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In this study, thin films of mesoporous silica with vertically oriented and hexagonally ordered pores have
been synthetized and investigated. A variety of alkyl-imidazolium ionic liquids have been used as the
template, with the aim to understand how changing the chain length on the imidazolium cation from
hexadecyl (C;6) to dodecyl (C;5) or the protic character of the imidazolium head affects the film formation
and the order of the pores. In addition, different types of metal substrates have been used for the film
deposition, i.e. indium titanium oxide (ITO) and gold. Complementary experimental methods, including
GISAXS, Infrared spectroscopy, and cyclic voltammetry have been employed for a thorough investigation
of the morphology and permeability of the deposited thin films.

© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CCBY license (http://
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1. Introduction

In the last two decades, the rapidly increasing research interest
in ionic liquids (ILs) has not only lead to key findings on their struc-
ture and properties, widening the range of possible applications,
but has also resulted in the exploration of new classes of ionic
liquids and ionic liquid based multi-component materials. As this
paper treats an emerging class of ionic liquids as silica templates,
namely surface active ionic liquids (both protic and aprotic), these
will be described in further details.

Surface active ionic liquids (SAILs), i.e. ionic liquids showing
enhanced amphiphilic nature, are drawing interest as alternatives
to conventional surfactants and mesogens, just as well as alterna-
tives to short-chain ionic liquids [1-4]. Compared to conventional
surfactants, imidazolium-based SAILs (Im-SAILs) can provide
higher surface activity and more diversified aggregation behaviour
[1]. Im-SAILs are also studied for applications already at focus for
the wider class of imidazolium based ionic liquids, for example
as electrolytes and catalysts [2,3,5]. The use as electrolytes is
highly motivated by their non hygroscopic nature, as opposed to
the case of many short-chain ionic liquids that readily absorb
water from air leading to poorer electrochemical properties. Across
the series of alkyl-methylimidazolium ionic liquids, [Cemim][Cl] is
known to be the 'transitional ionic liquid’, showing surface activity
but no self-assembly in water, while [C,mim][Cl] ionic liquids with
n>8 form micelles in water. Going further with the chain length,
Im-SAILs can form liquid crystalline phases, as observed in e.g. [C,-
mim][Br] when n>12 [4,6-9]. The ability of Im-SAILs to assemble
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can be extremely useful for applications; as a prominent example
Su et al. have shown that the amphiphilic assembly of Im-SAILs
leads to characteristic maxima in the differential capacitance [3].

Protic ionic liquids (PILs) are another subset of ionic liquids,
that possess an acidic proton typically on the cation. They are pre-
pared by a neutralization reaction between a Bregnsted acid and a
Brensted base with sufficiently high ApK, [10]. Based on the ease
of this synthesis, PILs are often highlighted for being more afford-
able than their aprotic counterparts and hence advantageous for
use in applications, e.g. as lubricants or electrolytes in supercapac-
itors [10-12]. However, the unique chemical structure of PILs, with
the exchangeable protons, offers more functionalities; as an exam-
ple, Xiao et al. have shown that the cycloaddition of CO, to epox-
ides can be catalysed by PILs with the reaction yield depending
on the Hammett acidity [13]. Another crucial structural feature
of PILs is the ability of the cation to form extended hydrogen-
bonded networks with anions or other neutral compounds that
can provide proton acceptor sites. These hydrogen-bonded net-
works may support a decoupled proton motion, such that the ionic
conduction can occur not only by the vehicular mechanism (the
charge being carried by the molecular species) but also by the
Grotthuss or hopping mechanisms (the proton moving faster than
the molecular species) [14]. Therefore, PILs are also extensively
studied as proton conducting compounds for use in hydrogen fuel
cells and other electrochemical devices [10].

For some applications (e.g., heterogeneous catalysis, solid-
phase micro-extraction, and ion-conductive membranes), confine-
ment of the ionic liquid into a solid (porous) matrix is a common
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approach to overcome the limitations that originate from the
intrinsic liquid nature of ionic liquids [5,15-18]. In addition, it
has been proven that ionic liquids can show improved performance
upon confinement, due to the different chemical and steric envi-
ronment provided by the matrix (e.g., higher catalytic activity
and faster charge transport) [16,19]. For instance, Garaga et al.
have achieved enhanced proton mobility by confining the [HCg-
Im][TFSI]/imidazole liquid mixture in the pores of hydrophobized
mesoporous silica, a result that was rationalized by the occurrence
of chain-chain assembly involving the octyl tails of the Im-SAIL and
the octyl groups of the silica pore walls [19].

In parallel to the increased research activity aimed to under-
stand the structure-properties correlation in ionic liquids under
confinement, various confining methods have also been developed.
IL/silica hybrid materials, in which the ionic liquid is confined in
the meso- or macro-pores of the silica matrix, can be prepared
by in situ synthesis during which the confining matrix evolves in
the presence of the ionic liquid [5,18]. An alternative way is by
impregnating the pre-synthetized porous solid matrix with the
ionic liquid of choice [5,18,20,21]. The former has indeed the
advantage of being a one-step method, although templating silica
with ionic liquids is not straightforward. Imidazolium based ionic
liquids have drawn increasing attention as suitable soft-
templates for the realization of mesoporous silica structures,
enabling to tune the pore morphology by the reaction condition
and the molecular structure of the ionic liquid itself [22-28]. For
example, [C,mim][BF,4] ionic liquids with an intermediate chain
length (n = 4, 6, 8) can be used to form non-ordered, worm-like
pores in monolithic amorphous silica under acidic conditions
[24,25], whilst for more ordered pore structures [C,mim][Cl] ionic
liquids with longer chains are needed. Under acidic conditions, the
lamellar structure in monolithic silica can be achieved using [C,-
mim][Cl] with long chains (n = 14-18) [23,27]. Under basic condi-
tions, on the other hand, [C,mim][C]l] with n = 8-12 form worm-
like pores, while the longer chain ionic liquids [C;4smim][Cl] and
[Ciemim][Cl] do form ordered hexagonal structures [26,29]. The
ionic liquid [C;emim][Cl] is suitable to form hexagonally ordered
channel-like pores not only in monolithic silica, but also in thin
films of silica during the electrochemically assisted self-assembly
(EASA) that results in vertically aligned pores [30]. Such vertical
alignment is especially advantageous for applications in which
transport phenomena have an important role. It is noteworthy that
even though the EASA method is used for the synthesis of thin
films (as is the case of this study), with sufficiently long deposition
times the formation of templated silica particles aggregating on the
film’s surface can also be observed [28,31].

This study aims to explore the possibilites and limitations of
protic and aprotic SAILs when used to template thin films of silica
via the EASA method. To investigate the effect of the chain length
on the templating behaviour, the ionic liquid series [C,mim][Cl]
with n varied from 12 to 16 was considered, while the incorpora-
tion of the protic head was studied using [HC;¢Im][Cl]/[C;gmim]
[Cl] mixtures of different composition. The synthetized materials
were chemically and morphologically characterized by GISAXS,
Infrared spectroscopy and cyclic voltammetry.

2. Experimental

For the synthesis of the ionic liquid-templated meso-
porous silica thin films, the following reagents were used:
tetraethyl orthosilicate (TEOS, 98%, Sigma-Aldrich) as the
precursor; ethanol (EtOH, 99.5%, Solveco) as the co-solvent;
sodium nitrate (NaNOs, 99%, Sigma-Aldrich) as the salt elec-
trolyte; and 0.1 M HCl in aqueous solution (HClgy), VWR)
for pH adjustment. As silica templates, various ionic liquids
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were used, including aprotic and protic ones; the aprotic
ionic liquids were 1-hexadecyl-3-methylimidazolium chloride
(C1gmimCl, >98%, lolitec - Ionic Liquid Technologies GmbH),
1-tetradecyl-3-methylimidazolium chloride (Cy;4ymimCl, >98%,
Iolitec - Ionic Liquid Technologies GmbH) and 1-dodecyl-3-
methylimidazolium chloride (C;omimCl, >98%, Iolitec - Ionic
Liquid Technologies GmbH), while the protic ionic liquid
was 1-hexadecylimidazolium chloride (HC;gimCl, >98%, Iolitec
- lonic Liquid Technologies GmbH). For the extraction of the
templating ionic liquid from the pores, an ethanol solution
of 0.1 M HCl was used, prepared by dilution of nominally
25 M HC in ethanol (HClgon), Alfa Aeasar). The redox-
probes wused during cyclic voltammetry were hexaam-
mineruthenium(Ill)  chloride  ([Ru(NH3)g]Cls, 98%, Sigma
Aldrich), potassium hexacyanoferrate(lll) (Ks[Fe(CN)g], >99.0%,
Sigma-Aldrich), and o-methylferrocenemethanol (FcMeOH,
97%, Sigma-Aldrich). For cleaning the gold substrate, a 32%
ammonia solution (NH4OH, Sigma Aldrich) and a 30% hydro-
gen peroxide solution (H,0,, Sigma-Aldrich) were used;
while for the surface treatment (3-mercaptopropyl)
trimethoxysilane (MPTMS, 95%, VWR) was used. All aqueous
solutions were prepared with Milli-Q water.

2.1. Sample preparation

The synthesis of the ionic liquid (IL)-templated mesoporous sil-
ica thin films was carried out via the electrochemically assisted
self-assembly (EASA) method [32,33], depositing the films over
an ITO-covered glass slide (surface resistivity of 8-12 Q, Delta
Technologies) or a gold-covered glass chip (Sofchip, Cat. No.
1000004-3). The gold electrode was carefully cleaned and surface
treated before use. During cleaning, the gold chips were sub-
merged in a 1:1:5 (V/V) mixture of 32% NH,0H:30% H,0,:Milli-Q
water at 80-90 °C for 10 min, then rinsed with Milli-Q water and
blown with nitrogen. The surface treatment with MPTMS was car-
ried out as described by Sibottier et al. [33]. The reaction solution
for silica deposition contained 100 mM TEOS, 0.1 M NaNOs, and
0.32 mM or 0.50 mM of the templating IL(s) (as summarized in
Table 1) in a 40 ml ethanol:water (1:1) mixture, and was adjusted
to pH 3 with 0.1 M HCl 4. To ensure the prehydrolysis of TEOS, this
solution was stirred for 2.5 h at room temperature.

The silica films were deposited from the hydrolysed reaction
solution potentiostatically on the cathodic working electrode, in
a three-electrodes cell using various potentials and deposition
times, as listed in Table 1; for this electrochemical deposition a
Gamry Interface 1000E potentiostat was used. The working elec-
trode was an ITO-covered glass slide or a gold-covered glass chip,
while a silver wire was used as the pseudo-reference electrode
and stainless steel as the counter electrode. It is important to note
that deposition over gold substrates could not be achieved at
—1.55 V, and the applied voltage had to be increased to —1.60 V
instead. The currents delivered during deposition were always
recorded; as an example, the typical amperometric curves
obtained during EASA using an ITO substrate and different alkyl-
methylimidazolium ionic liquids are presented in Figure S1.

After deposition, the films were rinsed with water, blown with
nitrogen gas, and aged overnight at 130 °C in a vacuum oven. For
some of the samples, the extraction of the ionic liquid was carried
out by immersing the deposited film into a 0.1 M HClgon) solution
for 20 min, followed by rinsing with pure ethanol and drying for
2 h in a vacuum oven at 90 °C. For consistency and clarity in the
discussion that follows, the extracted films are labelled 'E’ while
"NE’ is the label for the not-extracted films.
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Table 1
Sample names and other important parameters related to their synthesis.
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Sample name Templating IL IL/TEOS ratio Substrate Deposition voltage Deposition time
mol:mol
MC12 051 C1o2mimCl 0.50 ITO -155V 25s
MC14 0.5 1 C14mimCl 0.50 ITO -155V 25s
MC16 0.5 1 CigmimCl 0.50 ITO -155V 25s
MC16 0.5 G CigmimCl 0.50 gold -1.60 V 20s
MC16 0.32 G C16mimCl 0.32 gold -1.60V 20s
10H/MC16 032 G 10 mol% HCyimCl 0.32 gold -1.60 V 20s
90 mol% C;gmimCl
30H/MC16 0.32 G 30 mol% HC;6imCl 0.32 gold -1.60 V 20s

70 mol% CygmimCl

2.2. Infrared spectroscopy

The Infrared spectra of the thin mesoporous films were col-
lected with a PerkinElmer Fourier transform Infrared (FT-IR) spec-
trophotometer using a Spectra-Tech FT-80 Fixed 80 °C Grazing
Angle Accessory with all-reflective optical design, including gold
mirrors that allow obtaining transmission spectra of the thin films.
The measured spectral range was from 4000 cm~' to 400 cm™!, and
the spectral resolution was 4 cm™!. For each experiment, 64 scans
were collected and averaged while the spectrum of an ITO sub-
strate without any deposited film on it was used as a reference
for the background subtraction. The Infrared spectra of the pristine
ionic liquids were obtained in the ATR (attenuated total reflec-
tance) mode using a GladiATR accessory with a single-reflection
diamond crystal (Pike Technologies). The measured spectral range
was from 4000 cm~! to 400 cm™', the resolution was 4 cm~!, and
32 scans were collected and averaged for each acquisition. For pre-
sentation purposes, all the recorded Infrared spectra were baseline
corrected and then normalized to the highest absorption peak
observed.

2.3. X-ray scattering

The pore morphology of the thin films was studied with grazing
incidence small angle X-ray scattering (GISAXS) measurements,
performed on a Mat:Nordic instrument from SAXSLAB/Xenocs.
The incident X-ray beam was generated by a Cu-radiation source
and focused with a Micro-Max 003 X-ray generator from Rigaku.
The scattered rays were collected with a Pilatus 300 K detector
from Dectris. The samples were placed on a GISAXS holder and
aligned before each measurement, first automatically and then
manually for a higher precision. The sample-to-detector distance
was set to 314 mm, the incidence angle to 0.2°, and the exposure
time to 6 h. The collected 2D scattering patterns were further pro-
cessed with the SAXSGUI (Rigaku) software, and the horizontal
integration of intensities between q,=0.01 A~! and q,=0.05 A~!
are presented as a function of q, (the horizontal integration of
the 2D X-ray scattering pattern is shown for one example sample
in Figure S2). To determine exact peak positions, the data were fur-
ther processed by multi-peak fitting in the Igor software using
Voigt components. The cell parameters were determined from
the size of the scattering objects based on their observed structural
correlation length, d, where d = 27/q ., and g, i the position of
the scattering peak [34].

2.4. Cyclic voltammetry

The permeability of the deposited films was investigated by
cyclic voltammetric measurements using various coordination
compounds as redox-probes, selected to have different and charac-
teristic electrochemical properties. More precisely, the positive
redox-probe hexaammineruthenium(Ill) chloride ([Ru(NHs3)s]Cl3),

the negative redox-probe potassium hexacyanoferrate(Ill) (K3[Fe
(CN)s]), and the neutral redox-probe «-methylferrocenemethanol
(FcMeOH) were used. All measurements with the different redox-
probes were carried out in a three-electrodes system containing
a stainless steel counter electrode, a Ag/AgCl reference electrode
(Pine Research Instrumentation, Inc.), and a bare ITO plate or an
ITO plate with the deposited silica film on it as the working elec-
trode. The aqueous electrolyte contained 0.5 mM redox-probe
and 0.1 M NaNOs, while the contact area of the working electrode
with the electrolyte solution was 0.2 cm? (defined by the size of the
o-ring used to seal the electrochemical cell). The voltammogram
curves were recorded with a Gamry Interface 1000E potentiostat
at a scan rate of 20 mV/s.

3. Results and discussion
3.1. Decreasing the alkyl chain length

Based on chemical, morphological and permeability characteri-
zation, we find that it is possible to template thin films of meso-
porous silica, synthetized via the electrochemically assisted self-
assembly (EASA) method with alkyl-methylimidazolium based
ionic liquids bearing a shorter alkyl chain than the ionic liquid pre-
viously reported, i.e. hexadecyl-methylimidazolium chloride (Cqg-
mimCl) [28]. More precisely, we find that decreasing the length
of the alkyl chain in the templating alkyl-methylimidazolium ionic
liquid from hexadecyl (Cyg) to tetradecyl (Cq4) still results in the
formation of vertically aligned channel-like mesopores extending
through the entire film thickness, whereas an abrupt loss of the
templating function was observed when the alkyl chain of the ionic
liquid was decreased to the dodecyl group (C;3).

Infrared spectroscopy. The Infrared spectra of the silica films
synthetized using alkyl-methylimidazolium ionic liquids with dif-
ferent alkyl chain lengths are shown in Fig. 1, along with the spec-
tra of the corresponding, bulk ionic liquids. The characteristic
Infrared absorption peaks of the C;gmimCl and C;4,mimCl ionic liq-
uids originate from the symmetric and antisymmetric C-H stretch-
ing modes in the alkyl chain (2960-2850 cm™') and from the
bending modes in the imidazolium ring (1570 cm~!, 1170 cm ™).
The appearance of these vibrational modes also in the spectra of
the corresponding silica thin films (i.e., the NE samples) demon-
strates the presence of these ionic liquids in the deposited films
[28,35]. Furthermore, the drastic decrease of these absorption
peaks upon extraction (E samples) confirms the effective removal
of the templating ionic liquid and indicates that instead of being
immobilized in the silica network, the ionic liquids are in the pores
and thus accessible to the extraction solution. Contrarily to the
cases of C;gmimCl and C;4,mimCl, the shorter chained ionic liquid
Ci>mimCl is not incorporated in detectable amounts into the silica
thin film during EASA, as can be concluded from the absence of the
characteristic peaks of C;,mimCl in the Infrared spectrum of the
corresponding film (top-most traces in Fig. 1).
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Fig. 1. Infrared spectra of the silica thin films synthetized using alkyl-methylimi-
dazolium ionic liquids with varying chain lengths. The annotation 'NE’ stands for
samples before extraction (i.e., not-extracted) while 'E’ stands for extracted
samples. The Infrared spectra have been vertically offset for a clearer visualization.

A number of overlapping absorption peaks are observed in the
spectral region 1250-1000 cm~! of the infrared spectra recorded
for the silica thin films; these are characteristic of sol-gel derived
silica networks and reveal that during EASA the silica deposition
proceeded in the presence of all the three investigated alkyl-
methylimidazolium ionic liquids. Even though all the deposited
films show to consist in an amorphous, condensed siliceous net-
work, the characteristic vibrational modes of silica show distinc-
tive differences; in particular, the Infrared spectrum of the film
deposited using CiomimCl is slightly different than the spectra
recorded for the films prepared using either C;ymimCl or Cig-
mimCl. The latter two spectra are also similar to the spectrum of
CysmimCl-templated films previously reported by us [28].

A more elaborated description of the structural features of the
synthetized silica thin films can be retrieved from the recorded
Infrared spectra, although the peak assignment of the 1250-
1000 cm™! region is not straightforward [36-39]. One important
detail is the absence of the absorption peak at 1100 cm~' in the
spectrum of the MC12 0.5 I NE sample, a peak that is characteristic
of the stretching modes of siloxane bonds in linear silica units [38].
Bjork et al. have recently reported an in situ Infrared spectroscopic
study during silica condensation, revealing that as the condensa-
tion proceeds the stretching vibration peak of linear silica units
decreases simultaneously to the increase of the absorption peak
at 1200 cm ™}, attributed to the stretching modes of sixfold silica
rings [38]. It can thus be proposed that the higher ratio between
the Infrared absorption at 1200 cm~! and that at 1100 cm ™! indi-
cates that the MC12 0.5 I NE sample consists of a more condensed
and/or continuous silica network than the MC14 0.5 I NE or the
MC16 0.5 I NE samples. This can also explain the slight relative
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decrease of the absorption peak at 1100 cm™! upon extraction,
since this is performed at acidic pH followed by mild heat treat-
ment, which both can promote further condensation of unreacted
silanol and ethoxy groups. Also notable is the blue shift of the men-
tioned vibrations after extraction, which indicates a moderate
increase of the average Si-O-Si angles in the silica network [40].
In addition, it is important to remind that besides these two vibra-
tional modes other vibrations should be considered, for instance
those contributing at 1040, 1160, and 1250 cm™! arising from
other stretching modes of the siloxane bonds in the silica network
[36-38,40].

Moreover, silanol groups are part of the siliceous network as
revealed by the characteristic absorption peak at 950 cm™! attrib-
uted to Si-OH stretching. These hydroxyl groups contribute also
around 3500 cm™~! (SiO-H stretching), a region that overlaps with
the O-H stretching modes of water. Further, the presence of
absorbed water is also indicated by its characteristic mode at
around 1630 cm™! assigned to H-O-H bending [36].

GISAXS. The X-ray scattering patterns collected from the stud-
ied thin films reveal distinct differences in the pore morphology
between the samples, in agreement with the results from Infrared
spectroscopy. The thin films templated by C;4smimCl and C;gmimCl
show similar patterns and a pore structure consisting of hexago-
nally ordered, vertically aligned channel-like mesopores, while
the use of C;;mimCl during EASA does not result in such a porous,
ordered structure, see Fig. 2 (and Table S1). Moreover, an impor-
tant structural feature is that the cell parameter of the film tem-
plated by C;smimCl is smaller than that of the film templated by
CysmimCl, which reflects mesochannels with a smaller pore diam-
eter [41].

Among the peaks appearing along the horizontal axis of the 2D
scattering pattern of the films templated by C;4ymimCl and Cy6-
mimCl, presented in Fig. 2, the following ones can be assigned to

(10) — C1605INE
a, ---C16051E
C1405INE
C14051E

C1205INE

Intensity (a. u.)

L B B B A LR LRSI BN
0.1 0.2 0.3 04 05 06

q, (A"

Fig. 2. X-ray scattering intensities integrated along the horizontal axis attained
from the 2D scattering patterns recorded for different mesoporous silica thin films.
The annotation 'NE’ stands for samples before extraction (i.e. not-extracted) and 'E’
for samples after extraction.
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the Miller indices of the long-range hexagonally ordered pore
structure formed: q,(10), q3(11), q4(20), and qgs(21), which have a

peak position ratio of 1:v/3 : V4 : v/7 characteristic of the hexago-
nal p6m symmetry of the channel-to-channel spacing [42,43].
The cell parameter of the C;gmimCl-templated silica films is
4.4 nm, while the change of the templating ionic liquid to Cq4-
mimCl resulted in a cell parameter decreased to 4.0 nm. Referring
to the work of Zienkiewicz-Strzaka et al., and considering that the
ratios of the scattering intensities of the (11) and (20) reflections
(i.e., the ratio I(11)/I(20)) are very close in the C;gmimCI- and the
Ci4mimCl-templated films (1.01 and 1.11 respectively), it can be
concluded that the morphology of the pores and the silica walls
is similar; the only difference being the smaller unit cell parameter
and hence an overall smaller pore structure [41].

In addition, the scattering intensity peaks superimposed on the
peaks of the planar hexagonal lattice reflections, namely the peaks
labeled q» and gg in Fig. 2, originate from the porous silica particles
located on top of the films’ surface (see also SEM images in Fig-
ure S3) [28,43]. The formation of such particles is common during
the EASA synthesis of silica thin films, as a consequence of the pH
gradient formed at the surface of the working electrode resulting in
the condensation of silica also in the bulk of the reaction solution
close to the surface [43]. The ratio between the peak areas belong-
ing to q; and g, was calculated to be lower for the Cy4ymimCl-
templated silica film than for the C;gmimCl-templated one (A{/A,
in Table S1), which can possibly be rationalized by a relatively
lower amount of particles on top of the C;ymimCl-templated silica
film. Sample-to-sample differences may be expected although the
SEM images of the samples presented in Figure S3 do not reveal
major variations. Also, a systematic increase of the A;/A, value
after the extraction procedure is noticed, which indicates a partial
removal of the particles from the film’s surface.

Differently to the case of using C;4mimCl or C;gmimCl, the use
of the shorter chain ionic liquid C;2mimClI resulted in a silica film
whose X-ray scattering pattern does not show any of the intensity
peaks characteristic of the hexagonally ordered, vertically aligned
mesochannels. In the full scattering range associated to the
nanometer-scaled correlation lengths, the 2D scattering pattern
of the C12 0.5 I NE sample contains only one weak-intensity ring
with a peak maximum at 0.19 A~! (d = 3.4 nm). The assignment
of this peak is not straightforward as it can arise from both the sil-
ica network and the chain-chain separation of the self-assembled
ionic liquid, which may be present in trace amounts (thereby not
detectable by Infrared spectroscopy). Interestingly, the SEM images
(see micrographs in Figure S3) seem to reveal a lower amount of
particles on the surface of this film than in the case of C;4mimCl
and C;gmimCl-templated films. Altogether, all these results are in
line with those achieved by Infrared spectroscopy, suggesting that
the silica film deposited via EASA using C;,mimCl consists of amor-
phous and condensed, but non-porous silica.

Cyclic voltammetry. As an additional characterization method
to reveal the pore morphology in the silica thin films, cyclic
voltammetry with various redox-probes has been applied, which
provides information on the permeability of the films, Fig. 3. The
CiemimCl-templated silica thin film containing hexagonally
ordered, vertically aligned channel-like pores filled with the ionic
liquid is not permeable to the positively charged [Ru(NHs5)s]**
and negatively charged [Fe(CN)s]>~ redox-active complexes. In
other words, the lack of redox-peaks reveals that the diffusion
pathway towards the ITO electrode is blocked by the deposited
film. Thus, before extraction the C;gmimCI-templated film behaves
as an insulator layer for both positive and negative redox-probes
revealing that the deposited film covered the entire contact area.
However, the neutral redox-probe c«-methylferrocenemethanol,
having a Fe(lll)-ion complexed with cyclopentadienyl rings, is
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likely to solubilize in the apolar phase of the assembled ionic liquid
located in the pores, hence able to reach the ITO electrode giving
rise to a shifted, but strong oxidation peak [44]. After extraction,
the positive redox-probe and the neutral-redox probe can pass
through the silica film via the emptied mesochannels, resulting
in reduction and oxidation peaks on the cyclic voltammetric curves
that resemble the current response measured with a bare ITO sub-
strate. This behaviour is similar to that previously reported for Cyg-
mimCl-templated [28] and CTAB-templated [32,44] silica films. On
the other hand, the negative redox-probe [Fe(CN)s]*~ could not
reach the ITO electrode even after extraction, which is explained
by the negatively charged silica pore walls repelling this redox-
probe, again indicating a good coverage of the film [44].

Although the C;ymimCl-templated and C;gmimCl-templated
silica thin films show similar vibrational spectra and X-ray scatter-
ing patterns, there is a slight difference in their cyclic voltammetric
response. Specifically, on the cyclic voltammetric curves obtained
with the [Ru(NH;)g]>* solution the non-extracted C;,mimCl-
templated silica film deposited on the ITO electrode shows small
but measurable current peaks of reduction and oxidation, suggest-
ing defects in the film. Considering that before the extraction of the
film the oxidation peak of the neutral redox-probe FcMeOH is
shifted, reflecting a hindered diffusion, and that after extraction
the [Fe(CN)s]*~ does not show Faradaic currents, it can be pro-
posed that instead of larger damages (for example macroscopic
scratches) the size of the defects in the film is rather comparable
to the size of the used redox-probes. Thus, based on the work of
Sibottier et al. [33], the higher current of the voltammetric curve
measured with the [Ru(NH3)g]** solution for the non-extracted
Cy4mimCl-templated silica film can indicate that the film is thinner
and more permeable possibly due to a slower growth in the pres-
ence of C;smimCl.

Judging from the cyclic voltammetric results, the formation of a
highly condensed, continuous silica film has been found when the
silica is deposited via EASA in the presence of C;,mimCl. Indepen-
dently of the type of redox-probe used, no Faradaic currents were
measured neither before nor after the extraction procedure, show-
ing that the silica film acts as an insulating layer on top of the ITO
electrode.

The abrupt loss in templating function of alkyl-
methylimidazolium ionic liquids when the alkyl chain is decreased
to the length of a docedyl group is congruent with previous studies
carried out on EASA with alkyl-trimethylammonium bromide
(alkyl-TAB) compounds by Goux et al. [45]. That is, while C;,TAB
can still form hexagonally-ordered and vertically-aligned
mesochannels in the deposited silica film, in the presence of
C1,TAB the silica film is described to be mesostructurally not
ordered. An interesting similarity between the C,mimCl and C,TAB
families is that their critical micelle concentrations (cmc) are very
close: 4 mM for both C;;mimCl and C;4TAB, while 15 mM for C;,-
mimCl and 16 mM for C;,TAB [7,46,47]. Thus, it can be concluded
that there is a correlation between solubility and pore-forming
function of the templating amphiphile; nevertheless there are
other vital factors that also determine the formation of a meso-
porous silica structure, such as the interaction between the silica
precursor and the templating agent [28].

3.2. Changing the substrate

Changing the deposition substrate from ITO to gold is just as
viable in the case of C;gmimCl-templated silica films as for CTAB-
templated ones [33]. In fact, the same pore morphology is
obtained, consisting in hexagonally-ordered and verically-aligned
mesopores throughout a continuous film of amorphous silica. By
comparing the C;gmimCl-templated films deposited on either ITO
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Fig. 3. Cyclic voltammetric curves recorded with a positive redox-probe [Ru(NH3)s]Cl; solution (A-B), a negative redox-probe K3[Fe(CN)g] solution (C-D), and a neutral redox-
probe FcMeOH solution (E-F) using a bare ITO electrode and ITO electrodes covered with the IL-templated silica thin films, before (A, C, E) and after (B, D, F) extraction of the

ionic liquid.

or a gold substrate at different settings (samples MC16 0.5 I, MC16
0.5 G, and MC16 0.32 G) we observe that their Infrared spectra are
so similar that they must arise from the same type of silica net-
work (see Fig. 1 and Figure S4; the detailed analysis of the vibra-
tional absorption peaks related to the ionic liquid and the silica
network has already been discussed above). Furthermore, C;g-
mimCl is present as a templating agent and can be removed upon
extraction. Their cyclic voltammetric curves are also similar, show-
ing that the films are continuous and that after removal of the ionic
liquid the emptied mesochannels are permeable to the positive
and neutral redox-probes (see Fig. 3 and Figure S5). A minor, but
measurable difference between these samples is that even though
they all consist in hexagonally-ordered mesochannels, the cell
parameter increases slightly by changing the substrate from ITO
to gold and by decreasing the IL/TEOS ratio (see Figure S6 and
Table S2). Interestingly, it can be observed that for the samples
with a higher cell parameter the current recorded during deposi-
tion was higher, Fig. 4. Since during EASA the electric current
drives water electrolysis resulting in a pH gradient close to the
electrode’s surface, it can be speculated that the higher current is
related to a higher pH at the electrode hence influencing the
base-catalyzed condensation of the silica network and the pore
formation.

3.3. Mixing protic and aprotic Im-SAILs

Based on the chemical and morphological characterization, we
find that the protic ionic liquid HC;¢imCl does not function as a
templating agent during EASA of silica thin films. To arrive at this
conclusion, the EASA method was tested using HC;imCl/C;gmimCl
mixtures of different composition, see also Table 1. First of all, it is
important to mention that the reaction solution containing solely
HC;6imCl as the templating ionic liquid could not be prepared at
all, as the necessary amount of HC;4imCl did not dissolve and the

0.0 1
-0.2 H
0.4
< o6
€
2 08
3
O
-1.0 -
-1.2
1.4 — C16051
14 — C1605G
3 — C160.32G
-1.6x10 T T T T T 1
0 5 10 15 20 25

Time (s)

Fig. 4. Current delivered during the deposition of silica thin films via the EASA
method. The applied voltage was —1.55 V in the case of deposition onto ITO (MC16
0.51)and —1.60 V in the case of deposition onto a gold substrate (MC16 0.5 G, MC16
0.32 G).

reaction solution remained opaque. The following depositions
were therefore carried on using this protic ionic liquid mixed with
the aprotic ionic liquid C;gmimCI (already known to have a tem-
plating function).

While synthetizing silica thin films in the presence of 0, 10, and
30% of HC;4imCl in the HC;4imCl/C;gmimCl mixture, a net change
in the type of obtained silica network and pore morphology was
observed upon increasing the HC;5imCl content. Samples prepared
with 0% (C16 0.32 G NE) and 10% (10H/MC16 0.32 G NE) of HCy6-
imCl in the HC;6imCl/C;gmimCl mixture show similar Infrared
spectra (see Figure S7) and X-ray scattering patterns (Fig. 5 and
Table S3). In the spectral region 1250-1000 cm~, the Infrared
spectra show the characteristic absorption peaks of amorphous sil-
ica networks, similarly to the case of the C;gmimCl-templated films
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Fig. 5. X-ray scattering intensities integrated along the horizontal axis of the 2D
scattering patterns of mesoporous silica thin films deposited with the EASA method
in the presence of varying HC;6imCl/C;smimCl mixtures.

discussed above. Also, upon extraction the spectral changes indi-
cate a further condensation of the silica network. The strong
absorption peaks arising from the hexadecyl-chain appear in the
spectra of both sample C16 0.32 G NE and sample 10H/MC16
0.32 G NE; however for the latter the presence of the protic ionic
liquid HCy6imCl could not be explicitly confirmed. Interestingly,
the X-ray scattering of these two samples show that they are not
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only identical, with respect to the hexagonally-ordered and
vertically-aligned channel-like pores, but also have equal cell
parameters within the measurement’s error. Despite this morpho-
logical equivalence, the cyclic voltammetric response of these two
samples is different, Fig. 6. More precisely, in the case of the sam-
ple 10H/MC16 0.32 G smaller currents were recorded from the
redox reactions of the positive and neutral redox-probes, despite
results from Infrared spectroscopy confirm a successful extraction.
Since the presence of particle aggregates on the top of the film is
not excessive (based on the A;/A; value reported in Table S3) and
the CV curve recorded with the negative redox-probe indicates
an intact film, the recorded small currents of positive and neutral
redox-probes may originate from a slower mass transport through
the pores, which in turn can be related to a lower porosity [45] or
obstructed pores.

By contrast, when the templating ionic liquid mixture contains
30% of HC;6imCl, namely in the case of sample 30H/MC16 0.32 G
NE, the Infrared absorption spectrum of the silica network shows,
in the region 1250-1000 cm ™!, features resembling those of a non-
porous, more condensed silica film (compare Figure S7 with Fig. 1).
Nevertheless, the presence of the ionic liquid within the structure
is evidenced by the alkyl chain absorption peaks, that disappear
upon extraction revealing that the incorporated ionic liquid is
not immobilized within the silica network. Similarly to sample
10H/MC16 0.32 G NE, also for sample 30H/MC16 0.32 G NE the
co-presence of the protic HC;gimCl and the aprotic C;gmimCl could
not be verified. In the same time, the X-ray scattering pattern does
not show the formation of hexagonally-ordered, vertically-aligned
channel-like pores but rather non-ordered scattering intensities
with nanometer-scale correlation lengths of 4.0 nm, 2.7 nm, and
1.4 nm. These can originate from the electron-density contrast of
apolar/polar nanostructuration of self-assembled ionic liquids but
also possible repetitiveness of these assemblies. In addition, cyclic
voltammetric measurements showed that even though the ionic
liquid forms pores within the silica film, these do not extend
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Fig. 6. Cyclic voltammetric curves recorded in a positive redox-probe [Ru(NHj3)s]Cl; solution (A-B), negative redox-probe Ks[Fe(CN)g] solution (C-D), and neutral redox-probe
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Fig. 7. Current delivered during the deposition of silica thin films via the EASA
method in the presence of HC;5imCl/C;gmimCl mixtures, showing the cases of 0%,
10% and 30% of HC;6imCl. The arrow indicates an additional current observed
solely when using the protic ionic liquid.

through the entire thickness of the film as the redox-probes can
not reach the ITO electrode, Fig. 6.

Based on these results, it can be concluded that the protic ionic
liquid HC;4imCl does not contribute with an own templating func-
tion under the reaction conditions of the EASA method investi-
gated here. Indeed, the increased ratio of HCi;simCl in the
HC;6imCl/C;gmimCl mixture resulted in a progressively less
ordered pore structure. In a previous work published by us, it
was suggested that when C;gmimCl forms channel-like pores in
the silica network deposited via EASA the C;gmim” cation is elec-
trostatically attracted to the network-forming and negatively
charged silicate oligomers, which is vital for the entire templating
process [28]. Based on this, the unsuitability of the HC;gimCl can be
rationalized by the deprotonation of the imidazolium head, which
may occur before or during EASA. The former case is compatible
with the observed lower solubility of HC;5imCl as discussed above,
while the latter is suggested based on the nature of the recorded
chronoamperograms, Fig. 7. These chronoamperograms are in sup-
port for the latter case (i.e. deprotonation during EASA), since for
the 30H/MC16 0.32 G sample they display an additional current
during the first 5 s of deposition. This indicates the superposition
of another reduction reaction (along with water electrolysis),
which may plausibly originate from the reduction of the HC;gim"
cations [48].

4. Conclusions

Through this work, we have been able to fill a previous knowl-
edge gap regarding the suitability of long-chain ionic liquids, i.e.
Im-SAILs, as templating agents during the formation of meso-
porous structures. More specifically, we have considered the syn-
thesis of porous thin films with vertically oriented and
hexagonally ordered mesochannels. A variety of alkyl-
imidazolium ionic liquids have been used with the aim to under-
stand the effect of varying (i) the alkyl chain length, (ii) the metal
substrate and (iii) the protic/aprotic character of the ionic liquid.
The main results are summarized below.

Infrared, X-ray and voltammetric results clearly converge and
allow stating that both C;gmimCl and C;4,mimCl are efficient tem-
plating agents, while C;,mimCl fails in providing this function. This
finding is in absolute line with what had been found for the CTAB
family before. An interesting detail is that the cell parameter, and
hence the pore size, decreases consistently with the shorter chain
length, i.e. when changing C;gmimCl for C;4mimCl. This result
implies that the pore size in mesoporous materials can be fine
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tuned by choosing the appropriate alkyl-methylimidazolium ionic
liquid. With respect to the type of substrate used during deposi-
tion, we find that when using the ionic liquid C;gmimCl morpho-
logically equivalent thin films can be deposited on both gold and
ITO. However, the cell parameter of the hexagonally ordered pores
increases with the cathodic current recorded during EASA. Finally,
the possible role of a long-chain and protic ionic liquid as a tem-
plating agent has been investigated. By using mixtures of HC;gimCl
and C;gmimCl we find that an increasing amount of the protic ionc
liquid HC;6imCl has a negative effect on the pore ordering. This
inefficiency may be correlated to the electrochemical instability
of this protic ionic liquid under the cathodic potential used for
deposition (-1.6 V on gold), which may cause the reduction of
the imidazolium cations.
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