N
N

N

HAL

open science

Strengthening adhesion of polycarbazole films on ITO
surface by covalent electrografting of monomer
Abhishek Kumar, Emmanuel Contal, Sophie Lakard, Frédéric Dumur, Rita

Meunier-Prest, Lydie Viau, Marcel Bouvet, Boris Lakard

» To cite this version:

Abhishek Kumar, Emmanuel Contal, Sophie Lakard, Frédéric Dumur, Rita Meunier-Prest, et al..
Strengthening adhesion of polycarbazole films on ITO surface by covalent electrografting of monomer.

Surfaces and Interfaces, 2022, 35, pp.102447. 10.1016/j.surfin.2022.102447 . hal-03840158

HAL Id: hal-03840158
https://hal.science/hal-03840158

Submitted on 4 Nov 2022

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://hal.science/hal-03840158
https://hal.archives-ouvertes.fr

Strengthening adhesion of polycarbazole films on ITO surface by covalent

electrografting of monomer

Abhishek Kumar!, Emmanuel Contal?, Sophie Lakard?, Frédéric Dumur?, Rita Meunier-Prest?,

Lydie Viau?, Marcel Bouvet!, Boris Lakard?

! Univ. Bourgogne Franche-Comté, ICMUB, UMR CNRS 6302, 21078, Dijon, France
2 Univ. Bourgogne Franche-Comtg, Institut UTINAM, UMR CNRS 6213, 25030, Besangon, France
3 Aix Marseille Univ, CNRS, ICR, UMR 7273, F-13397 Marseille, France

Email addresses and ORCID number of authors (corresponding author email is marked
with asterisk)

abhishek.Kumar@u-bourgogne.fr (ORCID no. 0000-0002-4306-9644)
emmanuel.contal@univ-fcomte.fr (ORCID no. 0000-0003-0146-589X)
sophie.lakard@univ-fcomte.fr (ORCID no. 0000-0001-9846-6893)
frederic.dumur@univ-amu.fr (ORCID no. 0000-0003-4872-094X)
rita.Meunier-Prest@u-bourgogne.fr (ORCID no. 0000-0001-5597-3879)
lydie.viau@univ-fcomte.fr (ORCID no. 0000-0002-2403-5692)
marcel.bouvet@u-bourgogne.fr (ORCID no. 0000-0002-2272-6633)

* boris.lakard@univ-fcomte.fr (ORCID no. 0000-0001-9686-4978)



Abstract: Strong adhesion of a functional polymer coating to a solid support is a key
requirement to achieve its robustness and high performance in different application areas.
Herein, a novel carbazole derivative, 9-methyl-9H-carbazole-3,6-diamine (m-Cz-diamine), is
synthesized and covalently grafted onto an ITO surface through the diazonium electroreduction
method. The functionalization of the ITO surface is confirmed by XPS spectroscopy, water
contact angle measurements and cyclic voltammetry analysis, revealing the covalent anchoring
of an organic film (m-Cz-1TO). The functionalized ITO surface is then studied for oxidative
electropolymerization of m-Cz-diamine and carbazole, showing clear advantages over a bare
ITO substrate in terms of polymer film adhesion. The polymer films electrodeposited onto an
electrografted ITO surface demonstrate very strong adhesion, as they do not delaminate, either
by a scotch tape pulling, storing in air, or immersing under water for two months. On the other
hand, the polymer films grown on a bare ITO substrate peel off easily in all the aforementioned
stability tests. Therefore, electrografting an organic film onto the ITO surface clearly improves
the adhesion of the polymer films on top of it. Moreover, it is interesting to note that the
physicochemical properties of the polymer films deposited on the functionalized 1TO substrate

remain unchanged.

Keywords: Carbazoles; Conducting polymers; Diazonium; Electrochemistry; Electrografting;

Thin films.




1. Introduction

The research area of n-conjugated polymers has drawn numerous research interests since
the pioneering work of Lethebyin to obtain polyaniline (PANI) by electrochemical oxidation of
aniline in acidic media [1]. In the following years, multitudes of conducting polymers were
electrosynthesized as exemplified with polyacetylene [2], polypyrrole [3] and polythiophene
[4] among others. These polymers have been used in diverse applications, owing to their
outstanding magnetic [5], electrical [6] and optical [6] properties. They possess a low-energy
optical transition, tunable electrical conductivity, high electronic affinity and good mechanical
flexibility, which make them the material of choice for applications in electrochemical sensors
[7, 8], biosensors [9, 10], supercapacitors [11], fuel cells [12], batteries [13] and optoelectronic
devices, such as solar cells [14]. However, a commonly encountered problem, while coating a
surface through in situ electropolymerization is the weak adhesion between the organic layer
and the substrate. This is because polymer chains formed near the electrode-electrolyte interface
are immobilized on the electrode surface through physisorption, which is rather a weak
interaction. Such weak and unstable adhesion of conducting polymers to substrates often results
in interfacial failures and consequent loss of functionality, which adversely affects the
reliability and efficiency of devices [15, 16]. With thicker conjugated polymer films the
problem of poor adhesion is amplified [17]. A few previous literature studies also reported that
conducting films may even completely delaminate from the substrate to form free-standing
membranes [18, 19]. To overcome this challenge, several surface functionalization methods
have been explored, in which a common strategy has been to strengthen the adhesion of the
polymer layer through formation of a stronger covalent bond.

One approach to overcome the poor adhesion is to use bifunctional molecules to form self-
assembled monolayers (SAMs) on the metal substrate (gold, platinum) through the well-known

thiol chemistry. Thus, a SAM of monomer-functionalized thiols coated onto gold or platinum



substrates resulted in improved adhesion of subsequently deposited conducting polymers [20,
21]. Covalent bonding on substrates can also be achieved using monomer-functionalized silanes
to form chemical bonds with metals or metal oxides. This strategy was first used by Simon et
al., reporting covalent anchoring of N-(3-trimethoxysilyl-propyl)pyrrole on platinum or silicon
electrodes via reaction with surface -OH groups. On the functionalized electrodes, the pendant
pyrrole groups of the organosilane acted as initiation sites for the polymerization of polypyrrole
[22]. Such a surface modification allowed to improve the adhesion and mechanical stability of
polypyrrole films without degrading their conductivity and electroactivity [23], which
promoted their applications in anticorrosion coatings [24, 25]. Similarly, adsorption of
polyaniline on titania or silica particles can be achieved by pre-grafting an organosilane through
the -OH groups of the particles, followed by polymerization to generate the polymer shell. In
this manner, 3-aminopropyl(triethoxysilane) and N-[(3-trimethoxysilyl)-propyl]aniline have

been used for the preparation of SiO.@PANI [26, 27] and TiO.@PANI particles [28, 29].

Chemical [30, 31] or electrochemical [32, 33] reduction of diazonium derivatives is another
versatile technique for surface functionalization of substrates, imparting robust film adhesion
through the formation of carbon-metal [34] or carbon-oxygen covalent bonds [35]. In this
approach, an aryldiazonium salt precursor is at first electrochemically/chemically reduced into
reactive free-radical, that is subsequently covalently grafted on the surface of the substrate [36,
37]. This strategy has several advantages compared to the SAM and silanization methods. For
instance, the associated chemical/electrochemical reactions in grafting through diazonium
reaction are easier to control and thus film thickness can be effectively controlled. Additionally,
there are ample possibilities, based on amide coupling, click chemistry, coordination bonding
among others to further modify the surface functionality suited for post-functionalization

grafting of polymer chains [38]. In particular, the high stability of the modified surfaces induced



by the electroreduction of diazonium salts exhibited a decisive advantage for the stability of

biosensors [39-43] and energy storage devices [44-46].

Conducting polymer films have already been obtained from various aryldiazonium
derivatives. Polyaniline films were prepared by Vacca et al. onto gold substrates through a three
steps process [47]. At first, a gold electrode was functionalized with 4-nitrophenyl by
electrochemical reduction of 4-nitrobenzenediazonium salts. Subsequently, nitro groups were
electrochemically reduced to amine groups, which were finally used as an initiator for the
electropolymerization into polyaniline film. The modification of electrodes with aminophenyl
groups can also be achieved by one-step procedure, involving the direct electroreduction of 4-
phenylaminodiazonium in acidic medium [48]. Using this direct approach, Santos et al.
reported the electropolymerization of diphenylamine into covalently-linked polyaniline film on
glassy carbon electrode, in which the resulting film demonstrated improved chemical stability
under high temperatures and ultrasonication [49]. Pilan et al. also used an electrografted layer
of aminophenyl moieties to prepare polyaniline / carbon nanotube composites, exhibiting a
significantly improved stability and higher capacitance values [50]. The electropolymerization
of pyrrole was achieved on Ni and NiTi alloy substrates, which were pre-grafted with 4-
pyrrolylbenzene via electroreduction of 4-pyrrolylphenyldiazonium salt [33, 51]. The presence
of 4-pyrrolybenzene layer promoted the adhesion of polypyrrole chain on the substrates and the
resulting film demonstrated improved anti-corrosion properties. Similarly, a thin layer of
oligothiophene electroactive coating on glassy carbon, gold or platinum electrodes was realized
through electroreduction of 2-aminoterthiophenyldiazonium followed by electropolymerization
[52]. Recently, poly(3,4-ethylenedioxythiophene) (PEDOT) was covalently attached onto Pt/Ir
electrodes through an intermediate phenylthiophene layer, deposited by electroreduction of the
corresponding diazonium salt [53]. Resulting PEDOT films exhibited a very high adhesion

stability, such that their electrochemical performances were retained after more than 1000 redox



cycles, whereas physically adsorbed PEDOT films begin to delaminate after 40 cycles.
Polycarbazole and its derivatives are another important group of conducting polymers, which
have been widely used in nanodevices, light emitting diodes, capacitators, rechargeable
batteries, electrochemical transistors, or memory devices [54, 55]. However, the potentiality of
a pre-grafted molecular film on the substrate surface by electroreduction of the corresponding
aryldiazonium has not been previously investigated in improving the adhesion of polycarbazole

layer on the substrate surface.

In this endeavour, the present work investigates the role of a molecular film of carbazole
derivative, pre-grafted on a conducting ITO substrate by diazonium electroreduction, in
improving the adhesion of different polycarbazole coatings. The key novelty aspect of this work
is that a new carbazole derivative (9-methyl-9H-carbazole-3,6-diamine) is synthesized, which
is subsequently electrografted on ITO surface through electroreduction of the corresponding
diazonium salt. The electrografted surface has been comprehensively characterized by means
of XPS, AFM, SEM and cyclic voltammetry to assess the molecular structure, surface
morphologies and electroactivity. The molecular film coated on ITO is subsequently used as a
functionalized substrate for the electropolymerization of different polycarbazole derivatives.
The role of the carbazole molecular film is finally evaluated in improving the adhesion and

long-term stability under water of different polycarbazole films.

2. Experimental

2.1.Materials and Reagents

All reagents and solvents used for the synthesis of 3,6-diamino-9-methylcarbazole were

purchased from Sigma Aldrich and used as received without further purification. 9H-Carbazole



(CAS: 86-74-8, purity > 95%) and lithium perchlorate (CAS: 7791-03-9; purity > 95%), sodium
nitrite (NaNOy) (CAS:7632-00-0; purity: 97%) and potassium hexacyanoferrate (Kz[Fe(CN)g])
(CAS:13746-66-2; purity > 99%), acetonitrile (CAS: 75-05-08, anhydrous, 99.8%) and
potassium chloride (CAS: 7447-40-7; purity: 99%) were purchased from Sigma Aldrich.
Indium Tin Oxide (ITO)-coated glass plates were purchased from Solems (12 ohms, ITO

thickness: 370 nm, glass thickness: 1.1 mm, sheet sizes: 20 x 10 mm).

2.2.Electrochemical set up and methods

- Electrografting:

Cleaning of the ITO coated glass plates was performed in four steps before any
electrochemical experiments. Indeed, they were sequentially cleaned with dichloromethane,
acetone, ethanol and distilled water under ultrasonication for 10 minutes in each solvent. The
electrodes were then dried under synthetic air flow. PGSTAT302N Autolab Metrohm
potentiostat was used to conduct different electrochemical experiments associated to
electrografting of m-Cz diamine. The instrument was equipped with Nova 2.1 software and a
conventional 3-electrode set up, consisting of an ITO plate, a Saturated Calomel Electrode
(SCE) and a Pt wire which were employed as working, reference and counter electrode,

respectively.

The diazonium salt precursor was in situ synthesized in the electrochemical cell by mixing
deoxygenated solutions of 2 mM of m-Cz diamine (in 0.1 M LiCIO4) with 0.1 M of NaNO2(aq)
in the ratio of 12.5:1 (v/v). The reaction mixture was further bubbled with continuous argon
flow for 10 minutes. The solution color changed to yellow, which is a characteristic feature of
the formation of diazonium species. Electroreduction of m-Cz diazonium was performed by
repetitive cyclic voltammetry (CV) cycles in the potential range of -0.2 to -0.75 V and with a

scan rate of 40 mV s, The film electrografted on ITO (m-Cz-1TO) was subsequently washed

7



in acetonitrile (ACN) solution and dried under ambient condition at room temperature. A CV
was also recorded in 5 mM Ks[Fe(CN)g] in 0.1 M KClq, at a scan rate of 40 mV s, using m-

Cz-1TO electrode and bare ITO in the potential range of -0.2 to +0.6 V.
- Electropolymerization:

Electropolymerization of m-Cz diamine and Cz monomers was carried out at room temperature,
using a SPELEC potentiostat/galvanostat, from Metrohm, in a conventional 3-electrode set up,
consisting of an ITO plate, a SCE electrode and a Pt wire which were employed as working,
reference and counter electrode, respectively. Electropolymerization of m-Cz diamine and Cz
monomers, both 10 mM, was performed by repetitive CVs cycles in the potential range of 0 to
+2 V and with a scan rate of 50 mV s in 0.1 M LiClO4 electrolytic solution of acetonitrile. The
working electrode was rinsed with acetonitrile after each electrodeposition experiment. Then,
the electrochemical activity of the electrodeposited polymer films was deduced from the cyclic
voltammograms obtained at a bare or modified 1TO electrode coated with a polymer film in 0.1

M LiClOg electrolytic solution of acetonitrile.

2.3.Surface characterizations

Elemental analysis and chemical structure determination of the m-Cz film electrografted on
ITO and m-Cz diamine powder were conducted using a Versaprobe 5000 XPS spectrometer
(ULVAC-PHI apparatus). For the measurements, a monochromatic and focused Al Ka X-ray
source (1486.6 eV) was used. For each sample, a survey and core-level spectra of C1s, N1s and
O1s were recorded over a spot size of 200 um. To record the survey and core-level spectra, pass
energies of 187.5 eV and 58.7 eV were used, respectively. AFM images of the m-Cz-ITO
surface were recorded using a Bruker Icon-2 AFM instrument in nanoDMA peak-force tapping

mode. A silicon probe (ScanAsyst, AIR-HR) with a spring constant: 0.4 N/m and tip radius of



2 nm was used to scan the surface. During the scan, peak-force frequency and amplitude were
2 kHz and in the range of 25-75 nm, respectively. Infrared spectra of the electrodeposited
polymer films were obtained by Infrared Reflection Absorption Spectroscopy (IRRAS) in
reflection geometry at a grazing-incidence angle of 65°. The infrared spectrometer used was a
Vertex 70 FT-IR equipped with a DGTS detector. For each sample, 256 scans were recorded
with a 2 cm™ resolution. Water contact angles of the electrodeposited polymers were measured
using a contact angle analyzer (Digidrop, from GBX) equipped with a CCD camera, a sample
stage and a syringe holder. A 5 uL drop of ultrapure water was formed at the tip of a syringe
needle and placed onto the sample surface by raising the sample until a contact was made. Then,
an image of the drop was captured, and contact angles were determined by drawing the tangent
close to the edge of the droplet. At least five drops were deposited on each electrodeposited
film.

Surface morphology of each polycarbazole film was also investigated with a high-resolution
Thermo Scientific Apreo 2 Scanning Electron Microscope (SEM) with an electron beam energy
of 5 keV and a working distance of 10 mm. The thickness and roughness of the polycarbazole
films were measured using a Dektak 150 surface profilometer. Both thickness and roughness
were obtained by moving this stylus perpendicular to the film over a scan length of 2000 um at
a scan speed of 50 pum/s. 5 measurements were achieved at different positions for each

polycarbazole film.

3. Results and discussion

3.1.Synthesis and characterizations of 9-methyl-9H-carbazole-3,6-diamine (m-Cz

diamine)

Synthesis of the monomer was carried out in three steps starting from 9H-carbazole. By

alkylation of 9H-carbazole with iodomethane in basic conditions, 9-methyl-9H-carbazole was
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obtained in 88% yield (see Supporting information). Following this step, 9-methyl-9H-
carbazole was nitrated using copper nitrate 2.5 hydrate. 9-Methyl-3,6-dinitro-9H-carbazole was
isolated as an insoluble compound in 84% vyield (see Supporting information). Finally,
reduction of the nitro groups using hydrazine hydrate and palladium on charcoal enabled to
isolate the targeted 9-methyl-9H-carbazole-3,6-diamine in 76% vyield. The general strategy
adopted for the synthesis of the monomer, the electrografting and the electropolymerization is
summarized in Scheme 1. The characterization of the products is given in Supporting

Information and consistent with the study from Kim et al. [56].
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Scheme 1. General strategy adopted for the synthesis of the monomer, the electrografting and

the electropolymerization of 9-methyl-9H-carbazole-3,6-diamine and carbazole.

3.2.Functionalization of ITO surface with carbazole derivative

Electrografting of m-Cz on ITO was realized by performing 40 CV cycles in the range of -
0.2V t0-0.75V in 0.1 M LiCIOg4 electrolytic solution of ACN, containing 2 mM of precursor

m-Cz diazonium. The voltammograms depicted in Fig. la exhibit an irreversible reduction
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wave around -0.5 V, which is associated to electroreduction of m-Cz diazonium into m-Cz free
radical, which is subsequently grafted on the electrode conducting surface. The grafting of the
molecular film of m-Cz on the ITO surface is validated by the progressive decrease in the
electroreduction current as a function of increasing CV cycles as highlighted in Fig. 1a. Such
decrease in the electroreduction current is attributed to the coverage of ITO surface with a
passivating organic film, which limits the access of m-Cz diazonium cation to the electrified
ITO surface and thus decreases the electron transfer process. Notably, the major portion of the
ITO surface is covered only within a few CV cycles, as electroreduction current decrease is
very fast in the starting cycles. Subsequently, the electron transfer process is very slow and after
30 cycles the voltammograms are approximately superimposed to each other, confirming that
the surface is almost completely covered with a passivating organic film. The presence of the
electrografted layer can also be demonstrated by water contact angle measurements since the
measured average water contact angle of bare ITO is 65° while electrografted ITO has an
average water contact angle of 35°. A CV of the electrografted ITO electrode was also
performed in LiClOs 0.1 M + acetonitrile to determine if the electrografted layer was
electrochemically active (Fig. S6). The absence of oxidation peak on this CV indicated that the
thin electrografted layer is not electroactive, just like poly(m-Cz diamine) films and unlike

polyCz films (Fig. 5 and Fig. 8).
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Figure 1: Voltammograms (40 cycles) of ITO-coated glass electrode recorded in 0.1 M LiClO4
in ACN + 2 mM 9-methyl-9H-carbazole diazonium in a potential window of -0.2 V to -0.75 V
at a scan rate of 40 mV s (a). Comparison of CVs of 9-methyl-9H-carbazole grafted on ITO
electrodes at different cycles and bare ITO electrode in 0.1 M KCI + 5 mM K3[Fe(CN)e] at scan

rate of 40 mV s}(b).

The surface coverage of ITO and passivating properties of m-Cz film was further
evaluated by comparing the electroactivity of bare ITO and electrografted ITO surfaces towards
redox process of Ks[Fe(CN)s] in aqueous medium. The comparison of the CVs as shown in Fig.
1b exhibits different redox profiles of Ks[Fe(CN)e] on different surfaces. On bare ITO
electrode, a well-defined, sharp and reversible oxidation and reduction waves of Ks[Fe(CN)s]
redox process is observed, indicating that bare ITO is easily accessible to redox probe
hexacyanoferrate to exchange electrons for its redox reactions. However, redox current
intensities decrease and peaks become broader on the m-Cz-ITO electrodes, confirming that
electroactive surface of ITO is getting covered by a low conducting organic film. Moreover,
the surface blocking effect of the m-Cz film electrografted on ITO is proportional to the number
of CV cycles used in the electrografting process. Accordingly, surface blocking efficiency of

the m-Cz film increases with the number of CV cycles used for its coating. Surface blockage
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efficiency of each coating can be quantitatively assessed by equation (1), in which ipgrafted and
ipbare are the oxidation or reduction current of Ks[Fe(CN)e] redox process on a bare and m-Cz

electrografted ITO electrodes, respectively.

ipgrafted

Blockage ef ficiency = [1 — ] % 100 (equation 1)

ipbare
Based on this equation the blockage efficiency was estimated to 48.1%, 85.6%, 92.2% and
93.2% for the m-Cz films prepared by 10, 20, 30 and 40 CV cycles, respectively. Therefore,
most of the surface passivation takes place in the initial CV cycles of the electrografting and
reaches a saturation after 30 cycles, which is also evident in the pattern of electroreduction
current decrease in Fig. 1a. Notably, the ITO surface blockage by m-Cz film does not reach
100%, which may be attributed to the presence of pinhole type defects [57], through which
redox probe [Fe(CN)s]** can permeate and access the electrified ITO electrode for the electron

transfer reaction.

3.3.Structural and topography characterizations of the electrografted film

The elemental composition and nature of chemical bond in the electrografted film were
investigated by X-ray Photoelectron Spectroscopy. Figure 2 depicts the comparison of survey
XPS spectra of the m-Cz film electrografted on ITO and the powder of m-Cz diamine,
exhibiting the characteristic peaks associated to carbon, nitrogen and oxygen at ca. 285 eV, 399
eV and 531 eV, respectively. Notably, the relative peak intensity of O1s increases, while that
of N1s decreases in the electrografted film spectrum, compared to the powder spectrum. The
higher intensity of the O1s peak is attributed to the presence of oxygenated functionalities on
the surface and bulk of the ITO substrate. On the other hand, decrease in the N1s intensity can
be assigned to the removal of two amine functionalities as a consequence of diazotization
reaction and subsequent covalent grafting on the surface, which is otherwise present in the

precursor powder. The percentage of each of the elements was quantitatively assessed and is
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given in Table S1. From the table, it is evident that oxygen content in the electrografted film
increased to 42.5%, while nitrogen content decreased to 4.7%, compared to the precursor

powder elemental composition, which also corroborates the observations in Fig. 2.
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Figure 2: Comparison of XPS survey spectra of m-Cz film electrografted on ITO and m-Cz

diamine powder.

The chemical structure of electrografted film was ascertained by analysing the core-level XPS
spectra of C1s, N1s and O1s (Figure 3). The respective spectra of the precursor powder were
also recorded as a control experiment. The deconvolution of C1s spectra reveals common peaks
at ca. 284.5 eV and 286 eV for m-Cz diamine and m-Cz film electrografted on the ITO, which
are characteristics to sp? C-C linkages [58] and C-N bonds. These features are expected in m-
Cz film and m-Cz diamine molecules, owing to their m-conjugated structure and presence of
aromatic amine moieties. Notably, the relative area under the curve peaking at 286 eV is higher
in the electrografted film, which is attributed to the contribution from C-O bond formed
between m-Cz molecule and ITO substrate. It also confirms the covalent grafting of m-Cz

molecule on the ITO surface, leading to the formation of a molecular film. This assumption is

14



further validated by comparing the O1s spectra of electrografted film and the bare ITO (Fig.
S7), depicting a common peak at ca. 530.2 eV associated to In-O bond in the bulk of ITO, while
a contribution arising from surface hydroxide/oxy-hydroxide in bare 1TO disappears in the
spectrum of m-Cz-1TO. It indicates that the m-Cz molecule is linked to the ITO surface through
its oxygenated functionalities on the surface (hydroxide/oxy-hydroxide) by a deprotonation
reaction. Indeed, in the previous literature, it was reported that the linkage of organic molecules
on ITO surface in aryldiazonium functionalization takes place through surface hydroxide/oxy-
hydroxide groups of ITO [59]. The additional peak at ca. 289 eV in the C1s spectra can have
multiple origins. At first, it can be assigned to the methyl group linked to pyrrolic nitrogen [60],
which is expected in the powder as well as in the electrografted film. Moreover, larger area of
the deconvoluted component in the spectra of electrografted film is ascribed to the nitrile group
of ACN [61], which was used as a solvent in the electrografting process, that may remain

adsorbed into the film.
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Figure 3: C1s spectra (a and b) and N1s spectra (c and d), and their deconvolution into different

components for m-Cz diamine powder and m-Cz film electrografted on ITO substrate.

Since nitrogen containing functionalities are changing after the electrografting of m-Cz
diamine on ITO surface, N1s spectra of the electrografted film and the precursor powder were
investigated. The fitting and deconvolution of N1s spectrum of m-Cz diamine presents two
peaks at 399.2 eV and 398.5 eV (Fig. 3c). In these two peaks, the former can be assigned to the
aromatic amine group, while the latter is associated to pyrrolic nitrogen (N-CHs) [62, 63].
Notably, the area of the curve attributed to amine-nitrogen is larger than the curve linked to
pyrrol-nitrogen, which is consistent with the presence of two amine groups and one N-CHjs
group in the molecule. Electrografting is accompanied by the loss of two aromatic amine groups
of m-Cz diamine, leading to a significant decrease of nitrogen content in the electrografted film.
Accordingly, N1s spectrum of the electrografted film presents very noisy signals as depicted in
Fig. 3d. The fitting of the experimental spectrum reveals two components, in which the one at
lower energy is attributed to N-CHs functionality of the electrografted molecule as observed in
the precursor compound, while the other at higher energy (ca. 400 eV) can have different
origins, such as azo compounds and nitrile group of the adsorbed solvent species in the film
[64, 65]. The formation of azo-compounds was previously reported in aryldiazonium based
surface functionalization, which arises because diazonium derivative may undergo electrophilic
substitution reactions on the pre-grafted molecular layer [66].

SEM pictures of bare ITO and electrografted 1TO surfaces were performed to compare
their topography (Fig. S8). It appears that the topography of the two surfaces is very similar so
that the electrografted layer does not really modify the topography of the initial substrate. After
that, the topography of the electrografted 1TO was also investigated by AFM imaging, which is

depicted in Fig. 4. From the images, it is evident that the surface of the m-Cz-1TO surface has
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two different topographical features, consisting of a smooth region, over which oval shape
grains are developed and are distributed non-homogeneously. The roughness (root mean
square; rms) of the surface (in Fig. 4a) can be estimated to ca. 95 nm. The magnified image in
Fig. 4b clearly reveals the shape of the grains, exhibiting the assembly of two or more than two
oval shaped grains at different nucleation sites. For the selected linescan, the height of the grains
varies between ca. 150 nm and 200 nm (Fig. 4c), while their width is ca. 300 nm. The other
region corresponds to a smooth topography, which surface height variation is depicted in Fig.
4d through the linescan represented in Fig. 4b. It is clear from the linescan that surface height
changes only by a few nm on the smooth region. The rms (root mean square) roughness of the
smooth region was estimated to ca. 4.3 nm.
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Figure 4: AFM images (a and b) and surface height variations (c and d) of m-Cz-1TO surface.

3.4.Electrodeposition and characterization of poly(3,6-diamino-9-methylcarbazole) on

bare and modified ITO
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Electrochemical oxidation of 9-methyl-9H-carbazole-3,6-diamine was carried out by cyclic
voltammetry in a potential range of 0 to +2 V/SCE at a bare ITO electrode and at the
functionalized ITO electrode. The corresponding voltammograms are depicted in Fig. 5. During
the first scan, two anodic peaks, due to the oxidation of the m-Cz diamine monomers into radical
cations at the bare ITO, appear at +0.3 and +1.2 V/SCE (Fig. 5a). After the first scan, the
oxidation peaks decrease gradually and become less and less distinguishable. If the presence of
a grey film attests to the electrochemical deposition of a substituted polycarbazole film of
poly(m-Cz diamine) on the bare ITO surface, the gradual decrease of the oxidation peak
intensity with repeated scans indicates that this polymer film is not very conducting. Moreover,
no redox process associated with poly(m-Cz diamine) is observed, unlike what is generally
obtained for other organic polymers prepared by anodic oxidation such as polypyrrole, PEDOT,
polyaniline or polycarbazole [67-70]. To confirm the lack of electrochemical activity of the
electrodeposited films, the electrode with the poly(m-Cz diamine) film attached is removed
from the growth electrolytic solution and placed in a monomer-free solution of acetonitrile +
0.1 M LIiClOs for post-polymerization voltammetric analysis. Since the resulting post-
polymerization CV has no significant reduction peak and the intensity of the oxidation peak is
low and gradually decreases, it can be concluded that these polymer films are not very
electroactive (Fig 5c¢).

To check that the films obtained on bare ITO and electrografted ITO have the same chemical
structure, infrared spectra of the poly(m-Cz-diamine) films were performed (Fig. S9). The
spectra appeared very similar and contained the characteristic vibration bands of carbazole
compounds [71]. These vibration bands correspond to the stretching vibration of primary amino
bonds at 3200-3400 cm?, stretching vibration of aromatic C-H bonds at 3050 cm™, stretching
vibration of aliphatic C-H bonds at 2950 cm™, aromatic stretching of double bond C=C and

single bond C-C at 1600 cm™ and 1500 cm™, valence vibration of C-N bond of carbazole cycle
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at 1300 cm™, and in plane deformation of the C-H bonds of the phenyl ring at 1100 cm™. The
vibration band at 3600 cm™ is not characteristic of the deposited film but is probably due to the

presence of hydroxyl bonds on the surface of the ITO substrate.
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Figure 5: Electrochemical oxidation of 9-methyl-9H-carbazole-3,6-diamine (0.01 M) in

acetonitrile + 0.1 M LiClO4: (a) on bare ITO, (b) on m-Cz-ITO. Post-polymerization cyclic
voltammetry of the resulting films in acetonitrile + 0.1 M LiClO4: (c) on bare ITO, (d) on m-

Cz-ITO.

The same experiments are then carried out on electrodes previously electrografted with m-
Cz film. The cyclic voltammetry obtained on the electrografted I1TO is very similar to that
obtained on bare ITO (Fig 5b). It can just be noticed that the current is slightly higher during
the first cycle but decreases a little faster during the following cycles. In addition, the film does
not appear electroactive even if the current observed on the post-polymerization CVs has

slightly higher intensities than on bare ITO (Fig 5d). The resulting film is also grey but slightly
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darker. The profilometric measurements show that both films obtained by
electropolymerization have quite similar thicknesses since thicknesses of 133 nm and 117 nm
are found for films electrodeposited on bare ITO and m-Cz-ITO, respectively. On the contrary,
polymer films electrodeposited on m-Cz-ITO appear smoother since the average roughness is
7 nm compared to 18 nm for films electrodeposited on bare ITO. The low thickness of poly(m-
Cz diamine) films, compared to usual conducting polymer films, such as polycarbazole,
electrodeposited under the same conditions (see section 3.4.), is probably due to the lower
conductivity of the films as indicated by cyclic voltammetry. SEM images of electroplated
poly(m-Cz diamine)films on bare ITO and m-Cz-1TO are given Figure 6. It is apparent that (i)
the structure of polymer films is very different from the structure of electrografted layers
previously observed (Figure S8), (ii) the structure of polymer films is similar whether or not
the ITO substrate has been coated with an electrografted layer, (iii) the polymer film fully
covers the surface but does not have the usual granular structure of conducting polymer films

such as polycarbazole (see section 3.4.).

Figure 6: SEM images of the poly(m-Cz diamine) films electrodeposited on bare ITO (a) and

m-Cz-ITO (b) surfaces.
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The adhesion of a poly(m-Cz diamine)film to a bare ITO surface and to an electrografted ITO
surface was then compared. First, the adhesion of the polymer films to the substrate was tested
with a very sticky tape (Figure 7a), then the polymer films were immersed in water for 2 months
before being removed and observed (Fig 7b). As can be seen in Figure 7, the test with scotch
tape is successful for both substrates since very little material is found on the scotch tape both
on the bare ITO and m-Cz-1TO substrates coated with poly(m-Cz diamine). Therefore, in air,
the electrografted layer does not appear to improve the adhesion of the polymer to the substrate.
However, after prolonged immersion in water, the poly(m-Cz diamine)film remains well
attached to the substrate coated by reduction of the diazonium and polymer, whereas this is not
the case for the substrate without electrografted layer. In a liquid environment, there is therefore

an improvement in adhesion thanks to diazonium pathway.

(a)

—

(c)

(b)

Figure 7: Adhesion test with a scotch tape of a poly(m-Cz diamine)film electrodeposited on

bare ITO (a) and m-Cz-1TO (b). (c): Left: picture of the film (a) after immersion in water for 2

months, right: picture of the film (b) after immersion in water for 2 months.

3.5.Electrodeposition, characterization and adhesion of polycarbazole on bare and
modified ITO
To test the influence of the layer obtained by reduction of the diazonium on the properties

of a more conductive and more conventional polymer, the previous experiments were
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reproduced using carbazole monomers instead of 9-methyl-9H-carbazole-3,6-diamine
monomers. Thus, the electrochemical oxidation of carbazole (10 mM) is first performed by
cyclic voltammetry at a bare ITO electrode in 0.1 M LiClO4 electrolytic solution of acetonitrile
(Fig. 8a). During the first scan, an anodic peak, due to the oxidation of the monomers into
radical cations, appears at +1.6 VV/SCE. After the first scan, the intensity of the oxidation
potential increases and then decreases gradually while the oxidation potential also tends to
decrease. The appearance of a black film on the ITO electrode during the electrochemical
deposition indicates the formation of a polycarbazole film (polyCz). Moreover, there is a peak
of reduction at +0.6 V/SCE and a peak of oxidation at +0.8 V/SCE which both increase with
the cycles and correspond to redox peaks due to the reduction/oxidation of polycarbazole films
as they grow. Post-polymerization voltametric analyses were then performed to confirm the
electrochemical activity of the electrodeposited polyCz films (Figure 8c). The resulting CV
showed that the redox process of polyCz takes place since a significant oxidation peak is visible
at +1.4 V/SCE and a significant reduction peak at +0.8 VV/SCE. Moreover, the intensities of
oxidation and reduction processes are quite similar indicating that a similar amount of polymer
is involved in the oxidation and in the reduction process. Besides, the intensity of these peaks
gradually decreases with successive cycles indicating that the doping of the polyCz films by
the perchlorate anions becomes more and more difficult with successive cycles. To determine
the influence of the adhesion tests on the electroactivity of the polyCz films, the same
electrochemical experiments were performed after the adhesion tests, which led to the
conclusion that the electroactivity was not affected by the adhesion tests since the same
oxidation and reduction peaks were present on the resulting CV. Only a small decrease in the
intensity of the anodic and cathodic peaks was observed (less than 10% of the intensity

measured before the adhesion tests).
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Figure 8: Electrochemical oxidation of carbazole monomers (0.01 M) in acetonitrile + 0.1 M
LiClO4: (a) on bare ITO, (b) on m-Cz-ITO. Post-polymerization cyclic voltammetry of the

resulting films in acetonitrile + 0.1 M LiClOa: (c) on bare ITO, (d) on m-Cz--ITO.

The same experiments were then performed on ITO electrodes previously electrografted by
reduction of carbazole diazonium. The resulting cyclic voltammogramms (Fig 8b) are quite
similar to that obtained on the bare ITO. Indeed, the oxidation/reduction peaks appear at the
same potentials and the evolution of the current intensity with successive cycles is quite
identical. Similarly, the electrochemical activity of electrodeposited polyCz films is not affected
by the presence of the electrografted layer on the surface of the ITO electrode since there is also
a high electrochemical activity with pronounced oxidation and reduction peaks characteristic
of the phenomenon of doping/dedoping of the polymer film by perchlorate anions. (Fig 8d).
Whether the ITO surface is coated with a layer obtained by reduction of a diazonium or not, the

electrodeposited polymer film is black. Profilometric measurements show that the films
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obtained by electropolymerization have a thickness of a few micrometers (4.7 um for films
electrodeposited on bare ITO and 3.0 um for those electrodeposited on m-Cz-ITO). The
difference in thickness does not come from a different current intensity during
electropolymerization but could possibly come from a lower efficiency of the
electropolymerization reaction due to the presence of the electrografted layer on the ITO
electrode. In addition, polymer films electrodeposited on m-Cz-ITO appear slightly smoother
since their average roughness is 1.3 um against 1.7 pm for films electrodeposited on bare ITO.
The morphology of polyCz films electrodeposited on bare ITO and m-Cz-ITO was studied by
SEM microscopy (Figure 9). The SEM images indicate that the entire surface of the polyCz
film is homogeneous. Moreover, both substrates are almost completely covered by the polymer
films which consist of micrometer circular globules aggregated to each other. As for the
poly(m-Cz diamine) film, the IR spectra of the polyCz films deposited on bare ITO and
electrografted ITO led to similar spectra showing the characteristic vibrational bands of
carbazole compounds (stretching vibration of N-H bonds at 3500 cm™, stretching vibration of
aromatic C-H bonds at 3050 cm, stretching vibration of aliphatic C-H bonds at 2950 cm™,
aromatic stretching of double bond C=C and single bond C-C at 1650 cm™ and 1500 cm™,

valence vibration of C-N bond of carbazole cycle at 1250 cm™, and in plane deformation of the

C-H bonds of the phenyl ring at 1050 cm™?).
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Figure 9: SEM images of the polyCz films electrodeposited on bare ITO (a) and m-Cz-1TO (b)

surfaces.

The adhesion of the polyCz film to a bare ITO surface (Fig. 10a) and to an electrografted ITO
surface (Fig. 10b) is then compared using the sticky tape. This test is successful for the
electrografted 1TO, even if a small portion of the polyCz film remains on the tape. On the
contrary, the test is not successful for the bare ITO since a large part of the polyCz film remains
on the tape. Therefore, in air, the electrografted layer seems to improve the adhesion of the
polymer to the substrate. Then, the polymer films electrodeposited on bare ITO and
electrografted ITO were immersed in a Fisher Scientif S line ultrasonic cellular (frequency: 37
kHz, US power: 90 W) for 60 min. No degradation was observed on the film after this US
treatment. After that, the polymer films were immersed in water for 2 months before being
removed and observed (Figure 10c). This prolonged immersion in water causes a very large
portion of the polyCz film deposited on bare ITO to detach, while that deposited on
electrografted ITO remains attached. The electrografted layer thus allows a significant
improvement of the adhesion of the polyCz film to the substrate in water, which is important
for potential applications as (bio)sensors in aqueous solutions for example. The results obtained
in this study are comparable with those obtained by Jacques et al. [33] and Lo et al. [72] who
both studied the adhesion enhancement of a polymer film on an electrografted layer. Thus, the
electropolymerization of pyrrole was achieved on Ni and NiTi alloy substrates, which were pre-
grafted with 4-pyrrolylbenzene via electroreduction of 4-pyrrolylphenyldiazonium salt. Peeling
tests, which consisted of scratching the modified sample with a metallic comb and then stacking
a scotch-tape on the scraped sample before removing the scotch-tape from the modified-surface,
were successfully performed to evaluate the adhesion of the electrodeposited polymers [33].
Similarly, polypyrrole films were electrodeposited on aminobenzenediazonium-modified ITO

in aqueous media [72]. Without diazonium pretreatment, the polypyrrole film delaminated

25



readily upon sonication or during ultrahigh vacuum outgassing prior to XPS analysis. In
contrast, a pretreatment involving electrografting of a diazonium layer resulted in excellent
adhesion of polypyrrole, which withstood 75 min of ultrasonication and allowed the use of these

modified electrodes for the detection of lead (Il) ions.

(a (a)
o i-

Figure 10: Adhesion test with a scotch tape of a polyCz film electrodeposited on bare ITO (a)

(a)

and m-Cz-1TO (b). Picture of the same films after immersion in water for 2 months (c).

4. Conclusion

In this work, a molecule of 9-methyl-9H-carbazole-3,6-diamine was synthesized and
covalently grafted onto an ITO surface to confer strong adhesion to polycarbazole films
electrodeposited on the so-functionalized surface. Functionalization of the ITO surface was
achieved by diazonium electroreduction, generating an electrochemically passive organic
coating. Elemental analysis and chemical structure investigation by XPS confirmed the
covalent bonding of m-Cz on ITO through its surface oxygen functionalities. The surface of the
functionalized ITO revealed a rough topography in which submicrometer oval grains of m-Cz
are inhomogeneously distributed on the electrografted film. These surface features were also
confirmed by SEM morphological studies. The oxidative electropolymerization of m-Cz and
Cz on the functionalized ITO surface revealed a strong improvement in the adhesion of the
polymers chain, compared to the similar electropolymerization performed on the bare ITO
surface. Indeed, the stability tests performed by scotch tape and immersion under water for 2

months showed a high robustness of the polymer films deposited on the functionalized ITO
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which remain intact on the surface. In contrast, the polymer films deposited on the bare ITO
surface showed poor adhesion and are removed from surface. Thus, it is clearly demonstrated
that functionalization of the ITO surface with m-Cz promotes the adhesion of polymer films
without altering their electrochemical properties. The high stability of the polymer coatings in
air and liquid environments, conferred by diazonium electroreduction functionalization,

appears promising for applications as a protective membrane.
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