N

N

Specific electrochemical sensor for cadmium detection:
Comparison between monolayer and multilayer
functionalization
Gaél Levanen, Awatef Dali, Yann R. Leroux, Teodora Lupoi, Stéphanie
Betelu, Karine Michel, Soraya Ababou-Girard, Philippe Hapiot, Ikram
Dahech, Cecilia Cristea, et al.

» To cite this version:

Gagél Levanen, Awatef Dali, Yann R. Leroux, Teodora Lupoi, Stéphanie Betelu, et al.. Specific elec-
trochemical sensor for cadmium detection: Comparison between monolayer and multilayer functional-
ization. Electrochimica Acta, 2023, 464, pp.142962. 10.1016/j.electacta.2023.142962 . hal-04205041

HAL Id: hal-04205041
https://brgm.hal.science/hal-04205041
Submitted on 18 Sep 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://brgm.hal.science/hal-04205041
https://hal.archives-ouvertes.fr

Specific electrochemical sensor for cadmium detection: comparison

between monolayer and multilayer functionalization

Gaél Levanen 9, Awatef Dali * ™ 9, Yann Leroux 2 Teodora Lupoi *°, Stephanie Betelu ¢,
Karine Michel ¢, Soraya Ababou-Girard ¢, Philippe Hapiot ?, Ikram Dahech ?, Cecilia Cristea

¢, Bogdan Feier ©, Florence Razan ', Florence Geneste

#Univ Rennes, CNRS, ISCR, UMR 6226, F-35000 Rennes, France

b Laboratoire des Sciences et Technologies de I'environnement (LSTE), faculté des sciences
exactes, département de Chimie, Université des freres Mentouri Constantine 1, Algeria

¢ “Iuliu Hatieganu” University of Medicine and Pharmacy, Faculty of Pharmacy, 4 Pasteur str,
400012 Cluj-Napoca, Romania

¢ BRGM (French Geological Survey), 3 Avenue Claude Guillemin, 45060 Orléans Cedex 2,
France

¢ Univ Rennes, CNRS, IPR — UMR 6251, F-35000 Rennes, France

"ENS Rennes, SATIE, UMR-CNRS 8029, Campus de Ker Lann 35170 Bruz, France.

9 Equally contributing

Keywords: electrografting, cadmium detection, electrochemical sensor, diazonium salts,

monolayer

Abstract
Selective and sensitive cadmium sensors were prepared by functionalizing glassy carbon
electrodes (GCE) using the electrochemical reduction of p-benzoic acid diazonium salts

according to either a multilayer or a monolayer coating process. Such modified electrodes
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were then post-functionalized with 1,2-bis-[o-aminophenylthio]ethane (APTE) or its
monoprotected derivative leading to specific Cd®* electrochemical sensors. The step by step
preparation of the electrodes as well as the ability of the immobilized receptor to complex
Cd?* was investigated by XPS and Raman spectroscopy. The detection and quantification of
cadmium was performed in two steps: the preconcentration of Cd®* ions by complexation with
immobilized APTE and the analysis by Linear Sweep Stripping Voltammetry (LSSV). More
importantly, multilayer versus monolayer grafting has a strong influence on the sensor
performances. Whereas calibration curves typical of an equilibrium process were obtained for
sensors realized with multilayer organic films, sensors with a monolayer organic film led to
linear calibration curves, in the same concentration range. Finally, the monolayer sensor gave

a lower limit of detection (LOD) and highlighted better selectivity than unmodified electrode.

1. Introduction

Over the last three decades, there is an increasing global concern over the public health
impacts ascribed to environmental pollution. Some compounds like Metallic Trace Elements
(MTE) have been subject to strict regulation because they are toxic even at trace level. Thus,
the exposure to MTE can cause cancer, renal diseases and even death at very high
concentration [1].

Among the metallic trace elements widely disseminated in environment by anthropogenic
activity [2-4], cadmium is one of the most concerning owning to its very high toxicity [5, 6].
It is worth noting the European drinking water guidelines for cadmium set at 5 ug/L (i.e. 4 %
10® mol L™) [7]. Sources of MTE include natural sources, mining, industrial production,
untreated sewage sludge and diffuse sources such as metal piping, traffic etc. This pollution
could be found in water, soil and could be transferred to the food chain. Before efficient

treatments have been achieved, it is essential to develop sensors that are able to control in situ



and in semi-continuous manner the concentration of MTE in their most bioavailable form i.e.
free ions and labile complexes in contaminated samples, the most toxic species forms of MTE
[8-10].

In laboratories, the detection of MTE at trace level is performed by lon Chromatography (1C),
Atomic Absorption Spectroscopy (AAS) and Inductive Coupling Plasma coupled with Mass
Spectrometry (ICP-MS) or Atomic Emission Spectroscopy (ICP-AES) that allow the
detection of several ions in one analysis with concentrations lower than 0.1 pg L™ [11]. Such
techniques usually provide the MTE total dissolved content, generally after 0.45 um filtration
and microwave-assisted digestion. For the quantification of the free ions and labile complexes
analogous fraction, two filtration methods (ultrafiltration and tangential flow filtration) or
centrifugation are required.

For a better insight into the detection and quantitation of free ions and labile complexes on
site or in situ, electrochemical detection is the most promising. Miniaturized and portable, the
electrochemical systems, composed of the electrochemical device, the fluidic system and the
associated electrodes, are easily implemented; they benefit from high sensitivity and require
short analysis time. The analyses can be performed directly into the raw sample, even for
small volumes (~pL) [12]. The direct analysis of raw samples is of great interest. Indeed,
accurate and specific techniques should be deployed in order to minimize sample degradation
during sampling and handling. The electrochemical detection systems are thus among the
most promising decision-making tools regarding the public health impacts ascribed to
environmental pollution.

To achieve trace analysis, electroanalytical methods require a preconcentration step before the
analysis aiming at accumulating the analyte close to the electrode surface to increase the
electrochemical signal. Stripping voltammetry at a static mercury drop electrode is one of the

most sensitive analytical method for trace analysis [13]. It allows the simultaneous detection



of metallic ions. Due to the toxicity of mercury, substitute methods have also been developed,
consisting in a first step of preconcentration of the analyte onto the electrode surface before
the electrochemical analysis, as with anodic stripping voltammetry at a mercury electrode.
Among all mercury-substituting electrodes studied [14-17], chemically modified electrodes
(CMEs) can trapped cations by different methods such as ion-exchange, complexation,
bioaccumulation and hydrophobic interaction. Complexation methods that consist in the
introduction of free coordinating sites on the electrode used as specific receptors have been
widely used to preconcentrate selectively ions on the electrode surface [18-24].
Advantageously free ions and labile complexes that are able to form complexes with the
immobilized receptors will be analyzed. The as prepared electrochemical sensors have led to
the detection of ions with high sensitivity and good selectivity mainly due to the specific
receptor. Although most reported work focused on the nature of specific receptors to improve
the sensitivity and selectivity of the sensors, less attention has been paid on its immobilization
process.

Since the covalent modification of electrodes by the reduction of aryldiazonium salts has been
proposed [25, 26], this efficient and easy-to-implement method has been widely used for
many applications including the preparation of electrochemical sensors [27-32]. The
mechanism of electrografting involves the formation of aryl radicals giving rise to stable
chemical bounds with the electrode surface such as carbon-carbon bounds [31, 33]. By this
way, a stable immobilization of specific receptors can be achieved, promoting a good
repeatability and a long-term operation of the sensor. Furthermore, the method could be
applied to modify many conducting surfaces including metallic electrodes such as gold,
platinum and carbon surfaces such as glassy carbon, carbon nanotubes, and graphene [27].
However, the high reactivity of aryl radical intermediates results in the attack of the already

grafted phenyl groups, leading to organic multilayers by carbon-carbon and azo bounds



formation. Compared for example with the well-organized functionalization by alkanethiols,
the difficulty to control the reaction appears as an obstacle to the development of sensitive
electrochemical sensors. Thus, unexpected complexing capabilities for copper ions have been
reported for electrodes functionalized by reduction of 4-methoxybenzene diazonium salts
[34]. It was attributed to the presence of methoxy and/or azo groups present inside the
multilayer film. The low conductive multilayer can also act as a barrier to electron transfer
[35, 36]. A good compromise has to be found since the amount of immobilized species
increases with the film thickness whereas the electron transfer kinetic decreases [37].
Interestingly, several original approaches have been reported to better control the
electrografting process, leading to the formation of a thin film close to a monolayer [38-44].
Such well-controlled modification processes led to fast reading and low barrier charge
transfer [38, 45]. Although a monolayer functionalization promoting electron exchange is
expected to be useful for electrochemical sensing, to our knowledge, its real effect on sensors
performance has not yet been deeply investigated.

In the course of our research on the preparation of a selective and sensitive electrochemical
sensor for the detection of Metallic Trace Elements, we investigated the effect of the
electrografting process on the sensor performances. Carbon electrodes were functionalized by
reduction of aryldiazonium salts to introduce COOH ending groups in two different ways.
The first one consisted in the reduction of 4-carboxybenzenediazonium salts, leading to a
multilayer film and the second one involved a protection-deprotection strategy resulting in a
monolayer functionalization of the electrode surface [46]. 1,2-bis-[0o-aminophenylthio]ethane
(APTE) used as Cd®* specific receptor [47] was then immobilized by an amide for a selective
preconcentration of Cd®* ions on the electrode surface. The performance of the two sensors in
terms of limit of detection, sensitivity, reproducibility and selectivity clearly highlighted the

advantage of the monolayer functionalization.



2. Experimental

2.1 Reagents and materials

Lead(ll) nitrate, copper(ll) nitrate hemipentahydrate, nickel(ll) nitrate hexahydrate, zinc(ll)
nitrate hexahydrate, manganese (ll) nitrate terahydrate, chrome(lll) nitrate nonahydrate,
iron(l11) nitrate monohydrate, thionyl chloride, triethylamine and lithium perchlorate 99%
were purchased from Acros, cadmium(ll) nitrate tetrahydrate from Carlo Erba and
mercury(ll) chloride, cobalt(ll) nitrate hexahydrate from Aldrich. The synthesis of the
diazonium salt of 9-H-Fluoren-9-ylmethyl 4-Aminobenzoate (N,"-Ar-COO-Fm) was
performed as reported previously [46]. All solutions were prepared with ultrapure water (18.2
MQ, Millipore Simplicity). All glassware were rinsed with a 10% HNO3 solution followed by

ultrapure water before use to avoid metal contamination.
2.2 Synthesis of the receptors
1,2-bis-[0-aminophenylthio]ethane (APTE) was synthesized as previously reported [47].

tert-butyl (2-((2-((2-aminophenyl)thio)ethyl)thio)phenyl)carbamate (Boc-APTE). 0.32 g (1.1
mmol) APTE were dissolved in 15 mL of dioxan/H,O (2:1). After addition of 0.25 g (1.1
mmol) of Di-tert-butyl dicarbonate in 15 mL of dioxan/H,O (2:1), 0.3 mL (2.1 mmol)
triethylamine were added dropwise. The mixture was stirred overnight. 0.1 mol L™ HCI
solution was added at 0°C until neutral pH. After extraction with 50 mL ethyl acetate, the
solution was dried over MgSO, and concentrated under vacuum. The compound was purified
by flash chromatography on silica with dichloromethane/petroleum ether (60:40) eluent. Yield

39%



'H NMR (300 MHz, D,0), & 8.17 (d, J = 6 Hz, 1 H); 7.82 (s, 1 H); 7.44 (dd, J = 6, 1 Hz,
1H); 7.36-7.26 (m, 2H); 7.15 (dt, J = 6, 1 Hz, 1H); 6.96 (dt, J = 6, 1 Hz, 1H); 6.74 (dd, J = 6,

1 Hz, 1H); 6.69 (dt, J = 6, 1 Hz, 1H); 3.92 (s, 2H); 2.91-2.83 (m, 4H); 1.56 (s, 9H).
2.3 Preparation of the modified electrodes

Glassy carbon electrodes were functionalized by reduction of diazonium salts following a
previously reported protocol [46] for the monolayer (Mono@GC) and as follows for the

multilayer process (Multi@GC):

A solution of 4-amino-benzoic acid (50 mmol L™) in 0.5 mol L™ H,SO4 was cooled to 0°C.
After argon deaeration, 3 eq. NaNO, were added. After 20 min the electrografting process
was carried out by cyclic voltammetry with 5 cycles from 0 to -0.6 VV/SCE (0.05 V s™). The

electrodes were then rinsed with ultrapure water and dipped in two bathes of ultrapure water.

The Mono@GC and Multi@GC electrodes were then dipped in a solution of 10 mL
anhydrous dichloromethane with 1 mL of thionyl chloride. After 1h, the solution was
removed from the flask and the electrode were dried under vacuum. Then, 10 mL anhydrous
dichloromethane in the presence of 0.5 mL of triethylamine and 10 mg of APTE were added.
The solution was stirred for 24h. The modified electrodes (APTE-Mono@GC and APTE-
Multi@GC) were rinsed with dichloromethane and ultrasonicated in acetonitrile and in

ultrapure water for 5 min.

2.4 Analysis

Voltammetric experiments were carried out with an Origalys OGF500 potentiostat. The
working electrode (home-made GCE with 3 mm diameter), a platinum sheet counter
electrode, and a saturated calomel reference electrode purchased from Origalys were used in a
standard three-electrode configuration. Linear Sweep Stripping Voltammetry was performed

in ultrapure water, containing 0.1 mol L™ lithium perchlorate, at 0.1 V s, under an argon



atmosphere. After optimization, the analytical protocol was performed as follows: a)
Preconcentration step by complexation of cations by the APTE ligand at open circuit under
stirring (500 rpm) for 5 min b) Electrodeposition of cations at -1.5 Vsce for 5 min to reduce
all complexed cations into their metallic form c) Linear voltammetry from -1.5 Vsce to -0.4
Vsce at 0.1 V s to observe the electrochemical signal due to the oxidation of metallic
compounds.

X-ray photoelectron spectroscopy (XPS) measurements were performed with an Mg Ka (hv)
1253,6 eV X-ray source using a VSW HA100 photoelectron spectrometer with a
hemispherical photoelectron analyzer. The spectrometer binding energy scale was initially
calibrated against the Au 4f7, line (84.0 eV) level.

All scans (wide spectra and resolved core level spectra) were recorded with a pass energy of
20 eV. The experimental resolution was 1.0 eV. After a Shirley background subtraction, data
were treated using Spectra PRESENTS program using mixed Gaussian — Lorentzian product
or sum.

Raman measurements were performed using a Renishaw inVia Reflex microspectrometer
with a diode- pumped solid- state laser source excitation of 514.5 nm [48]. The laser power
reaching the sample surface, through the 100X objective (numerical aperture 0.90) of a Leica
DM2500 microscope, did not exceed 0.1 mW. The laser power density as well as the
accumulation time and number of repetitions were varying in order to obtain relevant signal-
to-noise ratios. The microspectrometer was calibrated using the 520.5 cm™* line of an internal
silicon standard. After Rayleigh diffusion was eliminated by edge filters, the Raman signal
was first dispersed using 1,800 lines/mm signal before analysis with a deep depletion CCD
detector (1,024 x 256 pixels). Renishaw Wire 4.1 software was used for instrument

calibration and Raman measurements.



3. Results and discussion
3.1. Electrode functionalization

Two different paths were used to functionalize the carbon electrodes based on the

electroreduction of aryldiazonium salts (Scheme 1).
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Scheme 1. The two different paths for the immobilisation of the APTE specific receptor on

the electrode surfaces.

The first one (Scheme 1, Path 1) consists in a multilayer process due to the attack of aryl
radicals on already grafted aromatic rings [49]. To achieve the functionalization process, the

diazonium salt of 4-aminobenzoic acid was prepared in situ by addition at 0°C of 3 eq.



NaNO; to the amino derivative diluted in 0.5 mol L™ H,SO4. To ensure a good reproducibility
of the electrografting process, the amount of NaNO, was first optimized by ‘H NMR
monitoring, to obtain the pure product (Fig. S1). The electrografting was performed by cyclic
voltammetry with 5 cycles between 0 and -0.6 Vsce (Fig. 1a). The decrease of the current
after each cycle attested the electrode functionalization by a non-conducting layer. The
efficiency of the electrografting process was also examined using dopamine as a redox probe
in solution. Indeed, the electrochemical response of dopamine is known to be very sensitive to
the surface state of the electrode [46]. As shown in Fig. 1c, after the electrografting process,
the electrochemical signal of dopamine disappeared, due to the inhibition of electron transfer
between dopamine and the electrode. The second functionalization process consists in a
protection-deprotection strategy with fluorenylmethyloxy (Fm) as a COOH protecting group
(Scheme 1, Path 2) [46]. It is known to form a thin functionalized organic layer on the
electrode surface. Thus, the electrografting of 4-[(9-H-Fluoren-9-ylmethoxy)carbonyl]-
benzene-1-diazonium salts (N,"-ArCOO-Fm) on carbon electrodes was performed by cyclic
voltammetry with 5 scans between 0.8 and -0.7 Vsce in acetonitrile. The presence of two
reduction peaks has been previously ascribed to catalyzed and uncatalyzed reduction
processes [50]. As for Path 1, the electrochemical current rapidly decreased (Fig. 1b),
showing the efficiency of the electrografting process. The absence of dopamine signal (Fig. 1
d, red line) is also in accordance with a multilayer electrografting process with a radical attack
occurring this time on the protecting Fm group. The deprotection of the carboxylic acid
groups was then performed with piperidine, leading to an Ar-COOH thin organic layer on the
electrode surface, as shown by the partial recovery of the dopamine electrochemical signal in
Fig. 1d (green line) [46]. After the functionalization process, the APTE ligand was then
covalently immobilized by a coupling reaction with accessible COOH groups. This ligand

was chosen as a selective receptor of Cd®* ions since it has been previously shown that its
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sensitivity towards cadmium is higher than other cations such as Hg®*, Cu*, Ag*, Pb*, Zn*",

Ni%* and Co*" [47].
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Fig. 1. Five consecutive scans at a bare GCE a) in a solution of 50 mmol L™ 4-aminobenzoic
acid in 0.5 mol L™ H,S0,4 (0.1 V s b) in a solution of 5 mmol L™ N,"-ArCOO-Fm in 0.1 M
TBABF4-ACN (50 mV s™) and cyclic voltammograms of 5 mmol L™ dopamine in 0.1 mol L
H,S0, at 0.1 V s on a bare GCE (black line) and GCE modified according to Path 1 (c) and

Path 2 (d) before (red line) and after (green line) deprotection in 20% piperidine/DMF.

Whereas the reversible system of dopamine totally disappeared for the GC electrode modified
according to Path 1, it was still visible after Path 2 modification. The difference of the

dopamine responses on Ar-COOH GC surfaces modified according to Path 1 or 2 (Fig. 1 c
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and d) suggests a higher electron barrier for electrodes modified by the multilayer process. To
check if this result is effectively due to a difference in electron transfer between the two
modified surfaces, kinetic studies were performed by cyclic voltammetry over a range of scan
rates (v: 0.05-3 V s™) with ferrocyanide as redox probe onto the bare GC electrode and the
GC electrode modified according to Path 1 and 2. Ferrocyanide (10 mol L™) has been
chosen as redox probe since it is surface sensitive [51]. Figure 2 depicts the variation of peak-

to-peak potential separation 4Ep with log(v) in the three systems.
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Fig. 2. Anodic and cathodic peak potential separations AEp as function of logarithmic scan
rate v in V s™* for bare and GC modified electrodes. Lines are the theoretical behaviors taking
into account the ohmic drop for k°= 3 x 10 (green), 1 x 10™ (blue), 8 x 10 (black) cm s™.

Errors on the determined k° are around + 20%.

The shape of the variation of 4Ep allows the determination of the parameters k°/DY?that is the
ratio between the standard charge transfer rate constants k° and the square root of the diffusion
coefficient by simulation of the voltammograms considering the ohmic drop and capacitive

current previously estimated by electrochemical impedance spectroscopy [52]. A diffusion
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coefficient of 6.4 x 10° cm? s™ previously determined for ferrocyanide in aqueous solution
[53] was used to extract k°. The k° value significantly decreased with the presence of an
organic layer on the electrode surface, showing that the electron transfer kinetic is affected by
the modification process. A value more than 1000 times lower was obtained with the
multilayer process, compared with the monolayer one, highlighting the high barrier charge
transfer.

The formation of bridges with the Ar-COOH GC surface by the reaction of both amino groups
of APTE could prevent the complexation of Cd** ions by the receptor due to steric hindrance
and to the presence of two amido groups. To prevent such immobilization process, a saturated
solution of APTE was used for the coupling process, favouring the reaction of only one amino
group. One amino group of APTE was also protected by a tert-butyloxycarbonyl (Boc) group
before its immobilization on the Ar-COOH GC surface and its further deprotection (Scheme

1).

3.2. XPS analysis

The effectiveness of the functionalization processes was checked by X-ray photoelectron
spectroscopy. For a better observation of the carbon peaks due to the functionalization
processes, XPS was performed on gold surfaces modified according to Path 1 and 2 (Fig. 3

and Fig. S2).
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Fig. 3. XPS spectra (red) and deconvolution (black) of gold electrode modified according to
Path 2 after electrografting of N,"-ArCOO-Fm (a), deprotection (b) and APTE coupling

reaction (c).

For Path 2, before deprotection, the Cls peak was deconvoluted into three peaks at 283.8,
287.4 and 285.0 eV, assigned to C-C, -O-C=0 and C-0O-C(O), respectively, showing the
presence of the ester group on the electrode surface. After deprotection, the peak at 286.5 eV

significantly decreased (Table 1), due to the formation of a monolayer of COOH groups.
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Table 1. Parameters obtained from the XPS measurements of GC electrode modified
according to Path 2

Step Binding energy (eV) FWHM (eV)* % Peak area ratio ”
Before deprotection Au4fs, 87.7 1.0
Au4f7/2 84.0 1.0
Cils 287.4 2.3 8.5
Cils 285.0 2.1 14.8
Cils 283.8 1.7 61.7
Ols 544.6 1.6 7.6
Ols 543.1 1.6 7.3
After deprotection Au4fs, 87.7 1.1
Audf;,  84.0 1.0
Cils 288.7 2.4 3.9
Cils 286.2 2.8 16.9
Cils 284.4 1.6 65.9
Ols 532.2 1.7 3.9
Ols 531.1 1.9 9.3
After APTE immobilization Au4fs, 87.7 1.1
Audf;,  84.0 1.0
Cils 287.2 3.2 135
Cils 285.4 2.6 17.2
Cils 284.4 1.6 43.3
Ols 531.5 2.1 16.6
S2pipez  164.0 1.7 1.43
82p3/2+3/2 161.9 1.7 4.3
N1s 403 2.3 0.9
N1s 401 2.0 0.5

¥Full-Width Half-Maximum of peaks ° After correction from the ionisation cross-section

The immobilization of APTE was then attested by the presence of N1s and S2p peaks (Table
1, Fig. S2). The attenuation of the double-peak occurring at 87.7 and 84.0 eV and
corresponding to Au 4f;, and Au 4fs, allowed the measurement of the organic layer
thickness. For a better accuracy, the thicknesses (d) were calculated at each step of the
modification processes from the attenuation of the Au 4f7;, peak (84.0 eV). In fact, at a given

angle, the XPS intensity of gold varies according to the relation (1):

d
1(9) o Iooexp (_ Acos (9)) (1)
Where I, is the intensity of the clean uncovered surface, d the thickness of the molecular
layer on top of the surface, A the inelastic mean free path, and & the photoelectrons emission

angle. Considering measurements at two emission angles of 0°C and 45°C, d can be deduced

according to the relation 2.
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lni
d= 1 s 1 (2)

(_Acoso°+lcos45°)

where 1 is the signal measured for gold surface covered by an organic layer and 4 is the
attenuation length of gold electrons in the organic layer (A = 2.0 nm).

Results are given in Table 2.

Table 2. Thickness of the organic layers estimated by XPS

Functionalization Step Thickness (nm)
Path 1 After APTE immobilization 2.2
Path 2 Before deprotection 3

After deprotection 0.5

After APTE immobilization 1.3

The modification of the electrode according to Path 1 led to a thickness of 2.2 nm, as expected
for a multilayer process. The thicknesses of the organic layer before and after deprotection for
Path 2 (1% and 2" steps) are in accordance with previously reported thicknesses measured by
AFM scratching on PPF surfaces modified by the same method [46]. Since it is well-known
that many substrates including gold and carbon can be modified by the reduction of
diazonium salts [28], this result shows the good reproducibility and flexibility of the method.
After immobilization of APTE, it slightly increased to 1.3 nm, about 2 times lower than for
Path 1. This difference is consistent with the blocking character of the multilayer compared

with the monolayer observed in the kinetic study.

3.3. Raman analysis

The gold sample modified according to Path 2 was also analyzed by Raman, since gold
substrate was not Raman active (Fig. 4). The successful grafting of gold substrate was
demonstrated by comparing Fig. 4a and the Raman spectrum obtained for the synthesized
diazonium salt (Fig. S3). After the electrografting process, the absence of the strong peak seen

16



at 2293 cm™ on the Raman spectra of the synthetized diazonium salt and assigned to the N=N
stretching of the N," function [54] gave the first proof of efficient grafting [55]. The two
strong bands observed at 1594 and 1610 cm™ (Fig. S3) and at 1600/1604 and 1610 cm™,
respectively (Fig. 4) are characteristic of the fluorene group [56]. According to Chakraborty et
al. [56], these two characteristic bands were assigned to (i) a mixture of six member ring C-C
stretch and five member ring deformation mode and (ii) to aromatic C-C stretching. The
medium band observed at 1585 cm™ is the signature of the ortho-meta C=C stretching mode
of the 1,4 benzene substituted ring [55]. After deprotection (Fig. 4b), the presence of the
carboxylic acid function was attested by the symmetric C=0 stretching at 1651 cm™, the O-H

stretching vibration at 2936 cm™ and the OH deformation vibration at 1340 cm™ [57].

] R P
200 - N oo

w4 1606 1610 °

2000 4 \ / i

500 1000

Intensity

15‘(: 0 2')’}} F. f")l 3‘)‘)3
Raman shift (cm™)

b) oL 2936
100000 4
Y
80000 «
=
g 20000 \
] |
£ 00, 1340 1651 | |
™ J ﬂ/ /| \/
20000 o
/‘ﬂ\— \)“‘ \
. D . S o et/ \
250 1000 1500 2000 2500 3000
Raman shift (cm™)
—— APTE-modified electrode
80000 C} H 2+
—— APTE-modified electrode + Cd
70000
20000
Z s
Wi
S s0m0
£

10000

Raman shift (cm™)

17



Fig. 4. Raman spectra of the electrode modified according to Path 2 after electrografting of
N,"-ArCOO-Fm (a), deprotection (b) and APTE coupling reaction (c).

Small bands at 1593 and 1607 cm™ could be due to a small amount of remaining
methylfluorene protecting groups. After the coupling reaction with APTE, the peaks
characteristic of the sulfur atom were found at 734, 2967 and 2851 cm™, with a small shift
compared to the APTE reference (Fig. S4), due to a new environment after the covalent
attachment of the molecule [57, 58].

For a better insight into the immobilized receptor ability to complex Cd*, the modified
electrode was dipped in a 5 x 10® mol L™ solution of Cd(NOs), for 1h and rinsed with
ultrapure water. The Raman spectrum of the host-matrix interaction i.e the Cd/immobilized
receptor interaction or the Cd/electrode interaction (Fig 4c) was compared to that of the
Cd(NO3); salt (Fig. S5). The later resulted from the drying, under air atmosphere, of a drop of
10 pL of the Cd(NOs3), solution deposited on a gold substrate. The band observed at 1048 cm’
! (Fig. S5), corresponding to the in-plane symmetric stretching vibrational mode of nitrate
ions [59, 60] was not visible in the Raman spectrum of the Cd/electrode interaction, showing
that no adsorbed or precipitated Cd(NOs), was present on the electrode surface.

Although cadmium is Raman inactive, its presence can be attested by the decrease of the
peaks at 2851 and 2967 cm™, corresponding to the symmetric and asymmetric stretching of
the S-CH, bounds [57]. It is also confirmed by the shift of the intense Raman peak of sulfur
from 734 to 670 cm™, owing to the weakening of the C-S bound after complexation [58].
Finally, a new peak at 510 cm™ could be due to the complexation of Cd®* by the amino groups
[57]. A distorted tetrahedral configuration complex is assumed via the interaction between the
electrons of the d orbitals of Cd** and the electronic doublets of the sulfur atoms and the

nitrogen ones coming from NH; and NH functions.
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Since Raman analysis confirmed the presence of APTE on the electrode surface and the

complexation of Cd**, the modified electrode was then used for Cd?* detection.

4. Performance of the sensor for Cd?* detection

4.1. Optimization of the analytical parameters

The APTE-modified electrodes (APTE-Multi@GC and APTE-Mono@GC for electrodes
modified according to Path 1 and 2, respectively) were then used for Cd®* electrochemical
detection. A preconcentration step was first performed at open-circuit under stirring for the
selective complexation of cadmium ions by APTE ligand onto the electrode surface. It was
followed by linear sweep stripping voltammetry (LSSV) analysis without stirring to detect the
complexed Cd*" ions by electrochemical analysis. First attempts to preconcentrate Cd®* ions
(for > 5 min in 0.1 mol L™ of LiCIO, containing 10" mol L™ of Cd®* under stirring) and then
dip the electrode in a solution of 0.1 mol L™ LiClO, without Cd** for LSSV analysis
(electrodeposition: -1.5 Vsce for 5 min; stripping: 0.1 V s™ between -1.5 and -0.4 Vsce) did
not lead to an electrochemical signal, probably due to a fast equilibrium displacement of the
complexation reaction. For this reason, the analysis of Cd?** was performed in the same
solution in which the preconcentration step occurred to maintain Cd** ions complexed by
APTE at the electrode surface. Under these investigated conditions, experimental analytical
parameters were first optimized with the electrode modified according to Path 2. The
preconcentration step was performed with and without stirring for 5 min. As seen in Fig. 5a,
no signal was observed without stirring, highlighting its importance to improve the mass
transfer of Cd*" ions at the electrode for subsequent complexation with the immobilized

receptor.
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Fig. 5. a) LSSV analysis (electrodeposition: -1.5 Vsce for 5 min; stripping : 0.1 V s between
-1.5 and -0.4 Vsce) of a solution of 107 mol L™ Cd®* in 0.1 mol L™ LiCIO, after a 5 min
preconcentration step at open circuit realized without and with stirring (500 rpm). Effect of b)
the electrodeposition potential (for 5 min electrodeposition) and c) the electrodeposition time
(-1.5 Vsce), after a 5 min preconcentration step at open circuit under stirring (500 rpm) for a

solution of 10 mol L™ Cd?*.

For LSSV analysis, best results were obtained with a deposition potential of -1.5 Vsce (Fig.
5b). The electrochemical signal increased with the electrodeposition time for an applied

potential of -1.5 Vsce (Fig. 5¢). A good compromise was found between the analysis time and
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the electrochemical signal for an electrodeposition time of 5 min. Therefore, these optimized
analytical conditions (5 min preconcentration with stirring (500 rpm) and LSSV analysis with

electrodeposition at -1.5 Vsce for 5 min) were used in the following experiments.

4.2 Repeatability and electrode regeneration

The repeatability of the measurements was tested in a 2 x 10" mol L™ solution of Cd** in 0.1
mol L™ LiClO, with electrodes modified according to Path 1 (multilayer) and Path 2
(monolayer). For the electrode with the multilayer, the electrochemical signal increased after
each analysis, even if the final potential after the LSSV analysis was maintained at 0 Vsce
(Fig. 6a). A regeneration step consisting in an oxidation at 0 Vsce for 10 min in 0.1 mol L™

LiClO, allowed the recovery of the signal.
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Fig. 6. Repeatability of Cd*" detection in 0.1 mol L™ LiClO, on GC electrode modified
according to Path 1 (a) and Path 2 (b). The analysis was performed as follows: 5 min
preconcentration with stirring at 500 rpm and LSSV analysis from -1.5 Vscg for 5 minto 0

Vsce at 0.1 V s, For a), a regeneration step (oxidation at 0 Vsce for 10 min in 0.1 mol Lt
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LiClO, without Cd®*) was performed after 3 analyses. For b) an oxidation at 0 Vscg for 3 or 4

min was performed after each analysis.

For the electrode modified with a monolayer, the increase of the electrochemical signal after
each analysis was smaller and a chronoamperometry at the end of the analysis at 0 Vsce was
enough to obtain a repeatable signal (around + 11%) at least for the first 5 analyses as shown
in Fig. 6b for different concentrations of Cd®*. It is worth noting that a regeneration consisting
in a bath of 0.1 mol L™ H,SO, for 10 min and then a 0.5 mol L™ phosphate buffer pH 7 for
one night was suitable when a strong pollution of the electrode occurred.

This study clearly highlighted the poor repeatability of the analyses performed with the
APTE-Mutli@GC electrode, with significant improvement with a well-controlled monolayer
modification process. It is also worth noting that the covalently modified APTE-Mono@GC

electrode exhibited high stability and could be used several months without degradation.

4.3. Calibration curve

The dependence of the electrochemical signal on the Cd?* concentration of the analyzed

solution for electrodes modified according to Path 1 and 2 is given in Fig. 7.
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Fig. 7. Typical voltammograms obtained by LSSV analysis of trapped Cd** in a 0.1 mol L™
aqueous solution of LiClO4 on GC electrode modified according to Path 1 (a) and Path 2 (c)
(5 min preconcentration with stirring (500 rpm) and LSSV analysis from -1.5 Vsce for 5 min
t0 -0.4 Vsce at 0.1 V s™). A blank was performed under the same conditions. Electrochemical
signal (maximum peak current) versus Cd®* concentration for GC electrode modified
according to Path 1 (b) and Path 2 (d). Error bars are based on two or three reproducibility

measurements.

As observed in Fig. 7, the behaviour of the two modified electrodes is different. The
calibration curve of the APTE-Multi@GC electrode is nonlinear in the studied concentration
range (5 x 10 to 8 x 107 mol L™) (Fig. 7b). The nonlinearity of the calibration curve was
expected for a sensor governed by an equilibrium process with a shape corresponding to a
Langmuir-like relation (Fig. 7b, red line) [18, 19]. The calibration curve obtained for the
APTE-Mono@GC electrode is almost linear. Only the last point corresponding to the highest
studied concentration (8 x 107 mol L™) is slightly out of the correlation straight line. Higher
concentrations were not tested to avoid unspecific preconcentration of uncomplexed ions onto
the electrode surface. Indeed LSSV measurements on unmodified GC electrode performed in

the same conditions did not give an electrochemical signal for concentrations lower than 8 x
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107 mol L™. A good correlation coefficient (> 0.99) was obtained for the APTE-Mono@GC
electrode. The sensitivities measured from the slope of the linear calibration curve was 3.0 £
0.1 x 10° pA mol™ L. The higher linear range observed for the APTE-Mono@GC electrode
could be ascribed to lower limiting current density and affinity equilibrium constant, because
of the lower amount of immobilized APTE ligand. Indeed, the higher current values obtained
for the APTE-Multi@GC electrode for all studied Cd** concentrations (Fig. 7a and c) showed
that a higher amount of APTE ligand covered its surface. It is interesting to note that despite
the high charge transfer barrier shown by the APTE-Multi@GC electrode when redox probes
such as ferrocyanide and dopamine were used, the current intensity obtained by LSSV for
cadmium was high. The electron charge transfer between cadmium and the electrode seems to

be less affected by the organic layer.

Interestingly, similar results were obtained for an electrode modified by the monoprotected
APTE receptor (Fig. S6), suggesting that most of the APTE receptors were immobilized by
only one amino group when a saturated solution of APTE was used during the coupling

reaction.

The limit of detection (3 x the standard deviation of five blank determinations) was

determined from equation 2 [61],
St-Sb > 36 (2)

where St is the gross analyte signal, Sb the field blank and o the variability in the field blank.
St and Sb were the maximum current intensity of the corresponding peaks [61].

A limit of detection of 3.5 x 10® mol L™ (1.7 pug L™) was obtained for electrodes modified
according to Path 2. It is below the European drinking water guidelines for Cd** set at 5

ug L™, underlying the interest of the method, although it could be further optimized as shown
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by the classical LOD range (around 10™ -10"° mol L™) obtained with this type of sensor
(Table S1). For the APTE-Multi@GC electrode, the linear concentration range was too small
(defined with only three points) to accurately calculate the LOD. Several measurements
attempted between 5 x 10® and 2 x 107 mol L™ did not lead to good repeatability, making it
difficult to establish a calibration line in this concentration range. A comparison was also
performed with an unmodified carbon electrode. A calibration curve (Fig. S8) was drawn after
optimization of the different analytical parameters (Fig. S7). No signal of Cd®* was observed
for concentrations < 8 x 107 mol L™, which is above the European drinking water guideline
set as 4 x 10® mol L™ This result underlines all the interest in the use of such receptor to

preconcentrate on the electrode surface and thus detect traces of Cd?* ions.

4.4 Interfering species study

The selectivity of the modified electrodes for Cd** was examined in the presence of common
metal ion interferents: Cu?*, Pb?*, Hg**, Zn®*, Co®*, Cr?*, Mn?* and Fe**. The analysis of Cd**
(2 x 107 mol L™) was performed on a modified electrode and then the interferent ion was
added at the same concentration (2 x10” mol L™) in the solution for comparison. Similar
experiments were performed with an unmodified electrode with higher concentrations of 10
mol L. As shown in Fig. 8, Cd*" interfered with all studied ions when an unmodified carbon
electrode was used. A significant improvement in selectivity is observed with the modified
electrodes for all studied ions. For Cu®, Pb?*, zn*, Co** and Mn?*" ions a higher
electrochemical signal was obtained with the APTE-Multi@GC electrode compared with the
APTE-Mono@GC one. Since at 2 x 107 mol L™ no signal can be observed without the
preconcentration step, this effect could be due to the higher number of receptors on the

electrode surface, preventing unspecific preconcentration to occur.
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The same experiment was performed with the Mono@GC electrode modified by Boc-APTE
with two interferent ions: Pb*" and Co®". The electrochemical signal of Cd?* decreased by
around 40% and 60% for Pb* and Co?*, respectively, which is consistent with results
obtained with the APTE-Mono@GC electrode (Fig. 8). These experiments confirm that the
formation of bridges with the COOH-functionalized surface was limited when a saturated

solution of APTE was used during its covalent immobilization.
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Fig. 8. Relative intensity for Cd®* (initial concentration: 2 10 mol L™ and 10® mol L™ for
modified and unmodified electrodes, respectively) alone (first column) or with the same
concentration of interferent ion. No signal was observed in the presence of Zn?* for the

unmodified electrode. Error bars are based on two measurements.
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5. Conclusions

In this study, we prepared a simple and robust electrochemical sensor for specific cadmium
detection through the covalent immobilization of a well-known cadmium complexing agent
on carbon electrode. Beyond the preparation of an efficient, mercury-free and easily
regenerable sensor, this work highlights the advantages of using a well-controlled monolayer
electrografting method compared with a multilayer one to prepare ligand-modified sensor.
APTE-modified electrodes were prepared by two fast and simple electrografting methods,
leading either to a multilayer or to a monolayer of immobilized linkers. XPS and Raman
spectroscopy clearly demonstrated (i) the successful functionalization of carbon electrodes by
a multilayer or a monolayer of benzoic acid groups, (ii) subsequent immobilization of the
specific APTE receptor and (iii) Cd**/APTE interaction. The performance and robustness of
APTE-modified electrodes for Cd** detection was investigated and compared with an
unmodified electrode. Several conclusions can be drawn from this study. First, APTE-
Mono@GC electrode led to better repeatability than its multilayer analogue. It exhibited high
stability due to the covalent immobilization of the APTE ligand and could be easily
regenerated by a short oxidation step at the end of each analysis sequence, while APTE-
Multi@GC electrode required a frequent washing step, increasing significantly the analysis
time. Second, APTE-Mono@GC electrode exhibited a good linear concentration range from 5
x 10® to 8 x 107 mol L™, while APTE-Multi@GC electrode gave a calibration curve with a
shape corresponding to a Langmuir-like relation. Third, the interest of the selective
preconcentration step was clearly highlighted. APTE-Mono@GC electrode had a LOD of 1.7
ug L lower than the European drinking water guidelines (5 ng L™), while no
electrochemical response was observed with the unmodified electrode for Cd** concentration

lower than 8 x 107 mol L™ Both modified electrodes showed better selectivity than the
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unmodified one. Further work is in progress to optimize the sensor operating conditions such
as the electrolytic medium, the analytical conditions, and check the matrix effect and real
samples. Finally, this work highlights the importance of the method used to functionalize the
electrode surface for sensing application. A stable and well-controlled electrografting process
leading to a monolayer organic film appears as a method of choice to prepare sensors with
selective receptors. Its application to other sensors requiring a selective preconcentration step

would be interesting to investigate.
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