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In parallel to the increasing variety of ionic liquids that show different kinds of nanometer-scale structuration in
their pure and solved forms, there is a raising interest in exploring the possibility of using ionic liquids as soft-
templates for the synthesis of mesoporous materials. We report the case of 1-hexadecyl-3-methylimidazolium
chloride (C16MIMCI), a surface active ionic liquid (SAIL), here used as an excellent soft-template for the for-
mation of vertically aligned, uniform mesochannels, with a well defined pore width of 2.5 nm in silica thin films
deposited with the electrochemically assisted self-assembly (EASA) method. The obtained mesochannels run
through the entire thickness of the films and after removal of the ionic liquid the emptied mesochannels ensure a
thorough mass transport to the substrate, here monitored by the redox-active electrochemical probe Ru(II)/Ru
(III) during cyclic voltammetry (CV). Moreover, the mechanism of pore formation is explained; unlike the
mechanisms reported for short chain imidazolium ionic liquid silica templates, in the case of C;gMIMCI the
dominating so-called cooperative interaction is the electrostatic attraction between the C;gMIM" and the
network-forming negatively charged silicate oligomers. Therefore, this study provides a better understanding of
the templating behavior of long chain imidazolium ionic liquids and motivates further research on the synthesis

of ionic liquid-based functional hybrid materials.

1. Introduction

Vertical alignment of mesochannels in silica films is highly desired in
applications that utilize some sort of transport phenomena in the
channel-like pores, since such a structure provides shortened, oriented
diffusion pathways. Relevant applications are in separation, catalysis,
electrochemical sensing, as well as optical and electrochemical devices
[1,2]. Even though mesoporous silica films with vertically aligned
mesochannels are challenging to realize (often channels orient parallel
to the substrate), they have been successfully obtained using electro-
chemically assisted self-assembly (EASA) [3], evaporation induced
self-assembly (EISA) [4], Stober-solution growth [5], and epitaxial-like
growth [6]. In all of these examples, a conventional surfactant was
used as soft-template to result in a highly porous structure and a narrow
pore size distribution.

As an alternative to conventional surfactants, ionic liquids are
attracting a raising interest since they can show self-organization in
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dissolved or in pure form, and can hence potentially be used as soft-
templates in the synthesis of mesoporous materials [7]. This is highly
motivated by the idea of synthesizing functional hybrid materials in
which the organic ionic liquid provides an added function besides
templating the inorganic matrix. Also, for some applications (e.g. in
electrochemical devices) the immobilization of the ionic liquid within
the inorganic matrix is favourable simply to prevent leakage and provide
appropriate mechanical properties [8].

The soft-templating function of certain ionic liquids originates from
their unique molecular structure. In general, ionic liquids consist of ionic
species with significant molecular asymmetry in at least one of the ions,
which disfavors ordering of the ions into solid crystalline phases
resulting in low melting temperatures (by definition under 100 °C)
[9-11]. Nevertheless, nano-structuration can occur in pure ionic liquids,
in their mixtures with other molecular solvents, or in solvated form at
different extent regarding the length scale, shape and kinetics, with very
wide variety among ionic liquids determined by their specific molecular
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structure [7,12]. Despite these properties, using ionic liquids as tem-
plates in the synthesis of mesoporous silica is not straightforward, and
experiments have shown that the intrinsic structuration of ionic liquids
is not always sufficient for the formation of mesopores in the silica
network. Moreover, a cooperative interaction between the template and
the precursor is often crucial in achieving a desired mesoporosity [13,
14]. For example, the sol-gel synthesis of silica using a short-chain
imidazolium ionic liquid as the co-solvent usually leads to the forma-
tion of ionogels based on non-porous silica particles, despite the present
supramolecular (e.g. ion cluster) and mesoscopic range (e.g.
micro-phase separation, H-bond network) structurations in the ionic
liquid [8,12,15]. An exception among short-chain imidazolium ionic
liquids is [C4MIM]T[BF4]~, which has successfully been used as
soft-template in the sol-gel synthesis of mesoporous silica under
water-poor, acidic condition by Zhou et al. [14]. The templating effect
was explained with the so-called hydrogen bond-co-n-n stack mecha-
nism, which involves hydrogen bonds formed between the [BF4]™ an-
ions and the silanol groups of silica and the n-n stack interactions of the
neighboring imidazolium rings of the cations. The obtained mesoporous
monolith contained worm-like pores in which the [BF4]™ anions are
assumed to be located along the pore walls while the imidazolium rings
of the cations arrange next to the anions due to electrostatic attraction
and are stacked parallel to each other due to n-n interactions, and the
hydrophobic alkyl chains point towards the centre of the pores.

Compared to the case of short-chain imidazolium ionic liquids, there
are a few more, yet limited in number, examples of syntheses where
long-chain imidazolium ionic liquids have been used as soft-templates to
obtain mesoporous silica. In long-chain imidazolium ionic liquids, the
longer alkyl chain enhances the amphiphilic nature of the cation and the
behavior of the ionic liquid approaches that of surfactants. These ionic
liquids are also referred to as surface active ionic liquids (SAILs) [16].
Within the subgroup of alkyl-imidazolium ionic liquids with the chloride
anion, [CsMIM]*[Cl] ™ is considered the “transitional ionic liquid”, since
it shows surface activity but no self-assembly in water [16]. More
amphiphilic ionic liquids, that show an amphiphilic self-assembly in an
aqueous medium, are more suitable soft-templates for the formation of
different mesoporous silica structures via the sol-gel process (using
water as the solvent) [17]. With the [C,MIM] " [Br] ™ ionic liquid group,
where n is the number of carbon atoms in the straight alkyl chain
attached to the imidazolium head, wormlike (n = 8-12) and hexagonal
(n = 14-16) mesoporous silica could be prepared [18]. With
[C16MIM]T[CI], MCM-type hexagonal (MCM-41, with p6mm symme-
try) and cubic gyroid (MCM-48, with Ia3d symmetry) silica could be
obtained by tuning the ionic liquid concentration in the aqueous reac-
tion solution [17]. Besides, [C,MIM]"[Cl]~ ionic liquids were able to
form a lamellar pore structure in monolithic mesoporous silica, with the
pore diameter being determined by the alkyl chain length and ranging
from 1.2 nm (n = 14) to 1.5 nm (n = 18) [19,20].

Even though more and more empirical information is gained on
silica-templating with long-chain imidazolium ionic liquids during the
sol-gel process, the underlying mechanism is often not studied nor even
discussed. Fortunately, [C;gMIM]*[ClI]~ has many similarities with
CTAB (cetyltrimethylammonium bromide), which comes handy in
experimental design and basic understanding. However, there are also
differences that can become relevant when a specific pore structure or
reaction condition is required [13]. It has been already described that
during the sol-gel mesoporous silica synthesis in an aqueous reaction
solution the cooperative interaction between the template and the pre-
cursor is crucial for pore formation on the nanometer scale [13,17]. In
general, when the template is CTAB, at basic pH this cooperative
interaction is dominantly the electrostatic attraction between the cation
of the surfactant ([CTA]") and the framework-forming negatively
charged silicate oligomers [17]. It may be proposed that the same
electrostatic attraction occurs between [Ci;gMIM]™ and the silicate
oligomers under similar reaction conditions [17]. This is however not an
obvious hypothesis since, in contrast to the ammonium head, the
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imidazolium head is capable of establishing further interactions; as
schematically illustrated in Fig. 1 [15]. It is known that the imidazolium
cation is able to establish hydrogen bonds with negative charge centers,
primarily through the C?H site [21-23], while the presence of hydrogen
bonds between the imidazolium head group and the silica precursor has
been proposed by Kaper et al. in agreement with a study by Wang et al.
[13,17]. Another characteristic of the imidazolium cation is the ability
to arrange parallel, in a layering structure, due to n-n interactions, which
dominates on the short length scale (~10 A) with little influence of
proximate interfaces [24,25]. This results in a higher packing density
and a higher tendency to form mesostructures with a lower curvature
[13,17]. Interestingly, CTAB and [C16MIM]T[Cl]™ in fact show very
similar critical micellar concentrations (c.m.c.) and enthalpies of
micellization (note that the binding affinity of the bromide ion is slightly
higher than that of the chloride ion) [13].

The main aim of this study is to demonstrate that it is possible to
achieve vertically aligned mesochannels inside thin films of silica by
using [C16MIM]T[Cl]™ as soft template during the EASA process (Fig. 2).
Already established methods are used to verify the obtained structures.
Briefly, during EASA fast condensation of the pre-hydrolysed silica
precursor in the presence of a templating agent occurs on a cathodic
electrode, where the locally generated hydroxyl ions catalyze the
condensation reaction [3]. The formation of the silica network is much
more rapid than in the other methods mentioned above, which is rele-
vant for retaining the nano-structure of the ionic liquid that in turn has
an impact on the pore formation [1,3]. To the best of our knowledge, no
other surfactant than CTAB and no ionic liquid have ever been suc-
cessfully used in EASA, hence this work is a significant contribution to
an area that has remained unexplored, and provides new insights. By
showing that the EASA method can be extended to the use of ionic lig-
uids as templates, we can better understand the reaction mechanisms
but also propose an avenue to realize new ionic liquid-based functional
hybrid materials. As for the latter, we take a special interest in devel-
oping materials with desired transport properties, targeting fast proton
motion in nanoscaled pores. For this purpose, however, purely protic
ionic liquids or a mixture of [C;MIM][Cl]™ and a protic ionic liquid
should be used, which will be the scope of future studies.

2. Experimental section
2.1. Chemicals

For the synthesis of thin films of mesoporous silica the following
reagents were used: tetraethoxysilane (TEOS, 98%, Alfa Aesar) as the
precursor, ethanol (95-98%, Merck) as the co-solvent, NaNOs (>99%,
Prolabo) as the electrolyte salt, HCl (1 M in aqueous solution, VWR) for
pH adjustment and the ionic liquid 1-hexadecyl-3-methylimidazolium
chloride (C16MIMCI, >98%, Iolitec - Ionic Liquid Technologies GmbH)
as the templating agent. Ruthenium hexamine chloride ([RU(NH3)2+]
[C1" 13, 98%, Sigma Aldrich) was used as a redox-active electrochemical

H-bond donor

electrostatic H H

interaction

mt-7t- interaction

Fig. 1. Schematic of the possible interactions that the 1-alkyl-3-methyl-imida-
zolium cation is able to establish. Reproduced from Ref. [15].
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Fig. 2. Schematic illustration of the subsequent steps involved in the synthesis of IL-templated mesoporous silica thin films using the EASA method.

probe. All solutions were prepared with high purity water (18 MQcm 1)
from Purelab Option-Q water purification system (ELGA).

2.2. Preparation of mesoporous thin films

The ionic liquid (IL)-templated mesoporous silica thin films were
synthetized via the electrochemically-assisted self-assembly (EASA)
method (Fig. 2). First, a solution was prepared with 100 mM TEOS, 0.1
M NaNOj in 40 ml ethanol:water (1:1) mixture with C;,MIMCI added at
various IL/TEOS ratios (reported in mol/mol), i.e. 0.32, 0.64, 1.28, and
1.60. The solution was adjusted to pH 3 with 0.1 M HCI and stirred for
2.5 h at room temperature for the prehydrolysis of TEOS. The poten-
tiostatic deposition on an indium tin oxide electrode (ITO, surface re-
sistivity 8-12 Q, Delta Technologies) was carried out in a three-electrode
system consisting of ITO as the cathodic working electrode, silver wire
as the pseudo-reference electrode and stainless steel as the counter
electrode. The potential was applied using a pAutolab III potentiostat
(Eco Chemie). The deposition of a silica film on ITO could be observed at
an applied voltage of —1.55 V, while the deposition time was 20 s. The
delivered current was recorded as a function of time during deposition,
and was found to be slightly higher than previously reported for EASA
syntheses with CTAB (see Fig. S1 in the SI) [3]. After deposition, the
films were rinsed with water and aged at 130 °C in a vacuum oven,
overnight. Rinsing with water has the effect of removing siliceous spe-
cies possibly left on top of the deposited films, which may otherwise
attach to the surface by further condensation. After aging, extraction of
the IL was carried out on some of the samples for every IL/TEOS ratio by
immersing the deposited film into a solution of 0.1 M HCl in ethanol for
20 min, followed by rinsing with pure ethanol. The names given to the
samples and the details of preparation are listed in Table 1.

Table 1

Sample names, reflecting the IL/TEOS ratio used in the deposition solution and
the treatment applied after ageing.

Sample Name IL/TEOS ratio (mol/mol) Treatment after aging

0.32 NE 0.32 none (not extracted)
0.32E 0.32 extracted
0.64 NE 0.64 none (not extracted)
0.64 E 0.64 extracted
1.28 NE 1.28 none (not extracted)
1.28E 1.28 extracted
1.60 NE 1.60 none (not extracted)
1.60 E 1.60 extracted

2.3. Morphological characterization

Scanning electron microscopy (SEM) images were obtained with a
JEOL 7800F Prime microscope (using a 5 kV acceleration voltage) on
extracted samples. Before imaging, the samples were coated with
palladium using an EMITECH K550x sputter coater. Cross sectional
samples were prepared by breaking the substrate after sputtering and
imaging the broken surface on a tilted SEM stage.

For top view TEM (transmission electron microscope), the samples
were prepared by placing a droplet of sludge from extracted, grinded
films on a carbon-coated Cu TEM grid and dried overnight under
ambient conditions. The TEM experiments were performed on a FEI
Tecnai T20 instrument operating at 200 kV, and the obtained images
were processed with the Digital Micrograph software to determine pore
widths. For the cross-sectional TEM study, a sample of a thin film
(namely 0.32 E) was prepared with the liftout technique using a focused
ion-beam coupled SEM (FEI Versa Dual FIB/SEM).

Grazing incidence small angle X-ray scattering (GISAXS) measure-
ments were performed on a Mat:Nordic instrument from SAXSLAB/
Xenocs. The X-ray beam was produced by a Cu-radiation source and
focused with a Micro-Max 003 X-ray generator from Rigaku. Pilatus
300K from Dectris was used as the detector. The samples were placed on
a GISAXS holder and aligned before each measurement. The sample to
detector distance was 305 mm, the incidence angle 0.2°, and the expo-
sure time 20 h. Scattering patterns were collected before and after
measurement for 20 min to make sure that no radiation damage
occurred. The collected 2D scattering patterns were further processed
with the SAXSGUI (Rigaku) software by horizontal integration of in-
tensities performed between q, = 0.01 A~ and q, = 0.06 A™!, and
subsequent plotting as a function of qy. Multi-peak fitting using the Igor
software was used to determine exact peak positions. The cell parame-

ters of the hexagonally ordered porous structures were determined

based on references [26,27] and are given in Table S1 and Table S2 of
the SI file.

2.4. Chemical characterization

X-ray photoelectron spectroscopy (XPS) was carried out on Quantum
2000 scanning ESCA microprobe from Physical Electronics with AlKa
(1.486 keV) beam at an incidence angle of 45° relative to the sample
surface. The MultiPAK software package was used to determine the
atomic concentration. Photoelectrons were collected on approximately
500 x 500 pm? large areas.
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Vibrational spectra were recorded with a PerkinElmer Fourier
transform infrared (FT-IR) spectrophotometer in the reflection-
absorption mode, sometimes also referred to as IRRAS (InfraRed
Reflection Absorption Spectroscopy), which is the most suitable to study
thin films on metal surfaces. Because the films investigated here are thin
(below 100 nm) and the ITO substrate acts in the infrared as a metallike
mirror, the obtained spectrum resembles (unlike other reflectance
modes) the one that would be obtained in pure transmission mode from
the free standing film. The measured spectral range was 4000 cm™-400
cm ! and the resolution was set to 4 cm ™. For all experiments, 64 scans
were collected and averaged, while the ITO substrate without any film
deposited was used as a reference for the background subtraction. For
presentation purposes, the recorded data were baseline corrected.

2.5. Permeability of the films

The permeability of the deposited films to cations, here Ru(Ill), was
studied by cyclic voltammetry. The measurements were carried out in a
three-electrode system that contained a stainless steel counter electrode,
a Ag/AgCl reference electrode (Metrohm), and a bare ITO plate or ITO
plate with the deposited silica film on it as the working electrode. The
aqueous electrolyte solution contained 0.5 mM Ru(NH3)2" and 0.1 M
NaNOs, while the contact area with the solution was 0.5 cm?. The vol-
tammogram curves were recorded with a pAutolab III potentiostat (Eco
Chemie) at a scan rate of 20 mV/s.

3. Results and discussion
3.1. Pore formation with an imidazolium-based IL template

The electrochemically assisted self-assembly (EASA) of silica thin
films in the presence of a long-chain aprotic ionic liquid, C;6MIMCI,
resulted in vertically ordered mesoporous channels running through the

entire silica film thickness. Based on morphological characterization,
the formation of mesochannels was observed on all silica thin films that

A Pt
Pd

film

S
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were deposited from solutions with an IL/TEOS ratio between 0.32 and
1.60.

The local structure of these mesochannels can be observed on the
TEM image of the cross-sectional sample prepared with the lift-out
technique. It reveals that individual channels in the silica film are ver-
tical to the ITO substrate and can reach its surface in direct contact
(Fig. 3A). A complementary top view TEM image also shows that these
channels are not only well-separated, but also hexagonally ordered
(Fig. 3B). These TEM images were processed using the Digital Micro-
graph software, by which the pore width was determined to be
approximately 2.5 £+ 0.3 nm, a dimension that is independent of the IL/
TEOS ratio used in the deposition solution (see Fig. S2 in the SI). This
dimension is similar to the size of two adjacent hexadecyl-tails and it can
be assumed that the IL has a core-shell packing in the pores with the
hydrocarbon tails forming the core and the charged heads forming the
outer shell [10,28]. Furthermore, based on cross sectional SEM images,
the IL-templated silica thin films are shown to be deposited as even,
continuous layers, without any cavities between the film and the sub-
strate (Fig. 3C; see also Fig. S3 in the SI). In addition, SEM and TEM
images revealed that the films’ thickness is around 70 nm. Also, SEM
images show the presence of nanoparticles on top of the films (Fig. 3C
and D; see also Fig. S3 in the SI). These are side products of the EASA
process and their presence has been described in the literature also for
other EASA-prepared films [29].

Grazing-incidence X-ray scattering patterns of the IL-templated silica
films confirm that the presence of vertically oriented, hexagonally or-
dered pore morphology is the long-range, dominating pore structure in
the films. In fact, the highest scattering intensities originate from the
vertical mesochannels resulting in peaks along the gy scattering vector
characteristic both in shape and position (Fig. 4; see also Fig. S4 in the
SI) [29,30]. Moreover, after processing the 2D scattering patterns with
horizontal integration, the intensity peaks could be assigned to the (10),
(11), (20) and (21) reflections of the hexagonal lattice of the pores
(Fig. 4B). Indeed, the relation between the position of the scattering
peaks qy(10):qy(11):qy(20):qy(21) is consistent with the relation

20 Om

Fig. 3. Electron microscopic images of the IL-templated silica thin films after extraction. A: cross-sectional TEM image of a 0.32 E sample prepared with the lift-out
technique. The arrows point to the interface between the thin film and ITO; B: top-view TEM image of a 0.32 E sample; C: cross-sectional SEM image of a 0.64 E

sample on its substrate; D: top-view SEM image of a 0.64 E sample.
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Fig. 4. Grazing-incidence X-ray scattering of the IL-templated silica thin films. A: Schematic of a GISAXS measurement of a silica thin film with vertically-aligned
channel-like pores. B: Horizontally integrated X-ray scattering intensities of different silica thin films (integration performed between q, = 0.01 A~! and g, = 0.06
;\’1). C: Selected 2D X-ray scattering patterns, i.e. for a sample before (0.32 NE, left) and after (0.32 E, right) the extraction of the IL.

1:+/3:v4:+/7, which is characteristic of the hexagonal p6m symme-
try, here describing the channel-to-channel spacing [31,32] (see also
Table S1 in the SI). In addition, the elongated shape in the q, direction
reveals a domain size of the hexagonal phase larger than the thickness of
the film (see Fig. 4C), which can be observed on the TEM images of the
films as well (see Fig. 3B and also Fig. S2 in the SI) [30]. Furthermore, it
is important to underline that there was no significant shift in the qy
peak positions in films characterized before and after extraction, indi-
cating that the pore morphology remains unchanged upon extraction of
the ionic liquid and demonstrating the stability of the silica network (see
Table S1 in the SI). Interestingly, the position of the gy scattering vectors
are independent also on the IL/TEOS ratio of the deposition solution,
showing a (10) lattice spacing of ~3.8 nm, a (11) lattice spacing of ~2.2
nm, and a cell parameter between 4.3 and 4.4 nm for all IL-templated
silica films. This cell parameter is similar, but slightly higher, than the
cell parameter of 4.1 nm found for CTAB-templated silica films prepared
with EASA [29].

Next to the characteristic scattering pattern along the gy axis, there
are weak-intensity rings on the 2D X-ray scattering patterns (Fig. 4C; see
also Fig. S4 in the SI). The appearance of these rings can be explained by
the silica nanoparticles observed on top of the films (see also the SEM
images) having mesopores with comparable size to the mesochannels in
the films. As these pores are oriented randomly they scatter X-rays also
in g direction forming a ring-shaped pattern. Also, it can be seen on the
2D scattering patterns that the intensity of the rings is lower for the
extracted samples, indicating the partial removal of the particles
(Fig. 4C; see also Fig. S4 in the SI). The presence of these rings is re-
flected by the appearance of additional lower intensity peaks, marked by
short arrows in Fig. 4B. Since these additional peaks have positions in
the q axis that match relatively well the above mentioned ratios typical
of the hexagonal p6m symmetry, we propose that also the spherical
particles possess the hexagonal phase, although randomly oriented in
space (see also Table S2 in the SI). The peak positions also reveal that the

hexagonal phase in the particles has lower lattice spacing and cell
parameter than the hexagonal phase in the film. These particles are an
undesired product of the deposition reaction and, as already discussed in
Ref. [29], can be minimized by controlling the synthesis parameters
such as deposition time, cathodic potential and concentration of the
silane precursor. When using C14MIMCI as the soft template, a shorter
deposition time (e.g. of 15 s) may result beneficial and future works will
reveal if this is the case.

From the detailed morphological characterization we found that the
hexagonally ordered, vertically oriented, channel-like pore morphology
formed by C1¢MIMCI is similar to the pore morphology of the CTAB-
templated, EASA-deposited silica films, previously reported by Walcar-
ius et al. [3,33]. The similarity of the two amphiphiles is intriguing. It is
known that the morphology of the silica films deposited with CTAB is
extremely sensitive to synthesis parameters (e.g. TEOS concentration,
type and amount of co-solvent, salt composition and concentration)
[29], which all influence the self-assembly of CTAB both in bulk and at
the surface during deposition. We observe here that for a selected set of
synthesis parameters, the use of the ionic liquid C;sMIMCI instead of
CTAB results in the same pore morphology of the film with the only
difference that a higher voltage had to be applied during EASA [32,33].
This indicates that self-assembly of C;sMIMCI, and therefore supposedly
also its packing parameter, is very similar to that of CTAB under the
synthesis conditions of EASA and that C;gMIMCI can be used as tem-
plating agent for mesochannel formation as successfully as CTAB. A
further important note is that, to the best of our knowledge, C;sMIMCl is
the only other surfactant-like molecule, besides CTAB, with which
vertically oriented mesochannels could be achieved in EASA-deposited
silica thin films. Also, the reported films are the first ionic liquid tem-
plated mesoporous silica films that contained separated mesochannels
oriented perpendicularly to a substrate.
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3.2. Chemical composition before and after extraction

Based on elemental analysis done with XPS measurements, the
chloride anion of the IL was undetectable in the silica thin films
deposited from reaction solutions with IL/TEOS ratios between 0.32 and
1.28 (see Table S3 in the SI). Moreover, in the IR spectra of these samples
after extraction, the vo_g (~ 3400 em ™) stretching vibration peak ap-
pears and the intensity of the vgj_oy (~ 950 cm™ 1) stretching vibration
slightly increases, the latter reflecting an increased abundance of silanol
bonds (Si—-OH) in the extracted films (Fig. 6A). Thus, based on XPS and
IR results, it can be assumed that on the silica pore wall of as synthetized
thin films the silanol groups are deprotonated, having their negative
charges neutralized by the C;¢MIM " cations, as schematically depicted
in Fig. 5. From this, it can be proposed that attractive electrostatic in-
teractions between the C;¢MIM ™ cations and the silicate oligomers had
crucial role in the formation of the mesoporous structure. These results
also suggest that at the extraction step, aimed to remove the C;gMIM ™,
the negatively charged silica wall gets protonated by the hydrochloric
acid of the extraction solution resulting in the intensity rise of the vs;_ong
peak. Notably, the chloride ion was detectable by XPS only in the 1.60
NE sample, but its IR, GISAXS, and electron microscopic data are
equivalent to those of the other samples, which implies that the XPS
results may simply be contamination from the extraction solution.

Full removal of C1MIM" via extraction was confirmed by IR, since
the alkyl chain vc_y (2960-2855 em™ D) stretching vibrations and the
imidazolium ring 8yjng (1570 em ™ ) bending vibrations disappear from
the IR spectra of the extracted samples (Fig. 6A). From this, it follows
that the C;MIM" cations are located only in the mesochannels of the
films and do not get entrapped in the bulk silica network.

The amorphous structure of the deposited silica films is demon-
strated by several features in their IR spectra, especially in the
1300-900 cm ™ region (Fig. 6B). In general, sol-gel derived silica films
display a characteristic longitudinal optic-transverse-optical (LO-TO)
splitting of the psi—o-si (507-457 cm_l), the Vs(Si—0—Si) (820-810 cm_l),
and the vagsi—o-si) (1250-1070 cm 1) vibrational modes [34]. In the IR
spectra recorded from the IL-templated silica thin films studied here, the
Vas(si—0-si) LO-TO splitting results in two strong peaks at 1230 cm ! and
~1105 em ™ L. It is worth to mention that the LO peak usually appears as
a high frequency shoulder of the TO mode, and is enhanced when the IR
light has lower incident angles with respect to the film’s surface. Its
significant intensity (relative to the TO mode) in the IR spectra shown in
Fig. 6 can also be explained by the occurrence of scattering within the
pores [34], which is congruent with the porous structure of the syn-
thesized thin films already shown by TEM and GISAXS results. Also, both
the vagsi—o—si) (LO) and the vagsi—o—siy (TO) modes show considerable
widths indicative of a wide distribution of Si—~O-Si bond angles and bond
lengths. After extraction, the shift of the vagsi—o—si) (TO) mode to higher
frequencies indicates the increase in Si-O-Si bond angles in the silica
network. A further feature that we observe in the amorphous silica, is

pore/—O o
s —O— Si— O
wall _1_g

N
|11
000
\ I/
i
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Microporous and Mesoporous Materials xxx (xxxx) xxx

the rise of a feature at ~1200 cm ™! between the Vas(si—0—si) LO and TO
peaks, also referred to as the “disorder-induced” mode [34]. In addition,
the LO and TO modes increase in intensity after extraction, which could
be due to further condensation catalyzed by the acidic medium (used for
the extraction) and/or enhanced scattering in the emptied pores. We can
also conclude that dangling silanol groups are located not only on the
pore walls, but also in the bulk silica phase since the vsi.og (~ 950 em ™)
stretching mode appears in both extracted and non extracted samples.
Furthermore, the shoulder of vagsi—o-_si) (TO) at 1050-1100 cm~! can be
related to the presence of nonbridging oxygens in the network. A final
note is that water was not detected by IR in the IL-templated silica thin
films before extraction (NE samples), suggesting that the included ionic
liquid imparts hydrophobicity to the synthesized material. By contrast,
the IR spectra after extraction (E samples) show the typical bending
mode of water at 1635 cm ™! as well as an intense and broad feature
peaked at ~3400 cm™! due to H-O-H stretching modes. To a minor
degree, O-H stretching modes of the SiO-H groups also contribute to
this latter feature.

3.3. Permeability of the films

The quality of the deposited films in terms of ion permeation through
the mesochannels before and after removal of the ionic liquid was
investigated by monitoring the transport properties of a redox-active
electrochemical probe, here the Ru(Ill) cation, with cyclic voltamme-
try (Fig. 7). On the voltammogram recorded with bare ITO, the negative
peak current on forward scan indicates reduction of [Ru(NH3)6]3+ to
[Ru(NH3)6]2+ and the positive peak on scan reversal corresponds to the
oxidation of [Ru(NH3)e]*" to [Ru(NH3)6]1®" [35]. The measured current
was close to null when recorded on silica thin films that still contained
C16MIM™ in its mesochannels (not extracted samples) (Fig. 7A). This
shows that the redox reactions of the ruthenium ions are hindered due to
restricted or blocked diffusion pathways through these films towards the
ITO layer. For the silica thin films that were generated from solutions
with a IL/TEOS ratio of 0.64 or higher, no significant current was
measured at all in the applied voltage range, thus they behave as insu-
lator layers impeding the ruthenium ions to reach the electrode. How-
ever, when the deposition solution had a IL/TEOS ratio of 0.32, the CV
curve of the silica thin film sample (0.32 NE) showed a small but
measurable current with peak positions close to the reduction and
oxidation peaks measured on bare ITO. The appearance of these low
current peaks can be explained by an imperfect coverage of the film on
the electrode (note that GISAXS and IR results are equivalent to the other
non-extracted samples) resulting in ruthenium ions able to reach the
electrode but only to a limited extent. Moreover, due to the presence of
C16MIM ™ in the mesochannels, the probe molecules display an impeded
diffusion, which is reflected by the low current values and the increased
peak-to-peak separation (AE;) as compared to the bare ITO electrode
(see Table S4 in the SI). Nevertheless, from the well-insulating behavior

Fig. 5. Schematic of the proposed neutralization of the negatively charged silica wall by C;¢MIM " cations in the mesochannels of the IL-templated silica thin films.
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presented in A.

of the films deposited from solution with an IL/TEOS ratio of at least
0.64, two important features of the films can be described. Firstly, these
insulating films have full coverage of the surface and good contact with
the ITO, the latter can be observed locally on SEM images as well.
Secondly, the cation of the IL, C;¢MIM ™, does not diffuse upon cathodic
potential therefore no significant current occurs and C;gMIM™ remains
insoluble for the contacting aqueous solution. This shows that there is
strong electrostatic attraction between the negatively charged silica wall
and the C;gMIM" cation that prevents not only the diffusion of the
C16MIM" ion, but also the penetration of the Ru(III) cation through the
pores.

After removal of the C;gMIM™' from the mesochannels, the IL-
templated silica thin films show drastically changed permeability
properties (Fig. 7B). On the cyclic voltammograms of the extracted
samples both oxidation and reduction peaks of the ruthenium redox
probe appeared, quite similar to the case of bare ITO. This indicates that
the ruthenium ions could reach the ITO electrode through the empty
mesochannels. Moreover, the slightly larger measured currents on film
electrodes can be rationalized with the shorter diffusion pathways of
ruthenium ions enabled by the straight mesochannels directing towards
the electrode and supposed accumulation of the ruthenium ions due to
interactions with the silica wall as previously described in the literature
[35]1.

To summarize, the CV curves shown in Fig. 7 demonstrate the exis-
tence and accessibility of aligned mesochannels in the films. The general
permeability properties of these films are expected to be similar to those
of previously reported equivalent structures, obtained by either the
EASA or the Stober method, which have been extensively studied [32,
36-40].

The selectivity of the mesopores is another interesting aspect that
could be investigated more thoroughly by using negatively charged or
neutral probe species. Albeit being outside the scope of the current work
we can anticipate that, given the negative charge of the pore walls in the
film structure, using anionic redox probes such as the couple [Fe

(CN)6]3’/ [Fe(CN)6]4’ should result in reduced electrochemical
response compared to the case of bare ITO, due to electrostatic repulsion
and hence suppressed ingress of the anions. This, including the effect of
ionic strength, has been reported for CTAB-based films by Karman et al.
[39] and is thus not reproduced here.

Since it is well known that silica films with vertically ordered mes-
ochannels exhibit molecular sieving properties and permselective ion
transport [40,41] redox probes can also be chosen with the specific aim
to determine the diameter of the available pores and their structural
stability. For instance, cationic fluorophores of similar geometries but
different sizes have been used to evidence permeation through (i.e.
ruthenium trisbipyridine, Ru[bpy]%*, and ruthenium trisphenanthro-
line, Ru[phen]%*, molecular size of 1.3 nm) and exclusion from (i.e.
ruthenium trisdiphenylphenanthroline, Ru [dpp]%*, 2.0 nm in diameter)
a mesoporous silica membrane [42].

4. Conclusions

The presented study extends the possibility of templating silica to the
use of ionic liquids, which is a developing field with the potential of
producing ionic liquid-based functional hybrid materials. In our
approach, we used a long chain imidazolium ionic liquid during the
EASA method to deposit mesoporous silica thin films. Our results reveal
that during the silica film deposition C;6MIMCI forms vertically aligned,
distinct mesochannels with a well defined pore size and a highly packed
hexagonal arrangement. Moreover, these mesochannels run through the
entire film thickness enabling mass transport through the film and a
robust contact with the substrate after removal of the templating ionic
liquid. Important information on the mechanism of pore formation has
been gained as well; in-depth characterization of the film shows that
there is electrostatic attraction between the pore forming C;gMIM " ions
and the negatively charged silica pore wall, which reasonably originates
from the electrostatic attraction between the C;gMIM ™ and the network-
forming negatively charged silicate oligomers. Furthermore, it can be
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Fig. 7. Cyclic voltammetry curves recorded in a Ru(III) solution using a bare
ITO electrode and ITO electrodes covered with the IL-templated silica thin
films, before (A) and after (B) extraction of the IL.

proposed that the described electrostatic attraction is the main so-called
cooperative interaction during pore formation as C;gMIMCI and CTAB
form mesochannels with high curvature at the same range of template-
to-precursor ratio in the deposition solution. This also indicates that n-n
interactions and hydrogen bonds, which the imidazolium head is able to
establish [21-23], remain secondary under the reaction conditions of
the EASA process. These results encourage further research with the
purpose of achieving new ionic liquid-based functional hybrid materials,
for example by applying the EASA method on mixtures of long and short
chain imidazolium ionic liquids or on other yet unexplored ionic liquids
structures.
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