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ABSTRACT: We report for the first time the use of click
chemistry both to modify the surface morphology and to
obtain superhydrophobic properties. Using click chemistry as a
postfunctionalization of poly(3,4-ethylenedioxythiophene)
nanofibers bearing azido groups, we show that the
nanostructures already present on the surface as well as the
surface hydrophobicity are highly affected by the used alkyne.
These results allow one to envisage widely varied strategies to
modify nanostructured surfaces while introducing various functions, for example to produce biosensors or antibacterial surfaces.

■ INTRODUCTION
Because of their very special wettability properties, super-
hydrophobic surfaces (water apparent contact angle θ > 150°
and low hysteresis) hold a deep interest for the scientific and
industrial communities.1,2 The wide range of applications, such
as self-cleaning windows, water-proof textiles, antisnow and
antifog surfaces, sensors, or antibioadhesion, make these
materials very interesting to prepare and study.3,4 The
fabrication of such materials often needs both low surface
energy materials and surface structures.5

The electrodeposition of conducting polymers can lead to
superhydrophobic properties in one step by a careful control in
the electrochemical parameters and the used monomer.6−9 For
superhydrophobic properties, 3,4-ethylenedioxythiophene
(EDOT) and its derivatives are unique candidates because of
their exceptional electrochemical properties (high conductivity,
easily and quickly polymerizable)10,11 and especially their large
range of surface morphologies including nanofibers.12−15

Indeed, the superhydrophobic properties of surfaces containing
nanofibers are highly dependent on the diameter, length, and
orientation of the nanofibers.16,17 Different derivatives with
fluorocarbon or hydrocarbon chains were introduced by
grafting on the monomer before polymerization.12−15 That
strategy focus is on one application, and the focus of the
synthesis is on one target. It is a target-oriented surface
modification (TOSM).
To introduce various substituents, “click chemistry” can also

be used. This strategy allows production of unique compounds
bearing a triazole moiety with a modifiable substituent at the 4-
position.18,19 The typical synthesis used, Huisgen 1,3-dipolar
cycloaddition between azide and alkyne (Scheme 1), is an
efficient way to covalently link two molecules. That chemistry is
widely used for postsynthesis modification on a wide range of
molecules from biomolecules to materials.20−22

However, the grafting by click chemistry on the monomer
before polymerization led to nonpolymerizable monomers
because of the basicity of the triazole moiety.23 Hopefully,
monomers with azide groups can polymerize and the click

chemistry can be performed after polymerization as a post-
treatment on the polymer.24−27 Even though the use of click
chemistry as a post-treatment has already been reported, the
post-treatment effect on the surface morphology and wettability
has never been investigated. Herein, we report the first use of
click chemistry for superhydrophobic surface preparation.
In this work, we focus on the possibility of modifying the

surface after electrodeposition. This strategy allows us to
prepare a wide variety of surfaces using only one starting
monomer with a post deposition modification. Postsynthesis
modification is a very interesting way toward use of the
diversity-oriented surface modification (DOSM). To investigate
the effect on the surface morphology, we used specific
electrochemical conditions to induce the formation of
PEDOT nanofibers bearing azide groups. Indeed, it is known
that polymer nanofibers are highly sensitive nanostructures
because of their low stiffness and capillary forces (for example,
they can collapse or coalesce).28−32 Here, we show that the
resulting surface morphology and the hydrophobic surface
properties are highly dependent on the used alkyne. We report
the results using the following alkynes: 1-hexyne, 1-octyne, 1-
decyne, 1-dodecyne, and 1-tetradecyne (Scheme 1).

Received: April 10, 2015
Revised: May 14, 2015

Scheme 1. General Procedure for Huisgen 1,3-Dipolar
Cycloaddition; R = C4H9, C6H13, C8H17, C10H21 or C12H25
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■ EXPERIMENTAL SECTION

Synthesis. The monomer was obtained in two steps
following the procedure shown in Scheme 2.

Compound 1: In a round bottomed flask, 2.5 g of 2,3-
dimethoxythiophene (17.3 mmol) were dissolved in 250 mL of
toluene. Then, 8 g of 3-chloropropan-1,2-diol (72 mmol) and
323 mg of para-toluenesulfonic acid (1.7 mmol) were added.
The mixture was warmed at 90 °C for 48 h. The mixture was
then cooled to room temperature. The toluene phase was
extracted twice with 30 mL of NaHCO3 5% in water and then
washed with 30 mL of brine. The organic layer was then dried
on Na2SO4. After filtration, the solvent was removed under
reduced pressure. The compound was finally purified on
column (98/2 to 95/5, cyclohexane/ethyl acetate). Yield: 1.3 g
of slightly yellow oil (39%). Rf: 0.67 (9/1, cyclohexane/ethyl
acetate). All spectroscopic data agreed with the literature.33

Compound 2: In a round bottomed flask, 1 g of compound 1
(5.2 mmol) was dissolved in DMF (100 mL). Then, 1.69 g of
NaN3 (26 mmol) was added and the mixture was stirred at 115
°C for 6 h. The mixture was allowed to cool to room
temperature. Then, 100 mL of NH4Cl saturated in water was
added and the mixture was extracted three times with 100 mL
of ether. The organic layers were combined and washed with
100 mL of brine. The organic phase was dried on Na2SO4 and
filtered. The solvents were removed under reduced pressure.
Compound 2 was finally purified on column (95/5, cyclo-
hexane/ethyl acetate). Yield: 920 mg of colorless oil. Rf: 0.35
(9/1, cyclohexane/ethyl acetate).
δH(200 MHz, CDCl3, ppm): 6.39 (d, 4JHH = 3.7 Hz, 1H,

thiophene hydrogene), 6.36 (d, 4JHH = 3.7 Hz, 1H, thiophene
hydrogene), 4.34 (m, 1H, ethylenedioxy bridge), 4.20 (dd, 2JHH
= 11.7 Hz, 3JHH = 2.3 Hz, 1H, ethylenedioxy bridge), 4.05 (dd,
2JHH = 11.7 Hz, 3JHH = 6.8 Hz, 1H, ethylenedioxy bridge), 3.54
(m, 2H, CH2−N3). δC(50 MHz, CDCl3, ppm): 141.1 (C
thiophene), 140.7 (C thiophene), 100.3 (CH thiophene), 100.1
(CH thiophene), 72.4 (CH−O), 65.8 (CH2−O), 50.5 (CH2−
N3). MS (70 eV), m/z (%): 196.9 (23) [M+], 141.0 (37)
[C6H5O2S

+•], 56.1 (100) [CH2N3
+•].

General Procedure for Click Chemistry on the Surface.
The N3 surface was immerged in 50/50 water/THF solution (5
mL). Then, 10 mg of CuSO4 (0.06 mmol), 20 mg of sodium
ascorbate (0.1 mmol), and 100 mg of alkyne (from 1.2 to 0.5
mmol depending on the alkyne length) were then added. The
mixture was shaken overnight. The polymer was then
successively washed three times with water and three times
with ethanol. The polymer was then dried.
Electrochemical Deposition. In a glass cell containing 0.1

M tetrabutylammonium perchlorate (Bu4NClO4) dissolved in
dry acetonitrile, 0.01 M compound 2 was inserted. Three
electrodes were put inside the solution. A gold plate (purchased
from Neyco), glassy carbon rods, and saturated calomel

electrodes (SCE) were used as working, counter, and reference
electrode, respectively. The three electrodes were connected to
an Autolab potentiostat (Metrohm). Before each experiment,
the solution was degassed with argon. After the deposition, the
samples were cleaned three times with acetonitrile to remove
the remaining salts.

Surface Characterization. The apparent and dynamic
contact angles were obtained with a DSA30 goniometer from
Krüss. While the apparent contact angles were measured using
the sessile drop method, the dynamic ones were obtained with
the tilted-drop method. In this last method, a surface on which
a 6 μL water droplet was deposed is inclined until the water
droplet rolls off the surface. The maximum surface inclination is
called sliding or tilting angle (α). The advanced and receding
contact angles and as a consequence the hysteresis are taken
just before the droplet rolls off the surface. Indeed, the droplet
is deformed by gravity when the surface is inclined. The angle
in the moving direction is the advanced contact angle, and that
in the opposite direction is the receding contact angle.

■ RESULTS AND DISCUSSION

Monomer Synthesis. The monomer azidomethyl-EDOT
(2) was synthesized from 3,4-dimethoxythiophene as repre-
sented in Scheme 2. First, 3,4-dimethoxythiophene was reacted
with 3-chloropropan-1,2-diol in acidic conditions (10% para-
toluenesulfonic acid) over 2 days. That transetherification
reaction gave the chloromethyl-EDOT (1) with a 39% yield.
The second step was the substitution of the chlorine from
compound 1 by an azido group. That reaction was carried out
with sodium azide in DMF at 115 °C for 6 h. That second step
provided azidomethyl-EDOT (2) with 89% yield.

Electrodeposition. Azidomethyl-EDOT was then electro-
polymerized on a gold-covered wafer as working electrode
using a cyclic voltammetry procedure. The electropolymeriza-
tion was carried out in 0.1 M tetrabutylammonium perchlorate
in anhydrous acetonitrile (CH3CN). The monomer oxidation
potential for compound 2 was measured at 1.49 V vs saturated
calomel electrode (SCE). To obtain highly homogeneous and
adherent films, the cyclic voltammetry chosen was electro-
deposition method. The electrodepositions were performed
from −1 to 1.43 V at a scan rate of 20 mV/s and using different
deposition scans (1, 3, and 5). The cyclic voltammogram after 5
deposition scans is given in Figure 1.

Scheme 2. General Synthesis for Azidomethyl-EDOT: (i)
para-toluenesulfonic acid 10% mol, toluene, 90 °C, 2 days;
(ii) sodium azide 5 eq, DMF, 115 °C, 6 h

Figure 1. Cyclic voltammogram of compound 2 (0.01 M) on a Pt
electrode recorded in 0.1 M tetrabutylammonium perchlorate/
CH3CN.
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Post-Treatment by Click Chemistry. These clickable
surfaces could be finally modified using a post-treatment
(Scheme 1) by immersion in solution of copper sulfate
(CuSO4) and sodium ascorbate, following procedures
previously reported in the literature.21 Various alkynes have
been used, from 1-hexyne to 1-tetradecyne. All the surfaces
were then studied to investigate their surface wettabilities and
morphologies.
Surface Characterization. The wettability results are given

in Figure 2. All the surfaces after post-treatment displayed water

apparent contact angle (θ) much higher than that of the
polymer films with azido groups (θ = 117°), indicating that the
post-treatment reactions were realized. Surprinsgly, the θ of the
surfaces after post-treatment did not increase as the alkyl chain
length of the used alkyne. This could be explained by a change
in the surface morphology. Indeed, using 1-hexyne, θ = 156.5°
while dynamic contact angle measurements revealed a
hysteresis H = 21° and a sliding angle α = 14.9°, proving
that the surface was very close to having superhydrophobic
properties (“Cassie−Baxter state”).34 As the alkyl chain length
increased from 1-hexyne to 1-decyne, a large decrease in θ was
observed as well as a large increase in the water adhesion. On
these surfaces, a water droplet put on them remained
completely stuck even after surface inclination of 90°. In the
literature, such surface properties are called parahydrophobic35

and are responsible for the water adhesion of red roses and
gecko feet,36,37 for example. Using very long alkyl chains (1-
dodecyne or 1-tetradecyne), the surfaces were superhydropho-
bic and H and α were very low.
To understand these results, it was necessary to examine the

surface morphology after each post-treatment. The scanning
electron microscopy (SEM) images of the surface show a very
nice evolution before and after modification (Figure 3). The
clickable azido surface shows a well-defined fibrillar assembly
(Figure 3 A). The fibrillary assembly is three-dimensional with
a high porosity, explaining the high θ of 117° of these surfaces.
The formation of the nanofibers can be explained by a
unidirectional polymer growth. The growth on the surface
usually occurred by formation of polymer nanoparticles or
seeds followed by a preferential growth on these seeds.38,39

Usually, to induce unidirectional growth, it is necessary to have
high intermolecular interactions as observed in the formation of
polyamide fibers because of the presence of amide functions
introducing hydrogen bonds. Hence, because of the presence of
hydrogen bonds, the polyaniline38−41 and polypyrrole42,43 are
the most employed conducting polymers for the formation of
nanofibers. If there were no hydrogen bonds in the PEDOT
structure, highly polar interactions were observed in this
polymer, making it another choice polymer for the formation of
nanofibers.10,11

After the click reaction, that organization evolved differently
depending on the length of the alkyne used for the click
reaction. Using short alkyl chains (1-hexyne and 1-octyne), the
fibrillar assembly collapsed to form needle mats (Figure 3B,C).
The collapsing caused drastic changes in the surface roughness
and porosities, explaining the differences observed in the
surface hydrophobicity. Such structures are relatively close to
that reported for anodized aluminum and more precisely using
relatively long anodization time.44 To have extremely high θ
using short alkyl chains (1-hexyne) means that the surface
morphology highly favors the Cassie−Baxter state.34 Indeed, it
is known that fibrous nanostructures are extremely interesting
for reaching superhydrophobic and even superoleophobic
properties because these structures possess re-entrant curva-
tures limiting the liquid penetration.45,46 Using longer alkyl
chains (1-decyne to 1-tetradecyne), the surface morphology
was modified but the fibrillar assembly of the polymer was
preserved (the porous network is preserved). The organization
became more and more rough with the increase of the chain
length (Figure 3D−F). To have a decrease in θ between C8 and
C10 means that the surface morphology of C10 induces less re-
entrant curvatures due probably to the high porosity.

■ CONCLUSION
We have shown for the first time the possibility of using click
chemistry both to modify surface morphology and to obtain
superhydrophobic properties. By modifying PEDOT nanofibers
with azido groups, we showed that the nanofibers are affected
by the used alkyne leading to various hydrophobic or
superhydrophobic properties. This work reveals widely varied
strategies for modifying nanostructured surfaces while introduc-
ing various functions.

Figure 2. Water contact angle for nonmodified and modified surfaces.

Figure 3. SEM images of nonmodified and modified surface (scale bar:
1 μm). Nonmodified surface (A) and modified surfaces with hexyne
(B), octyne (C), decyne (D), dodecyne (E), and tetradecyne (F).
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