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In this study, we report reductive electrosynthesis of a polyviologen derivative bearing amide linkage in
its side chain, derived from a cyanopyridinium based monomer with amide functionality. The as grown
film was characterized by cyclic voltammetry which displays a well-defined and reversible two step
redox response characteristic of viologen. FTIR analysis show evidence of amide linkage and successful
reduction of cyanopyridinium moieties to polyviologen. In situ multi ESR/UV-Vis-NIR spectroelec-
trochemistry show a single line in ESR signal, thereby suggesting polarons as the only charge carrier

Iée); ;vgrdi; dine based monomer involved during charging/discharging process. Furthermore, a characteristic UV-Vis absorption spectra
Pglyviglyogen confirms viologen formation. Finally, the polyviologen film is subjected to simultaneous voltammetric

determination of heavy metal ions, Pb(Il), Cu(Il) and Hg(Il). The amide linkage in the polyviologen

Reductive electropolymerization S - . 5 . . a8 -
derivative is supposedly complexing these divalent metal ions, enabling their sensitive and simultaneous

Amide/peptide linkage assisted sensing

simultaneous determination of Pb(II)
Cu(Il) and Hg(Il) ions

determination with low detection limits.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Simultaneous determination of trace metal ions in environ-
mental samples is of great importance from environmental and
biological point of view. The electrochemical voltammetric
analysis is a widely used method for this purpose, due to its high
sensitivity, low detection limits and the selectivity in detecting
different metal ions at different potentials [1]. Moreover, the
portability of the instrumentation and inexpensive operating costs
allow the real-time analysis of trace metals in environmental
samples. Chemically modified electrodes consisting of a recogni-
tion layer with selectivity for a target metal ion are widely used for
the detection of hazardous metals [2]. Peptides/amides are an
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example of such recognition element because of their ability to
bind or complex divalent metal ions [3].

Electroactive polymers with redox properties have gained
considerable interest recently in the scientific research [4].
Especially polymers that can be electropolymerized directly on
the electrode surface would be more appropriate for practical
electroanalytical applications. For example, electropolymerized
PEDOT/PSS modified glassy carbon electrode has been utilized for
simultaneous determination of cadmium and lead [5]. Among the
redox polymers, the polyviologens are of particular interest owing
to their fast electron transfer reactions, electron accepting ability
and porosity [6]. Polyviologen modified electrodes have been
proposed for catalytic/electrocatalytic applications, electrochro-
mic displays, organic electronics and photovoltaics [7-10].
However, such electropolymeirzable polyviologens have been
barely employed for electroanalysis; only few reports can be found
[11]. There are several ways to obtain viologen oligomers. Our
group has been working for a while on cyanopyridine based
monomers which can be electrochemically reduced to viologen
and subsequently electropolymerized to polyviologen [12,13].
This reductive coupling mechanism is illustrated in Scheme 1,


http://crossmark.crossref.org/dialog/?doi=10.1016/j.electacta.2016.02.006&domain=pdf
mailto:bhushan.gadgil@utu.fi
mailto:gadgil.bhush@gmail.com
mailto:carkva@utu.fi
mailto:carkva@utu.fi
http://dx.doi.org/10.1016/j.electacta.2016.02.006
http://dx.doi.org/10.1016/j.electacta.2016.02.006
http://www.sciencedirect.com/science/journal/00134686
www.elsevier.com/locate/electacta

B. Gadgil et al./Electrochimica Acta 192 (2016) 482-488

CN CN
[ ]
BESE
WP
N N
| |
R R

483

-2C

Scheme 1. Reductive coupling reactions of 1-alkyl-4-cyanopyridinium ions to viologen.

where 4-cyanopyridyl radicals couple together to form a viologen
skeleton with the elimination of two cyano groups.

Such polyviologen films are very stable showing a two-step
redox voltammetric behavior characteristic of viologen [12].
Depending on the application, these polymers can be directly
employed or the modification of the polymer/monomer is made
for specific application [14].

In recent years, the in situ multi-spectroelectrochemical
techniques have been employed for the thorough characterization
of numerous electrochemical systems [15,16]. Unlike electrochem-
ical techniques, the in situ ESR and UV-Vis-NIR spectroscopy
methods provide detailed analysis of electronic, optical and
paramagnetic features of the molecule under study. The spec-
troelectrochemical data thus not only provide information about
the nature of charge carriers but also the doping mechanism and
structural conformations of electrochemical system.

In this work, a cyanopyridine based monomer is synthesized
where two cyanopyridines are separated by amide linker chain.
The monomer is easily electropolymerized to polyviologen
deposited as a film at the electrode/substrate. The voltammetric
response of as grown film show two redox processes related to the
viologen cation radicals and neutral states. The structural changes
between monomer and polymer are realized by FTIR spectroscopy.
A single line ESR signal and a typical viologen absorption spectra is
acquired from multi ESR/UV-Vis-NIR spectroelectrochemical
measurements. The polyviologen film with amide linkage in the
side chain is further exploited to simultaneously determine heavy
metal ions, Pb(Il), Cu(ll) and Hg(Il) using differential pulse

voltammetry. The amide linkage in the polyviologen structure
was expected to coordinate with the divalent metal ions, allowing
their sensitive electrochemical detection.

2. Experimental
2.1. Synthesis of monomer

2.1.1. Synthesis of N,N'-1,2-ethanediylbis[2-chloroacetamide] (a)

2.64mL (39.5mmol) of ethylene diamine was dissolved in
50mL of diethyl ether and 8.5g (61.5mmol) of potassium
carbonate was added. The mixture was cooled down to 0°C. Then
5mL (62.8 mmol) of chloroacetyl chloride dissolved in 100 mL of
diethyl ether was added dropwise while keeping the mixture at
0°C. The solution was then allowed to warm to RT and the stirring
was continued overnight. After filtration, the solution was washed
with water and the organic phase was collected and evaporated to
dryness under reduced pressure. Additional purification with
column chromatography (Hex/CH,Cl, 1:1 as eluent) yielded 2.9g
(13.61 mmol) of the product (a). '"H NMR (DMSO): 8.28 (2H, t), 4.04
(4H, s), 3.16 (4H, dd). 13C NMR: 166 (2), 163 (2), 43 (2)

2.1.2. Synthesis of 1,1’-[1,2-ethanediylbis[imino(2-o0xo0-2,1-
ethanediyl)]]bis-(4-cyanopyridin-1-ium) dibromride (b)

2.5g (11.75 mmol) of product (a) and 9.75g (93.65 mmol) of
p-cyanopyridine were dissolved in 150 mL of acetonitrile and
20 mL of DMF under nitrogen atmosphere. The solution was then
refluxed for 20 h. After cooling down, the mixture was further
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Scheme 2. Synthesis of cyanopyridine based monomer containing amide groups.
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cooled in freezer to precipitate all the product. After filtration and
drying under vacuum, 1.6g (4.5 mmol) of pure product (b) was
obtained (Scheme 2). 'TH NMR (DMSO): 9.06 (4H, d), 8.49 (4H, d),
5.6 (4H, s), 4.00 (4H, s). '*C NMR: 165(2), 147(4), 131(4), 129(2), 114
(2), 62(2), 39(2)

2.2. Electrochemistry

Polyviologen (PV) films were electropolymerized from 0.1 M
NaCl aqueous electrolyte solution containing 0.2 M monomer. The
electrochemical polymerization and all other electrochemical
measurements were carried out in a three-electrode cell perform-
ing cyclic voltammetry (CV) measurements using Autolab
(PGSTAT101) potentiostat. Glassy carbon (GC, d =3 mm) substrate
was used as working electrode while a platinum wire and a Ag/
AgCl electrode served as counter electrode and reference electrode,
respectively. The Ag/AgCl electrode was calibrated vs. ferrocene
(Fe/Fe™) (Ei/2 (Fe[Fe")=0.45V) before the experiments. All electro-
chemical tests and CV experiments were performed using
deionized water and 0.1 M NaCl as supporting electrolyte. The
solutions were deaerated by a dry nitrogen (N, ) stream before each
experiment and blanketed with it during the electropolymeriza-
tion. The PV film was electrosynthesized by potential cycling
between 0V and —1.2V using 25 cycles at a scan rate of 50 mVs ™.
After electropolymerization, the polymer films were washed with
copious amount of deionized water in order to remove the
electrolyte or monomer residues. The electrochemical response of
previously cleaned as-deposited films was studied in 0.1 M NaCl
aqueous electrolyte by CV technique using a potential window of
0to—1.2V.

2.3. Characterizations

The FTIR spectra of monomer and polymer samples were
recorded by a Bruker VERTEX 70 FTIR spectrometer equipped with
a Harrick VideoMVP™ diamond ATR accessory using liquid
nitrogen cooled MCT (broad-band) detector. For each spectrum,
128 interferograms were recorded at spectral resolution of 4cm™1
The polymer sample was recovered from the GC surface after
electropolymerization.

The surface morphology of the film was imaged by a Leo (Zeiss)
1530 Gemini FEG scanning electron microscope (SEM). PV film was
electrodeposited on the ITO electrode (specific surface conductivi-
ty 1000, Delta-technology Inc., active diameter of 10 mm)
before SEM imaging.

2.4. In situ ESR/UV-Vis-NIR spectroelectrochemistry

In situ ESR/UV-vis-NIR spectroelectrochemical experiments
were performed in the optical ESR cavity (ER 41040R, Bruker
Germany) using a specially designed flat cell. ESR spectra were
recorded by the EMX Micro X-band CW spectrometer (Bruker,
Germany). UV-vis-NIR spectra were measured by Avantes
spectrometer AvaSpec-2048 x 14-USB2 equipped with a CCD
detector and AvaSpec-NIR256-2.2 with the InGaAs detector
applying the AvaSoft 7.5 software. Both the ESR and the UV-vis-
NIR spectrometer were connected to a HEKA potentiostat PG 390.
Triggering was performed by the software package PotMaster
v2 x 40 (HEKA Electronic, Germany). The spectroelectrochemical
flat cell with a three-electrode arrangement consisted of a
laminated working electrode with a ITO plate, a platinum wire
as a counter electrode and a silver wire as pseudoreference
electrode. ITO electrode with an area of 0.096 cm? was positioned
between two pieces of chemically resistant polyester based
lamination foils (DocuSeal, USA) to obtain the small well defined
electrochemically active surface with an insulated electrical

contact, with circular holes giving 0.1 cm? of free active electrode
surface. Due to the poor adhesion of the electrodeposited film on
the Au or Pt microgrid, ITO electrode was selected for the in situ
measuments.

2.5. Analytical procedure for simultaneous determination of heavy
metals

A PV coated GC electrode was used as a working electrode for
the heavy metal ions determination. The complete analysis was
carried out using Autolab (PGSTAT101) potentiostat performing
differential pulse voltammetry (DPV). Stock solution of 0.01 M Pb
(1), Cu(Il) and Hg(Il) was prepared in aqueous 0.1 M NaCl (pH=7)
solution and diluted to various concentrations for the ion sensing
measurements. The parameters for DPV measurements: Step
potential, 0.005V; modulation amplitude, 0.025V; modulation
time, 0.05s and interval time, 0.2s.

3. Results and Discussions

Fig. 1 shows continuous cyclic voltammograms of 0.2M
monomer in 0.1 M NaCl aqueous electrolyte using GC electrode.
In the first scan, a very steep reduction peak is observed at —0.7V,
together with an oxidation peak at —0.65V, which showed minor
tailing. These peaks are assigned to the voltammetric response of
—C=N group. With repetition of the scans, these reduction and
oxidation peaks were decreased successively, while new reduction
peaks at —0.42 and —0.91V and oxidation peaks at —0.37 and
—0.76V appeared and then increased. Upon continuous cycling, an
obscure purple layer was observed near the vicinity of the
electrode surface.

After electropolymerization, the PV modified electrode is
repeatedly rinsed with deionized water. Since the film is at the
neutral electronic state, the purple color of the film changed to
yellow. The CV of the PV modified electrode in 0.1 M NaCl aqueous
electrolyte showed two pairs of redox waves most commonly
observed for viologens (Inset of Fig. 1). While the first redox couple
is assigned to the viologen radical cation formation (V'] V**), the
second broad and less intense peak is due to the viologens in the
neutral state (V°*/V°). Similar voltammetric behavior has been
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Fig. 1. CVs for the reductive electropolymerization of polyviologen (PV) derivative
on a GC electrode in 0.1 M NaCl aqueous electrolyte. Scan rate: 50 mVs~'. Inset: CV
response of PV deposited GC electrode in 0.1 M NaCl aqueous electrolyte at a scan
rate of 50mVs~.
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Fig. 2. CVs of the PV modified GC electrode in 0.1 M NaCl aqueous electrolyte at
different scan rates viz. 20, 50, 80,100,150, 200 mVs . Inset: Scan rate dependence
of PV on GC electrode.

previously reported for viologen/polyviologen films electropoly-
merized in identical manner [12]. When characterized at different
scan rates (20, 50, 80, 100, 150, 200mV/s), the PV modified
electrode exhibits well defined two step redox response, as
illustrated in Fig. 2. As the scan rate increases, the current increases
linearly (Inset of Fig. 2), suggesting the adequate reversibility of
such redox active polymeric systems.

In order to realize the structural changes in polyviologen
derived from cyanopyridine based monomer, the samples were
subjected to FTIR analysis. Fig. 3 represents infrared spectra of
monomer and polymer in solid state. As a general observation, one
can see that monomer spectrum contains several peaks due to the
different functional groups involved in its structure. After electro-
polymerization, the polymer spectrum contains few broad peaks. A
broad band at ~3400 cm ™! due to —NH stretching can be observed
in both monomer and polymer spectrum. The ring/alkyl stretching
vibrations (C—H, C—C, C=C) are mainly observed in monomer
spectrum between 2800-3200 cm™ . A tiny peak at 2246 cm™~! due
to —C=N stretching can be noticeable in monomer spectrum,

yi
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Fig. 3. FTIR spectra of (a) monomer and (b) polymer (PV).

however disappeared from PV spectrum, indicating successful
electroreduction of cyanopyridinium ions towards polyviologen
formation [12]. The band at 1679cm™! assigned to carbonyl
stretching can be seen in monomer spectrum with higher
absorption intensity contrary to a shoulder found in polymer
spectrum. This frequency is lower than the normal carbonyl
frequency around 1700cm~!, suggesting the interaction of
carbonyl group with other surface groups [17]. A band due to
pyridine ring —C=N stretching vibrations at 1640cm™! is
consistent in both monomer and polymer spectrum. Other bands
at 1559, 1458, 1350 and 1241 cm™! are assigned to C—C/N—H
stretch, CON stretch, C—C stretch and C—O/N—H bending [17]. All
the infrared absorptions below 1200 cm~! have been attributed to
the alkyl/aromatic ring stretch and bend vibrations and some due
to the vibrational modes of amide functionality. There is a slight
shift in the polymer bands compared to those of monomer,
possibly due to the formation of long chain polymer consisting of
viologen repeating units derived from reductive electropolyme-
rization of cyanopyridine based monomer precursor.

For SEM imaging, the PV film is electrodeposited on ITO
electrode. As shown in Fig. 4, the SEM image of PV consists of
compact and fibrous/cotton like texture all over the surface of the
electrode. Although various conjugated polymers show such
morphology, it is interesting and exceptional for these kind of
redox polymers.

The in situ ESR/UV-Vis-NIR spectroelectrochemical study
enables the information concerning the nature of charge carriers
and their induced changes to the structure of the molecule under
study. Fig. 5 shows potential dependence of the UV-Vis-NIR (left)
and ESR spectra (right) obtained simultaneously during electro-
chemical reduction of a PV film in 0.1 M NaCl-aqueous electrolyte
at 5mV/s. Thirteen spectra were acquired during the potential
charging/discharging course between 0 and —0.6 V.

The ESR spectra consist of a single line centered at 3472 G and
the shape of the signal does not change during the whole potential
scan. At the beginning, the relative concentration of spins is
constant. This is due to the spin-bearing species being trapped into
the PV film, resulting in hardly any change in the ESR intensity. As
the potential reaches —0.4V, the concentration of spins starts to
grow and the intensity of ESR signal increases reaching its
maximum at —0.6V. This sudden increase in the line intensity
of ESR signal can be explained by the radical monocation formation
in viologen species. The existence of the ESR signal during the

Aperture Size = 10.00 ym Date :27 May 2014

Signal A=InLens Image Pixel Size =4.7 nm

200nm Mag= 2500 KX EHT= 270KV
LEO 1530 WD= 4mm

Fig. 4. SEM image of electropolymerized polyviologen derivative.
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Fig. 5. Evolution of in situ UV-Vis-NIR (right side) and ESR (left side) spectra
obtained during potential charging/discharging scan of PV modified ITO electrode
in 0.1 M NaCl aqueous electrolyte.

whole n-doping process is an evidence of the formation of
paramagnetic charge carriers, i.e. positive polarons. During
discharging, a decrease in the ESR intensity can be observed.
However, it is not totally reversible since the ESR intensity is
slightly higher at the end of the scan compared to that at initial
scan. This phenomenon is very common in several conjugated
polymers [18]. This spectral behavior might be due to the charge
carriers that might have remain trapped inside the film and
partially because of the ITO electrode which is not a desired
substrate for n-doping reactions.

The UV-Vis-NIR spectra follows similar potential dependence
as that of ESR during both charging and discharging. In the
beginning of the potential scan, no substantial changes are
observed until the potential reaches —0.4V, when three charac-
teristic absorption bands at ~400, 550 and 900 nm appear. The
bands are assigned to the viologen cation radical formation [12].
From the ESR spectra, one can reveal that at the same potential, the
paramagnetic species were detected, confirming that absorption
profile is associated to the same charge carriers. With increasing
potential, all three absorption bands increases. During the reverse
scan, absorption intensity decreases gradually for all three bands.
At the end of the charging/discharging course, absorbance is higher
than at the beginning of the scan and does not reach to its initial
value, similarly as for the ESR signal. The changes in ESR and
absorption spectra occurs in parallel, suggesting identical voltage
dependence during the entire potential scan.

The ESR and UV-Vis-NIR spectra confirms that there is only one
paramagnetic charge carrier, which is polarons involved in the first
reduction step of the PV. This is in contrast to the ESR spectra of
viologen molecules which comprises a well resolved hyperfine
splitting [19]. The spectroelectrochemical data thus suggests that
reductive electropolymerization of cyanopyridine based monomer
resulted in polymeric viologen formation, thereby showing a single
line in the ESR spectra connected to polaronic charge carriers, and
not hyperfine splitting.

Fig. 6 shows the voltammetric behavior of the GC and PV
modified GC electrode for the ferrocyanide/ferricyanide redox
couple in electrolyte. A well-defined redox response of the probe is
observed for the GC electrode. When PV modified GC electrode is
scanned, slightly different shape of the redox curve is obtained

3
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Fig. 6. CVs of GC electrode and PV modified GC electrode in 5 mM K;[Fe(CN)g]
solution in 0.1 M NaCl (pH="7) at a scan rate of 50 mVs~".

with decrease in peak currents. This lowering in peak current
might be due to the redox polymer PV which is not conducting
enough and partly due to the covalently bound peptide side group
of PV [20].

The performance of the modified electrode towards simulta-
neous detection of heavy metal ions, Pb(II), Cu(Il) and Hg(II), is
evaluated by differential pulse voltammetry (DPV) (Fig. 7). Since
the analytical signal with better resolution was desired, DPV
method was preferred which enhances the sensitivity of the
detection by eliminating the non-Faradaic current. Compared to
the DPV response of GC electrode, all the heavy metal ions show
well-defined oxidation peaks for the PV deposited GC electrode.
While bare GC electrode shows only one peak at ~0.25V, the
polyviologen coated GC electrode exhibit three characteristic
anodic peaks well separated from each other with potential values

1.0
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{ —PV-GC

0.8

/_/'5_<_,<,/ \>_</ \>,._>_ "\_\ _{
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0.0 - . : . =
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E/V vs. Ag/AgCI

Fig. 7. DPV curves for 25 wM of Pb(II), Cu(Il) and Hg(II) ions in 0.1 M NaCl aqueous
solution (pH=7) obtained at GC electrode and PV modified GC electrode. Inset:
Schematic illustration of possible binding sites of metal ions.
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Fig. 8. DPVs of the Pb(II), Cu(Il) and Hg(II) ions in 0.1 M NaCl aqueous solution
(pH=7) at different concentrations ranging from 1-16 M recorded at PV modified
GC electrode. Inset: Corresponding calibration plot of current (I) as a function of
concentrations of respective metal ions.

at —0.212, —0.007 and 0.108 V corresponding to Pb(II), Cu(Il) and
Hg(Il) ions respectively. The relative peak potentials are identical to
those reported for divalent Pb, Cu and Hg ions [21,22]. This
electroanalytical performance of polyviologen towards trace metal
ions might be attributed to the amide linkage in the polymeric
backbone of PV. It is well known that amides/peptides have
tendency to bind divalent metal ions [23]. Such complexation of
metal ions through amide chain might have occurred in the PV
bearing amide functionality and is therefore utilized for sensitive
detection of heavy metal ions. The possible binding sites can be
envisaged via two donor atoms that complexes the metal, the
amide nitrogen or carbonyl oxygen, as illustrated in the inset of
Fig. 7. Moreover, polyviologens are known for their anion exchange
characteristics [24]. Therefore, in chloride rich environment, the
M?* forms negative complex ion MCl,,>~ which can be accumulated
on PV modified electrode, assisting the sensitive determination of
heavy metals.

Fig. 8 demonstrates the voltammetric response for the
simultaneous determination of Pb(Il), Cu(ll) and Hg(Il) ions at
different concentrations. As the concentration increases from
1-16 M, the anodic peak current increases successively, allowing
sensitive detection of all three ions, clearly separated from each
other. The corresponding calibration plot for all three ions show
linear dependence of current to concentration, particularly in the
range of 8-16 WM with correlation coefficient (R?) in between
0.98-0.99 (Inset of Fig. 8). The detection limit for the simultaneous
determination of all three ions is close to 10 wM. These results
show the potential of PV film with amide linker towards
determination of the heavy metal ions. Such hazardous metals
coexist in the industrial effluents and the overlapping oxidation
potentials makes their separation and detection difficult in real-
time. The proposed method provide simple, fast, sensitive and
simultaneous electroanalysis of such heavy metals in aqueous
streams.

4. Conclusions

In this work, a cyanopyridine based monomer with amide
functionality at the side chain has been synthesized and

electropolymerized. The cyclic voltammetric data show two redox
waves characteristic of viologen. The structural analysis is evident
by FTIR spectroscopy showing complete utilization of cyanopyr-
idinium monomer to viologen by disappearance of cyanide
stretching vibration. From in situ spectroelectrochemical study,
the ESR spectra depicts single line related to polaronic charge
carriers and UV-Vis-NIR spectra show characteristic absorption
bands typical of viologen. The polyviologen film was finally
demonstrated for sensitive and simultaneous voltammetric
determination of Pb(II), Cu(Il) and Hg(Il) ions, owing to the amide
linkage in the polymeric chain and its possible binding to divalent
ions.
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