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bstract

In this work, a new analytical protocol for the selective recognition of NO is described. The mediated reduction of NO by ferrocene forms the
asis of analysis. The formation of blue ferrocenyl cation formed as the intermediate during the mediated reduction of NO is confirmed by spectral

ethod and by generating the blue ferrocenyl cation by the chemical oxidation of dichromate in sulphuric acid. The formation of paramagnetic

errocenyl cation is an interesting feature of this work. Four different methodologies have been followed to incorporate the ferrocene molecules
nto the gold electrode surface. The four modified configurations have been evaluated for the selective sensing of NO.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Biologically NO was first characterized as an endothelial
erived relaxing factor (EDRF) [1], which is being synthesized
ithin endothelial cells of the blood vessels. Direct specific
etection of NO in vivo is now a necessity for studying the
ole in the physiological processes. Methods actually used for
easuring NO in biological systems are very difficult because

f its low stability and high fugacity. In fact NO is easily oxi-
ized by O2 to nitrite (NO2

−) and most of the measurement
echniques of NO release have involved indirect chemical detec-
ion of the oxidation products removed from biological media.
ow amperometric microelectrode probes have been developed

o detect NO and the use of electrochemistry is very promising.
asically two approaches are normally used. The first approach

s the direct oxidation of NO on electrode surfaces like Pt with a
embrane coating like Nafion [2] or cellulose acetate or chloro-

rene by dipping procedure to prevent interference of anions [3].
he second approach is the electrocatalytic oxidation of NO by
etalloporphyrin [4] and other catalysts [5].
Electrocatalytic reduction of NO by metal complexes is
nother alternative interesting approach which is already done
ith metal complexes like metal porphyrin (Mn, Co and Fe)

6], Fe-phenanthroline [7] or pyridine and EDTA complexes,
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ransition metal substituted heteropolyanions [8,9] or bipyridyl.
lectrochemical reduction can be considered more advanta-
eous in the sense that the interferents of biological origin like
scorbic acid, uric acid will not interfere on the cathodic side.
elective reduction over NO2

− is possible since NO2
− under-

oes reduction only at high negative potentials.
In this work, we use a new electrocatalyst, ferrocene (Fc)

or the electrochemical detection of NO (Fig. 1). Ferrocene is
xidized to ferrocenyl cation (Fc+) and NO is reduced to NO−,
hich regenerates ferrocene. The formation of blue ferrocenyl

ation formed as the intermediate is confirmed by chemical oxi-
ation of ferrocene by dichromate. Ferrocene is introduced on to
he electrode surface by four different methodologies and each
onfiguration is evaluated for the detection of NO.

Electrochemical recognition of NO is based on the medi-
ted reduction of NO by ferrocene, which forms the basis of
etection. Ferrocene is the molecular recognition unit. The four
ifferent configurations are as described below:

. Au/ferrocene + Nafion (A);

. Au/ferrocene + hydroxy propyl-�-cyclodextrin (CD) +
Nafion (B);

. Au/mercaptoundecanoic acid (MUA)/ferrocene carboxylic
acid (FCA)/Nafion (C);
. Au/MUA/ferrocene + CD/Nafion (D).

ll the four configurations have been evaluated for the analysis
f NO.

mailto:sheelaberchmans@yahoo.com
dx.doi.org/10.1016/j.electacta.2006.05.058
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Fig. 1. Scheme showing the electrocatalytic reduction of NO with ferrocene:
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a) directly incorporated on the electrode surface and (b) ferrocene complexed
ith hydroxy propyl-�-cyclodextrin incorporated on the electrode surface.

. Experimental

.1. Chemicals and reagents used

Sodium nitrite (AR, Merck), sulphuric acid (AR, Merck),
errocene, Fc (Aldrich), hydroxy propyl-�-cyclodextrin, CD
Cerester, USA), ethanol were used as received.

The gold electrode was cleaned and standardized as described
arlier [10]. The surface of gold electrodes needs proper pre-
reatment to get a smooth and reproducible surface. The surface
leanliness is checked by recording cyclic voltammograms in
.5 M H2SO4 which exhibits peaks corresponding to gold oxide
ormation and reduction. Further the electrode is checked by
ecording cyclic voltammogram for the standard redox species
errocyanide anion. The appearance of reversible voltammo-
ram with a peak separation of 59 mV is considered as another
riterion for the surface cleanliness. The electrodes thus checked
re used for further investigations and the electrodes are said to
e standardized for further use.

The four configurations of the electrode were prepared by
ollowing the modification procedures given below.
.1.1. Au/ferrocene + Nafion-modified electrode (A)
The standardized electrode was coated with a drop of 2 mM

errocene in ethanol + 1% Nafion mixture and allowed for cur-
ng for 1 h. The modified electrode surface was used for further
xperiments.

w
B
d

ochimica Acta 52 (2006) 567–574

.1.2. Au/ferrocene + CD + Nafion-modified electrode (B)
The standardized electrode was coated with a drop of a mix-

ure of 2 mM ferrocene + 5 mM CD + 1% Nafion mixture. The
lectrode was allowed to dry for 1 h and then used for further
xperiments.

.1.3. Au/MUA/ferrocene carboxylic acid/Nafion
ixture-modified electrode (C)
The standardized gold electrode was dipped in ethanolic solu-

ion of 1 mM MUA for overnight then rinsed with ethanol and
ipped in a mixture of 200 �M methyl morpholine + 200 �M
thyl chloroformate in 2 ml DMF for 20 min for covalent bond-
ng. The electrode was then rinsed with ethyl acetate and dipped
n 3 ml of ethanolic mixture of 2 mM ferrocene carboxylic acid
or 45 min. The electrode was then taken out after the dip time
insed with ethanol and coated with a drop of 1% Nafion and
llowed for drying. The electrode thus modified was used for
urther experiments.

.1.4. Au/MUA/ferrocene + CD/Nafion mixture-modified
lectrode (D)

The standardized gold electrode was dipped in ethanolic solu-
ion of 1 mM MUA for overnight then rinsed with ethanol and
ipped in a mixture of 200 �M methyl morpholine + 200 �M
thyl chloroformate in 2 ml DMF for 20 min for covalent bond-
ng. The electrode was then rinsed with ethyl acetate and dipped
n 3 ml of ethanolic mixture of 2 mM Fc + 5mM CD mixture
or 45 min. The electrode was then taken out after the dip time,
insed with ethanol and coated with a drop of 1% Nafion and
llowed for drying. The electrode thus modified was used for
urther experiments.

The principle of surface modification is based on two dif-
erent approaches: a monolayer and a multilayer approach. In
he first two cases the mediator ferrocene is mixed with Nafion
olution and a thin film is cast on the surface by allowing a
rop of the solution to evaporate on the surface. The essen-
ial difference between these two methods is that in the first

ethod ferrocene solution in ethanol (Fc) is directly mixed with
afion solution and in the second method ferrocene is com-
lexed with hyroxypropyl-�-cyclodextrin (Fc + CD) and then it
s mixed with Nafion solution. Third and fourth methods involve
ovalent linking of ferrocene carboxylic acid and a solution of
c + CD to a self-assembled monolayer of mercaptoundecanoic
cid (MUA). The carboxylic acid groups of MUA were acti-
ated by adding methyl morpholine and ethyl chloroformate.
ethyl morpholine is added to generate the carboxylate anion
hich then reacts with ethyl chloro formate to give mixed anhy-
ride which subsequently reacts with carboxyl groups of FCA
r hydroxyl groups of �-cyclodextrin complexed with Fc to give
n anhydride and ester linkage, respectively [11–14].

.2. Preparation of standard solution of NO
Saturated NO solution is prepared [15] in a closed system
hich is rigorously excluded from the presence of any oxygen.
y means of a dropping funnel concentrated H2SO4 is slowly
ropped into a solution of NaNO2. The generated gaseous NO
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ig. 2. Cyclic voltammograms representing the response of ferrocene-modified
t ambient temperature in 0.5 M sulphuric acid (pH 2). (A) (a) 5, (b) 10, (c) 20,
C) (a) 50, (b) 100, (c) 200, (d) 300, (e) 400 and (f) 500; (D) (a) 50, (b) 100, (c)

s bubbled through 5 ml triply distilled water in a glass cell
quipped with an inlet to obtain a saturated and oxygen free
O solution with a final concentration of 2 mM. The bubbling
as continued till the generation of NO gas is complete.
The cyclic voltammograms were recorded using Wenking LB

5L potentiostat, Wenking VSG 72 voltage scan generator and
ikadenki X-Y recorder.

. Results and discussion

Fig. 2A–D show the cyclic voltammetric response of modi-
ed electrode for the configurations A–D. It shows the features
f electrochemical response for surface-modified ferrocene at
ifferent scan rates. With scan rate variation �EP values also

ary. In all the cases EFWHM > 90.6 mV. Hence, the situation
orresponds to that of destabilizing/repulsive interactions. Non-
ero �EP corresponds to relative lowering of electron transfer
inetics.

f
N
T
n

odes for the four modified configurations (A–D) at different scan rates in mV/s
, (e) 100, (f) 400 and (g) 500; (B) (a) 50, (b) 100, (c) 200, (d) 300 and (e) 400;
(d) 300 and (e) 400.

Fig. 3A–D represents the peak current versus scan rate varia-
ion for the different electrode configurations used in this work.
rom the figures it is seen that the peak current varies linearly
ith scan rate in the case of C and D configurations. In the

ase of A and B the current is proportional to the square root
f scan rate. Though all the cases represent surface processes,
.e., ferrocene electron transfer immobilized on the surfaces, the
ifference arises due to thickness factor arising due to differ-
nt modifications. In the case of A and B, the thickness will
e greater than a monolayer. In the case of C and D ferrocene
olecules are covalently linked to the electrode surface through
monolayer. Hence, diffusion limitations in the film make the
rocess diffusion-dependent.

Fig. 4A–D shows the electrocatalytic reduction of NO (g)

or various concentrations on the modified electrode A–D.
O is electrocatalytically reduced on the modified electrode.
he oxidation current on the reverse scan is absent. This phe-
omenon indicates some follow-up chemical reaction occurs.
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he cathodic current increases with increase in concentration
f NOg.

Fig. 5 represents the amperometric curve recorded for elec-
rode configuration A for different additions of NO. The exper-
ment was conducted at a constant potential of −0.380 V. Each
ddition corresponds to 0.6 × 10−4 M of NO. The current due
o electrocatalytic reduction of NO increases with increase in
oncentration of NO. This method is of interest for practical
pplications of this analytical procedure.

Fig. 6A–D represent peak current (ip) versus concentration
raph for the modified electrodes A–D. Linear relationship is
bserved in all the cases.

In all the results mentioned above basically four different
odification procedures have been employed to incorporate fer-

ocene onto the electrode surface. The modification has been
onfirmed by the cyclic voltammograms representing the near
eversible features of ferrocene electron transfer (Fig. 2A–D)
n all the cases EFWHM > 90.6 mV. Non-zero �EP corresponds
o relative lowering of electron transfer kinetics. The situation
orresponds to that of destabilizing/repulsive interactions. The
easons are: in an ensemble of attached species slight variation

n surface structure during solvation causes a narrow spectrum
f E′

0 surface value rather than a unique value [16]. Surface
ctivity coefficients vary with coverage �0 and �R [17]. Anson
roposed “interaction parameters” that are responsible for nar-

w
p
m
o

A–D) modified with ferrocene in 0.5 M sulphuric acid at ambient temperature

owing down or broadening of peaks. Broadening of peak is
ue to surface immobilized species with repulsive or destabi-
izing interaction and narrowing down of peaks < 90.6 (EFWHM)
s due to attractive interaction between the species. The peak
urrent (Fig. 3A–D) dependence with scan rate varies with
he nature of the modification procedure. The configurations C
nd D represent a monolayer of MUA funcionalised with fer-
ocene carboxylic acid and Fc + CD. Hence, the electron transfer
bserved corresponds to a surface process and peak currents are
roportional to scan rate. In the case of A and B the peak currents
re linearly proportional to square root of scan rate indicating
urface effects within the multilayer films.

The mechanism for the reduction of NO is proposed as fol-
ows:

c+ + e− ↔ Fc (electron transfer reaction) (1)

c + NO ↔ Fc+ + NO− (chemical reaction) (2)

uring the reduction scan the ferrocenium ions are reduced
t the electrode surface. The NO molecules oxidize the fer-
ocene molecules to Fc+ ions and itself gets reduced to NO−

hich causes the increase in reduction current when NO is
resent. Since NO molecules chemically oxidize the ferrocene
olecules, during the reverse scan no Fc species is available for

xidation. Hence, the reverse current becomes very insignificant.
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Fig. 4. Electrocatalytic reduction of NO gas at 50 mV/s for different concentrations
2.23 × 10−4 M and (f) 2.71 × 10−4 M for the four modified electrode configurations

Fig. 5. Amperometry recorded at −0.380 V for different additions of NO. Each
addition corresponds to 0.61 × 10−4 M. An arrow represents one point of addi-
tion. The electrode configuration A (Au/ferrocene + Nafion) was used for the
analysis in 0.5 M sulphuric acid (pH 2).
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of NO: (a) 0 M, (b) 0.61 × 10−4 M, (c) 1.18 × 10−4 M, (d) 1.72 × 10−4 M, (e)
(A–D), respectively, in 0.5 M sulphuric acid at ambient temperature (pH 2).

.1. Identification of the chemical step

The chemical step in the EC mechanism is identified as fol-
ows:

O + Fc → Fc+ + NO− (3)

he formation of NO− intermediate has been reported already
18]. NO has an odd number of valence electron and forms nitro-
yl ion (NO+) by losing one electron and forms nitroxyl anion
NO−) by acquiring an electron. Although the chemistry of NO
nd NO+ is well documented, that of NO− is still sketchy due
o its instability and short life under normal experimental con-
itions. Ferrocenyl cations are known to exist in blue colour.

he formation of blue coloured ferrocenyl ions was verified
y chemical oxidation. When a solution of Fc is treated with

O containing solution, the solution turns blue colour [19]. The
lue colour of the ferrocenyl cations is confirmed by chemi-
ally oxidizing ferrocene in presence of K2Cr2O7 + H2SO4. This
xperiment clearly confirms that ferrocenyl cations are gen-
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ig. 6. Linear plots observed for the four configurations (A–D) for different con
t ambient temperature (pH 2).

rated by the chemical reaction. The formation of ferrocenyl
ation is also confirmed by taking UV spectrum of the blue
oloured solutions The spectra showed the presence of maxi-
um at 618 nm in both the cases (blue coloured solution formed

y treating ferrocene with NO in acidic medium and ferrocene
xidized by dichromate ions in acidic solution).

.2. Selective recognition of NO in presence of NO2
−

In these investigations NO is chemically liberated and a stock
olution was then analyzed in a highly acidic solution (pH 2).
he same behavior is obtained when NaNO2 solution is tested

n acidic medium. The acid dissociation constant of HNO2 is
.1 × 10−4 and its pKa = 3.3. HNO2 is the reactive form of nitrite
t pH < 3 while NO2

− acts as the reactive form at pH > 3. NO2
−

an disproportionate in acidic solution as follows:

+ + 2NO + NO3
− + H2O ⇔ 3HNO2; K = 1.1 × 1020

(4)

he rate of this is slow [8] and the aqueous solubility of NO
s only 2 mM under normal pressure. Oxygen will not be an

nterferent as oxygen reduction occurs at high over potentials
n gold surface. NO undergoes reduction mediated by ferrocene
hose value is sufficiently lower hence there is no question of
xygen interference. This makes this method more promising.

s
o
t
r

ations of NO gas with respect to the reduction currents in 0.5 M sulphuric acid

In the present investigation selective recognition of NO over
O2

− is claimed due to the following:

. In the entire configuration the presence of Nafion layer pre-
vents the entry of negatively charged species.

. In acid solution due to disproportionation, NO formed reacts
with Fc to give Fc+ and NO−.

. In pH 7.0, no response is observed because of the presence
of NO2

−.

. Maximum detection limit achieved

The maximum detection limit of 0.1 × 10−4 M is achieved
y cyclic voltammetric studies and a detection limit of
.3 × 10−6 M or 300 nM is reported by DPV studies. In bio-
ogical situations, the concentration of NO is in the order of nM.
he detection limit reported in this work is based on the config-
rations A and B. In these two configurations the concentration
f ferrocene in the modified electrode is 2 mM. The current due
o the oxidation of ferrocene species in the modified electrode
ill be few microamperes. In order to detect nanomolar con-

entrations, which will give, raise to currents of the order of

ub-microampere range in presence of this 2 mM concentration
f ferrocene is difficult. Hence, work is in progress to improve
he detection limits by decreasing the concentration of the fer-
ocene in the modified electrode and by using systems that can



T. Mary Vergheese, S. Berchmans / Electrochimica Acta 52 (2006) 567–574 573

Table 1
Performance characteristics of different analytical procedures reported in the literature

Serial
number

Electrode material Modifier Detection range Technique Detection
mechanism

Reference

1 Carbon fiber (a) Nafion; (b) Nafion + Ni
porphyrin

1 nM to 40 �M Differential pulse
amperometry

NO oxidation [23]

2 Carbon fiber Poly(N-methyl pyrrole) + iron
substituted keggin type hetero
polyanion

10−7 M to 10−3 M;
sensitivity
2.65 ± 0.15 nA/�M

DPV (analysis of NO
in rat brain)

NO oxidation [24]

3 Pt disk electrode Pyrrole functionalised Mn(II)
trimethoxy carboxy
phenylporphyrin

Not given Pulse technique (NO
release from
endothelial cells)

NO oxidation [15]

4 Pt electrode Pyrrole functionalised Mn(II)
trimethoxy carboxy
phenylporphyrin

Up to 10−7 M DPV NO oxidation [25]

5 Carbon fiber Ni-porphyrin in orthophenylene
diamine

35 ± 7 nM Amperometry NO oxidation [26]
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Platinized platinum Nil Sens
Gold Ferrocene 0.1 ×

ense currents of the order of nanoamperes. Further the use of
icroelectrodes will also improve the sensitivity and detection

imits of the method.
It is difficult to compare our results with the existing litera-

ure, because our method is unique and the ferrocene mediated
eduction of NO has been reported for the first time. Electrocat-
lytic reduction of NO has been already reported in presence of
ater soluble iron and manganese porphyrins [20,21]. In these

eports nitrite reduction at pH < 3 is investigated, since nitrite
ecomposes to NO under acidic conditions as given in Eq. (4),
he reduction occurs in two stages. In the first step an electron
s transferred to the metal centre, which on further reduction
eads to the formation of NH3 and other products. In these two
eports, only the mechanism of reduction of NO has been inves-
igated and the analytical utility of the method is not discussed.
O reduction on gas diffusion electrodes [22] has revealed the

ormation of NH3 and N2 as reduction products depending upon
he electrode material. Some of the literature results discussing
he analytical protocol for sensing NO gas and our results are
ompiled in Table 1.

The table clearly shows that all the analytical procedures have
een based only on the oxidation of NO. Our results discuss
bout the analytical procedure for sensing NO based on the elec-
rochemical reduction.

Nitric oxide is a stable free radical with the unpaired elec-
ron in this molecule residing in a �* molecular orbital. This
lectronic configuration explains the high reactivity of the NO
olecule, in particular the ease of oxidation to the nitrosonium

on (NO+), the probability of reduction to the nitroxide ion
NO−), the facile attack by oxygen leading to the formation
f NO2, and reaction with halogens (X2) affording XNO. NO−
s isoelectronic with O2, having a triplet ground state. The redox
otential for the reversible process NO ⇔ NO+ + e− is strongly
olvent-dependent, and in water it is pH-dependent [28–30]. The

eduction of NO to triplet and singlet NO− has been quoted as
ying between +0.39 and −0.35 V versus NHE, but a recent
aper [18] has substantially and authoritatively revised these
ata to −0.8 ± 0.2 V for 3NO− and −1.7 ± 0.2 V for 1NO−,

l
o
d
i

1.3 nA/nM Amperometry NO oxidation [27]
4 M and 300 nM CV and DPV NO reduction This work

espectively, indicating that singlet NO− is inaccessible phys-
ologically. From our results, it has been proved chemically,
lectrochemically and by UV absorption that Fc+ is formed as
he intermediate. This indicates the formation of NO− as a result
f electron transfer from ferrocene. Hence, E0 for NO reduc-
ion must be more positive than E0value for Fc/Fc+ conversion.
he E0 value for ferrocene is reported as 400 mv versus NHE

31]. Our values of E0′ calculated from Epa + Epc/2 range from
95 ± 5 mV versus NHE for electrode configurations A, B, D
o 380 ± 5 mV for the electrode configuration C, respectively. A
iscrepancy of nearly 100 mV, observed in the E0′ value of the
lectrode configurations A, B and D is due to the derivatisation
rocess. Ferrocene is linked to the electrode either after com-
lexation with CD or through a multilayer of FC + Nafion. In the
ase of configuration D ferrocene carboxylic acid is covalently
inked to a monolayer of MUA. Hence, the E0′ value nearly coin-
ides with the standard electrode potential. Eq. (3) suggests that
O− reduction potential should be more positive than this value.

n that case the value of +0.39 V seems to be the right value for
NO reduction. The revised value of −0.8 V is reported for pH
.0. However our values correspond to pH 2.0. The pH differ-
nce may explain the discrepancy or apparent contradiction with
he revised values.The suggested mechanism of reduction is:

c + H2SO4 + NO ⇔ Fc+HSO4
− + H+ + NO− (5)

O− + H+ ⇔ HNO (6)

ince Fc+ formation has been confirmed, NO− reduction is sug-
ested to proceed at a potential close to Fc/Fc+ conversion at pH
.0.

This work has demonstrated the selective sensing of NO in
resence of NO2

− by making use of the mediator ferrocene
olecules. The sensing is based on electrochemical reduction,
hich eliminates the interference effects of biological species
ike ascorbic acid, dopamine, uric acid, etc. The detection limit
btained is in the order of hundreds of nanomolar level. Four
ifferent electrode modification procedures have been evolved
n this work for the incorporation of ferrocene onto the electrode
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urface. The modified electrodes are found to be very stable. The
afion layer takes care of interference from anionic species and

hey also enhance the stability of the films. The electrodes can
e used for nearly six to eight times without much reduction in
he current output values and without leaching problems. The
aramagnetic blue ferrocenyl cation formed as the intermediate
as been proved by comparing the reaction of ferrocene with
otassium dichromate.
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