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Abstract

Due to the rapidity and the effectiveness of the method, the reduction of diazonium salts has
been widely used to functionalize electrodes for sensor applications. However, the resulting
organic film usually designed to provide complexing capabilities for the species to be
determined could affect the sensor properties. The electrochemical reduction of 4-
methoxybenzene diazonium salt on graphite felt that leads to the formation of an organic film
with unexpected high affinity for copper ions is presented. This property combined with a
flow electrochemical system led us to achieve a sensitive sensor for copper detection, with

good selectivity towards some common interferent ions.

Keywords: sensor, graphite felt, diazonium salts, copper, flow

1. Introduction

The functionalization of surfaces by reduction of diazonium salts has known a growing
interest due to the versatility and rapidity of the method, which leads to strong covalent bonds
between a wide range of functionalized molecules and surfaces [1, 2]. As the mechanism

involves the formation of highly reactive aryl radicals, multilayers are usually obtained by
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reaction of the radicals on already-grafted aryl species [3]. The resulting organic layer brings
new properties to the covering substrate, leading to applications in many areas such as
corrosion [4], insulating material [5] and catalysis [6]. It has also been widely used in the
fabrication of sensors and biosensors [7-9]. Since the reduction of diazonium salts is easily
performed electrochemically, it has been fully exploited to prepare chemically modified
electrodes (CMEs) for electroanalysis. A particularly interesting area in CMEs is the
preconcentration of analytes at the electrode surface for trace analysis. Various CMEs with
functional groups interacting specifically with heavy metals have been prepared to
preconcentrate them at the electrode surface before their analysis by stripping voltammetry. In
this specific area, only a few articles deal with electro-assisted methods [8-10]. Thus, covalent
immobilization of oligopeptides by diazonium salt reduction on GC electrode has been
reported for the detection of copper [9]. Comparison with the same peptide ligand
immobilized by thiol links on gold led the authors to conclude that the performance of the
sensor is dominated by the receptor rather than the grafting method.

However, an important issue is still the effect of the multilayer film on the response of the
sensor. The reduction of 4-methoxybenzene diazonium salt (4-MeOBDS) on a graphite felt
electrode leading to the formation of an organic film with high affinity for copper ions is
presented. This property combined with a preconcentration performed in a flowing system
allowed the achievement of a Cu?* sensor with high sensitivity and good selectivity towards

some common interfering ions.

2. Experimental section

The graphite felt (RVG 4000) was obtained from Mersen (France). All the chemicals were
purchased from Acros or Aldrich. All solutions were prepared with ultrapure water (18.2 MQ,
Millipore Simplicity). All glassware and flow reactor were rinsed with a 10% HNO3 solution

followed by ultrapure water before use to avoid metal contamination.
2.1. Preparation of the modified electrodes

1 eg. of NaNO, was added to a solution of 100 mg of p-anisidine or p-toluidine in 100 mL of
degassed 0.5 M HCI (8 x 10° mol L™) in a divided flow cell fitted with a graphite felt
electrode (48 mm diameter, 6 mm thickness) located between two counter electrodes [6] at —
0.2 Vsce for 10 min under nitrogen (3 mL.min™). Then the derivatized graphite felt was

ultrasonicated 4 times in deionized water for 15 min.
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2.2 Electrochemical analysis

Copper ions were accumulated at the electrode (0.5 cm®) at open circuit potential by flowing
an aqueous solution of copper(ll) chloride (volume: 100 mL) through the electrode in a flow
reactor using a peristaltic pump (Minipuls 3, Gilson) at 20 + 1°C (flow rate: 8 mL min™) [10].
The electrode was then removed and transferred to a standard cell for LSSV (linear sweep
stripping voltammetry) analysis in 0.5 M NaBF, (selected conditions: reduction at —0.5 Vsce
for 5 min and then the potential was varied from —0.5 to 0.8 Vscg). These experiments were
carried out using a VersaSTAT3 AMETEK Model (Princeton Applied Research)
potentiostat/galvanostat with a platinum sheet auxiliary electrode, a saturated calomel
reference electrode and the graphite felt sample (0.5 cm®) fixed to a platinum wire. Scan rate:
0.1Vs?!

2.3. Real sample analysis

An oral solution containing copper (Oligosol from Labcatal) was used for these experiments.
Using the declared concentration in copper (725.2 pug Cu?*/2 mL oral solution), a solution of 5
x 10 of copper in ultrapure water was prepared by diluting the Oligosol solution. It was
analyzed by the procedure described above, giving rise to an electrochemical signal due to the
presence of copper in the Oligosol solution. The concentration of copper was then determined
by the standard addition method (n = 3).

3. Results and discussion

The derivatization of the graphite felt was achieved by electrochemical reduction of 4-
MeOBDS prepared in situ at - 0.2 Vsce in 0.5 M HCI for 10 min in a flow cell. 4-
Methylbenzene diazonium salt (4-MeBDS) was grafted in the same conditions for
comparison. The passivation of the graphite fibers modified with aryldiazonium salts was
investigated by cyclic voltammetry using potassium ferricyanide as a redox probe. Fig. 1A
shows a cyclic voltammogram of potassium ferricyanide before and after modification with

the aryldiazonium salts.

Figure 1



After the modification of the surface, a blocking effect was observed with a significant
decrease of the redox peaks of ferricyanide, attesting the presence of a molecular layer on the
graphite fibers.

The electrode modified with 4-MeOBDS was used for copper detection. The analytical
method was performed in two steps. The preconcentration of copper on the modified
electrode was first carried out in a flow reactor at open circuit. Then, the felt was transferred
in a standard three-electrode cell and analyzed by linear sweep stripping voltammetry (LSSV)
in a 0.5 M aqueous solution of NaBF,. Trapped Cu® ions were first reduced and then the
potential was shifted in anodic direction, leading to the apparition of a well-defined peak at
0.06 Vsce (Fig. 1B).

The analytical conditions were studied. The highest electrochemical signal was obtained with

a deposition potential of —0.5 Vsce (Fig. 2A).

Figure 2

Reduction at more cathodic potentials led to lower electrochemical responses, due to the
competition with water reduction. Different times for the reduction step were also tested (Fig.
2B). After 5 min, the electrochemical signal seems to reach a plateau, corresponding to the
total reduction of copper trapped into the electrode. These analytical conditions (reduction at
—0.5 Vsce for 5 min) were then used in the following experiments.
The preconcentration step was then investigated. The flow rate did not influence the
electrochemical signal at > 8 mL min™ (Fig. 2C). This value was kept in the following
experiments. The complexation on the graphite felt electrode was then performed with
different volumes of a 10”7 M copper solution at 8 mL min™ (Fig. 2D). The electrochemical
signal increased with the volume of the copper solution percolated through the electrode,
without reaching a plateau. In order to shorten the analysis time, the equilibrium was not
reached and a volume of 100 mL was used.
The preconcentration step was then performed, according to these conditions, with a volume
of 100 mL at 8 mL min™ in the following experiments, giving rise to a total analysis time of
18 min. It is noteworthy that it was not necessary to wash the graphite sample between the
preconcentration of Cu** on the electrode and the LSSV analysis for concentrations lower
than 5 x 107 mol L™, since no electrochemical signal was observed by LSSV analysis in a
three electrode cell for copper concentrations lower than 5 x 107 mol L™.
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The same analysis was performed with the felt modified by 4-MeBDS. Interestingly, the
electrochemical signal corresponding to the stripping of copper (Fig. 1B) was not observed,
underlying the accumulation properties of the methoxyaryl film.

The dependence of the copper signal on the concentration of the analyzed solution is given in
Fig. 3A.

Figure 3

The curve is nonlinear as expected for an accumulation step by complexation [11]. The
plateau corresponding to the maximum of copper loading in the electrode was not reached in
this range of concentrations. Solutions with higher concentrations of copper were not
investigated to avoid problems linked to the introduction of a supplementary washing step.
The highest value obtained for the electric charge corresponds to a volume concentration of
copper around 6 x 10™° mol cm™. This value is 10 to 100 times lower than volume
concentrations usually obtained with modified graphite felt electrodes [6, 10], suggesting that
the maximum of coverage is not reached and that species responsible for the accumulation of
copper ions are in small amount in the organic film. The lowest concentration giving rise to a
measurable signal was 5 x 10”° mol L™,

The value is much below the European drinking water guidelines for copper set at 1.6 x 10
mol L. It is also in the same order as values given recently in literature such as 10° mol L™
for a cyclam-functionalized silica-modified electrode [12] and 5 x 10° mol L for a
poly(pyrrole-malonic acid) film modified carbon electrode [13] with accumulation times
between 10 and 30 min.

The selectivity of the porous sensor for Cu®* was investigated in the presence of some
common metal ion interferents Pb?*, Fe?*, Cd*, Ni**, Zn?** and Co?" in the same
concentration. A solution of Cu** (107 mol L™) and interferent ion (107 mol L™) was
percolated through the porous electrode. The electric charge measured for each experiment is
given in Fig. 3B. The electrochemical signal is almost constant for Fe?*, Zn** and Ni**, and a
slight decrease was observed for Pb®*, Co®* and Cd?*".

In order to evaluate the performance of the novel flow sensor, the determination of Cu** was
carried out in a food supplement containing copper (5.7 x 10° mol L™). The concentration
value of Cu®* determined by the standard addition method, was 5.5 + 0.9 x 10° mol LY,

suggesting that the analytical method can be used for the analysis of Cu?* in real samples.
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Since the methoxy group does not have good coordination properties for Cu®, it is unlikely
that the accumulation of copper in the film would be only due to the complexation of Cu®* on
MeO groups. The presence of azo species (-N=N-), resulting from the chemical reaction
between diazonium ions and already grafted methoxyphenyl groups [14] could help the
complexation of copper ions in the film. Since electrodes modified with 4-MeBDS did not
show any complexation properties, the methoxy group could either help the coordination of
copper, or turn the deposition properties of the film and influence the amount of azo groups.

4. Conclusion

Reduction of 4-MeOBDS on graphite electrodes led to the formation of an organic film with
high affinity for copper ions. This interesting property led us to achieve a sensitive flow
sensor based on this modified electrode. The derivatization of the electrode is easy and the
sensor does not require long-time preparation. The nature of the para substituent on the
phenyl ring could influence the mechanism of film deposition and the formation of azo
groups, which could be at the origin of the accumulation properties of the organic film. If the
reduction of diazonium salts is a very interesting method to functionalize electrodes, it is
worth noting that the resulting film can have intrinsic properties, due to the presence of azo

groups inside the film.
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Figure captions

Figure 1: A) Cyclic voltammograms at graphite felt electrode of Ks[Fe(CN)s] in 0.5 M
phosphate buffer pH=7 before ( — ) and after grafting of 4-MeOBDS (----) and 4-MeBDS
(....) B) Voltammogram obtained by LSSV (-0.5 V for 5 min), of trapped copper (100 mL of
a 107" M solution) on an electrode modified by 4-MeOBDS (—) and 4-MeBDS (------ ). 0.1V

S-l

Figure 2: Investigation of the analytical parameters A) Electric charge measured by LSSV
analysis at different reduction potentials of a 10® M solution of copper in 0.5 M NaBF, with a
reduction time of 3 min B) Electric charge measured by LSSV analysis of trapped copper
ions, in optimal conditions, upon varying the reduction time C) Influence of the flow rates on
the electric charge due to trapped copper, measured by LSSV analysis (the preconcentration
step was performed with 250 mL of a 107 M copper solution) D) Influence of the volume of
copper solution (107 M) used for the preconcentration step on the electric charge of copper
measured by LSSV analysis. Error bars are based on at least two reproducibility

measurements.



Figure 3 A) Calibration curve determined by LSSV analysis on the 4-MeOBDS-modified
electrode as a function of Cu®* concentration. B) Electric charge of trapped copper in the

presence of interferents. Error bars are based on two or three reproducibility measurements.
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Figure 2

80 ' T T | ' | L ! It | ! | ' I ' | ! | ' I

404 ™® 4 ]

Electric charge / nC
HElH

AN
o o
1 . I .
1
1

-0.6 -0.4 -0.2 0 2 4 6 8
Potential / V Time / min

240 - (:' T : E) I

210 - i + A
Q 180- i I

120 - i + ]

-
O
o

I

l

I

Electric charge /

w o O
o O © o
| T I R T |
1 —l—
|
i
|

y T T Y T Y T T T T T T
0 10 20 30 400 200 400 600
Flow rate / mL Volume / mL min'1



Figure 3

140 -

120 -

—_

(0] o

o o
l l

40

Electric charge / uC
(0))
o

20 -

04

Ref

24 24 24

Pb’lIFe™ Izn’1|Ni

HH

2
Co°]

24

e—t-

| y | :
0.0 0.5 1.0

Concentration x 107 / mol L~

10

1

Interferent ions




