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Abstract: The control of the interface and the adhesion process are key issues for the development
of new application based on electrochromic materials. In this work the functionalization
of an electrode’s surface through electroreduction of diazonium generated in situ from
4-(2,5-di-thiophen-2-yl-pyrrol-1-yl)-phenylamine (SNS-An) has been proposed. The synthesis of
the aniline derivative SNS-An was performed and the electrografting was investigated by cyclic
voltammetry on various electrodes. Then the organic thin film was fully characterized by several
techniques and XPS analysis confirms the presence of an organic film based on the chemical
composition of the starting monomer and allows an estimation of its thickness confirmed by AFM
scratching measurements. Depending on the number of electrodeposition cycles, the thickness
varies from 2 nm to 10 nm, which corresponds to a few grafted oligomers. In addition, the grafted
film showed a good electrochemical stability depending on the scan rates up to 400 V/s and the
electrochemical response of the modified electrode towards several redox probes showed that the
attached layer acts as a conductive switch. Therefore, the electrode behaves as a barrier to electron
transfer when the standard redox potential of the probe is below the layer switching potential, whereas
the layer can be considered as transparent towards the electron transfer for redox probes with a redox
potential above it.

Keywords: diazonium electroreduction; surface grafting; conducting polymer; dithienylpyrrole

1. Introduction

Conducting polymers (CPs) continue to be the center of intensive scientific research due to
their unique properties (tunable band gap, redox properties, protection against corrosion and low
cost) [1,2]. These characteristics have allowed the development of many technological applications [3],
from organic and molecular electronic [4,5] to sensors [6–8] or smart surfaces [9–13]. Among many
types of CPs, poly(thienyl-pyrrole-thienyl) derivatives have received great interest [14–18] especially
for their electrochromic properties [19–23]. The structure of derivatives is generated from a central
pyrrole units bearing two thiophene moieties attached on the C2 and C5 carbon atoms of the pyrrole
and can be named SNS or Poly(SNS). As the starting monomer presents three aromatic units, their
oxidation potentials are low (around 0.2 V/SCE) and as the pyrrole unit can be easily substituted
on the nitrogen, new functions can be easily added on the conductive backbone. Moreover, many
synthesis pathways have been developed to couple the SNS moieties and other monomers. Recently,
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Guven et al. reported the synthesis of several SNS derivatives by click chemistry opening the way for
new materials in electrochromic applications [20–22]. This approach allows one to achieve an effective
post-polymerization functionalization of azide containing SNS monomer. Usually the deposition of
CPs is performed either from the vapor phase or from solution (dip coating, self-assembly) or by
electrochemical oxidation of a monomer. In such cases, the interface is often not well defined due to the
weak interaction between the substrate and the polymer. This drawback can be overcome using surface
pretreatment, such as adhesion primer grafting. It allows the modification of the surface by grafting
the appropriate monomer chain. The adhesion layer can be introduced through two different ways:
the cathodic polymerization [24,25] and the diazonium electroreduction [26,27]. The first pathway
is generally restricted to acrylic derivatives whereas the latter is used to modify the surface with an
aromatic based compound. For the latter the electrochemical reduction of a phenyldiazonium salt
produces phenyl radicals in the vicinity of the electrode and these phenyl radicals react with the
electrode surface leading to a covalent bond at the interface [26]. This reaction has been studied in
different media [28,29] with several electrode materials such as metallic [30–33] and semi-conducting
surfaces [34–37]. Moreover, this method is very versatile due to the wide variety of substituted phenyl
diazoniums based on various amino derivatives [38,39]. Depending on the surface materials the strong
adhesion of the organic film was established or was indirectly evidenced by the resistance to sonication
that cannot be explained by weak interaction [40–42].

Many studies has been reported quite recently using diazonium electroreduction to graft
conductive oligomers on surfaces [38,43–47]. Ultrathin layers can be generated since the growth is
limited by the conductivity of the organic layer in the potential range required for the electroreduction
of the diazonium salt. However, the structure of such films is not well defined compare to single
monolayer as the growth generates multilayer films [40,48–50] but monolayers have also been reported
considering the steric hindrance or solvent viscosity [51–54]. Despite the lack of layer organization, the
reversible switching properties of conductive oligomers are retained and these properties are combined
using a strongest metal/oligomer interaction compared to that obtained with vapor phase and dip
coating, or by electrochemical oxidation.

In this present work, we investigate the electroreduction of a new derivative of SNS
monomer to fabricate a stable adhesion layers on various electrode from 4-(2,5-di-thiophen-2-yl-
pyrrol-1-yl)-phenylamine, as depicted in Figure 1a. The electrochemical reduction of the amino-phenyl
moiety bearing an SNS group is investigated at glassy carbon (GC) and gold electrodes. Next, the
morphology and the thickness of such layers are investigated using various techniques, such as X-ray
photoelectron spectroscopy (XPS), cyclic voltammetry, and atomic force microscopy (AFM). More
interestingly, using electrochemical techniques we demonstrated that the conductivity of the organic
layer could change demonstrating a switching behavior towards a redox probe. This study paves the
way for improving the adhesion of organic layer on electrode but also for exploring modulation or
control behavior for electrochromic material.
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Figure 1. (a) schematic illustration of in situ synthesis of 4-(2,5-di-thiophen-2-yl-pyrrol-1-yl)-phenyl 
diazonium cation and its electro-reduction onto metallic electrode. (b) Cyclic voltammogram of 4-
(2,5-di-thiophen-2-yl-pyrrol-1-yl)-phenyl diazonium cation electro-reduction (5 × 10–4 mol/L) in 
acetonitrile solution (20 cycles at 0.1 V/s) on carbon electrode. 

After the deposition, the electroactivity and the stability of the modified carbon electrode are 
investigated by cyclic voltammetry in an electrolyte solution (0.1 M LiClO4 in ACN). The 
characteristic CV responses of these electrodes at various potential scan rates (v from 10 to 400 V/s) 
are shown in Figure 2a. 

 
Figure 2. (a) Cyclic voltammograms of the modified electrode in 0.1 M LiClO4 solution at various scan 
rates (from 10 to 400 V/s) with ohmic drop compensation. (b) Plot of anodic peak current density (at 
0.9 V) versus scan rate of the grafted layer. 

As 2,5-dithienylpyrrole is a conjugated oligomer, the grafted layer is electroactive with one 
reversible electrochemical signal adding to the capacitive current of the bare electrode. This 
electrochemical signal has an onset at 0.7V/SCE and oxidative and reductive peaks close to 0.9V/SCE. 
It can be attributed to chemisorbed monomer or short oligo-monomer [55]. The scan rate dependence 
of the peak current was also analyzed. As expected for a surface electron-transfer process, the peak 
currents for modified electrodes are linearly dependent on v. The faradic charge measured between 
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Figure 1. (a) schematic illustration of in situ synthesis of 4-(2,5-di-thiophen-2-yl-pyrrol-1-yl)-phenyl
diazonium cation and its electro-reduction onto metallic electrode. (b) Cyclic voltammogram of
4-(2,5-di-thiophen-2-yl-pyrrol-1-yl)-phenyl diazonium cation electro-reduction (5 × 10−4 mol/L) in
acetonitrile solution (20 cycles at 0.1 V/s) on carbon electrode.

2. Experimental Section

All chemicals were purchased from Sigma-Aldrich©, Merck Chemical© as analytical grade.
Tetrabutylammonium tetrafluoroborate (TBABF4) was electroanalytical grade and thiophene,
succinyl chloride, p-diaminophenylene were used as received. 1,4-di(2-thienyl)-1,4-butanedione
and 4-(2,5-di-thiophen-2-yl-pyrrol-1-yl)-phenylamine (SNS-An) were synthesized according to
literature [55]. NMR 1H (CDCl3): 3.87 (2H, s, NH2); 6.53 (2H, dd, 3.60 and 1.15 Hz, 4-thienyl);
6.56 (2H, s); 6.64 (2H, dd, 3.65 and 5.10 Hz, 3-thienyl), 7.05 (2H, dd, 1.15 and 5.10 Hz, 2-thienyl); 6.72
(2H, dd, 6.58 and 2.15 Hz, phenyl); 7.10 (2H, dd, 6.58 and 2.15 Hz, phenyl).

2.1. Electrochemical Experiment

A conventional three-electrode cell was used with a platinum wire as auxiliary electrode and
a saturated calomel electrode (SCE) (3 M KCl) as reference. The potentials were checked versus
the ferrocene/ferrocenium couple, and all potentials were scaled against SCE. Two types of working
electrode were used, namely glassy carbon (GC, 3 mm diameter) and gold (1 cm2) for XPS analysis.
Prior to use the carbon electrodes were polished using decreasing sizes of diamond paste. Before any
measurements the solutions were deoxygenated by bubbling argon for 30 min; during the experiment
the electrochemical cell remained under argon. Electrochemical data were collected using a CHI 660C
potentiostat (CH Instruments, Austin, TX, USA).

2.2. X-ray Photoelectron Spectroscopy

XPS analyses were performed on a modified gold substrate using a VG Scientific ESCALAB 250
system equipped with a microfocused, monochromatic Al KR X-ray source (1486.6 eV) and a magnetic
lens which increases the electron acceptance angle and hence the sensitivity. A 650 µm X-ray beam
was used at 20 mA × 15 kV. The spectra were acquired in the constant analyzer energy mode with pass
energies of 150 and 40 eV for the survey and the narrow regions, respectively. Charge compensation
was achieved with an electron flood gun combined with an argon ion gun. The argon partial pressure
in the analysis chamber was 2 × 10−8 mbar. Avantage software (Thermo Electron) was used for digital
acquisition and data processing. Spectra were calibrated by setting the main C1s signal to 285 eV.
Surface compositions (in at%) were determined from the integrated peak areas and the corresponding
sensitivity factors corrected for the analyzer transmission.
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2.3. Ellipsometry

A Horiba Jobin Yvon ellipsometer was used, with a He–Ne laser λ = 6328 Å, angle = 70.00◦. The
values for ns and ks were measured on a clean gold wafer from 300 to 800 nm and used to determine
the thickness of the grafted layer (organic layer: no = 1.46, ko = 0.0; substrate: ns = 0.230, ks = 3.341).
The thickness was evaluated directly from these data by the ellipsometer software using a standard
procedure of fitting.

3. Results and Discussion

We have synthesized 4-(2,5-di-thiophen-2-yl-pyrrol-1-yl)-phenylamine using previously described
procedure [55]. As shown in Figure 1a, the diazonium salt was then generated in situ from the
amino derivate by adding tertbutyl nitrite and the electrochemical grafting was carried out by cyclic
voltammetry. Figure 1b shows the cyclic voltammograms (CV) of the reduction on a GC electrode of the
4-(2,5-di-thiophen-2-yl-pyrrol-1-yl)-phenyl diazonium (SNS-P-N2

+) generated in acetonitrile containing
0.5 mmol·L−1 of SNS-An in presence of tertbutyl nitrite (2 eq.) and 0.1 M of tetra-n-butylammonium
tetrafluoroborate. The electrografting of the diazonium salt was optimized in order to obtain a thin
and compact organic film onto the electrode. The recorded CV displays one irreversible reduction
waves at 0 V/SCE and a high reduction current from 0.4 to −0.4 V. This behavior is associated to the
reduction of SNS-P diazonium cation. During subsequent cycles, it shows significant decrease in the
intensity of the reduction current and it disappears completely after 10 cycles. Similar behavior has
been observed in the reduction of in situ-generated aryldiazonium cations. [26,49,56–58] It is attributed
to the progressive modification of the electrode by the formation of an insulating organic film, which
blocks the electron transfer in the observed potential range.

After the deposition, the electroactivity and the stability of the modified carbon electrode are
investigated by cyclic voltammetry in an electrolyte solution (0.1 M LiClO4 in ACN). The characteristic
CV responses of these electrodes at various potential scan rates (v from 10 to 400 V/s) are shown
in Figure 2a.
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Figure 2. (a) Cyclic voltammograms of the modified electrode in 0.1 M LiClO4 solution at various scan
rates (from 10 to 400 V/s) with ohmic drop compensation. (b) Plot of anodic peak current density (at
0.9 V) versus scan rate of the grafted layer.

As 2,5-dithienylpyrrole is a conjugated oligomer, the grafted layer is electroactive with one
reversible electrochemical signal adding to the capacitive current of the bare electrode. This
electrochemical signal has an onset at 0.7V/SCE and oxidative and reductive peaks close to 0.9V/SCE. It
can be attributed to chemisorbed monomer or short oligo-monomer [55]. The scan rate dependence
of the peak current was also analyzed. As expected for a surface electron-transfer process, the peak
currents for modified electrodes are linearly dependent on v. The faradic charge measured between
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0.7 V and 1.1 V and is 9.5 × 10−6 C which gives a surface concentration of 7 × 10−10 molecules/cm2,
a value close to that of a monolayer. Note also that this charge is independent of the scan rate and can,
thus, be injected very fast in such layers as CV at scan rate as high as 400 V·s−1 are still reversible.

Furthermore, to study the electrochemical properties of the modified electrode cyclic voltammetry
(CV) was used to investigate the electrochemical behavior of the electrode towards several redox
probes (Figure 3); Fe(CN)6

3−/4−, ferrocene, decamethylferrocene (DmFc), or thianthrene. The used
scan rate is set to 0.1 V·s−1 so that electron transfer from the film to the electrode is not limiting the
electrochemical signal of the probes. The CV curves of the modified electrode SNS-An/GCE in 1 mM
K3Fe(CN)6 under Ar are presented in Figure 3a. On the bare electrode we observed the redox peaks
centered to 0.2 V/ECS (black curve). In the case of the modified electrode no peaks appeared in the
range of 0.6 to −0.4 V (red curve), indicating a strong blocking effect of these SNS-An films on the
Fe(CN)6

3− charge transfer process in this potential region. As Fe(CN)6
3− is very sensitive to surface

adsorption effects, this result underlines the strong homogeneity of the layer with no significant defect.
Electrochem 2020, 1, 3 25 
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Figure 3. Electrochemical response of bare (black) and modified (red) electrodes in various redox probe
solutions: (a) K3FeCN6 1 mM; (b) ferrocene 1 mM; (c) decamethylferrocene 1 mM; (d) thianthrene
1 mM with 0.1 M LiClO4 in ACN solution.

In the case of Ferrocene probe, the SNS-An/GC electrode exhibits a typical diode-like behavior
toward Fc (red curve) similar to that reported with a uniform modified GCE surface (Figure 3b) [57,59].
Briefly, no Fc electroactivity is observed at the expected potential but scanning at more positive potential
exhibits an irreversible oxidation wave related to the oxidation of the ferrocene. Compared to the bare
electrode Fc oxidation is shifted by at least 0.2 V/SCE due to the grafted layer. It seems that the layer
acts as a barrier against the electron transfer for potential higher than a blocking potential around
0.4 V/SCE. The peak shape is also identical on both the bare and modified GC electrodes, suggesting
that the heterogeneous rate constant for Fc oxidation is similar on both substrates. This shift can be
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ascribed to the electrochemical properties of the organic layer. Indeed the layer becomes insulating for
potential less negative than 0.4 V/SCE and conducting for highest potentials. Therefore, Fc+ reduction is
not observed on the reverse scan as it occurs at a more negative potential below the switching potential
of the organic layer. Indeed this behavior is reversible as we can do many cycles in this potential range
without decrease of current or change in the electrochemical behavior. However, if the organic layer is
not well organize (presence of pinholes or defects in the layer) the layer is not completely insulating
and the current of the shifted oxidation peak is lower than that on bare electrode and pinholes appear
as ultra-micro electrodes and sigmoidal wave was observed at the standard potential of Fc (0.3 V/SCE).
This experiment is a good proof of the homogeneity of the grafted layer and was confirmed by AFM
analysis (see below).

To confirm the electrochemical behavior two redox probes with higher and lower redox potential
than 0.4 V/SCE were used. The Figure 3c shows the CV of the modified electrode in an ACN solution
containing 1 mM decamethyl Ferrocene and 0.1 M LiClO4. In the range of −0.3 to 0.4 V no current was
observed for the modified electrode in comparison with the bare electrode. Then for higher potential
an oxidation peak is observed corresponding to the oxidation of decamethyl ferrocene. As the standard
potential of DmFc is −0.15 V, no reduction peak was observed due to the insulating properties of the
grafted film below 0.4 V. In the opposite case when a redox probe with higher standard potential was
used (thianthrene for example) the behavior was different. The Figure 3d presents the CV of modified
electrode in an ACN solution containing 1 mM thianthrene and 0.1 M LiClO4. As expected the CV
curves for bare and modified electrode are similar which confirm the conducting state of the layer for
potential above 0.4 V.

One can note that as the structure of the molecule SNS-An is similar to the bithiophene phenyl
amine (BTB) the value of the switching potential is closed to the potential found for the oligo(BTB)
modified electrode [57].

The modified electrode was characterized by atomic force microscopy (AFM). It is a convenient
way to investigate the morphology and the thickness of such surface. SNS-An was deposited on both
carbon and gold electrodes in order to compare the surface morphology. The electroreduction of the
diazonium salt was done as shown before using several cycles between 0.4 V and −0.4 V. Figure 4
shows the topography and the cross-section of SNS-An modified electrode with 10 cycles of grafting.
The topography image revealed that the film appears homogeneous with very few defects, whereas the
roughness was around 1 nm. The thickness of the layer was obtained by using the scratch method [60].
To do so the AFM tip was used to get a hole inside the organic layer by scratching the tip into the layer.
After analysis the cross-section revealed a thickness of at least 2 nm which correspond to few layers of
the SNS compound (of length). For less cycles of grafting the AFM analysis did not allow the thickness
measurement but it is possible to obtain an organic layer of around 10 nm thickness by increasing the
number of cycles (30 cycles). As it is already known the thickness of diazonium film depends on the
bias range and the number of cycles [61]. It can be noted that even for very thin film the electrochemical
behavior in redox probes solutions shows the good organization and homogeneity of the SNS layer.
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Figure 4. (a) AFM image of the modified electrode in tapping mode 3 × 3 µm. (b) Cross-section along 
the red line in Figure 4a performed by the scratch method [60]. 

Following that, the modified electrodes were characterized by XPS experiment to determine the 
chemical composition. XPS analysis leads to the surface composition of an organic layer and also the 
thickness. The electroreduction on gold was performed as for the carbon electrode and the signal of 
gold was used to estimate the thickness of the organic film. Figure 5 displays the wide-scale energy 
spectrum of a SNS-An sample and the high-resolution XPS spectrum for C1s (Figure 5b), S2p (Figure 
5c), and N1s (Figure 5d) obtained for the SNS-An sample. 

 
Figure 5. High-resolution XPS spectra of SNS-An modified gold surface. (a) XPS survey spectra of 
gold modified electrode. (b) C1s spectra. (c) S2p spectra. (d) N1s spectra. 

Figure 4. (a) AFM image of the modified electrode in tapping mode 3 × 3 µm. (b) Cross-section along
the red line in Figure 4a performed by the scratch method [60].

Following that, the modified electrodes were characterized by XPS experiment to determine the
chemical composition. XPS analysis leads to the surface composition of an organic layer and also the
thickness. The electroreduction on gold was performed as for the carbon electrode and the signal of
gold was used to estimate the thickness of the organic film. Figure 5 displays the wide-scale energy
spectrum of a SNS-An sample and the high-resolution XPS spectrum for C1s (Figure 5b), S2p (Figure 5c),
and N1s (Figure 5d) obtained for the SNS-An sample.
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A comparison of the XPS spectra before and after electrochemical grafting reveals several major
changes. First, it is interesting to note that the spectrum exhibits intense inelastic backgrounds beyond
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the Au 4f peaks (not shown), whereas it remains constant beyond the C and S signals. This clearly
indicates that the C and S atoms are located at the extreme surface of the organic layer and an organic
layer covers the Au surface.

Through the Au4f7/2 attenuation signal the thickness of the layer can be estimated. Using the
Seah and Dench formalism [62] we have found a thickness between 2 and 3 nm in agreement with
ellipsometry and AFM analysis (Figure 4).

Following the carbon, sulfur and nitrogen signals increase after the electroreduction of diazonium
in comparison with the bare electrode which indicates the formation of an organic layer (the carbon on
the bare surface before grafting is attributed to surface contamination). The high-resolution carbon
signal can be deconvoluted in two contributions at 285 eV with a small shoulder at 286.1 eV. The
highest signal correspond to the carbon of benzene, thiophene, and pyrrole units while the second
peak can be referred to C-N or C-S bonds. Figure 5c displays the S2p signals as a doublet with a relative
ratio of 2:1 at 164–165.1 eV relative to the S2p3/2 and S2p1/2 which is in a good agreement with literature
reports [63]. This doublet can be considered as the signature of thiophene sulfur on the grafted layer
on the surface and is not seen on the bare electrode. The atomic ratio S2p/N1s is close to 2, which is
the theoretical value for S/N ratio and suggests that the surface species is derived from SNS moieties.
The C1s/S2p ratio is close to 11, whereas such ratio cannot be defined on the bare gold substrate. This
ratio reaches a value compatible with the expected value of 9 for SNS-An oligomer grafted layers and
the contribution from contaminants that are initially adsorbed on the gold surface and explain the
large amount of carbon atoms measured, is now small. The N1s peak at 400 eV reveals nitrogen atoms
most likely due to the pyrrole moieties even though this signal can also be attributed to amino group
or reduced nitrogen (the atomic ratio C1s/N1s below 23 for a theoretical value of 18). One also has to
note that no peak corresponding to the nitrogen of the diazonium cation at 403 eV or corresponding
to –N=N– (indicative of an undesired coupling reaction) was observed [64]. Overall, this analysis
confirms that a thin layer of SNS oligomer has been successfully grafted onto the gold electrode.

4. Conclusions

As a conclusion the electrografting of the diazonium based on 4-(2,5-di-thiophen-2-yl-pyrrol-1-
yl)-phenylamine (SNS moieties) onto various electrodes has been demonstrated. XPS and AFM
have shown that the organic layer grafted onto the electrode can be thin (2–3 nm of thickness) and
the composition of the film correspond to what we expect for SNS moieties. The organic layer is
electroactive and was tested at different scan rates to show the stability and the electron transfer rate.
The electrochemical behavior of the modified electrodes was investigated in redox probes solutions
(various standard potentials). We observed that the organic layer acts as a barrier against the electron
transfer from the redox probe to the electrode when the E◦ of the redox probe is below the switching
potential (0.4 V/SCE). However the layer becomes transparent for redox probe with a potential E◦

above 0.4 V/SCE. Such layer covalently coupling to the surface of the electrode can be used as adhesion
primer layers for electropolymerization of conducting polymer based on thiophene or SNS units. The
structure of the monomer is also an important point as the two rings (pyrrole and phenyl) are not
planar and the molecular conductance could be strongly affected by the angle between the molecule
and the surface. However, further investigations are needed to better understand the role of this
specific structure in the electrochemical behavior.
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