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A novel sensor based on thiol-porphyrin mixed monolayer-tethered polyaniline (PANI) with intercalating
fullerenols was applied to sensitively detect m-dinitrobenzene (m-DNB) by differential pulse voltam-
metry (DPV). The thiolated polyaniline was examined by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS). The electrode modification of thiol-porphyrin mixed monolayer-tethered
polyaniline with intercalating fullerenols exhibited a higher analytical sensitivity versus that of thiol-
porphyrin mixed monolayer-tethered polyaniline, because the fullerenols in mixed monolayer could
improve the preconcentration efficiencies of m-DNB. Under optimum conditions, the linear calibration
curves ranged from 0.029 to 10,000 nmol L™! for m-DNB, with a limit of detection (S/N=3) of

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Nitroaromatics are hazardous electrophilic species harmful to
human health and environment. Some dinitroaromatics, especially
m-dinitrobenzene (m-DNB) finds applications in industry as an
intermediate in the chemical synthesis of some rubber chemicals,
pesticides, dyes, and explosives [1], and they have been detected also
in ground-water near industrial waste disposal sites [2]. Compared
with other nitroaromatic compounds, m-DNB could cause methe-
moglobinemia in animals and in humans [3-5]. It could also produce
testicular toxicity [6-8], and brainstem damage [9,10]. Numerous
papers have been published on the determination of m-DNB. Among
them, spectrophotometry [11,12] and ion-chromatography [13,14]
are mainly used. Electrochemical methods offer useful alternatives
since they allow faster, cheaper and safer analysis.

The thiols and thiolated chemicals are extensively studied in
surface chemistry and synthetic chemistry [15-17]. In addition, the
thiol-ene chemistry of some systems is emerging as a new “click
chemistry” protocol, for the preparation of functional materials [18].
The thiol-ene chemistry refers to the addition of a S-H bond across a
double bond by either free radical or ionic mechanism. Interestingly,
polypyrrole (PPy), polyaniline (PANI), and polythiophene (PTH)
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which are typical conducting polymers (CPs) of high conductivity,
as well as good electrochromic property, redox reversibility and
stability in aqueous solutions [19-21], could be conveniently thio-
lated through nucleophilic substitution reactions of thiols with the
CPs at their oxidized states [22-27]. The interactions of thiols with
conducting polymers in their oxidized states could be conceptually
reconsidered as a researching branch of the emerging thiol-ene
chemistry, which are thus of high current interest and worthy of
more intensive studies.

Polyhydroxylated Cgp, also known as fullerenols Cgo(OH),, one
class of the most attractive fullerenic derivative, has drawn
extensive attention [28-30]. Because of the strong electrophilic
property of the fullerene cage, fullerenols easily release protons
and thus provide a new family of proton conductors. Furthermore,
fullerenols are excellent free radical scavengers [31-33], making
them efficient antioxidants that decrease oxidative stress. In
addition, it was reported that attempts have been made in search
of superior n-electron donors to interact with nitroaromatic
compounds by strong n—r interactions [34]. Because of their
structures with highly delocalized =-bonds and unique properties,
fullerenols have the ability to participate in hydrogen bonds with
the anion to form the hydrogen bond donor-acceptor complexes.

Herein, we report on the thiol-ene chemistry guided preparation
of a novel thiolated polymeric nanocomposite involving polyaniline,
a functionalized thiol, e.g., thiol-porphyrin (SH-TPP), alkyl thiol
(C10H21SH) and Cgo(OH), for sensitive differential pulse voltammetry
(DPV) determination of m-DNB on a glassy carbon electrode (GCE).
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This biosensor showed promising application in the monitoring of
m-DNB with low cost, convenient operation, high sensitivity, and a
wide concentration range. In addition, it provided a convenient way
to construct a novel biosensing platform, and extended the applica-
tion of porphyrin and fullerenols in bioanalysis.

2. Experimental

2.1. Materials and reagents

Stock solutions of m-DNB (1000 mg/L; purchased from Beijing
Chemical Co. Ltd.) were dissolved by acetonitrile (ACN). Analyte
solutions were prepared by diluting the stock solutions using
phosphate buffered saline (PBS) that contained 0.1 M NaCl and
protected from light. Aniline was purchased from Shantou Xilong
Chemical Engineering Factory (Guangdong, China), which was
purified by distillation and stored in a refrigerator prior to use.
SH-TPP was synthesized with some modifications according to this
literature [35]. C;oH2:SH was purchased from Alfa Aesar. Cgo was
purchased from Aldrich (USA). Fullerenols (Cgo(OH),, x~18-22)
were synthesized according to this literature [36]. All other
chemicals were of analytical grade, and Milli-Q ultrapure water
(218 MQ cm) was used throughout the experiments.

2.2. Apparatus

The modified films were identified by cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS; Princeton
Applied Researcher, USA). A conventional three-electrode system
consisting of bare and modified glassy carbon electrode as work-
ing electrodes (3 mm diameter), a KCl-saturated calomel electrode
(SCE) as the reference electrode and a platinum wire electrode as a
counter electrode was used. All potentials here were referenced to
SCE. EIS was examined in a mixed solution of 1.0 mmol/L KsFe
(CN)s containing 0.1 mol/L KCl. The frequency range was from
100 mHz to 10 kHz using an ac voltage of 5 mV amplitude and
potential of 0.225 V. The obtained data were analyzed using the
fitting program in ZSimpWin software. A PHS-3B pH meter (Leici,
Shanghai, China) was used for pH measurements. All measure-
ments were carried out at ambient temperature (18 4+ 2 °C).

2.3. Procedure
The preparation of the fullerenols/PANI-mixed-thiol film is

depicted in Scheme 1. The GCE was polished with 1.0 and 0.05 pm
alumina slurry sequentially and washed ultrasonically in water and
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Scheme 1. The preparation of the fullerenols/PANI-mixed-thiol film:
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ethanol for 15 min. Then, the bare GCE was subjected to potential
cycling (-0.2 to 1.0V, 10 mV s™!) in 0.20 mol L™! aqueous HClO, until
reproducible cyclic voltammogram was obtained. Fullerenols/PANI-
mixed-thiol/GCE was prepared as follows. The bare GCE was
immersed into 0.1 mol L™! aqueous H,SO, containing 10 mmol L™!
aniline, and a PANI film was electrodeposited by CV from -0.2 to
0.85 V for 20 cycles at 50 mV s~'(optimized in Fig. 1) [37]. Afterwards,
the PANI/GCE was subjected to potential cycling between —0.1 and
0.8V at 30 mV s™! for 10 cycles in 0.1 mol/L H,SO,4 containing SH-TPP
and CyoH,;SH (optimized for the ratio of SH-TPP to CioH»;SH is
1:1(c/c)) to form PANI-mixed-thiol/GCE. Finally, the PANI-mixed-
thiol/GCE was stirred in fullerenols (1.5 mg/ml) at room temperature
for 3 h to sandwich fullerenols.

3. Results and discussion
3.1. Principle of PANI-mixed-thiol film

The thiol-ene chemistry guided preparation of a novel thio-
lated polymeric nanocomposite is described. As shown in Fig. 2,
there are three redox peaks: Pa;/Pc; displayed leucoemeraldine to
emeraldine (anion doping), Pay/Pc, was emeraldine to pernigrani-
line (partial release of doped anions to the solution from the film),
and Paz/Pcs resulted from the nonideal structures of PANI [38]. All
the redox peaks (Pa;/Pcy, Pay/Pc, and Pas/Pc3) decreased cycle by
cycle [22].
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Fig. 1. CVs of bare GCE during potential cycling between -0.2 and 0.85V for 20
cycles at 50 mV s in 10 mmol/L aniline containing 0.1 mol L™ H,SO,.

(a) bare GCE, (b) PANI/GCE, (c) PANI-mixed-thiol/GCE and (d) fullerenols/PANI-mixed-thiol/GCE.
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Structural details of fullerenols/PANI-mixed-thiol/GCE are
described in Scheme 2, which show the feasibility of intercalating
Coo(OH), between porphyrin molecules on PANI-mixed-thiol-film
but not on PANI-thiol-porphyrin film. The average distance between
two porphyrin molecules on PANI surface was about 5 A (Scheme 2a)
[39] which was insufficient to provide such a void space for
intercalating Cgo(OH), molecule (the diameter of a Cgo(OH), molecule
was about 9.9 A; Scheme 2b). With one C;oH»;SH molecule standing
in the middle of two porphyrin molecules, which not only filled up

0.004 4
0.003 ~
0.002 4
0.001 -

I/uA

0.000 -
-0.001 -
-0.002
-0.003 -

-0.2 0.0 0.2 0.4 0.6 0.8
E/V (vs.SCE)

Fig. 2. CVs of the PANI film in SH-TPP and C;oH;SH(1:1(c/c)) during potential
cycling between -0.1 and 0.8 V at 30 mV s™! for 10 cycles in 0.1 mol L™! H,S0,.

a

the potential space on PANI surface between bulky porphyrin
molecules but also provided space for further insertion of Cgo(OH)x
molecules, the distance was about 10 A (Scheme 2c¢). It was about
26 A (Scheme 2d) from the center of porphyrin to the surface of PANI,
and the longest chain length of C;oH2:SH was 13.4 A (Scheme 2e). It
can be calculated as 12.6 A from the center of porphyrin ring to
CioH2:SH chain, which is much larger than the diameter of a
Coo(OH), molecule [40,41]. The closest distance between Cgo(OH),
and the center of the porphyrin ring has been reported as 2.856 A
[40]. Thus, the smallest center-to-center distance of two porphyrin
rings which could sandwich a Ceo(OH), molecule was about 15.6 A
(Scheme 2f); it was also larger than the diameter of a Cgo(OH),
molecule. The above mentioned data about porphyrin and C;oH»;SH
were calculated in Chem3D of ChemOffice.

3.2. Films characterization

Typical CV and Nyquist plots were obtained to study the
surface properties of different films using the redox couple Fe
(CN)g*>~ as redox probe (Fig. 3). For the bare GCE (Fig. 3A-a), there
was a reversible electrochemical behavior, which was controlled by
diffusion of a Fe(CN)s> 7~ redox couple. For PANI/GCE (Fig. 3A-b), the
peak current increased and the redox reaction became more rever-
sible. The result demonstrated that the PANI conductive film could
greatly accelerate the electron transfer to produce a well-defined
redox couple of Fe(CN)s®>7/4~. For PANI-mixed-thiol/GCE (Fig. 3A-c)
and fullerenols/PANI-mixed-thiol/GCE (Fig. 3A-d), the curves became
flat, that is, the peak current decreased and the redox reaction
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Scheme 2. Structural details of fullerenols/PANI-mixed-thiol/GCE: a=5 A, b=9.9 A, c=10 A, d=26A, e=13.4 A and f=15.6 A.
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Fig. 3. CVs (A) and EIS (B) in solution of 1.0 mmol/L K3Fe(CN)s containing 0.1 mol/L KCl, corresponding to (a) bare GCE, (b) PANI/GCE, (c) PANI-mixed-thiol/GCE and

(d) fullerenols/PANI-mixed-thiol/GCE. Scan rate: 50 mV s~
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became irreversible. This indicated that the electron transport was
blocked by mixed-thiol and fullerenols between Fe(CN)¢>~4~ and
the GCE.

The EIS plots are shown in Fig. 3B. For the bare GCE (Fig. 3B-a),
a straight line at low frequency and a small semicircle at high
frequency were observed in the Nyquist plot. This demonstrated
that the process was essentially diffusion-controlled for the redox
couple on the bare GCE, and it is consistent with the result of CV at
the bare GCE. When the bare GCE was functionalized with PANI
film (Fig. 3B-b), a smaller semicircle appeared at higher frequency,
which indicated that the PANI film was immobilized on the
electrode surface and increased the electron-transfer efficiency.
When the bare GCE was functionalized with PANI-mixed-thiol film
(Fig. 3B-c) and fullerenols/PANI-mixed-thiol film (Fig. 3B-d), a
larger semicircle appeared, indicating that the GCE was fully
coated with nonconductive film, and these were also consistent
with the results of CVs.

3.3. Detection of m-DNB

The electrochemical response of different modified films to the
m-DNB is shown in Fig. 4. It obeyed the order fullerenols/PANI-
mixed-thiol/GCE > PANI-mixed-thiol/GCE > GCE and the intercala-
tion of fullerenols gave the greatest signal-increase. The cathodic
peaks at -0.598 V, —-0.714 V and -0.891 V correspond, respectively,
to the consecutive reduction of nitro-groups to nitroso (1),
hydroxylamino (2), and amino-derivatives (3), according to the
mechanism for the reduction of nitro-groups [42,43].

RNO,+2e +H* >RNO,H~  RNO,H™-OH™ —RNO (1)
RNO+2e +H*>RNOH™  RNOH +H*—RNHOH 2)
RNHOH+2e +H* »RNH,0H~  RNH,OH-OH™ —RNH, 3)

The reduction involved “electron-proton transfers”. The proton
donor was depleted by neutralization of basic component which
was produced by the electrochemical reduction of m-DNB, and
this was attributed to an acute change of pH at the surface of the
electrode. The proton concentration decreased rapidly at the
surface of the electrode, making the remaining electron transfer,
that is, reduction of the remaining RNO or RNHOH, more difficult.

For bare GCE (Fig. 4a), the amount of the proton component of the
buffer was insufficient to neutralize basic component which was
produced by the electrochemical reduction, so only two reduction
peaks appeared, corresponding to (1) and (2), and the final product
was hydroxylamino derivatives; for PANI-mixed-thiol/GCE (Fig. 4b),
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Fig. 4. The electrochemical response of different modified films in PBS (pH=7) that

contained 0.5 mol L™! m-DNB at scan rate 50 mV s™': (a) GCE, (b) PANI-mixed-thiol/
GCE and (c) fullerenols/PANI-mixed-thiol/GCE.

the proton was provided from porphyrin, so reduction peak (3)
appeared, and the final product was amino-derivatives; for full-
erenols/PANI-mixed-thiol/GCE (Fig. 4c), the reduction peak (3) cur-
rent value became larger, but reduction peaks of corresponding (1)
did not appear. These could be attributed to the reason that the
fullerenols were found to be a water soluble compound with weak
acidity and the charge carrier was a proton which could act as proton
donor offering lots of proton [44-47,28]. In addition, the reaction rate
constant of (1) is far less than the rate constant of (2) and (3). And the
final product was amino-derivatives.

There were weak electrochemical responses for bare GCE and
PANI-mixed-thiol/GCE, while, fullerenols/PANI-mixed-thiol/GCE
showed strong electrochemical response, associating it with endemic
preconcentration capability of fullerenols to concentrate hydrophobic
organic compounds at the surface of fullerenols [48]. At fullerenols/
PANI-mixed-thiol/GCE, the attachment of fullerenols based on PANI-
mixed-thiol matrix provided more receptor sites to m-DNB com-
pound. The electron-rich hydroxyl group of fullerenols could interact
with the electron-deficient nitro-group of m-DNB to form acid-base
pairing firstly. And the interaction between the s-macrocycle of
fullerenols and the benzene ring was a parallel-planar one to form
strong electron donor—acceptor (EDA) complexes, which resulted in
the improvement of response and sensitivity. These results indicated
that fullerenols were a crucial element to the hybrid film and the
introduction of PANI improved electrochemical response of m-DNB.
We anticipated that the additional hydroxyl group could provide
more opportunities to form hydrogen bond with nitro-group of m-
DNB and the rn-donor-acceptor interaction between fullerenols and
m-DNB should be enhanced by the additional hydroxyl group. This
information also provided a platform for a practical strategy for
rational design of the sensor of explosives.

3.4. Differential pulse voltammetry at the fullerenols/PANI-mixed-
thiol/GCE

As shown in Fig. 5, when the concentration was low, step
(1) corresponding to RNO,—RNO was dominant; this could be
attributed to the fact that proton in the solution formed electrostatic
interaction with the hydroxyl group of fullerenols which did not form
acid-base pairing with the electron-deficient nitro-group of m-DNB,
and the result was not enough protons for the reaction. While the
reduction peak current value of step (1) decreased with the increase
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0.008 1 1gC (mol/L)
< 0.006 1
0.004 -
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Fig. 5. DPV of m-DNB at fullerenols/PANI-mixed-thiol/GCE for peak at 0.891V in
PBS (pH=7). From bottom to top concentration: 0, 1x 107>, 4x 1075, 1.6 x 1075,
64x1077, 2.56x 1077, 1.0x1077, 41x107% 1.6x1075 6.6x107° 2.6x107°,
1.0x107% 41x107%°, 1.7x107%, 6.7x107™", 29x 107" mol L' and the inset
shows standard curve of the relation between the peak current value at 0.891V
and concentration of m-DNB.
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Table 1
Line range and detection limit for different m-DNB sensors.

Modified electrode Linear range Detection limit Reference
Mesoporous carbon 5.0x1078-21x 107> 25%x1078 [50]
IL-GNs 30x107%-1.5x 1076 4.0x107° [51]
MIP/MWCNT 45x%1078-8.5 x 107® 25x%1078 [52]
MIMs—-AuNPs-GCE 4.0x1078-32x 107® 13x1078 [53]
Porphyrin/CNTs film 8.0 x 107°-5.0 x 1077 2.0x107° [54]
Fullerenols/PANI-mixed-thiol film 29x107"-1.0x 107° 9.7 x 10712 This paper

of concentration, those of steps (2) and (3) increased. This could be
attributed to the fact that proton in the solution which formed
electrostatic interaction with the hydroxyl group of fullerenols was
released, and there were enough protons for the reaction.

DPV was exploited to investigate the response of m-DNB due to
its potential-controlled preconcentration at the surface of functio-
nalized film [49]. Calibration curves are presented in the inset of
Fig. 5, in which the proposed sensor exhibited good linear
response ranging from 0.029 to 10,000 nmol L™! for m-DNB and
correlation coefficient of 0.99352 for peak —0.891 V with a detec-
tion limit of 9.72 pmol mol L™! (signal to noise ratio of 3). The
result based on this sensor was compared with those from the
other methods that reported about m-DNB detection in solution
[50-54] (Table 1). It was noted that this method with a simple
preparation provided a better linear range and detection limit.

4. Conclusions

In summary, we reported a novel electrochemical sensor for
m-DNB based on mixed-thiol-conducting polymers with intercalating
fullerenols film. The study demonstrated that the attachment of
fullerenols on hybrid film led to more receptor sites that could detect
explosive compounds and the high conductivity effect of conducting
polymers enlarged the performance of the sensor for m-DNB. On one
hand, fullerenols utilized the endemic preconcentration capability to
accumulate m-DNB. On the other hand, r-donor-acceptor complexes
formed on fullerenols film. On the basis of this designed strategy, it
should be possible to develop a novel class of m-DNB probe based on
fullerenols and thiolated conducting polymers.
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