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A B S T R A C T   

We describe nanostructured electrode platforms composed of multiwalled carbon nanotube/glassy carbon 
electrodes (MWCNT/GCEs) with entrapped nitroaromatic compounds such as 2-nitrofluorene (2-NF), 2-nitro-9- 
fluorenone (2-NFN), 2,7-dinitrofluorene (2,7-NF) and 2,7-dinitro-9-fluorenone (2,7-NFN). All of the above ni
troaromatic compounds were tested as precursors for the production of redox mediator couples useful for NADH 
electrocatalysis. 

In this communication, we reveal the effect of the substituents on both the π-π stacking interaction strength 
and the electrocatalysis of NADH. 

The results show that the nitro group plays a triple role: it acts as a precursor of the mediator redox couple for 
NADH electrocatalysis; it increases the π-π stacking interaction with the electrode; and it acts as an electron 
acceptor substituent that promotes the electrocatalysis of NADH.   

1. Introduction 

The discovery of carbon nanotubes (CNTs) started a revolution in 
electrode materials. The most cited paper is a report by Ijima et al. in 
1991 [1]; however, the existence of CNTs was known well before that 
date [2]. The bonding in CNTs is essentially based on sp2 hybridiza
tion, however, the tube curvature, as well as giving rise to quantum 
confinement and quantized conductance, also causes σ–π rehy
bridization; this effect becomes stronger with decreasing CNT dia
meter [3]. In this case, three σ bonds are slightly out of plane and to 
compensate, the π orbitals are more delocalized outside the tube. This 
is the main difference between CNTs and graphite, in which the sp2 

hybrid orbital forms three in-plane σ bonds with an out-of-plane π 
orbital. The electron cloud distortion induced by tube curvature 
yields a rich π-electron conjugation outside the tube which makes 
CNTs more electrochemically active and more electrically and ther
mally conductive. This is key to the success of CNTs as an electrode 
material. The high specific surface area of CNTs together with the σ–π 
rehybridization and the presence of structural defects facilitate a 
range of chemical processes such as chemical derivatization, inter
calation, molecular adsorption, doping, and charge transfer [4,5]. 
One of the most important advantages of CNTs is the possibility of 
modifying them with various organic or inorganic chemical com
pounds that dramatically change the properties of the electrode 

phase. These modifications can be carried out using either covalent  
[6–8] or non-covalent (physisorption) [9,10] attachment of the 
modifier to the three-dimensional array of CNTs. 

Physical adsorption of small molecules is a promising approach to 
functionalizing CNTs. Physical functionalization enhances dispersibility 
and preserves the extended π networks of the CNTs. This type of 
functionalization can be achieved in several different ways, including π- 
π stacking interactions and electrostatic interactions. Physical functio
nalization of CNTs by π-π stacking interactions, in which the π electrons 
on the CNT surface interact with the π electrons of small molecules, is 
one of the most important approaches. 

Several studies have demonstrated the modification of CNTs with 
nitroaromatics using the covalent attachment of the nitroaromatic 
group to the CNTs [11–15]. However, we have recently revealed a 
different strategy for the modification of CNTs with nitroaromatics that 
does not involve covalent attachment [16–19]. This strategy is based on 
trapping nitroaromatics within pockets on the surface of the three-di
mensional array of MWCNTs. 

The search for new nitroaromatics with strategic functional groups 
that can be trapped on MWCNTs in this way has been an objective of 
our research in recent years because direct immobilization of redox 
mediators on the carbon surface is an elegant approach to tailoring the 
electrode surface. In this research effort, we have shown that it is 
possible to obtain electrodes with better characteristics than a bare GCE 
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by the appropriate modification of a GCE with MWNCTs and the sub
sequent trapping of nitroaromatics. 

We have previously studied the electrochemical behaviour of en
trapped 2,7-dinitro-9-fluorenone (2,7-NFN) on a MWCNT/GCE and 
compared it with the adsorption at a bare GCE previously reported by 
Mano et al. [20]. In this work, we are interested in studying the sub
stituent effect of entrapped nitrofluorene and nitrofluorenone com
pounds on electrochemical behaviour and evaluate the resulting elec
trocatalytic activity towards NADH oxidation. 

2. Experimental 

2.1. Reagents and apparatus 

Nitroaromatic compounds: 2-nitrofluorene (2-NF), 2-nitro-9-fluor
enone (2-NFN), 2,7-dinitrofluorene (2,7-NF) and 2,7-dinitro-9-fluor
enone (2,7-NFN) (Fig. 1) were supplied by Sigma-Aldrich® and used 
without further purification. All of the other reagents were of analytical 
grade. Multiwalled carbon nanotubes (MWCNTs, 10 nm in diameter 
and 1.5 µm in length) were purchased from Dropsens S.L., Spain. Stock 
solutions of nitroaromatics were prepared in ethanol. A 0.1 M phos
phate buffer solution (PBS) (22.83 g of K2HPO4 and 13.81 g of KH2PO4 

in 1 L of ultrapure water) with the pH adjusted to 7.0 using con
centrated HCl was used as the supporting electrolyte in all of the 
measurements except the study of pH dependence. For this latter pur
pose, a 0.1 M Britton-Robinson buffer (6.18 g of H3BO3, 5.7 mL of 
CH3COOH and 6.74 mL of H3PO4 in 1 L of ultrapure water) was used. 
Ultrapure water was obtained from the Merck Millipore Milli-Q® Re
ference System. The pH in each case was adjusted using concentrated 
solutions of either HCl or NaOH. 

Electrochemical measurements (cyclic voltammetry, CV) were car
ried out using a BASi 100 voltammetric analyser (BASi Analytical 
Instruments, USA). A CHI 650C potentiostat (CH Instruments Inc., USA) 
was also employed. A conventional 3-electrode system was used with a 
nitro-modified glassy carbon electrode (GCE) 3 mm in diameter (model 
CHI104, CH Instruments) as the working electrode. Ag/AgCl/3M NaCl 
(BASi MF-2052) and a Pt wire were used as the reference and counter 
electrodes, respectively. 

2.2. Preparation of MWCNT/GCEs 

MWCNT/GCEs were prepared following the procedure described in 
a previous report [21]. 

2.3. Trapping nitrofluorene derivatives in the MWCNT/GCE 

MWCNT/GCEs were immersed in a 0.1 mM solution of a 

nitrofluorene derivative dissolved in ethanol for a given time (accu
mulation time, tac). The electrodes were then washed with water. The 
accumulation time and nitrocompound concentration were optimized 
(see the Supplementary material). 

2.4. Voltammetric measurements 

The nitro-functionalized electrodes were immersed in an electro
chemical cell containing only the supporting electrolyte (without ni
trofluorene derivatives in solution). All of the electrochemical mea
surements were performed after purging N2 into the cell solution for 
10 min. Experiments were carried out at room temperature 
(25  ±  1 °C). 

To evaluate the electrocatalytic activity of the mediator electrode 
for NADH, the nitro-functionalized electrode was immersed in an 
electrochemical cell containing 0.1 M PBS, pH 7.0, and 0.2 mM NADH. 
The potential was then scanned between −250 and 500 mV vs. Ag/ 
AgCl to record the voltammetric curve. 

2.5. Scanning electron microscopy (SEM) 

SEM images of the modified electrodes were obtained using an 
Inspect Scanning Electron Microscope F-50 operated at 20 kV. Glassy 
carbon discs (TED Pella brand, INC (N 16524)) measuring 12.7 mm in 
diameter were used. 

3. Results and discussion 

3.1. Electrochemical behaviour of entrapped nitrofluorene and 
nitrofluorenone compounds on MWCNT/GCEs 

We have previously studied the electrochemical behaviour of some 
nitroaromatic compounds trapped within the MWCNT array [18,19,22] 
and the electrocatalytic activity of some of these compounds containing 
two nitro groups in the oxidation of NADH [18,19]. In this study, we 
investigate how structural changes in the trapped molecule can affect 
the electrochemical behaviour. 

Fig. 2 displays the cyclic voltammograms of entrapped nitroaro
matic compounds on the MWCNT/GCE electrodes at 100 mV s−1. In the 
first scan (initiated at −240 mV, solid line), the compounds with only 
one nitro group, namely 2-NF and 2-NFN (Fig. 2A and C, respectively) 
show an irreversible reduction corresponding to the reductive trans
formation of the nitro group into a hydroxylamine derivative (peak 1). 
In the reverse scan, oxidation of the hydroxylamine derivative into a 
nitroso derivative occurred (peak 4). In the second scan (dotted line), a 
cathodic peak corresponding to the reduction of the nitroso group to a 
hydroxylamine derivative appears (peak 4ʹ). Moreover, in this second 
scan, the nitro reduction peak disappears almost entirely, indicating the 
depletion of the nitroaromatic compound trapped in the electrode. The 
peak potential of the nitro reduction and R-NHOH/R-NO redox couple 
are shifted to more positive potentials due to the presence of the car
bonyl group (Fig. 2C). The peak potentials are summarized in Table 1. 
By contrast, the 2,7-NF and 2,7-NFN dinitro-compounds (Fig. 2B and D, 
respectively) show two irreversible reduction peaks in the first reduc
tion scan (peaks 1 and 2) corresponding to the two nitro groups present 
in the molecule forming hydroxylamine derivatives that are subse
quently oxidized to nitroso derivatives (peaks 3 and 4 in the oxidation 
reverse scan). The nitroso derivatives are reduced in the second re
duction scan (peaks 3ʹ and 4ʹ, dotted line) to the corresponding hy
droxylamine derivatives. The two redox couples corresponding to R- 
NHOH/R-NO are denoted as peaks 3/3ʹ and 4/4ʹ. The peak potentials 
(Ep) are also summarized in Table 1. A gradual shift in the peaks to
wards more positive potentials is observed with the incorporation of 
eNO2 and eC]O substituents due to the increasing negative inductive 
effect. Fig. 1. Chemical structure of 2-nitrofluorene (2-NF), 2,7-dinitrofluorene (2,7- 

NF), 2-nitro-9-fluorenone (2-NFN) and 2,7-dinitro-9-fluorenone (2,7-NFN). 
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Fig. 2. Cyclic voltammograms of 0.1 mM of (A) 2-NF, (B) 2,7-NF, (C) 2-NFN, and (D) 2,7-NFN trapped in MWCNT/GCE by dipping the electrode in a 0.1 mM 
nitroaromatic compound in ethanol. Accumulation time: 1 min. CVs registered in 0.1 M PBS pH 7.0 (without NF compounds in solution). Scan rate = 100 mV s−1. 

Table 1 
Peak potentials (Ep) of the nitro and dinitro compounds.          

Ep/mV 

Compound Peak 1 Peak 2 Peak 3 Peak 3ʹ Peak 4 Peak 4ʹ  

2-NF −598  ±  9 – – – −105  ±  15 −124  ±  5 
2-NFN −518  ±  8 – – – −51  ±  14 −74  ±  7 
2,7-NF −508  ±  10 −625  ±  10 −160  ±  14 −186  ±  11 −37  ±  10 −66  ±  20 
2,7-NFN −397  ±  14 −543  ±  13 −100  ±  10 −137  ±  6 +22  ±  15 −22  ±  18    
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These results show that the overall mechanism for the reactions 
corresponding to irreversible peaks 1 and 2 can be represented by:  

RNO2 + 4H+ + 4e− → RNHOH + H2O                                   (1)  

On the other hand, the overall mechanism for the quasi-reversible 
redox pairs 3/3ʹ and 4/4ʹ can be described by the well-known equation:  

RNHOH ⇔ RNO + 2H+ + 2e−                                               (2)  

3.2. Stability of the NHOH/NO redox couple and determination of the 
heterogeneous constant 

The redox pair originating from activation of the nitroaromatic 
precursor in the MWCNT electrode array remains in the electrode after 
several potential scans, even though the intensity currents of both 
anodic and cathodic peaks decrease as the number of cycles increases. 
We have measured the peak current intensity to characterize the sta
bility of the nitroso and hydroxylamine derivatives in the MWCNT 
array. To compare the nitro and dinitro compounds, the switching 
potential was chosen so as to reduce only one nitro group per molecule 
of the dinitro compounds (2,7-NF and 2,7-NFN). Fig. 3A shows the 

stability (expressed as a percentage of gradual change in the current 
intensity and referred to as persistence) as a function of the number of 
cycles when only one nitro group per molecule was converted into the 
hydroxylamine derivative. Upon changing the switching potential to 
reduce two nitro groups, a significant decrease in the current intensity 
is observed (Fig. 3B). 

The persistence results indicate that nitrofluorenes and nitro
fluorenones are successfully attached to the MWCNTs in spite of the 
absence of a covalent bond between the nitroaromatic compounds and 
the MWCNTs, with 2,7-NFN being the most stable compound in the 
MWCNT array. These results strongly suggest that substituents with two 
nitro groups and one C]O group have a strong influence on the π-π 
stacking strength, indicating a direct interaction between the sub
stituents and another aromatic ring in the MWCNTs. Furthermore, 
considering the difference observed between the results obtained for 
the reduction of one or two nitro groups per molecule, we can conclude 
that the nitro group has a strong effect on the strength of the π-π 
stacking interaction. 

The RNHOH/RNO redox couples were studied at various sweep 

Fig. 3. Evolution of the stability of the redox couple as a function of the number 
of voltammetric cycles. (A) Reduction of one nitro group per molecule. (B) 
Reduction of two nitro groups per molecule. 

Fig. 4. (A) Cyclic voltammograms of the R-NHOH/R-NO derivative couple of 
the 2-NF-functionalized MWCNT/GCE in PBS buffer 0.1 M, pH 7.0, recorded at 
various sweep rates between 50 and 3000 mV s−1. (B) Laviron plot and the 
corresponding linear regression. 
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rates (50–3000 mVs−1). The peak currents were proportional to the 
sweep rate in all of the cases and the relationship between Ep and log 
scan rate was evaluated for the anodic and cathodic peaks. An example 
is shown in Fig. 4 for 2-NF trapped in MWCNT/GCE. Following the 
procedure previously established for 3,5-dinitrobenzoic acid and the 
3,5-dinitrobenzoate derivatives [21,22], the heterogeneous electron 
transfer rate constants (kh) were obtained. The resulting values are 
summarized in Table S1 (in the Supplementary Information). These 
results indicate that 2,7-NFN is the best candidate for catalysis of 
NADH. It is important to note that the data do not converge at low scan 
rates (Fig. 4B). This dispersion of the data is probably due to the fact 
that the trapped molecules do not all exist in an identical state. Fur
thermore, other factors such as interactions between molecules and 
uncompensated resistance could be involved. 

As in our previous studies [18,19,22], the shape of the MWCNTs on 
the GCE before and after the electrochemical procedures has been in
vestigated through SEM imaging. As shown in Fig. 5, the trapping of the 
nitrocompounds and the derivatives generated after potential scanning 
do not affect the morphology of the surface. 

3.3. Electrocatalytic activity for NADH oxidation 

The electrochemical behaviour of all the nitrofluorene and nitro
fluorenone compounds was tested in the presence of NADH. The results 
are shown in Fig. 6. The cyclic voltammogram of NADH on MWCNT/ 
GCE displays a single anodic peak at 260 mV and is shown by the dot- 
dashed line throughout this figure. The electrochemical behaviour of 
the corresponding mediator redox couple is shown (as a dashed line) in 
a similar manner for comparison. The reaction corresponding to the 
anodic peak of NADH can be represented by:  

NADH → NAD+ + H+ + 2e−                                                 (3)  

When 2-NF/MWCNT/GCE was used, no catalytic current was ob
served (Fig. 6A). The redox couple 4/4ʹ of this mediator is the most 
negative, appearing at −105/−124 mV (Table 1). For 2-NFN/ 
MWCNT/GCE, a broad oxidation charge is observed (Fig. 6C). Appar
ently, this response is due to the contributions of different oxidation 
signals. Using the oxidation potential of the redox mediator (−40 mV,  
Fig. 6C) and NADH, the electrochemical response was deconvoluted 
using least-squares peak-fitting software (Origin software). The decon
volution of the electrochemical behaviour was fitted into the following 
contributions from three oxidation processes (inset in Fig. 6C): (i) 
oxidation of the mediator at −39 mV generating R-NO; (ii) catalysed 
oxidation of NADH centred at 60 mV; and (iii) non-catalysed oxidation 
close to 260 mV. The fitted curve shows excellent agreement with the 
experimental data. The calculated total charge of these two oxidation 
contributions (92.3 μC) is close to the corresponding oxidation charge 

of NADH on MWCNT/GCE (90.4 μC). It is important to note that even 
though the electrode modification procedure was strictly followed, 
variations of less than 10% can be obtained for the modified electrodes. 
Therefore, the introduction of the eC]O substituent provides catalytic 
properties towards NADH oxidation, even though catalysed NADH was 
still absent. 

It was also found that when the 2,7-NF and 2,7-NFN dinitroaromatic 
compounds were used as the redox precursors and only one nitro group 
was reduced to hydroxylamine, the oxidation of NADH also shifted to 
lower positive potentials. 

For 2,7-NF/MWCNT/GCE, where the formation of R-NO (peak 4) 
appeared at −45 mV (Fig. 6B), the Ep of NADH oxidation shifted from 
260 to 70 mV, similar to the change obtained for 2-NFN/MWCNT/GCE 
(Fig. 6C). However, in this case, according to the deconvoluted curves 
(inset of Fig. 6B), a very small contribution of uncatalysed NADH may 
be present at potentials close to 260 mV. The introduction of a second 
nitro group that exerts an electron-withdrawing effect causes a decrease 
in the formal potential of the R-NHOH/R-NO redox couple, showing 
electrocatalytic activity for NADH oxidation. 

The most extreme change is observed for 2,7-NFN/MWCNT/GCE 
(Fig. 6D), which shows an increase in the oxidation current at a po
tential of 20 mV, near to the formal potential of the R-NHOH/R-NO 
redox couple, and the complete disappearance of the original signal of 
NADH oxidation. The total charge of the oxidation signal centred at 
20 mV (154.5 μC) is essentially the same as the sum of the signals 
corresponding to both the oxidation of the redox mediator on MWCNT/ 
GCE (dashed line, Fig. 6D) and the oxidation of NADH (dot-dashed line,  
Fig. 6D). These kinds of results have been seen previously by other 
researchers [14,20,23,24]. It has been postulated that the electro
catalytic mechanism for this type of redox mediator (organic 2 electron- 
proton acceptor) with NADH involves an intermediate charge transfer 
complex [25]. Recently, Rębiś et al. [26] also observed the electro
catalytic effect of a redox mediator, recording a decrease in the oxi
dation potential of NADH in a way that practically coincides with the 
potential of the mediator: NADH is oxidized by the mediator at the 
electrode; the reduced form of the mediator is electrochemically re- 
oxidized. Therefore, the oxidation peak current at this potential sig
nificantly increases. Our results for 2,7-NFN/MWCNT/GCE are com
patible with this proposed mechanism. 

Thus, the presence of both nitro groups and eC]O substituents 
leads to an improved catalytic property towards NADH oxidation. In 
fact, the electronic effects of the nitro group and eC]O substituents 
trigger a decrease in the energy requirements of the redox mediator 
couple, facilitating the oxidation of NADH. Furthermore, substitution 
with two nitro groups and a single C]O group strongly affects the π-π 
stacking strength, leading to greater stability of the redox mediator 
couple on the electrode and favouring electrocatalysis. 

Based on the results obtained for these four nitro compounds, when 

A B
B

Fig. 5. SEM images of (A) MWCNT/GCE and (B) MWCNT/GCE-2,7-NFN with two nitro groups reduced, where the mediator has also been generated. Magnification 
×50,000. 
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a single nitro group is reduced, the electrocatalytic activity of the redox 
mediator in the oxidation of NADH is determined by the substituents 
present in its molecular structure. Taking into account the effect of 
substituents, the observed catalytic effect is due to the reaction of the 
nitroso compound generated in the oxidation of hydroxylamine (reac
tion (2)) with NADH in solution that causes its oxidation: 

+ + +R NO NADH H R NHOH NAD
k

k

1

1

(4)  

Thus, in the presence of electro-acceptor substituents in the mole
cule, k1 ≫ k−1, generating the hydroxylamine derivative that is oxi
dized again at this potential. This process ends when the NADH oxi
dation is completed. This is the case for the 2,7-NFN species which 
contains two electron-acceptor groups, and therefore a single oxidation 
peak for the hydroxylamine derivative generated in the processes de
scribed in Eqs. (2) and (4) is observed in the oxidation scan. 

By contrast, 2-NF does not contain an electron-accepting group, so 
that k1 ≪ k−1, and therefore no electrocatalytic effect is observed. 

For the 2-NFN and 2,7-NF molecules, which contain only one 
electron-acceptor group (carbonyl and unreduced nitro, respectively), 
additional energy is necessary to oxidize the NADH, and it is observed 
that the oxidation of NADH occurs at potentials between that of hy
droxylamine and that of NADH without a redox mediator. 

4. Conclusions 

The results demonstrate that 2,7-NFN/MWCNT/GCE shows both the 
lowest mediator redox couple potentials and the highest persistence at 
the electrode, giving rise to its enhanced electrocatalytic activity for 
NADH oxidation. The lowest mediator redox couple potential effect can 
be explained by the electronic effects of the nitro and C]O groups. On 
the other hand, the highest persistence at the electrode is a consequence 
of substitution by two nitro groups and one C]O group, which affects 
the π-π stacking interaction strength, allowing greater binding between 
the redox mediator and the nanostructured electrode platform. 

Consequently, the nitro group has a triple effect: it acts as a pre
cursor of the mediator redox couple for NADH electrocatalysis; en
hances the π-π stacking interaction with the electrode; and also acts as 
an electron-acceptor substituent promoting the electrocatalysis of 
NADH. 

Thus, modification of the substituents on a nitroaromatic compound 
trapped in the nanostructured platform makes it possible to tune the 
electrocatalytic effect of the nanostructured electrode platform. 
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