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Abstract: Adhesion of polymers to surfaces is of upmost importance in timely applications such as 16 
protective coatings, biomaterials, sensors, new power sources and soft electronics. In this context, 17 
this work examines the role of molecular interactions in the adhesion of polypyrrole thin films to 18 
flexible Indium Tin Oxide (ITO) electrodes grafted with aryl layers from various diazonium salts, 19 
namely 4-carboxybenzenediazonium (ITO-CO2H), 4-sulfonicbenzenediazonium (ITO-SO3H), 20 
4-N,N dimethylbenzenediazonium (ITO-N(CH3)2), 4-aminobenzenediazonium (ITO-NH2), 21 
4-cyanobenzenediazonium (ITO-CN) and 4-N-phenylbenzenediazonium (ITO-NHPh). It was 22 
demonstrated that PPy thin layers were adherent to these surfaces, whereas adhesion failure was 23 
noted on bare ITO, following simple solvent washing or sonication. Adhesion of the polypyrrole 24 
was investigated in terms of the hydrophilic/hydrophobic character of the underlying aryl layer as 25 
probed by contact angle measurements. It was found that sulfonic acid doped polypyrrole 26 
(PPy-BSA) thin films were preferably deposited on the most hydrophobic surfaces. More 27 
importantly, the redox properties and electrochemical impedance of PPy were closely related to the 28 
hydrophobic character of the aryl layers. This work demonstrates that diazonium compounds are 29 
unique molecular glues for conductive polymers, and permit to tune their interfacial properties. 30 
With diazonium-based robust, architectured interfaces, one can design high performance materials 31 
for e.g.sensors, printed soft electronics and flexible thermoelectrics.. 32 

Keywords: polypyrrole, diazonium salts, flexible ITO, adhesion, redox properties 33 
 34 

 35 

1. Introduction 36 

In the recent decades, conductive organic polymers have attracted a great deal of interest due to 37 
their salient features, namely their electric, thermoelectric, electronic, optical, ion exchange, and 38 
reinforcing properties, to name but a few.[1 , 2 ,3 ] In particular, polypyrrole (PPy) constitutes an 39 
excellent material for building electronic devices[4], because of its ease of preparation by a variety of 40 
chemical,[5] electrochemical,[6] biocatalytic,[7] and radiation-induced[8,9] methods. In addition, it is 41 
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possible to tune its electrical conductivity upon doping, copolymerization, blending and 42 
nanostructuring.[10,11] 43 

Several studies have been focused on the effect of various reaction parameters such as solvent 44 
composition,[ 12 ] electrolyte,[ 13 ] potential or current density,[ 14 , 15 ] concentration of monomer,[16 ] 45 
composition of working electrode (metals, glassy carbon, ITO),[ 17 , 18 ] on the electrochemical 46 
deposition and mechanical properties of PPy films. However, the performances as well as the 47 
long-term stability of such devices is often limited by various factors, including poor adhesion of 48 
polymer films to the substrate and migration of metal contamination from the substrate to the 49 
polymer.[19] To overcome these adhesion problems, coupling agents such as organosilanes and aryl 50 
layers from diazonium salts proved to efficiently anchor PPy[ 20 , 21 , 22 , 23 ] and other insulating 51 
polymers[24,25,26] to a large variety of materials surfaces. These coupling agents not only ensure strong 52 
adhesive bonding of the conductive polymer top layer, but also limit or suppress the diffusion of 53 
elements, leached from the substrates, to the former one.[21] 54 

While organosilanes are the main coupling agents used in adhesion science and 55 
technology,[27,28,29] studies of diazonium salts as adhesion promoters remain sparse. This is due to the 56 
fact that the diazonium interface chemistry is still incipient. The interest of diazonium salts lies in 57 
their fast reaction with practically all surfaces, triggered by chemicals, reactive surfaces or 58 
radiations.[30] In addition, diazonium compounds are versatile as they impart functionalities to the 59 
materials surfaces depending on the nature of the substituent borne by the benzene ring in para- or 60 
meta- position of the diazonium group. In this way, one can design new surfaces possessing a 61 
plethora of properties such as hydrophilic/hydrophobic character,[31 ] electrocatalytic activity,[32 ] 62 
initiation of surface radical or oxidative polymerization,[ 33 , 34 , 35 ] resistance to biofouling,[ 36 ] 63 
sensing,[37,38] reactivity towards polymer matrices.[39,40]. 64 

However, to the best of our knowledge, no systematic study comparing the effect of several 65 
functional groups on the adhesion aspects of diazonium-modified surfaces has been undertaken. 66 
Therefore, in the framework of materials surface and interface chemistry, our goal was to examine 67 
the propensity of a series of diazonium compounds to provide ultrathin adhesive layers to 68 
conductive polymer top coatings and to check to which extent the said aryl adhesive layers control 69 
govern the physicochemical properties of the conductive polymer top coatings. To illustrate the 70 
actual study, polypyrrole was selected as a reactive and functional polymer coating, and flexible ITO 71 
as a substrate which is generally difficult to coat with conductive polymers for obtaining long-term 72 
robust adhesion.  73 

Herein, we investigated the electrografting of a series of diazonium compounds of the general 74 
formulae N2-C6H4-R, with R in para position = CO2H, SO3H, N(CH3)2, NH2, CN and NH-Ph. The 75 
hydrophobic/hydrophilic character of aryl-modified ITO electrodes was probed by means of contact 76 
angle measurements of water drops. The modified flexible ITO sheets further served as platforms for 77 
the electrodeposition of benzene sulfonic acid-doped polypyrrole (PPy-BSA), and the 78 
electrochemical properties were interrogated by using cyclic voltammetry and electrochemical 79 
impedance spectroscopy. We attempted to correlate the electrochemical properties of PPy-BSA 80 
coatings with the surface composition and wettability of the underlying flexible aryl-modified ITO 81 
sheets. 82 

 83 

 84 
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2. Materials and Methods  85 

2.1 Reagents 86 
4-aminobenzoic acid, 4-aminobenzene sulfonic acid, N,N-Dimethyl-1,4phenylenediamine, 87 

para-aminobenzene, 4-Aminobenzonitrile, N-Phenyl-p-phenylenediamine, were purchased from 88 
Sigma Aldrich. Sodium nitrite (Sigma-Aldrich, ≥99.0%), chloric acid (37%), ferrocene 89 
(Sigma-Aldrich) and potassium chloride were used without further purification. Pyrrole (Aldrich, 90 
purity ≥98%) and benzene sulfonic acid were refrigerated prior to synthesis. All aqueous solutions 91 
were prepared by using Milli-Q ultrapure water (MQ 18.2 cm). ITO-coated polyethylene naphtalate 92 
(PEN) sheets (Peccel, Japan) were cut to 5 × 10 mm with scissors and served as working electrodes. 93 

 94 
1.2 Diazonium modification of flexible ITO 95 

The diazonium cations were generated in-situ from the parent aromatic amines. The aromatic 96 
amines and the corresponding modified electrodes ITO-R (R= functional group) were the following: 97 
4-aminobenzoic acid (ITO-CO2H), 4-aminobenzene sulfonic acid (ITO-SO3H), 98 
N,N-Dimethyl-1,4phenylenediamine (ITO-N(CH3)2), para-aminobenzene (ITO-NH2), 99 
4-Aminobenzonitrile (ITO-CN), N-Phenyl-p-phenylenediamine (ITO-NH-Ph). The ITO surface was 100 
cleaned by sonication in a mixture of water/ethanol 80:20 (vol/vol) for 2 min. After sonication, the 101 
electrode was washed with DI water. The electrografting of aryl layers from the diazonium salts 102 
generated in situ was performed using a three-electrode system, including an ITO-coated 103 
polyethylene naphthalate (PEN) working electrode (area ~ 5x5 mm), a stainless steel grid as counter 104 
electrode and a Ag/AgCl (saturated KCl) reference electrode. The diazonium salt was produced by 105 
mixing 1 mmole of aromatic amine with 0. 5 M HCl in a glass bath for 30 min, before adding 1 mM 106 
NaNO2 aqueous solution. The resulting mixture was stirred for 1h. The electrografting was then 107 
carried out in potentiostatic conditions (-0.8 V/SCE for 45 s), using a Biologic SP 105 potentiostat 108 
computer-controlled with an EC-lab software. The blocking effect of the bare and modified ITO 109 
electrodes was investigated in a 1 mM Fe(CN)3-/4- redox solution by CV in the -0.4 and 0.6 V/SCE 110 
range at a scan rate of 50 mV s-1. The relative electroactivity of the modified electrode, which is 111 
inversely related to its blocking effect properties, was quantified by CV in the presence of the redox 112 
probe species. The Parameter Irel is defined as: 113 

௥௘௟ܫ =
ூ௣௔௪௜௧௛	௔௙௜௟௠

୍୮ୟ	୤୭୰	ୟ	ୠୟ୰ୣ	୍୘୓
100       (1) 114 

where Ipa is the intensity of the anodic peak current. Electrochemical impedance spectroscopy 115 
measurements were performed at open circuit potential in 1 mM K3Fe(CN)6 and 0.1 M KCl. 116 

 117 
2.3. Preparation and electrochemical characterization of polypyrrole films on 118 

diazonium-modified ITO. 119 
 120 
Prior to the electropolymerization, diazonium-modified ITO electrodes were sonicated in a 121 

water/ethanol 80:20 (vol/vol) mixture for 2 min. The PPy on the ITO modified aryl layer was 122 
prepared by electropolymerization in a 0.01 M BSA + 0,1 M pyrrole aqueous solution (20 ml) by CV 123 
in a potentiel range of -1.0 to 1.2 V. The fresh PPy films were characterized by CV under the 124 
experimental conditions indicated in Section 3.  125 

The impedance spectra were recorded in the 0.1 Hz to 100 kHz frequency range.   126 
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 127 
2.4. Surface analysis 128 
The X-ray photoelectron spectra (XPS) were recorded using a K Alpha apparatus (Thermo 129 

Fisher Scientific) fitted with a monochromatic Al X-ray source (hv = 1486.6 eV; spot size = 400 µm). A 130 
flood gun was used for static charge compensation.  131 

An Easy Drop Krüss instrument was used to determine the contact angles of water drops 132 
deposited on diazonium-modified ITO and on PPy samples. 133 

 134 

3. Results and Discussion 135 

3.1. Brief description of the strategy and the objectives of the work 136 
Six diazonium compounds of the general formulae N2-C6H4-R, with R= CO2H, SO3H, N(CH3)2, 137 

NH2, CN and NH-Ph, were selected for the preparation of aryl layers on flexible ITO surfaces. We 138 
chose electrochemistry as a means of attaching aryl monolayers, because it is a simple and 139 
straightforward method which can be conducted in aqueous medium to attach the aryl monolayers. 140 
Diazonium compounds were generated in situ from the commercially-available parent aromatic 141 
amines; this adds up to the versatility of chemical surface engineering with diazonium compounds. 142 
The choice of the functional group in para position of the diazonium depends on two criteria: the 143 
electron-donor or electron-acceptor character of the functional group, on the one hand, and its 144 
propensity to govern the wetting of ITO surfaces, on the other hand. 145 

Figure 1 depicts the chemical structures of the in situ generated diazonium cations (Upper 146 
panel) and the simple strategy adopted to attach PPy in two steps (Lower panel). Attachment of an 147 
aryl adhesive layer was followed by electrodeposition of PPy. It is worthwhile to note that no 148 
physicochemical study will be provided on the adhesion of PPy on bare ITO, which is known to be 149 
very poor, as previously reported.[22] Instead, we will concentrate the present investigation on the 150 
diazonium susbstituent effect on the PPy adhesion and its redox behaviour. 151 

Hereafter, the study is split into three main sections :(i) attachment and properties of aryl layers, 152 
(ii) electropolymerization and behaviour of the PPy topcoat, and (iii) adhesion aspects of PPy topcoat 153 
to modified ITO sheets. 154 

  155 
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 156 

 157 
 158 

159 
Figure 1. Upper panel: Chemical structures of the diazonium compounds under test. Lower panel: 160 
electrodeposition of benzene sulfonic acid-doped polypyrrole on diazonium-modified flexible ITO 161 
electrodes. 162 

 163 
3.2. Electrochemical modification of flexible ITO sheets with diazonium salts 164 
Aryl layers were electrografted by chronoamperometry by setting the potential to -0.8 V/SCE 165 

for 45 s. This electrografting period of time was found to be sufficient for good polypyrrole adhesion 166 
without inducing any major blocking effect that hampers the deposition of the polymer.[22,41] The 167 
blocking effect of the aryl layers was assessed using Fe(CN)63-/4-, as depicted in Fig. 2.  The 168 
quasi-reversible redox wave obtained with bare ITO (Fig. 2Aa, peaks at 0.25 and 0.1 V) suffered a 169 
decrease in the intensity for ITO-N(CH3)2 (Fig. 2Ab, peaks at 0.38 and 0.1 V), but disappeared 170 
quasi-completely in the case of ITO-SO3H (Fig. 2Ac), indicating a blocking effect of the aryl layer as 171 
noted by several authors.[22,42,43,44,45,46,47] The relative Fe(CN)63-/4- redox peak intensity (Irel) decreased in 172 
the order ITO>ITO-N(CH3)2> ITO-NH2>ITO-NH-Ph>ITO-CN>ITO-CO2 H>ITO-SO3H (see Table 1). 173 
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The influence of the aryl grafting to ITO electrodes is thus straightforward since the response of 174 
Fe(CN)63-/4- is flattened for modified ITO plates compared to bare ITO strips. From measurements 175 
similar to those of Figure 2A, Irel values were computed and reported in Table 1 for all aryl layers. 176 
The ITO-N(CH3)2, ITO-NH-Ph and ITO-NH2 surfaces exhibited a blocking effect for Fe(CN)63-/4- 177 
redox system reactions with Irel values of 49, 46.7, 23.6 %, respectively. The highest blocking effects 178 
were reported for ITO-CN, ITO-CO2H and ITO-SO3H, with Irel values of 15.7, 11.2 and 3.9 %, 179 
respectively. Under the same grafting conditions, the blocking effect appeared to be more important 180 
for the ITO-SO3H modified electrode.[48]  181 

The Nyquist plots for ITO-SO3H and ITO-N(CH3)2 electrodes (Figure 2B) presented typical 182 
semicircle shapes in the high-frequency domain, characteristic of an interfacial charge-transfer 183 
mechanism. The surfaces exhibited straight lines in the low-frequency regime, characteristic of a 184 
semi-infinite diffusion phenomenon. ITO-N(CH3)2 displayed the lowest charge transfer resistance 185 
(Rct), ca. 7.15 k/cm2  compared to 68.8 k/cm2 for ITO-SO3H, a trend that is in agreement with 186 
previously-reported studies on glassy carbon electrodes.[48] Table 1 reports Rct values for all 187 
diazonium-modified ITO surfaces and clearly indicates the general following trend: low values for 188 
electron-donor aryl groups (kcm²) and ~5-10 fold higher Rct values (44.0-68.8 kcm2) for 189 
electron-acceptor aryl groups. 190 

  191 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 June 2018                   doi:10.20944/preprints201806.0333.v1

Peer-reviewed version available at Surfaces 2018, 1, 5; doi:10.3390/surfaces1010005

http://dx.doi.org/10.20944/preprints201806.0333.v1
http://dx.doi.org/10.3390/surfaces1010005


 7 of 21 

-0,4 -0,2 0,0 0,2 0,4 0,6

-0,08

0,00

0,08

(c)

(b)

J 
(m

A
/c

m
2 )

E (V/SCE)

(a)(A)

 

0 20 40 60 80
0

20

40

60

(b)

- Z
im

 ( k

c
m

2 )

Zrel (kcm
2)

(a)(B)

 
Figure 2. Electrochemical characterization of diazonium-modified ITO electrodes determined in 192 

aqueous solutions of 1 mM K3Fe(CN)6 and 0.1 M KCl. (A) Typical cyclic voltammograms (a) bare 193 
ITO, (b) ITO-N(CH3)2, and (c) ITO-SO3H. (B) Electrochemical impedance spectroscopy plots 194 
recorded with (a) ITO-N(CH3)2, and (b) ITO-SO3H. 195 

 196 
Figure 3 shows images of water drops deposited on the various ITO-R surfaces. For R=N(CH3)2, 197 

NH2 and NH-Ph, the corresponding contact angles of water drops were, respectively, 136.7±0.1°, 198 
116±0.4°, 103.1±0.3°. Taking into account the accepted rule of thumb, the water contact angle () 199 
values above 90° indicated hydrophobic surfaces. In contrast, more wetting was observed for the 200 
electron-acceptor groups R=CN, COOH and SO3H, for which the contact angles of water drops were 201 
found to be 81.2±0.3°, 70.7±0.4°, and 48.7±0.5°, respectively. Therefore, the latter surfaces can be 202 
ranked as relatively hydrophilic (<90°). As expected, the layers with more ionizable groups COOH 203 
and SO3H produced the lowest contact angles and thus led to the highest hydrophilicity. It is thus 204 
possible to control the hydrophobic/hydrophilic character of flexible ITO surfaces by simply 205 
changing the radical R in para position of the diazonium group.  206 
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 207 
Figure 3. Contact angles of water drops gently deposited on diazonium-modified ITO: (a) 208 

ITO-N(CH3)2, (b) ITO-NH2, (c) ITO-NH-Ph, (d) ITO-CN, (e) ITO-CO2H, (f) ITO-SO3H. 209 
 210 
Table 1. Irel ,Rct and water drop contact angles (θ) obtained for aryl-modified ITO 211 

Surface Irel 
(%) 

Rct (kΩ/cm2) θ (°) 

ITO-SO3H 3.90 68.8 48.7±0.5 
 ITO-CO2H 11.2 47.3 70.7±0.4 

ITO-CN 15.7 44.0 81.2±0.3 
ITO-NH-Ph 23.6 9.32 103.1±0.3 

ITO-NH2 46.6 8.97 116±0.4 
ITO-N(CH3)2 48.6 7.15 136.7±0.1 

 212 
 213 
Figure 4 displays plots of the electrochemical characteristics of the aryl layers versus their 214 

wetting property, expressed by the water drop contact angle values. For the hydrophilic surfaces, 215 
the barrier to the Fe(CN)63-/4- probe is most probably due to the favorable water-aryl interfacial 216 
interactions. Under such wetting conditions, the probe molecules hardly reach the aryl-modified 217 
ITO surfaces and undergo redox reactions. Higher Irel values indicate weaker barrier, and the probe 218 
interact more favorably with the surfaces compared to water. 219 

 220 
 221 
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Figure 4. Correlations between the electrochemical and wetting properties of 222 

diazonium-modified flexible ITO electrodes: (a) Irel-vs-water contact angle, and (b) Rct-vs-water 223 
contact angle. 224 

 225 
As far as Rct is concerned, this physical property decreases for hydrophobic aryl-modified ITO 226 

surfaces ( > 90°). These results are due to the steric hindrance or the physical barrier role played by 227 
the free pair of the organic molecules.[48] 228 

All in one, the results can be discussed in terms of hydrophobic/hydrophilic effects.[49] Indeed, 229 
Fe(CN)63-/4- redox probe is relatively hydrophilic[49] and can rather interact with water instead of the 230 
aryl-modified surface. In addition, the hydrophilic aryl groups are negatively charged which may 231 
add up electrostatic repulsions at the ITO-aryl/probe interface.  232 
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 233 
 234 
3.3. Electrodeposition of polypyrrole on ITO 235 
 236 
3.3.1. Electrochemical characterization of poly(pyrrole-benzene sulfonic acid) films on 237 

aryl-modified ITO 238 
The aryl layers served as a primer for the electrodeposition of PPy-BSA. We achieved the 239 

electropolymerization on aryl-modified ITO strips by performing ten potential scanning  cycles 240 
between -1 and 1.2 V/ECS at 100 mVs-1 in an aqueous solution containing 0.1 M of pyrrole and 0.01 M 241 
BSA (Fig. 5). Table 2 reports the Epox and Epred values for the electropolymerization process together 242 
with the oxidation peak density (Jpox). Highly uniform and adherent PPy-BSA films were easily 243 
obtained on all modified electrodes, regardless the nature of the diazonium compound. The films 244 
obtained on the hydrophobic surfaces (ITO-N(CH3)2, ITO-NH2 , ITO-NH-Ph) were much more 245 
conductive than those obtained on the hydrophilic surfaces (ITO-CO2H, ITO-SO3H, ITO-CN), as 246 
deduced from the corresponding high current in the CV curves. 247 

 248 
Table 2. Electrochemical characteristics of electrodeposition of polypyrrole top layers: Eox, 249 

Ered and Ipox values for the 6 ITO-aryl electrode materials. 250 
Electrode material Eox (V) Ered (V) Jpox (µA/cm2) 

ITO-N(CH3)2 0.25 -0.53 972 
ITO-NH2 0.27 -0.52 960 

ITO-NH-Ph 0.2 -0.5 936 
ITO-CN 0.25 -0.58 208 

ITO-CO2H 0.41 -0.59 908 
ITO-SO3H 0.24 -0.43 228 

 251 
 252 
As a matter of fact, the oxidation peak is centered at 0.25, 0.27, and 0.2 V/SCE for ITO-N(CH3)2, 253 

ITO-NH2 and ITO-NH-Ph electrodes, respectively. These peaks are positioned near those obtained 254 
on the hydrophilic surfaces ITO-CN and ITO-SO3H (0.25 and 0.24 V/SCE, respectively). In contrast, 255 
on ITO-CO2H the oxidation peak is centred at a higher potential value (0.41 V/SCE) and the 256 
reduction peak at -0.59 V/SCE. This is the largest potential difference for the electropolymerization of 257 
pyrrole on the actual series of diazonium-modified ITO electrodes. The density of Jpox of PPy-BSA on 258 
electrodes materials takes the maximum values for hydrophobic surface (972 µA/cm2 on 259 
ITO-N(CH3)2), hence the highest conductivity achieved for electropolymerization of pyrrole on the 260 
actual electrode materials. 261 

The results obtained so far show that thin films of PPy were preferentially deposited on 262 
hydrophobic surfaces, in line with the literature.[50,51] 263 

Figure 6 shows the blocking effect and EIS results of PPy films on all aryl-modified ITO 264 
electrodes. The blocking effect of PPy on all aryl layers was assessed with Fe(CN)63-/4-, as depicted in 265 
Fig. 6A. The quasi-reversible redox couple (located at 0.25 V and 0.1 V) obtained on the hydrophobic 266 
surfaces was characterized by a higher current, which accounted for a more conductive surface. It is 267 
worth to note that the PPy coating on ITO-N(CH3)2, ITO-NH2, ITO-NH-Ph (Fig. 6B ) exhibited the 268 
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lowest charge transfer resistance (0.15, 0.36, 0.6k/cm2, respectively). Moreover, the Rct increased for 269 
PPy on ITO-SO3H, ITO-CO2H, and ITO-CN; the impedance curves were significantly broadened and 270 
the semi-circle diameters were about 28.59, 21.44 and 10 k/cm2 respectively. These results indicated 271 
that ITO-SO3H had the largest obstruction, which resulted in reducing electron-transfer rate or 272 
increasing resistance to the flow of electrons. Furthermore, EIS showed that charge transfer 273 
resistance of ITO-N(CH3)2-PPy was much lower compared to others.  274 

The results reported so far stress the paramount importance of the hydrophobic character of the 275 
substrate, here imparted by the aryl layers. As a matter of fact, PPy is relatively hydrophobic, and 276 
preferentially binds to hydrophobic surfaces.[ 52 ] Conversely, the strength of 277 
(macro)molecule-polypyrrole molecular interactions are maximized in water.[53] 278 

  279 
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Figure 5. Electrosynthesis of PPy-BSA films by cyclic voltammetry on (A) ITO-SO3H,  280 

(B) ITO-CO2H, (C) ITO-CN, (D) ITO-N(CH3)2, (E) ITO-NH-Ph, and (F) ITO-NH2. 281 
 282 
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Figure 6. PPy-BSA film on (a)ITO-SO3H, (b) ITO-CN, (c) ITO-CO2H,  (d) ITO-NH-Ph,  283 

(e) ITO-NH2, (f) ITO-N(CH3)2. (A) Blocking effect of the PPy-ABS films on the ITO electrodes 284 
modified by the different diazonium cations. (B) Impedance measurements recorded for PPy-ABS 285 
coatings on modified ITO sheets.  286 

 287 
3.3.2. XPS characterization of PPy top coats and reference materials 288 
Figure 7 displays survey regions of ITO, ITO-SO3H, ITO-N(CH3)2, ITO-N(CH3)2-PPy samples in 289 

the 100-600 eV range. S2p, C1s, N1s, and In3d/Sn3d doublets are centered at 168, 285, 400, 445-453 290 
and 487-496 eV, respectively. 291 
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 292 
Figure 7. XPS survey regions of ITO, ITO-SO3H, ITO-N(CH3)2, ITO-N(CH3)2-PPy. 293 
 294 
Bare ITO exhibited a quasi-horizontal background in the 160-285 eV spectral region and a sharp 295 

In3d doublet together with Sn3d peaks. Attachment of an aryl monolayer screened ITO, which 296 
resulted in an increase of the relative C1s peak intensity, and in the appearance of an S2p peak at 297 
~168 eV for ITO-SO3H and of a N1s peak at 400 eV for ITO-N(CH3)2. After electropolymerization, the 298 
survey region resembled that of pure polypyrrole with effective screening of the characteristic In3d 299 
and Sn3d features from ITO. 300 
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All apparent compositions (in at. %) are reported in Table 2 for the main elements. The carbon 301 
content increased in the order ITO < ITO-aryl < ITO-aryl-PPy as well as the nitrogen content. Sulfur 302 
content is due to the sulfonate group from ITO-SO3H, and to all PPy-BSA topcoats. This sulfur 303 
content is invariably higher for PPy-BSA than for ITO-SO3H. In contrast, there is a clear decrease for 304 
the O at. %, as one shifts from ITO to ITO-aryl, then PPy. Indium and tin atoms are detected for bare 305 
and aryl-modified ITO surfaces only. After electropolymerization, In and Sn could not be detected or 306 
were found at the detection limit of the technique, due to the micrometer scale thickness of the PPy 307 
topcoat (~3 µm, SEM image not shown). This is a much too large thickness for a topcoat to possibly 308 
detect the buried layers, using XPS (10-12 nm sampling depth for organic coatings). 309 

Table 3 provides also the In4d/In3d intensity ratio for bare and aryl-modified ITO sheets. 310 
Invariably, this ratio is higher for the modified ITO sheets. Indeed, an aryl layer screens ITO, but at a 311 
different extent for the In4d and In3d core electrons. The sampling depth of In4d is about 12.6 nm 312 
higher than that of In3d (10.8 nm).[47] It follows that In3d peak attenuation is larger, hence In4d/In3d 313 
intensity ratio increases upon aryl grafting. 314 

 315 
Table 3. XPS-determined apparent surface chemical composition of ITO, ITO-aryl and 316 

ITO-aryl-PPy samples. 317 
Materials C N S O In Sn In4d

/In3d 

ITO 32.5 - - 39.1 25.4 3.06 0.155 

ITO-SO3H 45.2 0.77 1.00 30.0 20.5 2.43 0.167 

ITO-SO3H-PPy 73.9 9.29 1.38 15.4 - -  

ITO-COOH 58.6 1.68 - 25.1 11.3 3.34 0.174 

ITO-COOH-PPy 78.7 10.5 1.13 9.71 - -  

ITO-CN 71.4 4.91 - 16.8 5.88 1.04 0.179 

ITO-CN-PPy 75.2 9.23 2.12 13.5 - -  

ITO-NH-Ph 49.2 1.97 - 29.6 16.2 3.05 0.171 

ITO-NH-Ph-PPy 75.5 9.83 1.71 12.9 - -  

ITO-NH2 42.9 1.31 - 33.1 16.2 6.55 0.159 

ITO-NH2-PPy 77.3 12.2 2.22 8.22 - -  

ITO-N(CH3)2 52.7 1.13 - 28.2 15.5 2.48 0.181 

ITO-N(CH3)2-PPy 76.5 6.94 1.18 15.4 - -  

 318 
As the blocking effect can be due to the thickness or grafting density of the top layer, we were 319 

tempted to correlate Irel (in Table 1) to I4d/I3d XPS intensity ration (in Table 3). The correlation is poor 320 
and the data corresponding to ITO-NH2 (I4d/I3d =0.159; Irel = 46.6%) differs markedly from the trend 321 
given by the 5 other surfaces. As a matter of fact, Baranton and Bélanger[48] clearly indicated that 322 
blocking effect cannot be simply related to the film thickness or the surface coverage. Herein, we do 323 
confirm such an observation reported in reference [48] and confirm that the 324 
hydrophilic/hydrophobic effects operate at the interface, which gives full credit to Downard and 325 
Prince.[49] It follows that barrier properties cannot be interpreted simply in terms of coverage or 326 
thickness; herein we demonstrate that barrier properties are very likely to be correlated to the 327 
hydrophobic/hydrophilic character of the ITO-aryl surfaces as shown in Figures 4a-b. 328 
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 329 
3.4. Practical adhesion aspects of polypyrrole thin layers 330 
Practical adhesion of PPy thin layers has been qualitatively investigated by solvent washing, 331 

ultrasonication and bend stress. Simple solvent washing using a laboratory wash bottle 332 
demonstrates the efficiency of the diazonium adhesive layer in anchoring PPy to ITO. This is shown 333 
in a video available in the Supplementary Material SM Video1. This video shows that without any 334 
aryl adhesive layer, PPy is simply and easily removed upon washing with water. The middle part of 335 
the video (starting at 0.48 min) shows that another PPy film grown on bare ITO is very easily 336 
delaminated using tweezers. In the last part of the video (starting at 1.07 min), prolonged washing of 337 
PPy topcoat of ITO-NH2 electrode does not induce any adhesion failure. We have then compared 338 
adhesion of PPy to bare ITO and ITO-NH2 using ultrasonication (video not shown): again, the aryl 339 
layer prevents adhesion failure of the PPy, whereas on bare ITO the film is removed previously 340 
reported.[22] Actually, the removal of PPy from ITO-NH2 was only possible through scratching. Such 341 
robust adhesion of polypyrrole to aminophenyl-grafted glassy carbon electrode found by Patterson 342 
and Ignaszak[23] confirms our previous findings on ITO-NH2 and supports the actual work which 343 
generalizes the strong adhesion of polypyrrole to flexible ITO and other electrodes. 344 

 345 
One of the important aspects of polymer adhesion is to define the type of adhesion bonding. In 346 

a previous publication, Samanta et al.[47] have demonstrated that photochemically-prepared 347 
PPy/silver nanocomposite film was removed using adhesive tape from bare ITO, whereas no failure 348 
occurred in the case of pyrrole-functionalized ITO sheets. A failure within the polymer film is 349 
defined as “cohesive failure”. Herein, ultrasonication of ITO-PPy resulted in the delamination of the 350 
conductive polymer topcoat. XPS inspection of the ITO fracture surface, after ITO-PPy adhesion 351 
failure, brought supporting evidence for a neat ITO surface without any attenuation of the 352 
characteristic peaks from ITO (see Survey region in Fig. 8a). It is worthwhile to note that the C1s 353 
peak is weakly intense and is partly due to unavoidable adventitious contamination during the 354 
transfer from atmosphere to the vacuum chamber of the XPS apparatus. The spectrum displayed in 355 
Fig. 8a is a clear sign of an “adhesive failure”, ca exactly at the ITO-PPy interface. Both materials are 356 
split apart upon ultrasonication.  357 

 358 
We also examined the propensity of the ITO-NH2-PPy hybrid electrodes to withstand bending 359 

stress. The ITO-NH2-PPy test electrode was prepared as described above and stuck on the outer wall 360 
of a tube for 24 h bending stress; the bending radius was 3.2 mm as measured using an electronic 361 
digital caliper (Fowler, model S225). This is a small radius and accounts for an important stress.[20] 362 
Compared to the unbent sample, the PPy film withstood the very high bending stress and remained 363 
stuck to the underlying ITO-NH2 substrate. However, we found a slight increase in the In/C and 364 
Sn/C atomic ratios, which probably resulted from a possible diffusion of In and Sn in the top coat. 365 
Indeed, SEM inspection of the ITO-NH2-PPy surface after bending showed a crack in the ITO layer 366 
(Fig. 8b). 367 

From these qualitative tests, clearly the conductive polymer films are strongly adherent to the 368 
ITO surface, due to the molecular interactions that operate at interfaces between PPy and all 369 
diazonium-modified ITO flexible electrodes. The aryl groups were shown to be bridged to the oxide 370 
surface through metal-O-C bonds.[54,55] We have selected functional groups in para position, that 371 
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undergo either electrostatic interactions or electron-donor/acceptor bonds (Figure 9). Although not 372 
covalent in nature, these interfacial interactions are sufficient to keep PPy anchored to the ITO via the 373 
aryl layer. The deposition of PPy on aryl-modified ITO is simple, fast, and provides strong adhesion 374 
that withstands severe conditions, even under high mechanical stress. This contrasts with the poor 375 
adhesion of polypyrrole to bare ITO, as previously reported in the literature.[19] 376 

 377 
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Figure 8. Adhesion testing of polypyrrole thin films on (a) bare ITO using XPS, and (b) ITO-NH2 379 
using SEM and XPS. Inset of 8b shows the bar graph of In/C atomic. 380 

 381 
 382 
 383 
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Figure 9. Possible molecular interactions at aryl-polypyrrole interfaces. 385 
 386 
 387 

4. Conclusion 388 
In this work, flexible ITO sheets were grafted using in situ generated diazonium salts bearing 389 

electron acceptor (COOH, SO3H and CN) or electron-donor (NH2, N(CH3)2, NH-Phenyl) groups. We 390 
have carefully grafted monolayers which were thin enough to prevent passivation but which 391 
permitted to prepare adherent polypyrrole top coatings by electropolymerization. The aryl layers 392 
were characterized by contact angle measurements and XPS. Interestingly, the blocking effects and 393 
charge transfer resistance of the aryl layers were correlated with their hydrophobic character. All 394 
aryl layers served as remarkable coupling agents for the polypyrrole top coats which withstand 395 
sonication, solvent washing and bend stress. On bare ITO, PPy could be removed by simple washing 396 
with water or using tweezers, without any trace of polymer left on the surface as judged from XPS 397 
analysis of the fracture surface. This accounts for adhesive failure of the coating. In contrast, on all 398 
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aryl-modified ITO sheets no delamination took place, and the polymer could be only removed by 399 
scratching the polypyrrole film. The adherent polypyrrole exhibited a better redox activity in terms 400 
of high current output on the most hydrophobic surfaces obtained with aminated, electron-donor 401 
groups, thus indicating the possibility to tune both the adhesion strength and redox properties of the 402 
conductive polymer. Adhesion of polypyrrole to ITO via aryl layers, is likely to be due to interfacial 403 
electrostatic interactions between the electron acceptor groups COOH/COO-, SO3H/ SO3H and 404 
CN/C+=N- and the polypyrrole positively charged backbone. As far as the nitrogen-containing 405 
electron-donor groups, such as NH2, N(CH3)2 and NH-Phenyl, are concerned, the adhesion is 406 
attributed to n-* electron-donor-acceptor interactions (the pyrrole N-H bond being the * acceptor). 407 

 408 
This work sheds a new light on the use of diazonium salts to make adhesive primer layers for 409 

electroactive polymers and other organic coatings. As silanes in the 20th century, so diazonium salts 410 
could be regarded as magic molecular glues for tuning interfacial properties of next generation 411 
advanced materials of relevance to sensors, printed soft electronics and flexible thermoelectrics to 412 
name but these remarkable timely applications. 413 

 414 

Supplementary Materials: video displaying qualitative testing of polypyrrole adhesion to bare and to 415 
diazonium-modified flexible ITO electrodes.  416 
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