclic voltammetry
maintains the reversible ferrocene/ferrocenium ion (Fc/Fc+) redox
peak.

As far as we know, few studies have addressed long chain aliphatic
amines derivatized with ferrocene [20] probably because the long chain
aliphatic amines not only generate an electrode/solution interface with
different electrical properties, but also aggregate and adsorb onto the
electrode surface [21]. Thus, the supramolecular structures generate a
hydrophobic environmentwhich diminishes the charge transfer process.

In this paper, we explore a hybrid nanomaterial (pNiPP/MWCNT) to
perform the amperometric detection of long chain aliphatic amines
containing the ferrocenyl unit. The combination of the permselectivity
of poly [Ni-(Protoporphyrin IX)] films with the electronic properties
of the carbon nanotubes results in a composite that overcomes the
passivating effect of aliphatic amines.
2. Experimental

2.1. Materials

Ni-Protoporphyrin IX (NiPP) was prepared according to standard
procedure [22].

Tetrabutylammonium perchlorate (TBAP) was obtained by precipi-
tation of a saturated solution of the tetrabutylammonium hydroxide
with perchloric acid, twice recrystallized from ethanol, and dried
under vacuum. Caution! Perchlorate salts may be explosive. It should be
handled with care and in small amounts.

Multiwalled carbon nanotubes (MWCNT) (diameter 15 ± 5 nm;
length 1–5 μm) were purchased from Nano-Lab and used without
further purification.

Ferrocene carboxaldehyde (CHOFc) 98%, ferrocene methanol
(FcOH) 97%, sodium borohydride, lithium perchlorate, D-sphingosine
(d 18:1) (Sph) and hexadecylamine (HDA) 98% were of analytical
grade (Sigma). Octadecylamine (ODA) was purchased from Fluka. All
other reagents were of analytical grade. Deionized water was used for
all aqueous solutions. All solutions were filtered through a 0.45 μm
nylon membrane (Micron Separations Inc., Westborough, MA, USA)
and degassed before use.
2.2. Apparatus

Cyclic voltammetries (CVs) and amperometric detection were per-
formed with a purpose built potentiostat (TEQ-Argentina), with digital
signal generator for implementation of different electrochemical tech-
niques. Electrochemical impedance spectra were recorded using a
potentiostat TEQ4-Z (TEQ-Argentina) and a frequency response analyzer.
Data analysis was performed with the program ZView (Scribner
Associates, USA). A glassy carbon working electrode (0.25 cm2 area),
an Ag/AgCl KCl 3 M reference electrode (BAS) and a platinum wire
auxiliary electrode were used for voltammetric, differential pulse
polarography, and electrochemical impedance experiments. A purpose
built Teflon cell was used in impedance measurements.

An HP8452 diode array spectrophotometer and a quartz crystal cell
were used to obtain the UV spectra.

The scanning electron micrographs of the polymers were obtained
using a Zeiss DSM982 GEMINI SEM with Field Emission Gun (FEG)
and operated at 3 kV.
2.3. Electrochemical measurements

All electrochemical experiments were carried out in acetonitrile:
methanol (70:30) with 0.1 M LiClO4. The scan rate range in cyclic
voltammetric (CV) was 0.001 V s−1 to 1 V s−1.

A frequency range of 100 kHz to 0.1 Hz was used for impedance
spectroscopic (EIS) measurements. The amplitude of oscillation was
set to 10 mV and the working potential to +0.500 V.

Differential pulse polarography (DPP) experiments were carried out
using a potential ramp starting at 0.0 V and going up to 1 V in a pulsed
manner. The following experimental parameters were employed:
potential step = 0.5 mV, pulse width = 0.06 s, pulse amplitude =
50 mV, and pulse period = 0.2 s.

2.4. Preparation of the modified electrodes

The glassy carbon electrode was polished with 0.3 and 0.05 mm
diameter alumina particles and finally rinsed with deionized water.
One milligram (1 mg) of MWCNT was ultrasonically dispersed in 4 mL
of 3 mM NiPP solution before electropolymerization.

The electropolymerization of pNiPP/MWCNT onto the electrodes
was carried out in 0.1 M TBAP/CH2Cl2 by potential sweep between
0.00 and +1.80 V (vs. Ag/AgCl) at 0.05 V s−1, five cycles. Then, the
film was oxidized by cycling between −0.2 and +1.80 V in aqueous
50 mM KH2PO4 solution.

After polymerization the resulting solution was centrifuged during
20 min at 3000 g. Once the supernatant was discarded, the solid was
re-suspended to obtain the UV–vis spectra of the pNiPP/MWCNT.

2.5. HPLC measurements

TheHPLC equipment consisted of aWaters 1525 Binary HPLC pump,
a Rheodyne injection valve (Model 7125) with a 50 μL sample loop, a
guard column and a reversed phase column, aflowcell for amperometric
detection (BAS), and 2487 Dual k Absorbance detector (Waters).

Separation was achieved using a Luna 5u C18 Phenomenex
(150 mm × 4.6 mm i.d., 5 μm particle size); the isocratic mobile phase
was acetonitrile:methanol (70:30) with 0.1 M LiClO4 and the flow rate
1.0 mL min−1.

Amperometric detectionwas performedwith amicroprocessor con-
trolled electrochemical analyzer. The 7 μL thin layer electrochemical cell
consisted of a dual glassy carbon working electrode (7 mm2 working
area), Ag/AgCl reference electrode (BAS), and a stainless steel auxiliary
electrode. The measurements were carried out at +0.500 V after
allowing the transient current to decay to steady state before analysis.

UV detection was performed at 272 nm.

2.6. Preparation and quantification of standard solutions

Ferrocenyl derivatives, FcODA, FcHDA and FcSph, were synthesized
and characterized according to the procedure described in the supple-
mentary information.

Standard stock solutions (2.8 mM) of ferrocenyl octadecylamine
(FcODA), ferrocenyl hexadecylamine (FcHDA), and ferrocenyl sphingo-
sine (FcSph) were prepared by separately dissolving 13.2 mg, 12.8 mg
and14.2mgof each compound, respectively, in 10mLofmethanol.Work-
ing standard solutions (280, 28, 2.8, 1.4, 0.7, 0.35, 0.28, 0.18 and 0.018 μM)
were prepared by diluting the standard solution with methanol.

The chromatographic peak areas were employed to quantify each
analyte. Linearity, limits of detection (LODs), and limits of quantitation
(LOQs) were compared for the three methods employed: HPLC-UV,
and HPLC-ECD with and without pNiPP/MWCNT.

The calibration curveswere constructed and treatedwith linear least
square regression analysis. The analytical sensitivity (γ), the most
adequate parameter to compare different instrumental methods, is
calculated as γ = SEN/sy, where sy is a convenient measure of noise



Table 1
Elemental composition ofmetals in different parts of pNiPP/MWCNThybrid nanomaterial.

Element Weight% Atomic%

C K 67.15 92.46
O K 4.34 4.48
Cl K 0.37 0.17
K K 0.86 0.36
Ni K 1.22 0.34
Au M 26.06 2.19
Totals 100.00

Fig. 1. Voltammograms obtained during electropolymerization of pNiPP/MWCNT onto a
glassy carbon electrode. Linear sweep 0.00 to+1.80V vs. Ag/AgCl at 0.05V s−1,five cycles.
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and SEN is the sensitivity slope of the analytical method [23,24]. The
limit of detection (LOD) and the limit of quantitation (LOQ)were deter-
mined as 3Sbl/SEN and 10Sbl/SEN, respectively, where Sbl is the standard
deviation of the blank measurement (n = 10).

3. Results and discussion

3.1. Characterization of the composite

Fig. 1 shows the cyclic voltammograms recorded during the electro-
chemical polymerization of the NiPP monomer in the presence of
Fig. 2. SEM images of (A) pNiPP and (B) pNiPP/MWCNTwith EDSmapping of Ni(II) (red spots)
position of metals in different parts of pNiPP/MWCNT films. (For interpretation of the referenc
MWCNT. The electropolymerization process takes place in the potential
range from 0 to 1.8 V (vs. Ag/AgCl) where the monomers polymerize
immobilizing the hybrid material (pNiPP/MWCNT) on the electrode
surface. Oxidation of Ni2+ to Ni3+ occurs at +0.900 V, and the corre-
sponding reduction is observed at +0.850 V. This quasi-reversible cou-
ple is clearly observed in the presence of nanotubes. The first
voltammetric cycle also shows an anodic peak located at +1.50 V
(vs. Ag/AgCl) corresponding to radical cation formation, which has
been reported during electrooxidation of metalloporphyrins [25].

Fig. 2A and B shows the in situ EDX with SEM of pNiPP (A) and
pNiPP/MWCNT (B) on a gold substrate. In the presence of MWCNT,
a fibrous structure can be observed indicative of the incorporation to
the polymer matrix. The EDX analysis, employed for elemental identifi-
cation, confirmed the presence of Ni (Fig. 2C). Taking into account that
1 atom of Ni corresponds to 36 atoms of C of the porphyrin ring, we
estimated the amount of porphyrin (12.24%) in the composite as can
be seen in Table 1.
(magnification 5000×). (C) Energy dispersive X-ray analysis exploring the elemental com-
es to color in this figure legend, the reader is referred to the web version of this article.)



Fig. 3.UV–vis spectra after in dichloromethane after centrifugation at 3000 g for 20min of
supernatant pNiPP (gray) and re-suspended pellet pNiPP/MWCNT (black). Inset: amplifi-
cation of Q bands.
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Because the polymerization process continues after the current is
shut off [25], different sized bundles of hybrids are expected to be
found in solution; the UV–vis reflects this fact by broadening of the typ-
ical absorption bands of the porphyrin macrocycle. In order to charac-
terize the interaction between nanotubes and porphyrin, we explored
the spectra of the supernatant (mostly pNiPP) and the re-suspended
solid (pNiPP/MWCNT) after centrifugation of the electropolymerized
solution (see Fig. 3). In both cases the spectra are dominated by the
characteristic Q (I630) and Soret (I400) bands. The relative intensity of
these bands (I400/I630) shows a dramatic decrease (from 80 to 5) in
the hybrid material as well as a red shift (~10 nm) indicating the strong
electronic interaction between the porphyrin and the MWCNT [26].

3.2. Electrochemical studies

Fig. 4 shows the cyclic voltammograms of 0.3 mM ferrocene metha-
nol (FcOH) (Fig. 4A) and 0.3 mM ferrocenyl octadecylamine (FcODA)
(Fig. 4B) in acetonitrile:methanol (70:30) and 0.1 M LiClO4 with the
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Fig. 4.CVs of pNiPP/MWCNT electrodewith 0.3mMof (A) FcOH and (B) FcODA in acetonitrile:m
are 0.001, 0.010, 0.020, 0.030, 0.040, 0.050, 0.070, 0.10, 0.20, 0.30, 0.50 and 1.00 V s−1, respective
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pNiPP/MWCNT electrode at various potential scan rates. As can
be seen, all the experiments exhibit the ferrocene/ferrocenium ion
(Fc/Fc+) redox couple at approximately 0.50 V. The variation of Ep
(Fc/Fc+) as a function of the logarithm of scan rate shows the typical
Trumpet plots for FcOH in both electrodes whereas FcODA shows an
anomalous behavior with the difference between oxidation and reduc-
tion potentials decreasing with increasing scan rate (supplementary
information). This result corresponds to a non-homogeneous redox
potential resulting from species both in solution and adsorbed to the
hybrid composite.

In the case of semi-infinite diffusion, the peak current, ip, in the CV
can be expressed by the simplified Randles Sevcik equation

ip ¼ 2:65� 105 � n3=2 � A� D1=2 � C0 � v1=2 ð1Þ

where n is the number of transferred electrons, A is the surface area of
the electrode, D is the diffusion coefficient, C0 is the concentration of
the ferrocenyl derivatives, and v is the scanning rate.

The peak currents were proportional to the square root of the scan
rate in the range 0.001–1 V s−1, as shown in the inset of Fig. 4A and B,
indicating a diffusion-controlled process with the modified electrode
for both analytes.

We used D = 7 × 10−6 cm2 s−1 for FcOH, obtained from reference
[27], to calculate the area of the bare and pNiPP/MWCNT electrodes
(0.22 and 0.27 cm2, respectively). In turn, these calculated area values
and a C0=0.3mMwere introduced in the slope of ip vs. v1/2 to calculate
the diffusion coefficients of the FcODA in both electrodes. This proceed-
ing demonstrates a significant difference in the diffusion process of
FcODA in the nanocomposite (D = 2.0 × 10−6 cm2 s−1) compared
with the bare electrode (D = 8.4 × 10−8 cm2 s−1). On the other hand,
there are no significant differences between the diffusion coefficients
of FcOH using either the bare or the modified electrode (inset Fig. 4A).

The two orders of magnitude increase in the diffusion coefficient
indicate a faster mass transfer process inside the nanocomposite and
can be understood in terms of the hydrophobicity of the porphyrin
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ly. Inset: Plot of Ipa and Ipc vs. square root of the scan rate for: bare glassy carbon electrode



Scheme 1. Scheme of the electrical equivalent circuits proposed for (A) bare glassy carbon
electrode and (B) pNiPP/MWCNT electrode. R1, sum of the solution resistance and the
resistance of the electrical contacts; CPE1 and R2 correspond to the non-Faradic process
in the interphase with the bulk solution; CPE2 and R3 correspond to the Faradic process
in the inner phase; W1, the Warburg impedance element.
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filmwhich easily incorporates the aliphatic chain and also facilitates the
movement of ions, due to the permselectivity of pNiPP film, in agree-
ment with previous work [9]. To further evaluate the charge transport
mechanism, we performed electrochemical impedance spectroscopy
(EIS) measurements.

Fig. 5 shows theNyquist plots for FcODAwith both the bare (Fig. 5A)
and themodified (pNiPP/MWCNT) electrodes (Fig. 5B). The experimen-
tal data are best fitted to the equivalent circuits depicted in Scheme 1,
which correspond to the two semicircles observed in Fig. 5A and B.
The analysis of the equivalent circuit of FcODA (Scheme 1A) with the
bare electrode shows two connected interfaces with a constant phase
element (CPE), which replaces the double layer capacitance in the
cases of inhomogeneous surfaces [28]. The CPE is in parallel with a resis-
tance (R) in all the cases. It can be seen that there is noWarburg imped-
ance data in this scheme. The parameters CPE2 and R3 correspond to the
Faradic process in the inner phase. CPE2 probably results from the insu-
lating effect of the aliphatic chain, which retards the interfacial electron
transfer kinetics and increases the electron transfer resistance [29].
R1 represents the sum of the solution resistance and the resistance of
the electrical contacts. CPE1 and R2 correspond to the non-Faradic pro-
cess in the interphase with the bulk solution. This design was used to
describe porous electrode surfaces or immobilization of one layer
towards another [28–31].

The modified electrode best fits to the model circuit of Scheme 1B,
which also contains the corresponding CPE and R components. In this
case, we have to highlight the presence of a Warburg impedance
element (W) associated with charge transfer resistance. This means
that there is mass transfer through the inner layer. As a consequence,
the electron transfer resistance in the pNiPP/MWCNTelectrode is signif-
icantly lower (17,860 Ω) in comparison with the bare electrode
(3.3 × 105 Ω).
Fig. 5. Nyquist plots resulting from (A) bare glassy carbon electrode and (B) pNiPP/
MWCNT electrode. EIS data was obtained in acetonitrile:methanol (70:30) and 0.1 M
LiClO4 for 0.15 mM of FcODA at 0.500 V. The frequency range was 100 kHz to 0.1 Hz, the
amplitude of oscillation was set to 10 mV. Experimental data (▪), fitted data (▬).
The impedance analysis of the FcOH measurement does not show
differences between the two electrodes, which is in agreement with
the cyclic voltammetry conclusions.

We completed the electrochemical analysis performing differential
pulse polarography (DPP) of FcODA and FcOH, with and without the
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(A) FcODA. Inset: Plot current vs. FcODA concentrations for pNiPP/MWCNT electrode.
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Table 2
Comparisonof analytical performance for FcODAdeterminationby threemethods employed.

Linear range
(μM)

LOD
(μM)

LOQ
(μM)

Analytical
sensitivity (μM−1)

HPLC-UV
(λ = 272 nm)

7.0–280 2.1 7.0 0.214

HPLC-bare glassy carbon electrode
(+0.600 V vs Ag/AgCl)

0.28–28 0.09 0.28 3.14

HPLC-pNiPP/MWCNT
(+0.500 V vs Ag/AgCl)

0.018–28 0.006 0.018 3.75
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pNiPP/MWCNT electrode. These results are shown in Fig. 6. It can be
concluded that the composite effectively reduces the overpotential pro-
duced by unspecific adsorption of the long aliphatic chains for FcODA
oxidation in more than 0.15 V (Fig. 6A). This conclusion is reinforced
by DPP results for FcOH, where no changes are observed (Fig. 6B). The
DPP experiments show a response proportional to FcODA concentration
as can be seen in the inset of Fig. 6A.

Finally, the modified electrode (pNiPP/MWCNT) was explored
under hydrodynamic conditions and applied to the amperometric
detector of HPLC.

3.3. Chromatographic separation and performance of the analytical method

In order to separate and quantify sphingolipids of different chain-
lengths, we performed the chromatographic separation of a mixture of
very similar ferrocenyl derivatives, FcHDA, FcODA and FcSph (Fig. 7).
The optimization of resolution and rapidness was accomplished by
studying different mobile phases and flow rates. The optimum separa-
tion was obtained with C18 packed column, acetonitrile:methanol
(70:30) with 0.1 M LiClO4 and 1.0 mL min−1.

The performance of themethodwas defined in terms of linear range,
analytical sensitivity, detection limit (LOD), and quantitation limit
(LOQ). The calibration of the peak areas vs. concentrations generated a
linear response for FcHDA and FcODA within the range of 0.018 and
28 μM with correlation coefficients (R2) higher than 0.999 (n = 5).
Typical calibration curves showed the regression equations y = 0.279
(±0.005) μC·μM−1 × +0.064 (±0.003) μC for FcODA and y = 0.286
(±0.004) μC·μM−1 × +0.052 (±0.005) μC for FcHDA. The LOD and
LOQ for both derivates were similar and equal to 0.006 and 0.018 μM
respectively. These parameters were compared with those obtained
with the bare electrode and UV–visible detection (Table 2). The
pNiPP/MWCNT modified electrode exhibits a marked decrease of the
quantitation limit, about 400 times lower than the UV–visible detection.

The precision of the analytical process was calculated by determin-
ing the relative standard deviation (RSD) for repeated injections of
solutions containing ferrocenyl octadecylamine and using the same
modified electrode. Concentrations 0.028, 0.28, 2.8, and 28 μM of
FcODA showed RSD of 7.2%, 5.8%, 2.5%, and 2.3%, respectively (n = 5).

4. Conclusions

The modified electrode with pNiPP/MWCNT film facilitates the
movement of ions and charge transfer, compensating the overpotential
due to a passivation effect by the aliphatic chain-length. This conclusion
was demonstrated by cyclic voltammetry experiments where the peak
Fig. 7. HPLC-ECD chromatogram of standards and sphingosine ferrocene derivative
mixture: peak 1 FcOH (Rt 2.65 min, 0.5 μM), peak 2 FcSph (Rt 4.10 min, 3.5 μM), peak 3
FcHDA (Rt 5.48 min, 6 μM) and peak 4 FcODA (Rt 6.80 min, 6 μM). The mobile phase
was acetonitrile:methanol (70:30) and 0.1 M LiClO4 and the flow rate was
1.0 mL min−1. The detection potential was 0.500 V vs. Ag/AgCl using a pNiPP/MWCNT
electrode. The injection volume was 50 μL.
currents were proportional to the square root of the scan rate in the
range 0.001–1 V s−1, indicating a diffusion-controlled process for
FcODA. The diffusion coefficients estimated from the slope ip vs. v1/2

are significantly higher with the composite. EIS experiments confirmed
the presence of a Warburg element, ascribed to the mass transport in
the inner interphase for FcODA due to the facilitated diffusion inside
the pNiPP/MWCNT. Finally, DPP results show the diminution of the
overpotential in 0.15 V.

Long chain aliphatic amines, including sphingosine, have been
successfully converted in the ferrocenyl derivatives and efficiently
separated and quantified by HPLC with amperometric detection. The
most diluted solution of sphingosine (0.23 μM) was only detected
with the pNiPP/MWCNT electrode; the bare electrode and UV–vis
methods are not sensitive enough to be used in this concentration
range.
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