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Abstract  11 

Pyrrole-functionalized imidazolium surfactants PyCnMImBr with different alkyl chain lengths 12 

(n = 8, 10, 12) were synthesized and their aggregation properties in water were investigated 13 

by tensiometry and conductimetry. These studies show that PyCnMImBr surfactants present 14 

lower critical micellar concentration than their non-functionalized analogues due to both an 15 

increased hydrophobicity resulting from the extension of the alkyl chain length upon 16 

incorporation of pyrrole but also to the formation of attractive - interactions among pyrrole 17 

moieties. The areas occupied by PyCnMImBr molecules are always higher than those of 18 

CnMImBr surfactants showing looser molecular arrangement at the air-water interface due to 19 

steric hindrance of pyrrole moieties. 
1
H nuclear magnetic resonance measurements have been 20 

used to shed light on the structure of the aggregates formed. In all cases, pyrrole is located 21 

inside the micellar core but for the shortest alkyl chain length it tends to intercalate between 22 

the alkyl chains. Micelles obtained with PyC12MImBr were further used as nano-reactor to 23 

prepare water-stable polypyrrole nanoparticles. For this, we conduct the chemical 24 

polymerization of pyrrole inside the micelles using FeCl3 as oxidizing agent. Polymerization 25 

kinetics were followed by UV-spectroscopy. Combined with Infrared (IR) and Dynamic Light 26 

Scattering (DLS) measurements, we confirmed the formation of polypyrrole particles of about 27 

4 nm that were water-stable thanks to the presence of cationic imidazolium functions on their 28 

surface. 29 

 30 
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Ionic Liquids, Pyrrole, Polymerization, Self-assembly, Surfmer 32 

1. Introduction 33 

Intrinsically conducting polymers (ICPs) have found a lot of applications like in sensors,[1] 34 

anticorrosion coatings,[2] energy storage[3] and optical devices.[4] Increasingly, researchers 35 

are applying the knowledge gained in these areas toward biomedical applications including 36 

biosensing,[5] drug delivery[6] and implantable medical devices.[7] The majority of these 37 

studies have focused on the use of Polypyrrole (PPy) which is biocompatible. However, as 38 

many others ICPs, PPy suffers from low solubility which renders its processability difficult. 39 

Thus, one way to circumvent this solubility problem is to introduce charged side chains as in 40 

polyelectrolytes. Poly(ionic liquids) (PILs), a special class of polyelectrolytes, that contain 41 

functional groups derived from ionic liquids monomers (imidazolium or pyridinium cations 42 

for instance)[8] have been used as steric stabilizers and as phase transfer agents of polypyrrole 43 

thus allowing the  transfer of PPy micrometers particles from water to a variety of organic 44 

solvent.[9, 10] PILs that possess an intrinsically conducting polymers (ICP) backbone like 45 

polypyrrole have been synthesized with the objective to combine ionic and electronic 46 

conducting properties in the same polymers.[11] These PIL-ICP hybrids have been shown to 47 

be able to disperse multi-wall carbon nanotubes in various solvents. Compared to the use of 48 

classical ionic liquids (ILs), the use of PIL-ICP allows a higher wrapping of the carbon 49 

nanotubes while providing additional electronic conductivities to the CNTs through the 50 

polypyrrole backbone.[12]  51 

Water-soluble ICPs show exceptional fluorescence quenching efficiencies in the presence of 52 

oppositely charged acceptors and are of particular interest for imaging, diagnosis, and therapy 53 

applications.
[13, 14]

 Besides that, in recent years, special attention has been paid to the 54 

development of conjugated polymer nanoparticles (CPNs).[15] Indeed, CPNs possess several 55 

advantages for biological imaging and sensing applications like their high brightness, large 56 

extinction coefficients, superior photostability, low cytotoxicity, facile chemical synthesis and 57 

tunable spectral properties. These CPNs are classically obtained via two methods: 58 

miniemulsion and reprecipitation. Water-dispersive PPy CPNs of less than 100 nm were 59 

synthesized without any template or surfactants by Liao and collaborators using 2,4-60 

diaminodiphenylamine as an initiator in aqueous solution[16] and by Gelling et al. using 61 

ozone as oxidizing agent.[17] 62 
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One other interesting alternative to elaborate water soluble CPNs would be to use surface-63 

active monomers i.e. surfmers like pyrrole-functionalized surfactants. To our knowledge, this 64 

approach has never been reported before. However, the interfacial and micellar behaviors of 65 

pyrrole-functionalized ammonium surfactants were studied and these monomers were further 66 

electropolymerized to build well-organized interfacial structures.[18, 19] The surfactant 67 

behavior of other pyrrole-based compounds including phosphonate-based ones, has also been 68 

studied.[20] Concomitantly, imidazolium and pyridinium-based surfactants bearing a terminal 69 

pyrrole group have been also used as structure-directing agent to elaborate ordered 70 

mesoporous silica structure. Pyrrole units were easily polymerized via chemical oxidation 71 

and, consequently, highly ordered hexagonal mesoporous silicas with aligned polypyrrole 72 

nanowires in channels were achieved. After silica etching, aligned PPy nanowires were 73 

obtained.[21] Using the same surfactant, the latter authors reported the synthesis of PPy 74 

capsules with tunable thickness by simple modification of sol-gel conditions.[22] CPNs have 75 

been obtained by the microemulsion polymerization method using an imidazolium-76 

functionalized pyrrole monomer containing a short butyl alky chain between each groups and 77 

used as sensor in DNA detection.[23] Imidazolium-tailed pyrrole surfactants were more 78 

recently used as fluidic light sensing materials for preparing flexible optoelectronic 79 

sensors[24] and were also electrochemically polymerized to obtain polypyrrole films with 80 

wrinkle structure. This latter method constitutes a way to immobilize ionic liquids on solid 81 

surface[25] and can be further used for solid-phase microextraction.[26] Other examples of 82 

imidazolium-based surfactants containing a polymerizable monomer include the work of 83 

Firestone and co-workers on thiophene-tailed imidazolium[27] and of Zheng and 84 

collaborators on carbazole-tailed imidazolium surfactants.[28] 85 

This literature survey indicates that pyrrole-tailed imidazolium PyCnMImBr molecules have 86 

been used for the preparation of different materials such as polypyrrole films, porous 87 

materials and PILs. Some of these studies have even taken benefit from the surfactant 88 

properties of these molecules to prepare well-structured materials. However, surprisingly, 89 

their surfactant behavior has not been studied in detail. Only recently, the aggregation 90 

behavior and interfacial electrokinetic properties of PyC12MImBr were studied by dielectric 91 

spectroscopy showing spontaneously formation of spherical micelles at concentration higher 92 

than the Critical Micellar Concentration (CMC = 8.5 mM).[29]  93 

The main objective of this paper is thus to fill this gap and to exemplify another case of the 94 

use of surfactant based-ionic liquids for the elaboration of nanoparticles.[30] In the present 95 

paper, surface activities and CMCs were determined by surface tension, conductimetry and 96 
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NMR and were compared with data obtained for long alkyl chain imidazolium bromide ILs. 97 

As these PyCnMImBr surfactants can be considered as polymerizable surfactant i.e. as 98 

surfmers, we studied in the second part of this work, the polymerization ability of one of this 99 

surfmer surfactant to produce water-dispersible polymer nanospheres. The chemical structures 100 

and designations for these PyCnMImBr surfactants are shown in Figure 1. 101 

 102 

 103 

Fig.1. Chemical structures and labeling of the investigated PyCnMImBr (n = 8, 10 and 12). 104 

 105 

2. Experimental 106 

2.1.Materials  107 

The chemicals used were obtained from the following commercial sources: Pyrrole and NaH 108 

from Acros Organics
®
 1,8-dibromooctane, 1,10-dibromodecane and 1,12-dibromododecane 109 

from Alfa-Aesar
®
, N-methylimidazole from Aldrich

®
. Dry DMF was obtained by a solvent 110 

purification system PureSolve MD5 from Innovative Technology. Preparative purifications 111 

were performed by silica gel flash column chromatography (VWR 40-63 µM). Toluene and 112 

solvents used as eluents are off technical grade. 113 

2.2.Synthesis of N-Bromoalkyle pyrrole PyCnBr 114 

 115 

General procedure. Dibromoalkane was dissolved at 0°C in 100 mL of dry DMF. In another 116 

flask, pyrrole was added to a cooled suspension (0°C) of NaH (60%wt) in dry DMF (100 117 

mL). This mixture was allowed to reach room temperature and stirred for 30 minutes then 118 

cooled again to 0°C. The resulting solution was poured into the dibromoalkane solution by 119 
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canula. The mixture was allowed to reach room temperature and stirred for 24 hours. The 120 

resulting solution was hydrolyzed by addition of water and the product was extracted with 121 

AcOEt (3×100 mL). The resulting organic phase was washed with water (3×100 mL), dried 122 

over Na2SO4, filtered and the solvent was removed under vacuum. The resulting compound 123 

was purified by silica gel chromatography (eluent: dichloromethane/petroleum ether, 1:9).  124 

PyC8Br. General procedure was followed using 1,8-dibromooctane (12.16 g, 44.7 mmol, 1.5 125 

equiv), pyrrole (2 g, 29.8 mmol, 1eq) and NaH (60%wt) (1.31 g, 32.7 mmol, 1.1 equiv). 126 

PyC8Br was obtained as a transparent oil (4.3 g, 56%). 
1
H NMR (400 MHz, CDCl3): = 6.65 127 

(t, J = 2.1Hz, 2H, H2), 6.14 (t, J = 2.1Hz, 2H, H1), 3.87 (t, 
3
J = 7.1 Hz, 2H, H3), 3.40 (t, 

3
J = 128 

6.8 Hz, 2H, H10), 1.84 (qt, 
3
J = 6.8 Hz, 2H, H9), 1.76 (m, 2H, H4), 1.45 (m, 2H, H8), 1.33 (m, 129 

6H, H5, H6, H7). 
13

C{
1
H} NMR (100.6 MHz, CDCl3): =120.5 (C2), 107.9 (C1), 49.7 (C3), 130 

34.0 (C10), 32.8 (C9), 31.6 (C4), 29.1 (C6), 28.7 (C7), 28.1 (C8), 26.7 (C5) ppm. IR (ATR): 131 

3100, 2927, 2854, 1541, 1499, 1459, 1358, 1279, 1256, 1087, 1060, 997, 816, 718, 644, 616, 132 

560 cm
-1

. 133 

PyC10Br. General procedure was followed using 13.41 g (44.7 mmol) of 1,10-134 

dibromodecane, 2 g of pyrrole (29.8 mmol) and NaH (60 wt%) (1.32 g, 32.8 mmol). PyC10Br 135 

was obtained as a transparent oil (3.13g, 37%). 
1
H NMR (400 MHz, CDCl3): = 6.66 (t, J = 136 

2.1Hz, 2H, H2), 6.15 (t, J = 2.1Hz, 2H, H1), 3.87 (t, 
3
J = 7.2 Hz, 2H, H3), 3.42 (t, 

3
J = 7.2 Hz, 137 

2H, H12), 1.85 (qt, 
3
J = 7.2 Hz, 2H, H11), 1.77 (m, 2H, H4), 1.43 (m, 2H, H10), 1.29 (m, 10H, 138 

H5, H6, H7, H8 and H9). 
13

C{
1
H} NMR (100.6 MHz, CDCl3):  =120.5 (C2), 107.8 (C1), 49.7 139 

(C3), 34.1 (C12), 32.9 (C11), 31.6 (C4), 29.5 (C6), 29.4 (C7), 29.3 (C8), 28.8 (C9), 28.2 140 

(C10), 26.8 (C5) ppm. IR (ATR): 3100, 2924, 2853, 1499, 1462, 1357, 1280 1087, 1062, 967, 141 

717, 645, 616, 560 cm
-1

. 142 

PyC12Br. General procedure was followed using 14.67 g (44.7 mmol) of 1,12-143 

dibromododecane, 2 g of pyrrole (29.8 mmol) and NaH (60 wt%) (1.31 g, 32.7 mmol). 144 

PyC12Br was obtained as a transparent oil that became solid upon standing in the fridge (4.34 145 

g, 46%). 146 

1
H NMR (400 MHz, CDCl3): = 6.62 (t, J = 2.1Hz, 2H, H2), 6.14 (t, J = 2.1Hz, 2H, H1), 3.86 147 

(t, 
3
J = 7.2 Hz, 2H, H3), 3.41 (t, 

3
J = 7.2 Hz, 2H, H14), 1.84 (qt, 

3
J = 7.2 Hz, 2H, H13), 1.76 (m, 148 

2H, H4), 1.42 (m, 2H, H12), 1.30 (m, 14H, H5, H6, H7, H8, H9, H10, H11). 
13

C{
1
H} NMR (100.6 149 

MHz, CDCl3):  =120.6 (C2), 107.8 (C1), 49.7 (C3), 34.2 (C14), 32.9 (C13), 31.8 (C4), 29.5 150 

(C6, C8, C11 and C12), 29.3 (C7), 28.9 (C9), 28.3 (C10), 26.9 (C5) ppm. IR (ATR): 2923, 151 

2853, 1499, 1461, 1374, 1281 1088, 1063, 967, 717, 647, 616, 560 cm
-1

. 152 
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 153 

2.3. Synthesis of Pyrrole-functionalized imidazolium surfactants PyCnMImBr 154 

General procedure. PyCnBr was dissolved in 70 mL of toluene before addition of N-155 

methylimidazole. The resulting mixture was reflux for 24 hours. After cooling down to room 156 

temperature, two phases were formed. The lower phase that contained the product was 157 

washed several times with diethyl ether (3×50 mL) and the solvent was evaporated under 158 

vacuum.  159 

PyC8MImBr. General procedure was followed using 7.36 g (28.5 mmol) of PyC8Br and 2.81 160 

g (34.2 mmol) of N-methylimidazole. The final product was recovered as a creamy powder 161 

(9.50 g, 98%). mp = 79°C. 
1
H NMR (400 MHz, CDCl3): = 10.61 (s, 1H, H13), 7.37 (t, 

3
J = 162 

1.9 Hz, 1H, H12), 7.28 (t, 
3
J = 1.9 Hz, 1H, H11), 6.63 (s, 2H, H2), 6.11 (s, 2H, H1), 4.30 (t, 

3
J = 163 

7.5 Hz, 2H, H10), 4.11 (s, 3H, H14), 3.85 (t, 
3
J = 7.5 Hz, 2H, H3), 1.89 (m, 2H, H9), 1.73 (m, 164 

2H, H4), 1.32 (m, 8H, H5, H6, H7, H8). 
13

C{
1
H} NMR (100.6 MHz, CDCl3):  = 137.6 (C13), 165 

123.6 (C12), 121.9 (C11), 120.5 (C2), 107.8 (C1), 50.1 (C10), 49.5 (C3), 36.7 (C14), 31.5 166 

(C4), 30.2 (C9), 28.8 (C6/C8), 26.5 (C5), 26.1 (C7) ppm. IR (ATR): 3083, 3036, 2926, 2853, 167 

1659, 1564, 1500, 1456, 1377, 1335, 1276, 1152, 1093, 970, 870, 780, 738, 659 cm
-1

. Anal. 168 

Calc for C 1 6 H 2 6 B r N 3 (340.30): %C 56.47, %H 7.70, %N 12.35; found %C 56.33, %H 169 

7.66, %N 12.43. 170 

PyC10MImBr. General procedure was followed using 2.96 g (10.3 mmol) of PyC10Br and 171 

0.98 mL (12.4 mmol) of N-methylimidazole. PyC10MImBr was obtained as a yellowish oil 172 

(2.86 g, 74%). 
1
H NMR (400 MHz, CDCl3): = 10.66 (s, 1H, H15), 7.30 (t, 

3
J = 1.9 Hz, 1H, 173 

H14), 7.23 (t, 
3
J = 1.9 Hz, 1H, H13), 6.64 (t, 

3
J = 2.0 Hz, 2H, H2), 6.12 (t, 

3
J = 2.0 Hz, 2H, H1), 174 

4.30 (t, 
3
J = 7.5 Hz, 2H, H12), 4.12 (s, 3H, H16), 3.85 (t, 

3
J = 7.5 Hz, 2H, H3), 1.91 (m, 2H, 175 

H11), 1.74 (m, 2H, H4), 1.28 (m, 12H, H5, H6, H7, H8, H9, H10). 
13

C{
1
H} NMR (100.6 MHz, 176 

CDCl3):  = 137.4 (C15), 123.6 (C14), 121.9 (C13), 120.5 (C2), 107.7 (C1), 50.1 (C12), 49.6 177 

(C3), 36.7 (C16), 31.5 (C4), 30.3 (C11), 29.1 (C6/C7/C8/C9), 26.7 (C5), 26.2 (C10) ppm. IR 178 

(ATR): 3136, 3057, 2924, 2852, 1567, 1500, 1460, 1370, 1278, 1167, 1089, 1062, 966, 826, 179 

723, 651, 619 cm
-1

. Anal. Calc for C 1 8 H 3 0 B r N 3.1.5 H2O (395.73): %C 54.68, %H 8.41, 180 

%N 10.62; found %C 54.24, %H 8.14, %N 10.63. 181 

 182 

PyC12MImBr. General procedure was followed using 7.11 g (22.6 mmol) of PyC12Br and 183 

2.23 g (27.2 mmol) of N-methylimidazole. PyC12MImBr was obtained as a yellowish oil (8.19 184 

g, 91%). 
1
H NMR (400 MHz, CDCl3): = 10.76 (s, 1H, H17), 7.24 (t, 

3
J = 1.9 Hz, 1H, H16), 185 
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7.20 (t, 
3
J = 1.9 Hz, 1H, H15), 6.64 (t, 

3
J = 2.0 Hz, 2H, H2), 6.12 (t, 

3
J = 2.0 Hz, 2H, H1), 4.31 186 

(t, 
3
J = 7.5 Hz, 2H, H14), 4.12 (s, 3H, H18), 3.85 (t, 

3
J = 7.5 Hz, 2H, H3), 1.91 (m, 2H, H13), 187 

1.75 (m, 2H, H4), 1.27 (m, 16H, H5, H6, H7, H8, H9, H10, H11, H12). 
13

C{
1
H} NMR (100.6 MHz, 188 

CDCl3):  = 137.7 (C17), 123.5 (C16), 121.8 (C15), 120.5 (C2), 107.8 (C1), 50.3 (C14), 49.7 189 

(C3), 36.9 (C18), 31.5 (C4), 30.3 (C13), 29.3 (C6/C7/C8/C9/C10/C11), 26.8 (C5), 26.3 190 

(C12).ppm. IR (ATR): 3067, 2923, 2853, 1567, 1501, 1456, 1367, 1278, 1167, 1087, 965, 191 

826, 723, 653, 617 cm
-1

. Anal. Calc for C 2 0 H 3 4 B r N 3 .1H2O (414.42): %C 57.96, %H 192 

8.75, %N 10.14; found %C 57.92, %H 8.80, %N 10.39. 193 

2.4. Synthesis of Polypyrrole nanoparticles 194 

132 mg (332 mmol) of PyC12MImBr were dissolved in 4 mL pure H2O (C = 12×CMC), then 195 

2.3 equivalents (220 mg) of FeCl3.6H2O was added and the mixture was stirred at room 196 

temperature or 50°C.  197 

 198 

2.5. Physical measurements and instrumentation 199 

Interfacial tension measurements. Surface tension was measured using a tensiometer Krüss 200 

K100 by the Wilhelmy plate method at 25°C. Each measurement was averaged over 20 201 

values. Glass container and plate were cleaned with oxygen peroxide for 10 min and rinsed 202 

thoroughly with distilled water. Surface tension was considered at equilibrium when the 203 

standard deviation of five consecutive measurements did not exceed 0.10 mN.m
-1

. Samples 204 

have been prepared by successive dilutions with Milli-Q water and carefully homogenized.  205 

Conductimetry. The conductivity measurements were performed using a SevenEasy 206 

conductivity meter (Mettler Toledo) at 25°C. Before measuring the PyCnMImBr solutions, the 207 

probe was calibrated with a standardized 1413 S.cm
-1 

standard conductivity solution (Mettler 208 

Toledo). The measurements were carried out by continuous dilution of a concentrated solution 209 

of PyCnMImBr with Milli-Q water. After any dilution, the solution was stirred and 210 

equilibrated for 10 min. Each experiment was repeated in duplicate. Measurements were 211 

performed with an uncertainty of less than 0.5%. 212 

Infrared Spectra were recorded with a 4 cm
-1

 resolution on a Bruker vertex70 FTIR 213 

spectrometer using a Platinum ATR accessory equipped with a diamond crystal.  214 

NMR. The 
1
H and 

13
C NMR spectra were obtained on a Bruker AVANCE 400 HD 215 

instrument. 
1
H chemical shifts were referenced to the proton impurity of the NMR solvent and 216 

13
C chemical shifts to the NMR solvent.  217 
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UV-visible absorption spectra were measured on a Cary-300 spectrometer with a 300-800 nm 218 

scan range, a scan rate of 600 nm.min
-1

 and a resolution of 1 nm.  219 

The hydrodynamic sizes of the particles were measured on a Malvern NanoZS equipped 220 

with a He-Ne laser (= 632.8 nm) at 25°C using the back-scattered mode at an angle of 173°. 221 

The correlation function of Dynamic Light Scattering (DLS) was analyzed with the general-222 

purpose method to obtain the distribution of diffusion coefficients of the solutes. The apparent 223 

equivalent hydrodynamic diameters (Dh) were determined from the cumulant method using 224 

the Stokes-Einstein equation. Mean diameter values were obtained from triplicate runs.  225 

Elemental analyses were performed on a Flash EA 1112 (Thermofisher) elemental analyzer. 226 

3. Results and discussion 227 

3.1. Surfactants synthesis 228 

Three surfactants PyCnMImBr containing an imidazolium head and a pyrrole-functionalized 229 

long alkyl chains (n = 8, 10 and 12) were obtained by a two steps procedure as described by 230 

Zhang and collaborators for PyC12MImBr.[21] The first step consists in the N-alkylation of 231 

pyrrole by dibromoalkane in the presence of NaH. An excess of dibromoalkane was used to 232 

limit the formation of the dipyrrolylalkane. This step is followed by a quaternization reaction 233 

using N-methyl imidazole (Scheme 1). The structural characterization and the purity of the 234 

final products were determined by 
1
H and 

13
C NMR, IR spectroscopy and elemental analyses. 235 

The 
1
H NMR spectrum of PyC8MImBr does not present any unexpected signals from 236 

unremoved solvent or unreacted intermediates. Only in the case of PyC10MImBr and 237 

PyC12MImBr, small amount of water impurity was found in the 
1
H NMR spectra at 1.7 ppm. 238 

The estimate values of water contents based on NMR integrals match well with those found 239 

by elemental analysis. Based on these results the purity of all PyCnMImBr final compounds 240 

was estimated to be superior to 95%. (see experimental section and ESI (Figures S1-S18).  241 

 242 

Scheme 1. Synthesis of pyrrole-tailed imidazolium surfactants PyCnMImBr (n = 8, 10, 12). 243 
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 244 

3.2. Surface activity 245 

The surfactant behavior of the resulting compounds has been investigated by surface tension 246 

measurements. Surface tensions of the solutions versus PyCnMImBr concentration in the 247 

logarithmic scale are displayed in Fig. 2. A decrease in surface tension with increasing 248 

PyCnMImBr concentration is observed due to the accumulation of PyCnMImBr at the air-249 

water surface. In all cases, a minimum of surface tension is observed that is followed by a 250 

positive slope and then a plateau. As already described by Goodchild et al., this observation 251 

might be ascribed to the formation of surface micelles prior to aggregation leading to a 252 

minimum in the area per molecule followed by the recovery of a surface monolayer for 253 

concentrations greater than CMC.[31] This phenomena was already observed with other 254 

functionalized-imidazolium ionic liquids.[32, 33] It should be noted that the plateau was more 255 

easily reached in the following order PyC8MImBr<PyC10MImBr<PyC12MImBr suggesting 256 

more favorable aggregation in the same order.  257 

  258 

Fig.2. Surface tension isotherms of PyCnMImBr (n = 8, 10, 12) aqueous solutions at 25°C. 259 

For the sake of clarity, the amplitudes for PyC10MImBr and PyC12MImBr have been shifted 260 

by +20 mN.m
-1

. 261 
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The CMCs were taken at the minimum surface tension which was considered to be the 262 

aggregation onset.[34] Table 1 summarizes the CMC values determined from surface tension 263 

measurements for PyCnMImBr. Data previously obtained by other authors by tensiometry for 264 

non-functionalized imidazolium surfactants (CnMImBr) are also included for comparison. As 265 

classically observed for conventional cationic imidazolium surfactants, the CMC decreases 266 

with an increase of the alkyl chain length.[35] Even though the data reported for CnMImBr 267 

differ from one to the others, it is clear that PyCnMImBr compounds have slightly lower 268 

CMCs than their parent CnMImBr analogues. Zheng and collaborators reported the self-269 

aggregation of carbazole-tailed imidazolium compounds (CarbazoleCnMImBr) in aqueous 270 

solutions and found even much lower CMCs (CMC = 0.712 mM for CarbazoleC10MImBr vs 271 

21 mM for PyC10MImBr and CMC = 0.188 mM for CarbazoleC12MImBr vs 8 mM for 272 

PyC12MImBr).[28] As in the case of carbazole-tailed imidazolium compounds, the lower 273 

CMC values found for our pyrrole-tailed compounds compared to non-functionalized 274 

imidazolium ones can be attributed  to an increased hydrophobicity resulting from the 275 

extension of the alkyl chain length upon incorporation of pyrrole but also to the formation of 276 

attractive - interactions among pyrrole moieties. As such, our pyrrole-functionalized 277 

surfactants present higher CMC values compared to carbazole ones due to weaker - 278 

interaction among pyrrole moieties and to the lower hydrophobicity of pyrrole compared to 279 

carbazole. 280 

The CMC value of PyC12MImBr can also be compared to the one obtained for a 281 

dodecyltrimethyl ammonium bromide surfactant containing a pyrrole moiety at the end of the 282 

hydrocarbon tail for which a CMC value of 13 mM was determined.[19] In this later case, the 283 

CMC is slightly higher than the one of our PyC12MImBr compound due to the presence of a 284 

trimethylammonium head group. Indeed, this head group is known to lead to higher CMC 285 

values compared to imidazolium ones for which the positive charges are delocalized on the 286 

imidazolium ring.[36] The CMC value for PyC12MImBr is also in good agreement with the 287 

one reported by Zhao and collaborator (CMC = 8.5 mM) determined by dielectric 288 

spectroscopy.[29]  289 

The ability to decrease surface tension was characterized by two other parameters: 290 

 291 

- The efficiency of adsorption pC20 defined as the negative logarithm of the 292 

amphiphilic molecule’s concentration required to reduce the surface tension of the 293 

pure solvent by 20 mN.m
-1 

(Eq 1) 294 

pC20 = - logC20  (1) 295 
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- The effectiveness of the surface tension reduction πCMC defined as equation (2): 296 

πCMC = γ0 – γCMC  (2) 297 

where γ0 is the surface tension of pure water and γCMC the surface tension of the solution at the 298 

CMC. 299 

pC20 values increased with the alkyl chain length, which confirmed a higher efficiency of 300 

surfactant activity upon increasing n. In our series, a slightly lower value of pC20 is obtained 301 

for PyC8MImBr while the values are very close for PyC10MImBr and PyC12MImBr. 302 

Comparison of the PyCnMImBr series with the CnMImBr one shows that the pC20 value of 303 

PyC10MImBr is higher than its C10MImBr counterpart while pC20 values for PyC12MImBr and 304 

C12MImBr are nearly identical. Thus, even in the absence of data for C8MImBr, it can be 305 

concluded that PyC8MImBr and PyC10MImBr have higher adsorption efficiency than 306 

C8MImBr and C10MImBr while PyC12MImBr has only moderate higher efficiency than 307 

C12MImBr.  πCMC varies only slightly with increasing the alkyl chain length.  308 

The area occupied by a surfactant molecule at the air–water interface Amin was calculated 309 

according to equation (3): 310 

     
 

       
  (3) 311 

Where NA is the Avogadro constant (6.022×10
23

 mol
-1

),       is the surface excess 312 

concentration calculated by applying the Gibbs equation (4) for monocationic surfactant[37]: 313 

       
 

   
 

  

    
 
 

 (4) 314 

Where R is the gas constant (8.314 J. K
-1

.mol
-1

.), T is the absolute temperature and 
  

    
  is the 315 

slope of the surface tension  vs ln C dependence when the concentration is near the CMC. 316 

 317 

Recent reports have pointed serious limitations in applying the Gibbs equation accurately to 318 

determine surface excess      of cationic surfactants.[38] Indeed, it has been shown that 319 

adsorption increases through and above the CMC rendering the polynomial fitting of surface 320 

tension unreliable. As such, methods such as neutron reflection that do not require 321 

concentrations or activities to determine surface excess would be preferable. Another point 322 

that has been pointed out by the same authors is that Wilhelmy plate methods might also lead 323 

to uncomplete wetting. The exact values of surface areas reported here should thus be taken 324 
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with caution. However, it seems to us that comparison of data obtained by the same method 325 

for different compounds gives a correct tendency.   326 

As can be seen in Table 1, the Amin value is the highest for PyC8MImBr (Amin = 171 Å
2
) and 327 

then decreases for PyC10MImBr and PyC12MImBr (Amin = 141 and 129 Å
2
, respectively) due 328 

to closer packing of the monomer at the air/water interface upon increasing the alkyl chain 329 

length. This more efficient packing is due to an increase of van der Waals forces between 330 

alkyl chains. The areas occupied by PyCnMImBr molecules are always higher than those of 331 

CnMImBr surfactants showing looser molecular arrangement at the air-water interface due to 332 

steric hindrance of pyrrole moieties. The observation of higher surface areas compared to 333 

classical imidazolium ionic liquids is also in accordance with the results of Dong and 334 

collaborators for carbazole-tailed imidazolium ionic liquids (Amin = 191 and 193 Å
2
 for n = 10 335 

and 12, respectively). However, as expected from the smaller size of pyrrole compared to 336 

carbazole, our surface areas are smaller.[28] 337 

Table 1. Surface properties at 25°C for PyCnMImBr and CnMImBr compounds. 338 

Compounds CMC  

(mM) 

pC20 πCMC 

(mN.m
-1) 

Amin 

(Å
2
) 

 max 

(mol.m
-

2
) 

PyC8MImBr 50 ± 5 2.46 29.7 171 0.965 

PyC10MImBr 20 ± 2  2.65 31.0 141 1.24 

PyC12MImBr 8 ±1 2.69 31.0 129 1.28 

C8MImBr 170[39], 150[31], 

121[40] 

- - 124[39], 60[31] - 

C10MImBr 33[39], 40[31], 

29.3[41], 20[40] 

2.15[41] 33.3[41] 91[39], 48[31], 

96.7[41] 

1.72[41] 

C12MImBr 9[39], 10.9[41], 

4.3[40] 

2.67[41] 33.6[41] 67[39], 86.8[41] 1.91[41] 

 339 

3.3 Conductivity measurements 340 

Variation of specific conductance of aqueous solutions of PyCnMImBr as a function of 341 

concentration is shown in Figure 3. Two linear regimes in the concentration dependence of 342 

the conductivity are clearly observed with a second slope lower than the first one due to the 343 

decrease of free charged species in the bulk. The slope break was assigned to the onset of the 344 
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CMC. Data obtained by this method are collected in Table 2 and data previously reported for 345 

CnMImBr are also included for comparison. The CMCs values are consistent with the values 346 

obtained by surface tension measurements for the longest alkyl chain lengths (n = 10 and 12) 347 

but differ in the case of PyC8MImBr (see table 3). This might be attributed to the presence of 348 

the above-mentioned minimum in surface tension measurements. In the case of PyC8MImBr, 349 

this minimum was relatively broad and might have led to some errors in the determination of 350 

the CMC. Thus, it is anticipated that conductivity measurements give a more accurate value 351 

of the CMC for the shortest chain homologues. In the PyCnMImBr series, the degree of 352 

ionization α determined by Frahm’s method i.e. as the ratio of the slopes of the linear 353 

fragments above and below CMC[42] decreases with the increase of the alkyl chain length 354 

from n = 8 to n = 10 and then remains constant with further increase of n. This observation is 355 

in line with the observation of constant values of πCMC and pC20 for PyC10MImBr and 356 

PyC12MImBr (see discussion above).  357 

 358 

Fig.3. Variation of conductivities vs concentrations of PyCnMImBr (n = 8, 10, 12) aqueous 359 

solutions at 25°C. 360 

Table 2. CMCs of PyCnMImBr determined at 25°C by conductimetry with the corresponding 361 

degree of ionization and free energy of aggregation. 362 

Compounds CMC (mM)  G
0

m (kJ.mol
-1

) 
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PyC8MImBr 87 0.43 -25.2 

PyC10MImBr 29 0.34 -30.9 

PyC12MImBr 7.7 0.34 -36.4 

C8MImBr 160[39], 150[31] 0.57[39] -20.7[39], -23.5[36] 

C10MImBr 

 

42[39], 40[31], 41[36], 

32.9[41] 

 

0.33[39], 0.29[36], 

0.31[41] 
-29.7[39], -29.6[36] 

C12MImBr 10[39], 9.8[36], 8.5[41] 

 

0.26[39], 0.27[36], 

0.27[41] 
-37.2[39], -37.2[36] 

 363 

Based on CMCs values determined by conductimetry, we plotted the logarithm variation of 364 

CMC (in mmol.L
-1

) against the number of carbons in the alkyl chain length (Nc) (Figure 4 365 

left). This plot follows the Stauff-Klevens rule[43] given by equation (5): 366 

log(CMC) = A - B×Nc  (5) 367 

where A and B are constant for a homologous series of surfactants.  368 

The slope B of this linear variation is -0.26, a value slightly higher than what was reported for 369 

CnMImBr (-0.28)[44] but also higher than the value reported for CarbazoleCnMImBr 370 

compounds (-0.23).[28] As this slope is a measure of the effect of each methylene groups on 371 

the CMC it shows that the presence of a pyrrole moiety alters the effect of the methylene 372 

group on the CMC compared to non-functionalized CnMImBr surfactants but this effect is less 373 

marked than in the presence of a carbazole unit.  374 

  

Fig. 4. Logarithm of CMC (mM) (left) and G
0

m (right) as a function of the number of carbon 375 

atoms Nc for PyCnMImBr at 25°C. 376 

 377 

The pseudo-phase model of micellization was applied to determine the Gibbs energy of 378 

aggregation (G
0

m) according to the following equation:[37] 379 

 380 
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                (6) 381 

 382 

where CMC is the critical micellar concentration expressed in mole fraction,  is the degree of 383 

ionization.  384 

The obtained G
0

m values are reported in Table 2. Negative values of G
0

m indicate the 385 

spontaneity of the micellization process and G
0

m becomes more negative with an increase in 386 

the alkyl chain length/hydrophobicity. As previously reported, G
0

m could be divided into 387 

contributions from the head group G
0

m, head group, the methylene group of the hydrophobic 388 

chain G
0

m, CH2 and the terminal group of the alkyl chain G
0

m, terminal (equation 7).[45] These 389 

contributions express the fact that aggregates form under the influence of both attractive and 390 

repulsive forces. Attractive forces are associated with the poor solubility of alkyl chains, 391 

while effective repulsive forces result from the high solubility of head groups. 392 

G
0

m = G
0

m, head group + G
0

m, terminal + Nc G
0

m, CH2 (7) 393 

The plot of G
0

m versus nCH2 (Nc) is presented in Figure 4 (right). It gives a straight line with 394 

an intercept equal to G
0

m, head group + G
0

m, terminal and a slope equal to G
0

m, CH2. Data obtained 395 

for PyCnMImBr were compared to those reported by Wang et al. for CnMImBr.[45] The 396 

G
0

m, CH2 values are close (G
0

m, CH2 = -2.80 kJ.mol
-1

 for PyCnMImBr and -2.96 kJ.mol
-1 

for 397 

CnMImBr). However, for PyCnMImBr the G
0

m, head group + G
0
m, terminal.  term is higher than 398 

for CnMImBr (-2.83 kJ.mol
-1

 and -3.77 kJ.mol
-1

,
 

respectively). As the two series are 399 

composed of the same imidazolium head group and the same anion, this difference might be 400 

attributed to the presence of a pyrrole group which is less hydrophobic than the methyl group 401 

in CnMImBr. 402 

3.3.
 1

H NMR spectra 403 

The 
1
H NMR spectra of the compounds with the shortest alkyl chain length (PyC8MImBr) 404 

and the longest alkyl chain length (PyC12MImBr) were registered in D2O at different 405 

concentrations (Figure S19 and S21). For all concentrations considered in this work, the 406 

chemical shifts δobs for the different protons of PyCnMImBr are summarized in Supporting 407 

Information (Tables S1 and S2). The difference  obtained for different protons between the 408 

chemical shifts measured at the highest concentration δmax and those obtained at the lowest 409 

concentration δmin are shown in Figure 5. All protons of PyC8MImBr move upfield (Δδ < 0) 410 

and the shift is much more important for the protons of the pyrrole ring (H1 and H2) or close 411 

to it (H3 and H4) (see Figure 1 for protons attribution). In this latter case also, there is a 412 
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pseudo linear variation of the chemical shift for the protons of the alkyl chain between the 413 

pyrrole and the imidazolium rings. The alkyl protons close to the pyrrole ring (H3 and H4) 414 

undergo the more important upfield shift and this shift decreases as the protons are located 415 

further away from the pyrrole ring. For PyC12MImBr, the protons of the pyrrole moiety and 416 

close to it move also upfield. However, the protons of the CH2 close to the imidazolium ring 417 

(H13 and H14) and those of the imidazolium ring (H15-H17) do not shift significantly.  418 

For surfactants bearing only a classical alkyl chain, a downfield shift off the 
1
H NMR 419 

chemical signals is commonly observed for the protons of the alkyl chains upon aggregation 420 

due to a polarity decrease when going from the aqueous phase to the micellar core.[46] Other 421 

studies have demonstrated that, for surfactants with aromatic counteranions for instance, upon 422 

incorporation of these aromatic anions into surfactant micelles, two additional effects are 423 

observed. Aromatic protons move upfield upon intercalation into the micelles. Additionally, 424 

protons of the alkyl chain of the surfactant in the proximity of the shielding cone of the 425 

aromatic ring move upfield. As only the protons located in the field of the ring are shifted, it 426 

is possible to provide information on the location of the aromatic ring.[47] The upfield shift of 427 

the pyrrole protons thus evidences that the pyrrole is located inside the micellar core. On the 428 

other hand, the upfield shift of the protons of the alkyl chain shows that the pyrrole 429 

intercalates between the alkyl chain resulting in their upfield shift. The determination of the 430 

exact location of the pyrrole ring within the alkyl chains is, in our case difficult, as many 431 

protons of the alkyl chain are not discernible one from the others. For PyC8MImBr, all 432 

protons of the alkyl chains undergo the shielding effect meaning that they are all located close 433 

to pyrrole moieties. For PyC12MImBr, protons of the alkyl chains undergo low shielding 434 

meaning that they are not in close proximity to the pyrrole ring. At the same time, the  435 

value for H2 of the pyrrole ring is higher for PyC12MImBr than for PyC8MImBr ( = -032 436 

and -0.26 for PyC12MImBr and PyC8MImBr respectively) showing that it is more deeply 437 

incorporated into the micelles. Based on these results, a schematic illustration of the proposed 438 

structures of micelles formed by pyrrole-alkyl-imidazolium surfactants is presented in Figure 439 

6. 440 

 441 

 442 
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  443 

Fig. 5. Amplitude of variation of chemical shifts Δδ for various protons for PyC8MImBr and 444 

PyC12MImBr in D2O at 25 °C. 445 

 446 

 447 

Fig. 6. Schematic representation of the proposed structures of micelles formed with A) 448 

PyC8MImBr and B) PyC12MImBr. 449 

 450 

It has been shown that 
1
H NMR chemical shifts can be used to determine the CMC of 451 

surfactants. [48] Under fast exchange occurring on the NMR time scale, the observed 452 
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chemical shift for a corresponding proton is a weight average of the monomer (δmono) and 453 

micelle (δmic) chemical shifts which can be expressed as equation (7): 454 

 455 

            
    

 
        

    

 
      (7) 456 

Where Cmon, Cmic and C are the concentrations of surfactant monomers, surfactant in micelles 457 

and total surfactants in solution, respectively. Above the CMC, it is assumed that the free 458 

monomer concentration remains constant so that Cmic = C - CMC. Inserting this relation in 459 

equation (7) gives equation (8): 460 

 461 

             
   

 
                (8) 462 

According to equation 8, the plots of δobs versus 1/C should give two straight lines with their 463 

intersection corresponding to CMC. 464 

Figure 7 shows the variation of δobs of the H2 protons of the pyrrole ring versus 1/C for 465 

PyC8MImBr and PyC12MImBr (see figure 1 for protons attribution). As expected, two straight 466 

lines are obtained in each case and CMCs values determined from these plots are summarized 467 

in table 3. These values are in good agreement with those obtained by conductimetry. Note 468 

that same results were obtained considering other protons (Figures S20 and S22). 469 

 

 

 

 

Fig. 7. Chemical shift δobs as a function of 1/C for H2 for PyC8MImBr (left) and PyC12MImBr 470 

(right) at 25°C 471 

 472 
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Table 3. CMCs (mM) values of PyCnMImBr as determined from different methods at 25°C. 474 

Compounds 
1
H NMR Surface tension Conductimetry 

PyC8MImBr 89 50 ± 5 87 

PyC10MImBr nd 20 ± 2  29 

PyC12MImBr 8 8 ±1 7.1 

 475 

 476 

3.4. Polymerization 477 

The chemical polymerization of pyrrole inside micelles was reported by Zhang and 478 

collaborators using FeCl3 as oxidizing agent. Micelles were obtained by the self-assembly of 479 

different cationic surfactants used as template (cetyltrimethylammonium bromide (CTAB) or 480 

dodecyltrimethylammonium bromide (DTAB)). Polypyrrole-sphere like nanostructures with 481 

diameters ranging from 35 to 70 nm were obtained. [49] 482 

In order to generate water-stable polypyrrole particles, we tested our ionic surfactants as 483 

functional surface-active monomers (surfmers). We focus our study on PyC12MImBr which 484 

acts as better surfactant (lower CMC). We thus performed the chemical polymerization of 485 

PyC12MImBr in the same conditions as Zhang and collaborators, using a concentration equal 486 

to 12 times the CMC and FeCl3 as the oxidant (2.3 eq). Polymerization reactions were 487 

performed at room temperature and 50°C and kinetics were followed by UV-visible 488 

spectroscopy.  489 

As can be seen on figure 8, the monomer PyC12MImBr does not absorb between 300 and 800 490 

nm (black curve). After addition of FeCl3 (red curve) a strong band at 300 nm is clearly 491 

observed due to the absorption of FeCl3.[50] After 4 days, a band at about 480 nm is observed 492 

characteristic to the formation of polypyrrole. This spectrum is in accordance with the one 493 

obtained for polypyrrole nanospheres reported by Vetter et al.[17] The intensity of this band 494 

slightly increases with time but the process is quite slow since the absorbance increases 495 

slightly during 4 weeks. As can be seen from the picture on figure 9, the sample presents a 496 

brown colour characteristic to the formation of polypyrrole.  497 

In order to improve the polymerization kinetics, the same experiments were then realized at 498 

50°C, a temperature at which the micelles were found to be stable (Figure 9). As the same 499 

concentrations were used at room temperature and 50°C, the intensity of the absorption bands 500 
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can be compared between the two experiments. Clearly, the band at 480 nm is much more 501 

intense when the reaction is performed at 50°C meaning that the kinetic of the polymerization 502 

was increased upon heating[51] and that the amount of polypyrrole formed was more 503 

important. This band extends also up to 550 nm due to partial oxidative doping of the 504 

polypyrrole.[50, 52] 505 

 

 

 

 
 506 

Fig. 8. UV-Visible spectra recorded during polymerization of PyC12MImBr (C= 12× CMC) at 507 

room temperature (left) and 50°C (right) with corresponding pictures of the solutions obtained 508 

at the end of polymerization. 509 

Figure 9 presents the aggregates size distribution before and after polymerization performed 510 

at room temperature. Before polymerization, the PyC12MImBr solution is composed of 511 

micelles with a hydrodynamic diameter Dh of 1.4 ± 0.5 nm about twice the length of one 512 

surfactant. Note that the same distribution was obtained even after several weeks meaning that 513 

micelles were stable for weeks. After 4 weeks of polymerization at room temperature, 514 

micelles were still present, but with an average diameter Dh = 4.3 ± 1.5 nm. Micelles swelled 515 

because the pyrrole moieties take more space in the core of micelles when they are 516 

polymerized. Thus, the surfactants chains were disturbed in their packing and finally the 517 

micelles were bigger. The inset in Figure 9 illustrates the water-stability of the resulting 518 

polypyrrole nanoparticles. 519 

Even though the kinetic was increased at 50°C, DLS measurements obtained in this case 520 

evidenced multimodal distributions (results not shown). Thus, uniformed size particles of 521 

polypyrrole could not be obtained under this condition. 522 
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 523 

Fig. 9. Size distribution of polypyrrole particles obtained from DLS at 25 °C and 50°C of 524 

PyC12MImBr before polymerization (black curve) and after polymerization at room 525 

temperature (red). The inset shows photographs illustrating the stability of the polypyrrole 526 

particles in water. 527 

After polymerization, the sample obtained after 4 weeks at room temperature was lyophilized 528 

to register its IR spectrum. Figure 10 disclosed a comparison of the IR spectra of 529 

PyC12MImBr before and after polymerization.  530 
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Fig. 10. FT-IR spectra of PyC12MImBr before and after polymerization. 531 

Even though clear attribution of the IR bands is difficult due to an overlapping of the band’s 532 

characteristics of polypyrrole and those of the imidazolium group, it is clearly observed that 533 

after polymerization, the intensity of the peaks at 1568 cm
-1

 increases while, concomitantly, 534 

the intensity of the peak at 723 cm
-1

 decreases. The band at 1568 cm
-1

 can be ascribed to the 535 

C=C stretching vibration of polypyrrole.[53] As the peak at 723 cm
-1

 is attributed to the  (C-536 

H) bending mode of the pyrrole ring, its significant decrease indicates that - coupling of 537 

the pyrrole units occurred thus confirming the formation of polypyrrole.[54] Note that similar 538 

IR spectra were obtained by Li and collaborators when using PyC12MImBr to prepare ordered 539 

silica with polypyrrole in the channels.[21]  540 

4. Conclusion 541 

The surfactant properties of pyrrole-functionalized imidazolium ionic liquids were studied by 542 

different techniques. Compared with their non-functionalized analogues, they present lower 543 

CMCs and higher adsorption efficiency as expected from the lengthening of the alkyl chain 544 

length and the presence of - interactions among adjacent pyrrole moieties. However, we 545 

also observed a deviation of the evolution of G
0

m values with the number of CH2 groups in 546 

the alkyl chain from what was obtained with classical imidazolium surfactants. Indeed, the 547 

contribution of G
0

m, terminal in the case of the pyrrole end group is lower than for the methyl 548 

group due to its lower hydrophobicity. Additional 
1
H NMR experiments have shown that 549 

pyrrole is located inside the micellar cores and, in the case of PyC8MImBr, it intercalates 550 

between the alkyl chains.  551 

The chemical polymerization of pyrrole using PyC12MImBr as surfmer was performed both at 552 

room temperature and at 50°C. At room temperature, the polymerization is low but results in 553 

the formation of polypyrrole nanoparticles with hydrodynamic diameters Dh of about 4 nm. 554 

The stabilization of these particles is ensured by electrostatic repulsions between the 555 

imidazolium moieties on their surface. Even though the polymerization kinetic of pyrrole 556 

inside the micelles can be accelerate at higher temperature, it does not allow the formation of 557 

monodisperse polypyrrole particles.  558 

In this study, we thus develop an easy and simple to implement method to prepare water-559 

stable polypyrrole nanoparticles using ionic liquids-based surfactants. These nanoparticles 560 

might find applications as interlayers of organic light emitting diodes (OLEDs), antistatic 561 

coatings and as inkjet-printed chemical sensors. 562 
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