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Abstract: One key challenge in inorganic mesoporous films is
the development of oriented mesostructures with vertical
channels, and even more challenging is their functionalization
while maintaining accessible the selected surface groups.
Combining the electrochemically assisted deposition of
ordered and oriented azide-functionalized mesoporous silica
with alkyne–azide click chemistry enables such nanostructured
and vertically aligned hybrid films to be obtained with
significant amounts of active organic functional groups, as
illustrated for ferrocene and pyridine functions. A good level of
mesostructural order was obtained, namely up to 40% of
organosilane in the starting sol. The method could be applied
to a wide variety of functional groups, thus offering numerous
new opportunities for applications in various fields.

Supramolecular templating methods have revolutionized
the synthesis of high-surface-area materials with uniform and
large pores arranged in well-defined mesostructures. Bottom-
up self-assembly of sol–gel networks around surfactant
templates[1] provides a unique method to prepare a wide
range of mesostructured solids with unprecedented properties
in terms of porosity, structure, and reactivity,[2] with promising
applications in various fields.[3] They can be obtained with
various morphologies,[4] but thin films have proven to be the
most suitable configuration in many cases.[3g,4a,5] Apart from
a few examples of unsupported membranes,[6] mesoporous
silica films have been prepared on solid supports,[4a, 7] most
often by evaporation-induced self-assembly (EISA).[8]

For practical applications, it is essential to ensure acces-
sible mesopores from surfaces with fast mass transport
through the film,[9] but the morphological control of surfac-
tant-templated films has proven to be very difficult by
EISA,[10] tending to favor the parallel orientation of meso-
channels.[11] To overcome this limitation, some strategies to

generate vertically aligned mesoporous silica films have
recently appeared: confinement and self-assembly in exo-
templates (pre-assembled block copolymers[12] or porous
membranes);[13] use of patterned supports, surface alignment
by p–p interactions, or combination of photoaligning and
micropatterning;[14] epitaxial growth;[15] magnetically induced
orientation;[16] electro-assisted self-assembly;[17] or Stçber-
solution growth.[18] Most approaches were restricted to large
mesopores (more than 5–6 nm in diameter),[14b,17, 18] and many
of them have significant drawbacks (sophisticated processes,
time-consuming and complex substrate pre-treatments, low
level of pore orientation, restricted choice of support type or
geometry). More dramatically, they have been mostly applied
to non-functionalized thin films (that is, an inherent limitation
for practical applications).

Still challenging is thus the development of a simple and
general route to built-in functional sites in mesoporous silica
films. To date, only the electro-assisted deposition method has
been applied to the self-assembly cocondensation of alkoxy-
silane and organosilane to grow functionalized and vertically
aligned mesochannels, but this was restricted to very simple
organic functional groups (that is, methyl, amine, thiol),[19]

whereas attempts made with more sophisticated organo-
silanes (for example, bearing ferrocene or cyclam derivatives)
failed owing to lack of mesostructuration/orientation or phase
separation.[20] Basically, post-grafting could be applied, but it
led to dramatic blocking effects when applied to small
mesopore channels oriented normal to the support (Support-
ing Information, Section S1).

Herein, we present an unprecedented, universal, and
simple approach combining electro-assisted self-assembly
(EASA) and click chemistry to generate functionalized,
highly ordered, and vertically oriented mesoporous thin
films. Although the azide–alkyne click chemistry approach
has been exploited previously to functionalize mesoporous
silica using (3-azidopropyl)trimethoxysilane (AzPTMS) as
the organoazide source, it was almost exclusively restricted to
large pore SBA-15 powders,[21] at the exception of one
example of small pore mesoporous silica particles[22] and
another one of silica microdot arrays,[23] all of them being
limited to a maximum of 10 mol% AzPTMS in the material.
The method proposed here is not only likely to generate
clickable, vertically aligned mesopores ordered over wide
areas, but also to get a high functionalization level (up to
40 mol% AzPTMS in the starting sol) with azide groups
likely to react with a variety of organic molecules possessing
an alkyne terminal group (as illustrated using ethynylferro-
cene or ethynylpyridine).

The synthesis (Scheme 1) involves the use of a hydro-
alcoholic sol containing tetraethoxysilane (TEOS) and
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AzPTMS[24] in selected ratios (from 99:1 to 60:40), cetyltri-
methylammonium bromide (CTAB) as template, and NaNO3

as electrolyte, in which the electrode (ITO, indium–tin oxide)
was immersed and a cathodic potential of �1.3 V was applied
for 20 s (optimized values) to induce self-assembly co-
condensation of the precursors and the template. More
experimental details can be found in the Supporting Infor-
mation, Section 2. The applied potential not only plays the
role of generating the hydroxyl catalysts likely to accelerate
the condensation process,[25] but it also contributes to pre-
assemble transient CTAB hemi-micelles on the electrode
surface,[26] thereby inducing the generation of ordered,
hexagonally packed, and orthogonally oriented mesopore
channels (Figure 1a–c). Consistent with previous observa-
tions made on pure siliceous materials,[17] the azide-function-
alized thin films kept their mesostructural order over wide
areas (Supporting Information, Figure S4) with grain boun-
daries between hexagonal regions (Figure 1b). Grazing
incidence X-ray diffraction (GIXRD) was been used to
further confirm the perpendicular orientation of all meso-
channels. The GIXRD pattern (see Figure 1d for 20%
AzPTMS sample) exhibits typical spots of a vertically ori-
ented hexagonal mesostructure,[17b, 19b] without any out-of-
plane refection, indicating a high level of ordering and
orientation over the whole surface area. From the position of
GIXRD spots associated to the 10, 11, 20, and 21 reflections
of hexagonal symmetry of the p6mm space group, a d spacing
of 4.1 nm can be determined, which corresponds well to the
center-to-center distance between two adjacent mesopores, as
roughly estimated from TEM images (3.9 nm). More over-
whelming is that mesostructuration and vertical alignment are
kept over a wide composition range, up to 40 mol% of
AzPTMS in the sol (Supporting Information, Figure S5),
which could be due to favorable electrostatic interactions
between zwitterionic AzPTMS with both the positively
charged surfactant and negatively charged silica surface.
Independently, on the azide group content, the d spacing

remained constant (that is, 4.0–4.1 nm), and it could be
slightly adjusted around this value by varying the alkyl chain
length of the surfactant.[17b] On the other hand, the function-
alization level affected the film thickness, resulting in a pro-
gressive decrease when increasing the amount of azide groups
(Figure 1e). Such effect is attributed to slower polyconden-
sation of the organosilane precursor in comparison to TEOS,
as already reported for methyl functionalized films.[19b]

The presence of the azide-terminated groups covalently
bonded to the mesoporous silica film is supported by IR
spectroscopy, by the strong asymmetric band observed at
2095 cm�1 (attributed to the N3 groups)[27] increasing propor-
tionally to the functionalization level (Supporting Informa-
tion, Figure S6). Another yet indirect way to evidence the
successful incorporation of azide groups in the material is the
characterization of the film permeability. This can be
achieved by cyclic voltammetry using a redox probe ([Ru-
(NH3)6]

3+ in this case) in solution (Figure 2). Focusing first on
the 5:95 AzPTMS/TEOS film (Figure 2a), the absence of any
signal prior to surfactant extraction can clearly be seen,
indicating the presence of a crack-free film over the whole
electrode surface. After surfactant removal, the azide-func-
tionalized film was highly porous as the voltammetric signals
were of the same order of magnitude as that recorded using
the bare ITO electrode. A similar trend was observed using

Scheme 1. Illustration of the EASA co-condensation process of
AzPTMS and TEOS in the presence of CTAB to get vertically aligned
azide-functionalized mesoporous silica film (W.E. =working electrode;
C.E. = counter electrode).

Figure 1. TEM micrographs of an electrogenerated mesoporous silica
thin film incorporating azide groups obtained from a sol prepared with
20 mol% AzPTMS and 80 mol% TEOS precursor contents
(C(TEOS+AzPTMS) = 200 mm); a) top view; b) magnified top view TEM
micrographs; c) cross-section view; d) GIXRD pattern; e) variation of
the film thickness as a function of the% AzPTMS.
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ferrocenediethanol as redox probe, demonstrating also the
successful complete removal of the surfactant template
(Supporting Information, Figure S7). Increasing the azide
loading in the film then resulted in a continuous decrease in
the voltammetric signals (Figure 2b,c), which was due to
stronger resistance to mass transport as a result of the
progressive filling of the pores. The linear variation supports
an incorporation of azide groups proportionally to the
AzPTMS/TEOS ratio in the sol, as also supported by XPS
data, indicating 70–75% azide incorporation yields (Support-
ing Information, Figure S8).

The Huisgen (click) reaction carried out under mild
conditions would allow the coupling of azide terminal groups
located in such vertically aligned mesoporous silica films with
a variety of organic molecules possessing an alkyne group in
their structure. To illustrate the feasibility of this reaction in
the confined space of mesopore channels, and to point out the
versatility of the approach, several molecules with such
structural conditions have been chosen (ethynylferrocene,
propargyl alcohol, 3-ethynylthiophene, and 2-ethynylpyri-
dine). The interest of ferrocene is its electrochemical activity
(a straightforward way to demonstrate successful functional-
ization), while the others should be more readily character-
ized by IR or UV/Vis spectroscopy to evidence the deriva-
tization process contrary to the ethynylferrocene, which
presents a characteristic band located in the same spectral
region as the 1,2,3-triazole rings.

The successful ferrocene grafting (for experimental
details, see the Supporting Information, Section S2) is dem-
onstrated through the well-defined voltammetric curves that
have been obtained in both organic medium (acetonitrile
+ 0.1m TBAClO4; Figure 3a)) and in aqueous solution (0.1m
NaNO3; Figure 3b,c). The electrochemical response grows as
a function of the azide loading in the film prepared from
AzPTMS/TEOS ratios in the range 2.5:97.5 to 40:60 (Fig-
ure 3a, inset), confirming the good accessibility of azide
groups for the click reaction to take place. Even if it was not
possible to determine the exact composition of the hybrid
films (too low amount of material to enable elemental
analysis), these results suggest however that the amount of
ethynylferrocene coupling with the azide-functionalized film
increases when larger amounts of AzPTMS was employed to
synthesize the starting film. Both the shape of the voltammo-
grams and the linear variation of peak currents with the scan
rates in the range of 5–80 mVs�1 (Figure 3b, inset) are typical
of a surface-controlled charge transfer process.[28] From the
integration of peak currents, one can estimate a content of 3 �
10�5 molg�1 ferrocene in the film. The mechanism of electron
transfer should be the electron hopping between adjacent
ferrocene centers, as the direct electron transfer is not
possible owing to the insulating character of the silica walls
and diffusion of ferrocene moieties is impeded by their
covalent bonding to the silica material. This is also supported
by no noticeable voltammetric signal for the ferrocene-
functionalized films prepared from AzPTMS/TEOS ratios
lower than 2.5:97.5, as a result of too low amount of ferrocene
groups (located too far from each other to enable electron
hopping). Interestingly, continuous potential cycling led to
nearly stable voltammetric signals in aqueous medium (Fig-

Figure 2. Cyclic voltammograms recorded in 1 mm [Ru(NH3)6]
3+ aque-

ous solution (0.1m NaNO3) using a) ITO bare electrode (1), ITO
electrode covered with an azide-functionalized silica film (AzPTMS/
TEOS: 5:95) before (2) and after (3) surfactant removal; b) ITO
electrode covered with azide-functionalized silica films after surfactant
removal for various AzPTMS/TEOS ratios: 0:100 (black line), 5:95
(blue line), 20:80 (green line), 40:60 (red line); c) variation of peak
currents as a function of the amount of azide groups. Scan rate:
20 mVs�1.
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ure 3c), indicating durable immobilization of ferrocene in an
electroactive form, contrary to other related systems,[29] and
the long-term stability was even better in organic media
(Supporting Information, Figure S9). Even more overwhelm-
ing is that the ferrocene-functionalized films remained
permeable to external reagents, as pointed out by cyclic
voltammetry using [Ru(NH3)6]

3+ as a redox probe (Figure 4).
The transformation of azide moieties to 1,2,3-triazole

cores has been followed by IR spectroscopy, by the attenu-

ation of the strong asymmetric stretching absorption band of
the azide centered at 2095 cm�1 (Supporting Information,
Figure S10). Total disappearance of this band was indeed
observed for the films containing less that 30% azide groups,
whereas higher contents led to a residual signal observed in
the IR spectra, suggesting the presence of some unreacted N3

functions. On the other hand, the formation of 1,2,3-triazole
rings from the azide-functionalized film was evidenced by the
emergence of a broad and intense characteristic absorption
band at 1610 cm�1 when performing the click reaction with
propargyl alcohol instead of ethynylferrocene as a coupling
reagent, consistent with literature data.[30] XPS further con-
firms the effectiveness of the Huisgen reaction (Supporting
Information, Figure S11), by the transformation of the N 1s
signal characteristic of the N3 group (specific azide compo-
nent centered at 405.0 eV)[31] into that related to the 1,2,3-
triazole function (bands at 402.3 and 400.1 eV).[32]

To highlight the versatility of the method, the azide-
functionalized films were derivatized with 3-ethynylthio-
phene and 2-ethynylpyridine; these reactions were followed
by UV/Vis spectroscopy. In all cases, the reaction was
successful and an illustration based on the pyridine derivative
is given on Figure 5. The possibility to afford mesoporous
films bearing pyridine groups is indeed attractive as it would
allow the coordination of organometallic complexes, such as
[Fe(bpy)2Cl2]. Preliminary results have been obtained, evi-

Figure 3. Cyclic voltammograms recorded using ITO electrodes cov-
ered with a ferrocene-functionalized silica film in a) acetonitrile
(+ 0.1m TBAClO4) for films prepared from various AzPTMS/TEOS
ratios (100 mm total concentration) at 20 mVs�1; b), c) aqueous solu-
tion (0.1m NaNO3) for a film prepared from 40:60 AzPTMS/TEOS
ratio (200 mm total concentration) at various potential scan rates (b)
or at 20 mVs�1 for 20 successive cycles (c). Insets: in (a): the variation
of anodic peak currents as a function of% AzPTMS; in (b): the
variation of anodic and cathodic peak currents as a function of
potential scan rate.

Figure 4. Cyclic voltammograms recorded in 1 mm [Ru(NH3)6]
3+

(+ 0.1m NaNO3) using ITO electrodes covered with ferrocene-func-
tionalized silica films prepared from various AzPTMS/TEOS ratios:
10–90 (a), 20–80 (b), 40–60 (c); the curve obtained on bare ITO (d) is
also shown.
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dencing the feasibility of such approach. The pyridine-
functionalized films were dipped into a solution containing
1 mm [Fe(bpy)2Cl2] in acetonitrile and series of UV/Vis
spectra were recorded every five minutes (Figure 5). The
coordination of the iron complex to the pyridine groups was
evidenced by the appearance of a metal-to-ligand charge
transfer (MLCT) absorption band at 570 nm, in good agree-
ment with data obtained in solution displaying a sharper
absorption band located at 560 nm. No more evolution of the
absorption band was observed after 2 h when a maximum of
the absorbance value was reached.

In summary, a versatile method based on the combination
of an azide–alkyne click chemistry approach with electro-
assisted self-assembly has been developed to functionalize
highly ordered and vertically aligned mesoporous silica films
under mild conditions. Such electrogenerated thin films kept
their ordered and oriented mesostructure up to 40 % of
organosilane in the starting sol. Further derivatization of the
mesoporous material can be readily afforded based on
a Huisgen click reaction between the easily accessible azide
groups and alkyne derivatives. The method can be basically
extended to a variety of functional groups, thus offering
numerous new opportunities for applications in various fields.
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