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ABSTRACT: In this work, we report the possibility to selectively switch
by voltage and anion exchange the water-repellent properties, in
comparison with the oil-repellent properties, of copolymers containing
both fluorinated chain (EDOT-F8) and pyridinium (EDOT-Py+) moieties.
Here, the fluorinated chains are necessary to reach superhydrophobic
properties while the pyridinium moieties allow the switching in the
wettability by counterion exchange. Because, conducting polymers can
exist in their oxidized and reduced state, here, we report also the switching
of their wettability by voltage. The best properties (superhydrophobic
properties with low hysteresis and sliding and good oleophobic properties)
are obtained for a % of EDOT-Py+ of 25 %. Surprisingly, by reducing the
polymer by changing the voltage, a selective decrease in the contact angle of water is observed, whereas that of oils
(diiodomethane and hexadecane) remain unchanged, making it possible to have higher contact angles with diiodomethane than
with water. Here, the switching in the wettability is due to the change of the water droplet from the Cassie−Baxter state to the
Wenzel state by changing the voltage. Because of the presence of highly polar pyridinium groups and their perchlorate
counterions, the wettability of oil droplets (diiodomethane and hexadecane) is not significantly affected. This effect is confirmed
by changing the counterions with highly hydrophobic ones (C8F17SO3

−, Tf2N
−, or BF4

−). Such materials are excellent candidates
for oil/water separation membranes.
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■ INTRODUCTION

The development of smart materials, especially those with
stimuli responsive properties,1−6 is experiencing exponential
growth for their various potential applications in biomedicine,7,8

sensors,9 separation membranes,10 textiles,11 or shape memory
materials.12 To elaborate such materials, it is necessary to
introduce some “chemical elements” sensitive to the stimulus we
want to apply.
Amongst all materials, conducting polymers are materials with

unique intrinsic properties.13,14 Beyond their exceptional optical
and electronic properties, they can incorporate in their doping
state a large amount of doping agents (counterions to stabilize
the charges) inside their structures. In a point a view wettability,
this capacity allows us to reversibly introduce and remove many
hydrophobic or hydrophilic doping agents.15 This reaction being
an oxidation reaction, this capacity can be performed by changing
the applied voltage. For example, several authors reported the
formation of nanostructured conducting polymer is solution by
monomer oxidation and self-assembly. After deposition on a
substrate using different strategies (dip-coating, spin-coating, or
spray-coating, for example), the authors reported the possibility
to change the surface wettability by voltage.16−18 To modify the
wettability of conducting polymers with dual-responsivity, a
substituent responsive to another stimulus can also be grafted to
the monomer before polymerization.19,20 For example, ammo-
nium groups were introduced to change the wettability by ion-
exchange with their counterions.

To obtain superhydrophobic surfaces, it is necessary to render
the surface sufficiently structured while the presence of
hydrophobic materials at the extreme surface make easier this
possibility.21−23 Hopefully, conducting polymers can be
deposited by electrodeposition to obtain structured surfaces. In
this electrochemical deposition process, a system containing two
or three electrodes (working electrode, counter-electrode, and
reference) is connected to a potentiostat. The working electrode
should be conductive and not easily oxidizable (platinum, gold,
ITO, titanium, stainless steel, etc.). By applying a potential
difference in the range of the monomer oxidation potential, the
monomer oxidation leads in one step to its polymerization and its
deposition on the working electrode. The electrodeposited film
can be smooth or structured. Indeed, this process allows an easy
control of the surface morphology and roughness with the
electrochemical parameters (nature of solvent, electrolyte,
monomer concentration, deposition charge/current, deposition
method, etc.) and also with the monomer structure.23,24 This last
parameter is extremely interesting because it changes the intra-
and intermolecular assembly in the polymer structure and leads
to various morphologies (for example, cauliflower-like structures,
fibers, needles, nanoparticles).
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To obtain stable superhydrophobic properties, a hydrophobic
substituent (fluorinated chain, for example) can also be grafted to
the monomer.25−27 Superhydrophobic with various morpholo-
gies were reported with this method as well as superoleophobic
(repelling oils) surfaces. Previously, to obtain superhydrophobic
polymer with pH and voltage responsivity, carboxylic groups
were introduced.28 Here, we report the possibility to reach
responsive polymers by voltage and ion-exchange by introducing
pyridinium groups. The films were obtained by electro-
codeposition using the monomers represented in Scheme 1.

We studied the water-repellent properties as well as oil-repellent
properties (using diiodomethane and hexadecane) after electro-
deposition, polymer reduction by changing the voltage and ion-
exchange with various counterions. We show for the first time
that the surface properties can be changed from super-
hydrophobic to hydrophilic while the oil-repellent properties
remain unchanged leading to materials with both oleophobic
properties (with diiodomethane) and hydrophilic properties.

■ EXPERIMENTAL SECTION
N-((2,3-Dihydrothieno[3,4-b][1,4]dioxin-2-yl)methyl)-4,4,5,5,6,6,7,7,8,
8,9,9,10,10,11,11,11-heptadecafluoroundecanamide (EDOT-F8) was
synthesized in three steps from 3,4-dimethoxythiophene, as reported in
the literature.29

Synthesis of 4-(((2,3-Dihydrothieno[3,4-b][1,4]dioxin-2-yl)-
methoxy)carbonyl)-1-methylpyridin-1-ium Perchlorate
(EDOT-Py+). This original monomer was synthesized as following
(Scheme 2): 20 mL of dichloromethane containing 0.21 g of 4-carboxy-
1-methylpyridinium chloride (1.21 mmol, 1 equiv), 0.30 g of
N,N′-dicyclohexylcarbodiimide (DCC) (1.45 mmol, 1.2 equiv) and
10 mg of 4-dimethylaminopyridine (DMAP) was stirred for 30 min at
room temperature. Then, 250 mg of (2,3-dihydrothieno[3,4-b][1,4]-
dioxin-2-yl)methanol (1.45 mmol, 1.2 equiv) was added and the
solution was stirred for 24 h at 50 °C. After, water was added and the
product was extracted with dichloromethane. After filtration and solvent
evaporation, the product was washed with ethyl acetate. Then, the
chloride counterions of the pyridinium functions were changed with
chlorate ions using an ion exchange resin Amberlite IRA96. Here, it was
necessary to substitute the chloride ions by ions stable in the potential
range used for the electrodeposition.
Yield: 75 %; Yellow liquid; δH(200 MHz, CDCl3, ppm): 9.73 (d,

3JHH =
6.5 Hz, 2H), 8.42 (d, 3JHH = 6.4 Hz, 2H), 6.35 (s, 2H), 4.84 (s, 3H),
4,31 (m, 2H), 4,11 (m, 1H), 3,82 (d, 3JHH = 4.1 Hz, 2H); δC(200 MHz,

CDCl3, ppm): 161.83, 156.96, 141.46, 127.54, 99.63, 94.70, 74.05,
65.81, 61.26, 54.11, 50.59, 49.03, 33.84, 24.87; FTIR (main vibrations):
ν = 3414, 2935, 2858, 2142, 1738, 1695, 1643, 1486, 1377, 1299, 1187,
1090, 764; ESI-MS (70 eV): m/z (%): 292 [M+].

Electrochemical Co-polymerization. EDOT-Py+ and EDOT-F8
(0.01 M in total) were added to a glass cell containing 10 mL of
anhydrous acetonitrile and 0.1 M of tetrabutylammonium perchlorate
(Bu4NClO4) previously degassed with argon. A three-electrode system
was inserted inside the solution and connected to an Autolab
potentiostat of Metrohm. Gold plates (deposition of 20 nm chromium
and 150 nm gold on silicon wafer) were purchased fromNeyco and used
as working electrode. Glassy carbon rods were purchased from
Metrohm and used as counter-electrode. Saturated calomel electrodes
(SCE) were purchased fromRadiometer analytical and used as reference
electrode. To determine the oxidation potential necessary for the
deposition (the two monomers have quite the same oxidation
potential), we performed a cyclic voltammetry experiment. Here, for
the electro-copolymerization it is important to have the same oxidation
potential to induce the oxidation and polymerization of the two
monomers at the same time. For our two monomers, the oxidation
potential is quite the same because the substituents are sufficiently far
from EDOT heterocycle. Examples of cyclic voltammograms are given
in Figure 1. The oxidation potential was taken slightly before the
maximum of the peak. Then, depositions were performed at constant
potential and using a deposition charge (Qs) of 100 mC cm−2,
determined as being the best value. The polymers are obtained in
their doped state. The molar concentration of EDOT-Py+ vs. that of
EDOT-F8 was varied from 0 to 100%.

The stability of the films was also studied by cyclic voltammogram.
For example, Figure 2 shows two examples of cyclic voltammogram
(10 scans at 20 mV s−1) of the copolymer with 50% mol EDOT-Py+ vs
EDOT-F8 after electrodeposition and ion exchange with Tf2N

−. Here,
we observed a higher stability after electrodeposition than after ion
exchange with Tf2N

−, which is due to a loss of small polymer fraction
after each scan. However, it is expected that the stability should increase
with the decrease in EDOT-Py+ because the solvent is highly polar
(water).

Switchability of the Polymers. After deposition at constant
potential, the polymers were in their doping (oxidized) state, which
means that they contained positive charges and counterions of the
electrolyte (here ClO4

−) to stabilize them. Because the polymers
contain perchlorate anions in their doped state, it was first necessary to
reduce the polymer (voltage-switchability) before to investigate the
anion exchanges thanks to the pyridinium moieties. Hence, the poly-
mers were reduced at a constant potential of −1 V vs. SCE for 30 min
and in an aqueous solution of sodium perchlorate (NaClO4). Then, the
anion exchanges were realized by immersing the substrate in 0.1 mol of
solution of Milli-Q water to change the ClO4

− anions with BF4
−, Tf2N

−,
and 0.1 mol solution of MeOH for C8F17SO3

−.
Surface Analyses. The surfaces were analyzed by apparent and

dynamic contact angle measurements with water (γL = 72.8 mN m−1)
and hexadecane (γL = 27.6 mN m−1) to determine the surface
hydrophobicity and oleophobicity. Diiodomethane was also used as
probe liquid of intermediate surface tension (γL = 50.0 mN m−1). The
sessile drop method was used to determine the apparent contact angles.
The tilted-drop was used to determine the dynamic contact angles. After
deposition of a droplet and surface inclination, the advanced and
receding contact angles and as a consequence the hysteresis were taken

Scheme 1. Monomers Synthesized for the Co-polymerization
and the Formation of Responsible Polymers

Scheme 2. Synthetic Way to the Synthesis of an EDOT Derivative with a Pyridinium Moiety
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just before the droplet rolled off the surface. The maximum surface
inclination is called sliding angle (α).
The surface morphologies were investigated by scanning electron

microscopy images using a 6700F microscope of JEOL. The surfaces
weremetallized before analyzed to have images of exceptional resolution
at extremely high magnification.

■ RESULTS AND DISCUSSION

Surface Morphologies. The SEM images as a function of the
molar percentage (% mol) of each monomer is given in Figure 3.
The homopolymer PEDOT-F8 film (Figure 3a) was composed
especially of large cauliflower-like structures and contain also some

Figure 1. Cyclic voltammogram (1 scan) as a function of % mol EDOT-Py+ vs EDOT-F8: (a) 0, (b) 50, and (c) 100%.

Figure 2. Cyclic voltammogram (10 scans at 20 mV s−1) for the copolymer with 50% mol EDOT-Py+ vs. EDOT-F8 after electrodeposition (in 0.1 M
NaClO4 aqueous solution) and ion exchange with Tf2N− (in 0.1 M LiTf2N aqueous solution).

Figure 3. SEM images of the copolymers as a function of % mol EDOT-Py+ vs EDOT-F8: (a) 0, (b) 25, (c) 75, and (d) 100%; magnification: ×25000.
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small particles. On the opposite, the homopolymer PEDOT-Py+

(Figure 3d) was especially composed of small nanofibers forming a
porous structures. By varying the proportion of EDOT-Py+ vs.
EDOT-F8, a change from cauliflower-like structures to porous
structures. For example, the copolymer with 25 % of EDOT-Py+

(Figure 3b) contained especially small nanoparticles with the
appearance of porosity was observed from 37.5 % of EDOT-Py+.
To explain, these changes in the surface morphology, it is important
to mention a work in the literature,30 in which the authors showed
that the surface morphology of electrodeposited films is highly
affected by the solubility of the oligomers formed in the first
instances. Here, the introduction of EDOT-Py+ in PEDOT-F8
induces an increase in the polymer hydrophilicity. Because the
solvent for the electrodeposition is highly polar (acetonitrile), the
addition of EDOT-Py+ also increases the solubility of the oligomers
formed in the first instances.
The mean arithmetic (Ra) and quadratic (Rq) surface

roughness are given in Table 1. Interestingly, it was observed

that the surfaces with the highest surface roughness are the
homopolymers PEDOT-F8 and PEDOT-Py+. Then, the
introduction of EDOT-Py+ in PEDOT-F8 or reversely induced
a decrease in the surface roughness until to reach a minimal value
(Ra ≈ 45 nm) for proportion of EDOT-Py+ vs. EDOT-F8 of
50−62.5%.
Wetting properties. The influence of the % of EDOT-Py+

vs. EDOT-F8 on the apparent contact angle (θ) of water,
diiodomethane and hexadecane is represented in Figure 4.
Surprisingly, the highest θ were not obtained with homo-
polymer PEDOT-F8 but the introduction of 25% of EDOT-Py+

(a hydrophilic and oleophilic molecule as shown in Figure 3a for
100% of EDOT-Py+) induced an increase of θ for each probe
liquid. Moreover, superhydrophobic surfaces with low hysteresis
(H) and sliding angle (α) were obtained only for this proportion.
Indeed, for 25% of EDOT-Py+, θwater = 155.1°, H = 1.9°, and
α = 1.8°. Hence, the highest superhydrophobic properties were
not obtained with the rougher surfaces.

This effect can be explain with Wenzel (cos θ = rcos θY with r a
roughness parameter and θY the Young’s angle) and Cassie−
Baxter (cos θ = fcos θY+ f− 1 with f the solid fraction and (1− f)
the air fraction) equations, which give the possibility to reach
superhydrophobic properties in certain conditions.31,32 In these
equation, the Young’s angle33 correspond to the apparent
contact angle of the same materials but smooth (without surface
structures). In the Wenzel state,31 the interface of the water
droplet fully follows that of the surface roughness. As a
consequence, it is possible to reach superhydrophobic surfaces
but only with high H and α. Moreover, this possibility is allowed
only if the materials is intrinsically hydrophobic (θYwater > 90°).
In the Cassie−Baxter state,32 the droplet sits on top of surface
roughness and on air trapped between the surface and the
droplet. The presence of this air can allow to reach super-
hydrophobic surfaces with extremely low H and α and even if the
materials are intrinsically hydrophilic (θYwater < 90°). This last
case is possible is the three-phase contact line is highly pinned
by the surface structures.34,35 Hence, the fact that the rougher
surface do not correspond to the highest water-repellent
properties can be explained by the fact that the roughness is an
important parameter when the droplet is in the Wenzel state but
not in the Cassie-Baxter state, for which the amount of air
trapped below the droplet is more important.
Hence, it was first necessary to determine θY for the three probe

liquids and for each proportion of EDOT-Py+ vs EDOT-F8. Figure 4b
gives this effect. Smooth surfaces were, here, produced by
depositing an extremely thin polymer layer (1mC.cm−2) because
only a smooth thin layer is produced in the first instance while the
formation of surface structures appear a little after. As expected,
Figure 4b shows that θY for each liquid with the % of EDOT-Py+

and also with the surface tension of the liquid probe (θYwater >
θYdiiodomethane > θYhexadecane). Moreover, the copolymers are intrin-
sically hydrophobic (θYwater > 90°) for a % of EDOT-Py+ < 50 %
and intrinsically oleophilic (θYdiiodomethane and θYhexadecane < 90°)
whatever the % of EDOT-Py+.
As a consequence, the increase in θ for 25% of EDOT-Py+ was

not due to an increase in θY and as consequence was due to a
change in the surface morphology. Here, the change from large
cauliflower-like structure (Figure 3a) to small nanoparticles
(Figure 3b) induced this effect because the presence of small
nanoparticles favored the Cassie−Baxter state for each liquid
probe.

Wetting Properties after Changing the Voltage
(Reduction). To study the effect of the voltage, the conducting
polymers were reduced at a negative potential of−1 V vs SCE for

Table 1. Roughness Parameters (Ra and Rq) as a Function
of % mol EDOT-Py+ vs. EDOT-F8

% mol EDOT-Py+

0 25 37.5 50 62.5 75 100

Ra 165 90 65 45 45 55 140
Rq 300 160 130 90 90 110 230

Figure 4. Apparent contact angle (θ) of water, diiodomethane, and hexadecane as a function of the % mol of EDOT-Py+ vs. EDOT-F8 for (a) the
structured films (Qs = 100 mC cm−2) and (b) the smooth corresponding films (Qs = 1 mC cm−2).
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30 min. Here, the dedoping allows to reduce the polymers and as
a consequence also to remove the perchlorate anions being
present inside the polymer to stabilize it.

The θ after reduction are represented in Figure 5. Surprisingly,
the reduction induced a high decrease of θwater at low % of
EDOT-Py+ and a high increase of θwater at high % of EDOT-Py+,

Figure 5.Apparent contact angle (θ) of water, diiodomethane, and hexadecane after reduction as a function of the %mol of EDOT-Py+ vs. EDOT-F8 for
(a) the structured films (Qs = 100 mC cm−2) and (b) the smooth corresponding films (Qs = 1 mC.cm−2).

Figure 6. Apparent contact angle (θ) of water, diiodomethane, and hexadecane after reduction and ion exchange (C8F17SO3
−, Tf2N

− or BF4
−) as a function

of the % mol of EDOT-Py+ vs. EDOT-F8 and for the structured films (Qs = 100 mC cm−2) and the smooth corresponding films (Qs = 1 mC cm−2).
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whereas θdiiodomethane and θhexadecane remained quite unchanged. As a
consequence, it was possible for a % of 25 %≤ EDOT-Py+ ≤ 50%
to obtain θdiiodomethane > θwater. This possible is extremely rare in the
literature but, as in this report, it was reported in works with
materials containing both hydrophobic/oleophobic (fluorinated

chains, for example) and hydrophilic/oleophilic (charged
species, for example) parts.36−41 Indeed, several works reported
the possibility to obtain hydrophilic and “underwater” super-
oleophobic properties,42−47 superoleophobic both in air and
water,48 switchable underwater superoleophobic surfaces,49 or
switchable superoleophobic surfaces,50,51 but there are very
works reporting higher oleophobicity than hydrophobicity when
the media is air.36−41

In fact, this effect can be explained by the change in a water
droplet from a Cassie−Baxter state30 to a Wenzel state.31

Because the polymer contains highly polar groups due to the
presence pyridinium groups and the perchlorate counterions
only wettability of a water droplet was highly effected. Moreover,
the amide connectors between the polymer and the fluorinated
chains may also be attracted when a polar liquid (water) is
present on the surface and reduce the presence of the fluorinated
chains at the extreme surface (surface rearrangements).

Wetting Properties after Ion Exchange. To verify if the
effect induced by the reduction is due to the pyridiniummoieties,
the polar ClO4

‑ counterions of the moieties were replaced with
highly apolar C8F17SO3

−, Tf2N
− and BF4

−. As shown in Figure 6,
this change allowed to obtain again superhydrophobic properties

Figure 7. Pictures of water and diiodomethane droplets after
electrodeposition, reduction by changing the voltage and ion exchange
with hydrophobic Tf2N

− ions (here, the copolymer contains 25 % of
EDOT-Py+).

Figure 8. Schematic representation of the effect of the surface structures (physical part) and the intrinsic liquid repellency (chemical part) on the
apparent contact angles of water and diiodomethane after each treatment.
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for 25% of EDOT-Py+, confirming the effect of the pyridinium
moieties and their counterions in the decrease in only the water-
repellency after the polymer reduction. Figure 7 gathers images
of water and diiodomethane after each treatment. Moreover, the
change of the counterions of the pyridiniummoieties with highly
apolar ones allowed also to highly increase the surface
hydrophobicity even for high percentages of EDOT-Py+.
To better visualize the effect of the surface structures (physical

part) and that on the intrinsic liquid-repellent properties
(chemical part) on the apparent contact angle, we calculated
these two parts after each treatment. The chemical part
corresponds θY and the physical part to the difference θ−θY.
Figure 8 shows these effects for water and diiodomethane. It can
be deduced that the treatments have no significant effect for the
contact angles of diiodomethane (both chemical and physical
parts). However, for water, the effects are drastic. For example,
for a % of EDOT-Py+ between 25 and 50%, the effect of the
surface structures is positive after electrodeposition, negative
after reduction, and become again positive after ion exchange.

■ CONCLUSIONS
Here, we have reported the elaboration of electrodeposited
conducting polymers containing fluorinated chains (EDOT-F8)
and pyridinium (EDOT-Py+) moieties with selective liquid-
repellent properties by voltage and ion-exchange. Super-
hydrophobic properties with low hysteresis and sliding and
good oleophobic properties were obtained with a percentage of
EDOT-Py+ of 25%. By switching the voltage to reduce the
polymer, a selective decrease in the contact angle of water was
observed in comparison with that of oils (diiodomethane and
hexadecane) making possible to have higher oil-repellent
properties than water-repellent properties. We have shown that
the switching is due to the change of the water droplet from the
Cassie−Baxter state to the Wenzel and that the oils are not
affected because of the presence of highly polar pyridinium
groups and their perchlorate counterions. We have confirmed
this effect by changing the counterions with highly hydrophobic
ones (C8F17SO3

−, Tf2N
−, or BF4

−). Such materials can be used
for oil/water separation membranes.
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Microscopie Appliqueé (CCMA, Univ. Nice Sophia Antipolis)
for the realization of the SEM images.

■ REFERENCES
(1) Cohen Stuart, M. A.; Huck, W. T. S.; Genzer, J.; Merller, M.; Ober,
C.; Stamm, M.; Sukhorukov, G. B.; Szleifer, I.; Tsukruk, V. V.; Urban,
M.; Winnik, F.; Zauscher, S.; Luzinov, I.; Minko, S. Emerging
Applications of Stimuli-Responsive Polymer Materials. Nat. Mater.
2010, 9, 101−113.
(2) Zhai, L. Stimuli-Responsive Polymer Films. Chem. Soc. Rev. 2013,
42, 7148−7160.

(3) Ge, Z.; Hu, J.; Huang, F.; Liu, S. Responsive Supramolecular Gels
Constructed by Crown Ether Based Molecular Recognition. Angew.
Chem., Int. Ed. 2009, 48, 1798−1802.
(4) Hu, J.; Zhang, G.; Liu, S. Enzyme-Responsive Polymeric
Assemblies, Nanoparticles and Hydrogels. Chem. Soc. Rev. 2012, 41,
5933−5949.
(5) Ge, Z.; Liu, S. Functional Block Copolymer Assemblies Responsive
to Tumor and Intracellular Microenvironments for Site-Specific Drug
Delivery and Enhanced Imaging Performance. Chem. Soc. Rev. 2013, 42,
7289−7325.
(6) Hu, J.; Liu, S. Responsive Polymers for Detection and Sensing
Applications: Current Status and Future Developments.Macromolecules
2010, 43, 8315−8330.
(7) Hoffman, A. S. Stimuli-Responsive Polymers: Biomedical
Applications and Challenges for Clinical Translation. Adv. Drug Delivery
Rev. 2013, 65, 10−16.
(8) Cabane, E.; Zhang, X.; Langowska, K.; Palivan, C. G.; Meier, W.
Stimuli-Responsive Polymers and their Applications in Nanomedicine.
Biointerphases 2012, 7, 9.
(9) Ramachandrana, D.; Urban, M. W. Sensing Macromolecular
Rearrangements in Polymer Networks by Stimuli-Responsive Cross-
linkers. J. Mater. Chem. 2011, 21, 8300−8308.
(10) Zhang, K.; Huang, H.; Yang, G.; Shaw, J.; Yip, C.; Wu, X. Y.
Characterization of Nanostructure of Stimuli-Responsive Polymeric
Composite Membranes. Biomacromolecules 2004, 5, 1248−1255.
(11) Hu, J.; Meng, H.; Li, G.; Ibekwe, S. I. A Review of Stimuli-
Responsive Polymers for Smart Textile Applications. Smart Mater.
Struct. 2012, 21, 053001/1−053001/23.
(12) Meng, H.; Li, G. A Review of Stimuli-Responsive Shape Memory
Polymer Composites. Polymer 2013, 54, 2199−2221.
(13) Li, C.; Bai, H.; Shi, G. Conducting Polymer Nanomaterials:
Electrosynthesis and Applications. Chem. Soc. Rev. 2009, 38, 2397−
2409.
(14) Otero, T. F.; Martinez, J. G.; Arias-Pardilla, J. Biomimetic
Electrochemistry from Conducting Polymers. A Review: Artificial
Muscles, Smart Membranes, Smart Drug Delivery and Computer/
Neuron Interfaces. Electrochim. Acta 2012, 84, 112−128.
(15) Lin, P.; Yan, F.; Chan, H. L. W. Improvement of the Tunable
Wettability Property of Poly(3-alkylthiophene) Films. Langmuir 2009,
25, 7465−7470.
(16) Zhu, Y.; Hu, D.; Wan, M.; Jiang, L.; Wei, Y. Conducting and
Superhydrophobic Rambutan-like Hollow Spheres of Polyaniline. Adv.
Mater. 2007, 19, 2092−2096.
(17) Zhu, Y.; Li, J.; Wan, M.; Jiang, L. Superhydrophobic 3D
Microstructures Assembled from 1D Nanofibers of Polyaniline.
Macromol. Rapid Commun. 2008, 29, 239−243.
(18) Wang, J.; Wang, J.; Wang, Z.; Zhang, F. A Template-Free Method
toward Urchin-like Polyaniline Microspheres. Macromol. Rapid
Commun. 2009, 30, 604−608.
(19) Doebbelin, M.; Marcilla, R.; Tollan, C.; Pomposo, J. A.; Sarasua,
J.-R.; Mecerreyes, D. A New Approach to Hydrophobic and Water-
Resistant Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
Films using Ionic Liquids. J. Mater. Chem. 2008, 18, 5354−5358.
(20) Doebbelin, M.; Tena-Zaera, R.; Marcilla, R.; Iturri, J.; Moya, S.;
Pomposo, J. A.; Mecerreyes, D. A Multiresponsive PEDOT−Ionic
Liquid Materials for the Design of Surfaces with Switchable Wettability.
Adv. Funct. Mater. 2009, 19, 3326−3333.
(21) Bellanger, H.; Darmanin, T.; Taffin de Givenchy, E.; Guittard, F.
Chemical and Physical Pathways for the Preparation of Superoleophobic
Surfaces and Related Wetting Theories. Chem. Rev. 2014, 114, 2694−
2716.
(22) Darmanin, T.; Guittard, F. Wettability of Conducting Polymers:
From Superhydrophilicity to Superoleophobicity. Prog. Polym. Sci. 2014,
39, 656−682.
(23) Darmanin, T.; Taffin de Givenchy, E.; Amigoni, S.; Guittard, F.
Superhydrophobic Surfaces by Electrochemical Processes. Adv. Mater.
2013, 25, 1378−1394.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am501279h | ACS Appl. Mater. Interfaces 2014, 6, 7953−79607959

mailto:Frederic.Guittard@unice.fr


(24) Xu, L.; Chen,W.;Mulchandani, A.; Yan, Y. Reversible Conversion
of Conducting Polymer Films from Superhydrophobic to Super-
hydrophilic. Angew. Chem., Int. Ed. 2005, 44, 6009−6012.
(25) Darmanin, T.; Guittard, F. Molecular Design of Conductive
Polymers to Modulate Superoleophobic Properties. J. Am. Chem. Soc.
2009, 131, 7928−7933.
(26) Darmanin, T.; Guittard, F. Superhydrophobic Fiber Mats by
Electrodeposition of Fluorinated Poly(3,4-ethyleneoxythiathiophene).
J. Am. Chem. Soc. 2011, 133, 15627−15634.
(27) Darmanin, T.; Tarrade, J.; Celia, E.; Guittard, F. Superoleophobic
Meshes with High Adhesion by Electrodeposition of Conducting
Polymer Containing Short Perfluorobutyl Chains. J. Phys. Chem. C 2014,
118, 2052−2057.
(28) Darmanin, T.; Guittard, F. pH- and Voltage-Switchable
Superhydrophobic Surfaces by Electro-Copolymerization of EDOT
Derivatives Containing Carboxylic Acids and Long Alkyl Chains.
ChemPhysChem 2013, 14, 2529−2533.
(29) Darmanin, T.; Guittard, F. Superoleophobic Surfaces with Short
Fluorinated Chains? Soft Matter 2013, 9, 5982−5990.
(30) Poverenov, E.; Li, M.; Bitler, A.; Bendikov, M. Chem. Mater. 2010,
22, 4019−4025.
(31) Wenzel, R. N. Resistance of Solid Surfaces to Wetting by Water.
Ind. Eng. Chem. 1936, 28, 988−994.
(32) Cassie, A. B. D.; Baxter, S. Wettability of Porous Surfaces. Trans.
Faraday Soc. 1944, 40, 546−551.
(33) Young, T. An Essay on the Cohesion of Fluids. Philos. Trans. R.
Soc. London 1805, 95, 65−87.
(34) Bico, J.; Thiele, U.; Quere, D. Wetting of Textured Surfaces.
Colloids Surf., A 2002, 206, 41−46.
(35) Kurogi, K.; Yan, H.; Tsujii, K. Importance of Pinning Effect of
Wetting in Super Water-Repellent Surfaces. Colloids Surf., A 2008, 317,
592−597.
(36) Yang, J.; Zhang, Z.; Xu, X.; Zhu, X.; Men, X.; Zhou, X.
Superhydrophilic−Superoleophobic Coatings. J. Mater. Chem. 2012, 22,
2834−2837.
(37) Howarter, J. A.; Genson, K. L.; Youngblood, J. P. Wetting
Behavior of Oleophobic Polymer Coatings Synthesized from
Fluorosurfactant-Macromers. ACS Appl. Mater. Interfaces 2011, 3,
2022−2030.
(38) Howarter, J. A.; Youngblood, J. P. Amphiphile Grafted
Membranes for the Separation of Oil-in-Water Dispersions. J. Colloid
Interface Sci. 2009, 329, 127−132.
(39) Howarter, J. A.; Youngblood, J. P. Self-Cleaning and Anti-Fog
Surfaces via Stimuli-Responsive Polymer Brushes. Adv. Mater. 2007, 19,
3838−3843.
(40) Sawada, H.; Koizumi, M.; Tojo, T.; Ohnishi, T.; Tomita, T.
Synthesis of Novel Fluoroalkyl End-Capped Oligomers/Silica Gel
Polymer Hybrids Possessing Antibacterial Activity. Polym. Adv. Technol.
2005, 16, 459−465.
(41) Darmanin, T.; Guittard, F. Superoleophobic Polymers with Metal
Ion Affinity toward Materials with both Oleophobic and Hydrophilic
Properties. J. Colloid Interface Sci. 2013, 408, 101−106.
(42) Xue, Z.; Wang, S.; Lin, L.; Chen, L.; Liu, M.; Feng, L.; Jiang, L. A
Novel Superhydrophilic and Underwater Superoleophobic Hydrogel-
Coated Mesh for Oil/Water Separation. Adv. Mater. 2011, 23, 4270−
4273.
(43) Zhang, W.; Zhu, Y.; Liu, X.; Wang, D.; Li, J.; Jiang, L.; Jin, J. Salt-
Induced Fabrication of Superhydrophilic and Underwater Super-
oleophobic PAA-g-PVDF Membranes for Effective Separation of Oil-
in-Water Emulsions. Angew. Chem., Int. Ed. 2014, 53, 856−860.
(44) Gao, X.; Xu, L.-P.; Xue, Z.; Feng, L.; Peng, J.; Wen, Y.; Wang, S.;
Zhang, X. Dual-Scaled Porous Nitrocellulose Membranes with Under-
water Superoleophobicity for Highly Efficient Oil/Water Separation.
Adv. Mater. 2014, 26, 1771−1775.
(45) Wang, Z.; Zhu, L.; Li, W.; Liu, H. Bioinspired in Situ Growth of
Conversion Films with Underwater Superoleophobicity and Excellent
Self-Cleaning Performance. ACS Appl. Mater. Interfaces 2013, 5, 10904−
10911.

(46) Wen, Q.; Di, J.; Jiang, L.; Yu, J.; Xu, R. Zeolite-Coated Mesh Film
for Efficient Oil−Water Separation. Chem. Sci. 2013, 4, 591−595.
(47) Zeng, J.; Guo, Z. Superhydrophilic and Underwater Super-
oleophobic MFI Zeolite-Coated Film for Oil/Water Separation. Colloids
Surf., A 2014, 444, 283−288.
(48) Zhang, G.; Zhang, X.; Huang, Y.; Su, Z. A Surface Exhibiting
Superoleophobicity Both in Air and in Seawater. ACS Appl. Mater.
Interfaces 2013, 5, 6400−6403.
(49) Cheng, Z.; Lai, H.; Du, Y.; Fu, K.; Hou, R.; Li, C.; Zhang, N.; Sun,
K. pH-Induced Reversible Wetting Transition between the Underwater
Superoleophilicity and Superoleophobicity. ACS Appl. Mater. Interfaces
2014, 6, 636−641.
(50) Lee, C. H.; Kang, S. K.; Lim, J. A.; Kwark, Y.-J.; Lim, H. S.; Kim, J.;
Cho, J. H. Counterions-Exchangeable, Multifunctional Polyelectrolyte
Fabrics. J. Mater. Chem. 2012, 22, 14656−14660.
(51) Jiang, C.; Wang, Q.; Wang, T. Reversible Switching between
Hydrophobicity and Oleophobicity of Polyelectrolyte-Functionalized
Multiwalled Carbon Nanotubes via Counterion Exchange.New J. Chem.
2013, 37, 810−814.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am501279h | ACS Appl. Mater. Interfaces 2014, 6, 7953−79607960


