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Nanoconfined imidazolium ionic liquids
Long-chain ionic liquids as electrolytes and templates
SZILVIA VAVRA

Department of Chemistry and Chemical Engineering
Chalmers University of Technology

ABSTRACT

Long-chain ionic liquids are attracting interest as alternatives to their short-
chain analogues as electrolytes. At the same time, they are also considered as
alternatives to mesogens and conventional surfactants as templates. Interestingly,
the nanoconfinement of long-chain ionic liquids in a solid and porous matrix (to
result in a macroscopically solid hybrid material) can in some cases result in
improved properties. This is due to the different chemical and steric environment
to which the ionic liquid is exposed in confinement.

In this work, the effect of nanoconfinement on the mechanism of proton trans-
port and the capacitive behaviour of the protic ionic liquid HCgimTFSI
(1-octylimidazolium bis(trifluromethane-sulfonyl)imide) was studied. With this
aim, proton conduction was investigated by broadband dielectric spectroscopy
and pulsed-field gradient nuclear magnetic resonance spectroscopy, considering
a mixture of imidazole and HCgimTFSI inside hydrophobised mesoporous silica.
Results show that even inside narrow pores only ca 5 nm wide, the self-diffusion
of the confined ionic liquid is unrestricted, due to weak interactions between the
cations and the pore walls. By contrast, when pure HCgimTFSI was confined
in the pores of hydrophilic silica, ca 3.5 nm wide, results from electrochemical
impedance spectroscopy combined with equivalent circuit modelling indicated a
high in-pore resistance. A further important finding is that at the in-pore protic
ionic liquid/electrode interface an increased specific capacitance was measured,
suggesting a higher charge density than for the interface between the electrode
and the bulk protic ionic liquid.

Another aspect that has been considered in this thesis, is the ability of long-
chain ionic liquids to function as a templating agent. The templating mecha-
nism, the limitations associated to the chemical structure and the resulting pore
morphology have been investigated. Results have revealed that tetradecyl- and
hexadecyl-methylimidazolium cloride are suitable soft-templates for the formation
of vertically aligned, uniform, channel-like pores, running through the entire thick-
ness of a silica film deposited with the electrochemically assisted self-assembly
method. By contrast, dodecyl-methylimidazolium cloride as well as the protic
analogue hexadecyl-imidazolium cloride do not show a templating function under
the investigated synthetic conditions. In all cases studied, the mechanism of pore
formation is critically discussed.

Keywords: protic ionic liquids, surface active ionic liquids, nanoconfinement,
oriented and parallel nanochannels
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1 Introduction

Tonic liquids (ILs) have been drawing attention as ion conductive electrolytes
with potential applicability in electrochemical devices, e.g. supercapacitors and
fuel cells. This interest mainly comes from their intrinsically high ion density,
however there are some obstacles for their commercial application. One is that
many ionic liquids with suitably high ionic conductivities, typically short-chain
ionic liquids, are hygroscopic and their performance deteriorates when they ab-
sorb water, e.g. from air. Thus, in the exploration of new ionic liquid groups,
such as long-chain ionic liquids, one of the relevant questions is whether they
show sufficient electrochemical stability also when exposed to air. Besides sta-
bility in air, another appealing aspect of research in long-chain ionic liquids is
their nanosegregation into polar/apolar domains |1-5]. It has been revealed that
this nanosegregation influences their structuration in bulk and in confinement,
affecting properties such as ionic conductivity and double layer charge density.
However, the available literature is still limited.

Another group of ILs that are also increasingly studied as ion conductive elec-
trolytes is that of protic ionic liquids (PILs), as their synthesis is typically simpler
and cheaper than their aprotic analogues [6], an important aspect for the wider
use of ILs. Also, a unique ion transport mechanism is investigated in PILs, namely
decoupled proton transport (also called proton hopping), which allows faster dif-
fusion of the protons than the parental molecules [7-9]. Even though long-chain
ionic liquids and protic ionic liquids are both emerging classes, the sub-class of
long-chain protic ionic liquids is less studied and discussed, although combining
their advantages (e.g. stability in air, affordable production, fast decoupled proton
transport) is intriguing.

Another limitation in using ionic liquids in electrochemical devices is connected
to the liquid nature of ILs, which can translate into leakage in the context of real
applications. A common strategy to overcome this is by confinement of the IL
into a solid mesoporous matrix, e.g. by formation of an IL/silica hybrid material.
Next to ensuring sufficient mechanical stability, it has also been revealed that as
the IL is exposed to different chemical and steric environment provided by the
confinement compared to the bulk state, ionic liquids in confining space can show
even improved performance. As prominent examples, higher catalytic activity
and faster charge transport have been observed for confined ILs [5, [10].

The scope of this thesis is twofold. In one aspect, it aims to investigate the



2 Chapter 1. Introduction

effect of nano-confinement on the desired physical and chemical properties of a
long-chain imidazolium PIL for use as ion conducting electrolyte. From another
point of view, the focus is on studying the synthesis and properties of IL/silica
hybrid materials prepared wia electrochemically assisted self-assembly (EASA)
method with using long-chain ILs as templates.



2 Background

2.1 lonic liquids

Tonic liquids (ILs) ideally consist of ionic species only, with significant molecular
asymmetry in at least one of the ions, and form a liquid phase with a melting
temperature lower than 100 °C [11-13]. In ionic liquids, especially in imidazolium-
based ILs, the ordering of the ions into a solid crystalline phase is hindered not
only by the molecular asymmetry, typically achieved by addition of an alkyl-chain
onto the imidazolium cation, but also by the hydrogen bonded network established
between the cations and suitable anions, which influences the dynamic structural
directionality within the ionic liquid [11, [14]. For ionic liquids, the term "de-
signer solvents” is sometimes also used, since by choice of the constituting ions
they can be designed to provide physical and chemical properties matching the
requirements of the envisioned application [13,[15]. As estimatedly 10'® pure ionic
liquids are theoretically accessible, there are vast undiscovered areas in the field
and the classification of ionic liquids is still changing while established classes of-
tentimes overlap. In this thesis, HCgimTFSI and the group of alkyl-imidazolium
ionic liquids are studied with a specific focus on protic ionic liquids (PILs) (cov-
ered in Subchapter 2.1.1) and surface active ionic liquids (SAILs) (covered in
Subchapter 2.1.2).

2.1.1 Protic ionic liquids

Protic ionic liquids (PILs) constitute a class of ionic liquids that are distinct from
conventionally known ionic liquids by possessing an exchangeable proton, most
commonly on the cation [6-8, |16, 17]. As an example for protic ionic liquids, the
chemical structure of HCgimTFSI is shown in Figure [2.1.

At i
R N H
N N S-S R = n-octyl
\:/ CF3 N CF3
1-octylimidazolium bis(trifluromethanesulfonyl)imide

Figure 2.1: Ezample of a protic ionic liquid (PIL); i.e. the 1-octylimidazolium
bis(trifluromethanesulfonyl)imide, HCgimTFSI.
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Besides the difference in chemical structure and related properties, in general,
PILs are considered as cheaper alternatives to their aprotic analogues (in which in
place of the proton another chemical group, typically an alkyl-group, is attached
to the nitrogen of the heterocycle). PILs are also defined as ionic liquids formed by
proton transfer from a Bronsted acid (HA) to a Bronsted base (B) with sufficiently
high pKa difference between them, necessary for the formation of ionic species (A~
and HB™) [6, |18]:

HA + B= A- + HB*

In the context of developing electrochemical devices that utilise proton con-
duction, there is a high interest in PILs, since the presence of the exchangeable
protons offer the possibility to contribute to the overall proton conduction wvia the
Grotthuss mechanism (also called proton hopping), in addition to the vehicular
type of charge transport typical of liquid electrolytes [7-9]. During the vehicu-
lar type of charge transport, the proton is chemically bound to the cation and
transfers together with it [8]. Therefore, in this case the ionic conductivity is lim-
ited by the diffusion rate of the cationic species [8]. However, when provided an
appropriate hydrogen bonded network in the PIL, the exchangeable protons can
move to acceptor sites via the Grotthuss mechanism, and by means of a dynamic
reorganisation of the involved hydrogen bonds, much faster than the diffusing
parent molecules [7-9]. In the case of alkyl-imidazolium based PILs, the imida-
zolium head of the cation can provide proton donor sites, while proton acceptor
sites can be included, for example, by the addition of amphoteric molecules (e.g.
imidazole) [5, |7, |19].

2.1.2 Surface active ionic liquids

Surface active ionic liquids (SAILs), showing enhanced amphiphilic nature, are
drawing increasing interest as alternatives to mesogens and conventional surfac-
tants, just as well as alternatives to short-chain ionic liquids [3, 20-23]. As an
example for surface active ionic liquids, the chemical structure of CigmimCl is
shown in Figure 2.2, the cation having an imidazolium "head', just like a con-
ventional imidazolium ionic liquid, and an alkyl "tail", just like a conventional
surfactant. As the review study by Cao et al. has shown, imidazolium-based
SAILs (Im-SAILS) can provide higher surface activity and more diversified aggre-
gation behaviour compared to conventional surfactants [21]. At the same time,
Im-SAILs are also studied for applications already at focus for conventional im-
idazolium based ionic liquids, for example as electrolytes and catalysts [3, 22,
24].

In SAILs, the elevated amphiphilicity is most commonly achieved by having
a longer alkyl chain on the cation and upon increasing the chain length the be-
haviour of the ionic liquid approaches that of surfactants. Before focusing only



H-bond donor

2
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/'>:<5 (van der Waals interaction)
electrostatic \H

interaction
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1-hexadecyl-3-methylimidazolium chloride

Figure 2.2: Ezample of a surface active ionic liquid (SAIL); i.e. the I1-alkyl-3-
methylimidazolium chloride, CigmimCl. The interactions this cation is able to estab-
lish are also indicated. Created based on reference [25].

on SAILs, it is worth to take a look at the melting temperature (7)) of C,,mim™-
based ionic liquids, shown in Figure [2.3, which is closely related to the established
intermolecular interactions. In the region of low number of carbon atoms in the
alkyl chain, the chain must be long enough to reduce Coulombic forces (i.e. the
electrostatic interactions between the charged ions) and disrupt lattice packing to
form an ionic liquid instead of a salt. Accordingly, in this region the increase of the

Increasing distance between charges

200 - Decreasing symmetry of cation
150 4 MOLTEN SALTS
o]
100 Ay -------------------------eoo
[ IONIC LIQUIDS
ne m B N
S 50 ne - AAASD
[ I AA@® " TTTTTTT
=~ 0 A B V'S °
= %04 $
-50 H
A Bal4 ROOM
-100 - TEMPERATURE
IONIC LIQUIDS
-150 -
-200 T r T 3
0 5 10 15 20

Number of carbon atoms

Figure 2.3: Melting temperature (T,,) of C,mim™-based ionic liquids with different
chain length and anions: hexafluorophosphate (PFs~, red square), tetrafluoroborate
(BF,~, green triangle), bis(trifluromethanesulfonyl)imide (TFSI~, purple diamond),
and chloride (CI~, blue circle). The figure is reproduced from reference [14)] with
permission from the American Chemical Society.
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chain length results in a decrease of the melting point [14]. Another interesting
aspect is that by increasing the chain length, nanostructuration in the bulk ionic
liquid can be observed with the formation of dynamic polar and apolar domains,
see Figure , . Such structuration can be characterised with X-ray scat-
tering, with which the chain-chain segregation has been observed in imidazolium
ionic liquids C,mimCl with n > 4 . In addition, Abdurrokhman et al. have
found the same trend in the protic analogue HC,,imTFSI ionic liquid series with
n > 4 [2]. Within the subgroup of alkyl-imidazolium ionic liquids coupled with
the chloride anion, C¢gmimCl is considered to be the "transitional ionic liquid" as
it shows surface activity but no self-assembly in water 27). Accordingly, in
this thesis, imidazolium ionic liquids with an alkyl chain equal or longer than the
hexyl (n = 6) are referred to as long-chain ionic liquids or SAILs, interchangeably.
Moreover, Figure shows that by further increasing the chain length, beyond
the minimum point, T,, increases reflecting the increase in cohesive interactions
between the alkyl chains, like in linear alkanes . In fact, C,mimCl ionic liquids
with an alkyl chain equal to an octyl or longer (n > 8) form micelles in water
and, for a sufficiently long chain, Im-SAILs can even pack into liquid crystalline
phases (n > 10) 21], [23] 28] 29].

The ability of Im-SAILSs to assemble can be extremely useful for applications. As
alternatives to surfactant templates, Im-SAILs have been used as soft-templates
for the synthesis of mesoporous inorganic matrices, e.g. mesoporous silica
31]. Meanwhile, as alternatives to short-chain ionic liquids, the use of SAILs as
electrolytes is highly motivated by their non hygroscopic nature, which can be
compared to the case of many short-chain ionic liquids that readily absorb water
from air resulting in poorer electrochemical properties. Even though ionic con-
ductivity decreases in Im-SAILs with the increase of chain length, the amphiphilic
nature can still be advantegous . As a prominent example, the experimental

a [Camim][PFe] ' [Cgmim][PFe] ‘

[Comim][PFg] [Cemim][PF¢]

[C12mim][PFg]

Globular — Sponge-like

Increasing alkyl chain length

Figure 2.4: Snapshots of the bulk structure of C,mimPFgs ionic liquids (n = 2-
12). The red domains consist of anions and imidazolium rings of the cations, while
the green domains show the nonpolar alkyl chains. The figure is based on reference
[@/ and reproduced from reference with permission from the American Chemical
Society.



study by Su et al. has shown that the amphiphilic assembly of Im-SAILs at the
electrode surface leads to characteristic maxima in the differential capacitance [3].

2.2 Nanoconfinement

Fluids confined in nanometre-scaled space can show different structure and prop-
erties compared to their bulk state. This has generated high interest in a broad
range of fields that are often far from each other, yet the knowledge of confine-
ment effects can be interchangeable [5, (15, 32-37]. The diversity of systems in
which nanoconfinement has key importance is also demonstrated by some well-
known examples. In biological ionic channels, fast transfer of ions and water has
been observed to proceed in the form of single molecular strand; similarly, wa-
ter confined in artificial CNTs (carbon nanotubes) has shown enhanced diffusion
and wire-like ordering [38]. Besides being of high scientific interest, investigating
nanoconfinement effects is also relevant for technical applications, for example in
catalysis |10} 34, 38|, energy storage |24, 39| and separation [38, 40].

IL/silica hybrid materials, in which the ionic liquid is confined in the solid
porous silica matrix at the nanometre scale (by definition smaller than 1 ym), have
been synthesised and studied in different contexts [41]. From a rather practical
point of view (e.g. in heterogeneous catalysis, solid-phase micro-extraction and
ion-conductive membranes), confinement of ionic liquids into a solid porous matrix
is a strategy to overcome the limitations associated to the liquid nature of ILs,
in practice leakage. In some studies, IL/silica hybrid materials are also called
supported ILs |10, (15, 24, 40, 42, 43]. At the same time, due to the different
chemical and steric environment provided by the confinement, it has been proven
that ionic liquids can show improved performance upon confinement, for example
higher catalytic activity and faster charge transport of ILs have been observed in
porous silica [5, 10, [15]. In addition, some IL/silica hybrid materials can serve as
suitable model systems for studying structures and properties in nanoconfinement.
This is because silica is a versatile material, which can be prepared with known
methods that allow modifying its chemical properties as well as tuning its pore
morphology; in addition, silica can be prepared to achieve different macroscopic
forms, like gels or films |24, 38, |40, 42, 44, 45].

2.2.1 Structure and properties of ionic liquids in confinement

As an initial simplified concept, one can assume that molecules in a pore partition
into two layers: (i) a surface layer which is affected by the interactions with the
pore wall and (ii) an inner layer at the centre of the pore which is independent from
the surface, see Figure[2.5 [15]. While the inner layer shows bulk-like structure and
properties, the molecules close to the pore wall can show different structuration
and changed physical and chemical properties compared to that of bulk molecules.
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Surface layer
Inner layer

Confining pore

»

decreasing diameter from millimeter to nanometer

Figure 2.5: Schematic of confined liquids in a cylindrical pore with a decreasing
pore-size approaching the nanometre scale. The figure is reproduced from reference
M with permission from Elsevier.

By decreasing the size of the confining space to the nanometre range, the molecules
of the surface layer become more dominant in determining the overall properties.

In the case of nanoconfined ILs, the proportion of the ions that are affected
by the pore wall and the ions with bulk-like structuration and properties has
been shown to be dependent on the intrinsic nano-structuration of the IL
39], the shape and size of the pore [15, [39], and the chemistry of the pore wall
[5, 46]. Similar to the IL/silica hybrid materials discussed in this thesis, Elola
et al. have simulated the structuration of a long-chain ionic liquid, CgmimTFSI,

hydrophilic silica pore hydrophobic silica pore

3 I ([,\1115 gg} e 13
1 1
=
>
é.o N anion —
~ 3 r CFg anion - 4 3
= O anion &
Q.
1 1
30 35 40 20 30 40
r(A) r(A)

Figure 2.6: Local density distribution for selected atoms: N and C of the cation
located in the imidazolium ring and the end of the alkyl chain, and N, CF3, and O sites
of the anion. The top panels correspond to cation sites and bottom ones correspond
to the anion ones. Left and right panels correspond to systems conaining hydrophilic
and hydrophobic silica pore, respectively. Reprinted (adapted) with permission from
reference @/ Copyright 2022 American Chemical Society.



in hydrophilic and hydrophobic silica pores (the hydrophobic silica was realised
with the addition of tributylsilyl groups), as summarised in Figure @ As their
results show, the hydrophilic character of the pore resulted in the accumulation
of the imidazolium heads at the pore wall, while in hydrophobic pores the cations
organise with their alkyl tails pointing toward the wall. As it is shown by the
density distributions, the population of cations and anions returns to the bulk
value within a few nanometres.

As confinement affects local structure and properties, a wide range of physical
and chemical properties of ILs have been studied in nanoconfinement. For this,
various experimental and computational studies have been used, revealing that
nanoconfined ionic liquids show changed phase transition temperatures, thermal
stability, and molecular dynamics [15| 139]. Tonic conductivity and capacitance are
among the most studied properties of nanoconfined ILs and are, in this thesis,
discussed in more detail in Subchapter 2.2.2 and Subchapter 2.2.3, respectively.

2.2.2 Charge transport in ionic liquids in confinement

The charge transport properties of both aprotic and protic ionic liquids have been
studied in nanoconfinement [5, |24, [37, (39, 47, 48]. Even though charge transfer of
PILs can show differences from that of aprotic ionic liquids, because the vehicular
is the typically dominant mechanism in both PILs and aprotic ionic liquids it can
be beneficial to discuss their charge transport properties comparably. Besides,
they show similar nano-structuration in bulk |2, 14] and it has been revealed also
that their local structure in nanoscale confinement can be influenced similarly by
the chemistry of the pore wall [5, 37, |47, 48].

In the case of IL/silica hybrid materials consisting of imidazolium ionic liquids,
diffusivity and network of hydrogen bonds within the pores have been primarily
studied for the case of aprotic ionic liquids [15, 37, 39, 46-48], while only a limited
number of contributions have focused on the PIL analogues [5, 48} 49]. In common
to aprotic and protic ionic liquids based on the alkyl-imidazolium cation is that
both show nanosegregation into polar and non-polar domains when the alkyl chain
on the cation is equal or longer than the butyl due to the increased amphiphilic
nature of the cation [1, [2,14]. Also, their ionic conductivity is similarly affected
by the chemistry of the pore walls in silica. When the silica walls are chemically
untreated, the non-bridging oxygens (-SiO~) and silanol groups (-SiOH) covering
the surface of the wall, interact with the polar domains of the ionic liquid (primar-
ily with the imidazolium head) resulting in a drastic decrease of self-diffusivity and
ionic conductivity, which has been observed in the case of both aprotic and protic
long-chain alkyl-imidazolium ionic liquids [, 37, 46-48]. In contrast, hydrophobi-
sation of the silica walls leads to that the non-polar domains of the cation (i.e. the
alkyl chains) assemble at the pore wall instead. Such structure is schematically
shown in Figure 2.7, for the case of the HCgimTFSI/imidazole mixture confined
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in hydrophobised silica. As there are only weak dispersion forces between the
alkyl chains of the cations and the hydrophobic groups covalently attached onto
the silica walls, unrestricted high self-diffusivities of the ions have been observed
in both aprotic and protic long-chain alkyl-imidazolium ionic liquids confined in
hydropobised mesoporous silica [5, 37, 47, 48]. In addition, Garaga et al. have
reported that the HCgimTFSI/imidazole mixture shows not only a higher cation
diffusivity than in bulk, but also an enhanced decoupled proton motion when the
HCgimTFSI/imidazole mixture is confined in hydrophobised mesoporous silica,
highlighting an important additional charge transport mechanism of PILs being
enhanced in confinement [5].

%%
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¥

Figure 2.7: Schematic picture of the nanostructuration in the HCsimTFSI/imidazole
mizture when confined in the nanopores of hydrophobic silica (achieved by covalent
bonding of trioctylsilyl-groups onto the pore wall), showing the molecular organisation
along the pores (left) and across a pore section (right). The figure is reproduced from
reference (5] with permission from The Royal Society of Chemistry.

2.2.3 Capacitance of ionic liquids in confinement

Ionic liquids are highly researched as electrolytes for supercapacitors and other
electrochemical devices |16, 50]. For use in supercapacitors, primarily short-chain
aprotic ionic liquids have been studied. The main reason for not considering PILs
as electrolytes for supercapacitors is that aprotic ILs show larger electrochemical
window while PILs, possessing an exchangeable proton, can be reduced at a less
negative cathodic potential |50, [51]. Despite this, there is a growing interest to-
wards PILs for use as capacitor electrolytes, because their synthesis is typically
simpler and more affordable than in the case of aprotic ILs; also, while PILs are
safer than organic solvent-based electrolytes and still provide wider electrochem-
ical windows than aqueous electrolytes [6, 50, [51]. Another group of ILs, namely
surface active ionic liquids (SAILs) are also drawing interest for their distinct ion
structuration at the electrode/electrolyte interface, which is not fully understood
yet and the relevant literature is very limited. Moreover, even though the ionic
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conductivity of SAILs are much lower than that of their short-chain analogues,
they have the advantage of not absorbing moisture from air |2].

The high charge density of ILs make them unique among ion-conductive elec-
trolytes; at the same time, however this leads to the formation of electrical double
layers that can not be described by classical models. In other words, the assump-
tions of classical models do not hold; ion-ion interactions are not negligible (in
fact, they fundamentally determine the physical and chemical properties of ILs)
and the ions can not be treated as point charges [50, 52-54]. Instead, to deter-
mine the structure of the double layer theoretical modelling and surface-sensitive
measurements are used [3, [52, 54, [55]. With them, nanoscale structuration of
ILs at charged electrode surfaces has been observed. At low potentials, ILs show
an overscreening effect, during which the first layer of counter-ion contains more
counter-charge than is on the electrode which leads to a double layer structure
that consists of an alternation of counter-ion-rich and co-ion-rich layers until a
point where the bulk structure is recovered. At higher potentials, the first ad-
sorbed layer can not contain enough counter-ions to balance the electrode charge,
and instead of forming alternating layers of counter- and co-ions, accumulation of
the counter-ions proceeds, also referred to as the crowding regime [52-54].

In the case of SAILs, the structure of the electrical double layer at the electrode
has been studied only experimentally and in a very limited number of studies. Su
et al. have revealed that the differential capacitance measured as a function
of the applied voltage depends on the chain length in the case of C,mimPFg
ionic liquids [3]. While CsmimPFg and CymimPFg show a "bell'-shaped curve,
CsmimPFg shows a "camel"-shaped differential capacitance curve [3]. The authors
related the capacitance maxima to changes in the structuration of the ions at the
electrode surface; the first maximum (at around -0.6 V vs Pt) has been associated
to the formation of stripe-like double-row adsorbates of assembled imidazolium
cations (via polar/apolar nanosegregation with the alkyl chains pointing towards
each other in a stripe-like assembly laying on the electode surface). By increased
voltage, a second maximum (at -1.6 V vs Pt) has been observed only in the case of
CsmimPFg that has been assigned to an order-disorder structure transformation
3]-

The electrical double layer of ILs in confined space has been investigated more
extensively for systems containing short-chain ionic liquids, while in the case of
SAILs the effect of confinement on capacitance has been studied only by compu-
tational approaches [4, 50, 55, 56]. In the case of short-chain ionic liquids, Largeot
et al. have shown for the case of ComimTFSI that, similar to conventional elec-
trolytes, the sieving effect can be observed also with ILs, namely that the specific
capacitance reaches a maximum when the pore size of the porous electrode is very
close to the size of the ions [56]. Focusing on the effect of increased chain length,
Yang et al. have shown for the case of C,,mimTFSI (n = 2, 4, 6) ionic liquids,
with the use of classical density functional theory, that ionic liquids with a longer
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chain showed a higher differential capacitance at low potentials (i.e. smaller than
+0.5 V) in electrodes having 4 nm wide pores [4].

2.3 Nanoscale templating

Besides as alternatives to short-chain ionic liquids, SAILs are also considered as
alternatives to conventional surfactants. Since they can show self-organisation in
dissolved or in pure form, SAILs can be used as soft-templates in the synthesis
of mesoporous materials |21, [30]. Zhou et al. have already showed that not only
SAILs can form mesoporous structure, but as an exceptional case the ionic liquid
CymimBF, too [57]. Thus, investigating the templating function of ILs is highly
motivated by the idea of preparing ionic liquid-based hybrid materials in a one-
step process. In a larger context, this may open up the possibility to synthesise
IL-based functional hybrid materials in which the organic ionic liquid provides an
added function besides templating the inorganic matrix [30, 31, [40].

2.3.1 Sol-gel synthesis of silica

Templating of silica with a molecular soft-template is commonly carried out in
parallel with the formation of a silica network via the sol-gel synthesis, during
which the amorphous silica network is formed by the hydrolytic polycondensation
of tetraalkoxy silane precursors [58]. The sol-gel method has several advantages,
for example that both chemical and physical parameters can be used to control
the reaction sequence, allowing to tune the properties of the final product [58,
59]. The basic steps of the synthesis using tetraalkoxy silanes are (i) hydrolysis
of the precursor resulting in the formation of silanol groups and (ii) condensation
of the monomers having these silanol groups that results in the formation of
siloxane (Si-O-Si) linking groups and by further condensation an extended silica
network [59]. The mechanism and reaction rate of hydrolysis in aqueous media
are highly dependent on the pH; in the case of tetraalkoxy silanes both acid and
base catalysed reactions proceed through the Sy2 mechanism, Figure [2.8.

The acid-catalysed hydrolysis is initiated by the protonation of the alkoxide
group that results in the silicon atom being more electrophilic and susceptible
to nucleophile attack by the surrounding water molecules. On the next step,
water - acting as a nucleophile - attacks the silicon centre forming a bimolecular
intermediate, typical for the Sy2 mechanism. This transition state is consumed
by displacement of alcohol along with the inversion of the silicon tetrahedron.
In addition, base-catalysed hydrolysis also proceeds by the Sy2 mechanism, but
with a different nucleophile attack and intermediate, therefore the inversion of
silicon tetrahedron occurs in this reaction pathway as well. As both acid and base
can catalyse the hydrolysis, reaction rates are increasing at both pH extremes, as
presented in Figure 2.8 [59].
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Figure 2.8: Reaction mechanism of acid catalysed hydrolysis and base catalysed con-
densation during sol-gel silica synthesis from tetraalkoxy silanes [59]. The plot shows
the pH dependence of the reaction rates of hydrolysis and condensation reactions,
recreated based on reference [60)].

The condensation reaction of the hydrolysed silica precursor is dependent on
the pH as well, see Figure @ Above the isoelectric point of silica (>pH 2-4.5),
the silanol group is deprotonated. Therefore, the deprotonated silanol can act
as a nucleophile and attack on a neutral silicate species. The condensation rate
shows a maximum at basic pH and a minimum rate near the isoelectric point. It is
generally believed that during the base-catalysed condensation mechanism penta-
or hexacoordinated silicons are formed as intermediates or transition states. In
addition, pH also has an effect on the growth of the silica products; at acidic pH
and pH = 7-10 in the presence of salts, a three-dimensional network of amorphous
silica is formed, while in a basic solution the growth of nanoparticles has been
observed [59].

2.3.2 lonic liquids as templates

Even though nano-structuration can occur in ILs at different extents depending
on the chemical structure, using ionic liquids as soft-templates during the syn-
thesis of mesoporous silica is not straightforward. Experiments have shown that
the intrinsic structuration of the ionic liquids can not always be preserved for the
formation of mesopores within the silica network [1, 2, |61, [62]. Moreover, coop-
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erative interaction between the template and the silica-network forming species
is essential to achieve a desired mesoporos structure , . As a well-known
example, despite of the present supramolecular (e.g. ion cluster) and mesoscopic
range (e.g. micro-phase separation, hydrogen-bond network) on structurations in
imidazolium ionic liquids, using them as the co-solvent during the sol-gel synthe-
sis of silica typically results in the formation of ionogels (when the alkyl chain of
the cation is shorter than dodecyl). Ionogels contain non-porous silica particles
that form disordered mesopores and macropores, an example is shown in Figure
a [14] 25, [63| [64]. However, Zhou et al. have reported a very unique excep-
tion: C4ymimBF,, which has successfully been used as molecular soft-template in
the sol-gel synthesis of mesoporous silica, forming a monolith with a sponge-like
pore structure, see Figure b [62]. The templating mechanism was explained
by what the authors called hydrogen bond-co-m-7 stack mechanism involving hy-
drogen bonds formed between the [BF,]~ anions and the silanol groups of silica
and the presence of -7 stack interactions between the neighbouring imidazolium
rings of the cations. Accordingly, in the obtained mesoporous monolith the [BF,]~
anions are assumed to be located along the pore walls and the imidazolium rings
of the cations next to the anions due to electrostatic attractions at the same time
stacked parallel to each other due to m-7 interactions and their hydrophobic alkyl
chains pointing towards the centre of the pores .

Among imidazolium ILs there are more, yet still limited in number, examples
of syntheses with Im-SAILs being used as soft-templates to obtain mesoporous
silicas. Having water as solvent, amphiphilic ionic liquids that show amphiphilic
self-assembly in aqueous medium, are more suitable soft-templates for the for-
mation of mesopores with a well-defined pore width [31} [66]. Templating with
C,mimBr ionic liquids has showed a chain length dependence in forming worm-

m
i

a) ionogel b) mesoporous monolith ¢) mesoporous particle d) mesoporous film

Figure 2.9: IL-templated mesoporous silicas. a) SEM of a CemimTFSI-based iono-
gel. The image is reproduced from reference with permission from The Royal
Society of Chemistry. b) SEM image of a CymimBFy-templated mesoporous mono-
lith synthesised according to reference @/ c¢) TEM image of a CigmimBr-templated
mesoporous silica particle. The image is reproduced from reference I@V with permis-
sion from Springer. d) A CigmimCl-templated mesoporous silica thin film
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like (n = 8-12) and hexagonal (n = 14-16) mesoporous silica particles, see Figure
2.9 ¢ [65]. With CigmimCl as soft-template, MCM-type hexagonal (MCM-41,
with p6mm symmetry) and cubic gyroid (MCM-48, with [a3d symmetry) silica
particles could be obtained by tuning the concentration of the IL in the aqueous
reaction solution [66]. Besides particles, C,,mimCl ionic liquids were able to form
a lamellar pore structure in monolithic mesoporous silica, with the pore diame-
ter being determined by the varying alkyl chain length ranging from 1.2 nm (n
= 14) to 1.5 nm (n = 18) [57, 67]. As discussed in Paper I and III, C,mimCl
ionic liquids are also suitable to form vertically-aligned and hexagonally ordered
discrete nanochannels in silica thin films preapred with the EASA method, shown
in Figure 2.9 d.

Despite the increasing number of publications on SAILs as soft-templates, the
underlying templating mechanism during the sol-gel synthesis of mesoporous sil-
ica is often not studied nor even discussed. Fortunately, CigmimCl has many
similarities with CTAB (cetyltrimethylammonium bromide), which comes handy
in experimental design and basic understanding. However, there are also relevant
differences between them, namely that in Im-SAILs the imidazolium head, be-
ing an aromatic heterocycle, is capable of establishing further interactions [25];
as illustrated in the schematic of Figure [2.2. Besides electrosctatic attraction,
the imidazolium heads are able to establish hydrogen bonds and 7-7 interactions
between each other |25 61, 66]. In addition, the imidazolium heads are able to
arrange parallel to each other resulting in a higher packing density and a tendency
to form mesostructures with a lower curvature |61, 66]. However, it is important
to note that the contribution of these additional interactions is weak, and in fact
CTAB (in which the binding affinity of the bromide ion is high) and C;gmimCl
show very similar critical micellar concentrations (c.m.c.) and enthalpies of mi-
cellisation [61].

2.3.3 Electrochemically assisted self-assembly (EASA)

For the preparation of soft-templated mesoporous silica thin films typically two
robust techniques are used, both of them being based on sol-gel synthesis. These
are the (i) evaporation-induced self-assembly (EISA) and the (ii) electrochemically
assisted self-assembly (EASA) [68]. A huge advantage of the EASA method is that
vertical aligment of mesochannels with respect to the substrate can be achieved
during an extremely rapid synthesis (in a time scale of seconds). However, a
limitation is the required conductivity of the substrate.

The preparation of the mesoporous silica film with the EASA method is schemat-
ically shown in Figure . First, an aqueous solution is prepared (in which the
solvent is an EtOH:water = 1:1 mixture) containing the tetraalkoxy silane precur-
sor (TEOS) and the template (CTAB or Im-SAIL) 31} [69]. Then, after setting
acidic pH (pH = 3), the precursor is let to be hydrolysed via acid catalysis [70].
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Then, the solution is poured into a three-electrode cell. The cell contains a work-
ing electrode, a counter electrode, and a reference electrode. The deposition of
the silica film proceeds by applying a cathodic potential to the working electrode,
which results in an electrochemically induced pH increase at the working electrode-
solution interface. The produced hydroxyl ions catalyze a rapid condensation of
silica onto the electrode surface, see also Figure [2.8. As the pH change proceeds
in the close vicinity of the working electrode, acceleration of the polycondensa-
tion happens only close to the electrode surface [68]. Combined with the presence
of the soft-template, mesostructured silica thin film with pore channels oriented
perpendicular to the electrode surface can be synthesised in this way [68]. As pro-
posed by Herzog et al., hydroxyl ions are produced at the flat electrode surface
concomitant to the orientation of the cationic surfactant [70].

The working electrode can be chosen according to the application in mind
and various materials have been reported with different morphologies, e.g. ITO
surface, and other conducting supports like macro discs or non-flat supports like
gold CD-trodes and microelectrodes (e.g. platinum wires, platinum microdiscs,
and carbon fibers) |70, |71]. Next to the preparation of discrete nanochannels in a
hexagonal arrangement, another mesostructural order, namely three-dimensional
cubic arrangement could also be observed (in this case the template was CTAB)

[68].
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Figure 2.10: Schematic illustration of the subsequent steps involved in the EASA
synthesis method, here shown in the case of CigmimCl-templated mesoporous silica
thin films.



3 Characterisation and methods

3.1 Electron microscopy

3.1.1 Scanning electron microscopy (SEM)

In scanning electron microscopy (SEM), a focused beam of high-energy electrons,
hitting the material, generates a variety of signals at the surface of the studied
sample specimen [72]. For imaging, the acceleration voltage of the incident elec-
tron beam is typically set to 2-25 keV to obtain the scanning electron micrograph
(i.e. the image) for which most often secondary electrons are collected. Secondary
electrons are emitted from the sample as a result of interaction of the primary
electron beam with the sample and as the energy of secondary electrons is rela-
tively small (several 10 eV) only those generated from the upper surface of a few
nanometres are able to escape from the sample and be collected. Thus, the use
of secondary electrons for imaging is ideal for examining topography. For insu-
lating samples, like silica, sputter coating with a good conductor (e.g. palladium
or gold) is necessary to avoid charging effect (accumulation of electrons on the
sample surface).

The SEM images presented in this thesis and in Paper I were obtained with
a JEOL 7800F Prime microscope in the secondary electron imaging mode. The
samples were coated with palladium before imaging, for which an EMITECH
K550x sputter coater was used. Cross sectional images of thin films were prepared
by breaking the substrate after sputtering then imaging the broken surface using
a specific tilted SEM stage.

3.1.2 Transmission electron microscopy (TEM)

In transmission electron microscopy (TEM), the incident beam of electrons is
accelerated to an energy higher than in SEM, typically to hundreds of keV [72].
This incident beam of electrons is focused by an array of magnetic lenses into a
small probe that is transmitted through the sample and an image of the specimen
is generated from the collected transmitted electrons. TEM is an excellent tool
for imaging nanostructures as the theoretical resolution limit is extremely low due
to the small de Broglie wavelength of the incident electrons which is in the range
of only 1072 A. In practice, the resolution of TEM instruments is much lower, but
due to rapid instrumental improvement by date subnanometre resolution can be

17
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achieved. As a rule of thumb, an important requirement from the sample is that
it should not be thicker than 100 nm. In case of thin films, like the ones studied in
this thesis, a cross-sectional sample with the thickness of tens of nanometres can
be prepared with lift-out technique using FIB/SEM (focused ion-beam coupled
SEM). Basically, first a cross-sectional cut out of the film is prepared with ion-
beam milling then this cut out is attached to a copper TEM grid with deposited
platinum.

The top view TEM micrographs of thin films presented in this thesis and Paper
I were obtained on samples prepared by placing a droplet of an aqueous suspension
of the extracted, grinded films on a carbon-coated Cu TEM grid that were then
dried overnight under ambient conditions. The TEM experiments were performed
on a FEI Tecnai T20 instrument operating at 200 kV. The obtained images were
processed with the Digital Micrograph software. For the cross-sectional TEM
study, a sample of a thin film was prepared with the lift-out technique using a
FEI Versa Dual FIB/SEM instrument.

3.2 Small-angle X-ray scattering (SAXS)

3.2.1 Transmission small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) is suitable to characterise structural fea-
tures with typical dimensions in the nanometre range, based on the scattering
X-ray signal generated by fluctuations in the average electron density on scales
significantly larger than that of atomic radii [73]. The typical measurement setup
with the so-called transmission geometry is schematically shown in Figure [3.1.
The intensity of the scattered X-ray at a point, defined by the wave vector ¢, is
proportional to the following variables:

I(q) o< NV*(Ap)*F(q)S(q) (3.1)

where N is the number of scattering objects with volume V, Ap is the electron-
density contrast, F(q) is the form factor, S(q) is the structure factor |74]. In our
studies, information on the size of scattering objects were obtained from their
diffraction peaks extracted from 2D scattering patterns based on Bragg’s law.
Thus, the size of a structural feature was determined from the calculated correla-
tion length, d, where ¢,q, is the position of the diffraction peak:

d = 27/ Gmax (3.2)

Small-angle X-ray scattering (SAXS) measurements in transmission mode, pre-
sented in this thesis and Paper II 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. The dector was
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Figure 3.1: Schematic of a SAXS experiment using the transmission geometry. The
figure is reproduced from reference @l/ with permission from Springer.

a Pilatus 300K from Dectris. The X-ray scattering patterns of samples containing
bulk ionic liquids and mesoporous silica particles were measured in quartz cap-
illary with an inner diameter of 0.15 mm. The calibration was done with silver
behenate. The sample to detector distance was 134 mm and the exposure time
480 s. The collected 2D scattering patterns were transformed into 1D scattering
graphs using the SAXSGUI (Rigaku) software.

3.2.2 Grazing-incidence small-angle X-ray scattering (GISAXS)
In grazing-incidence small-angle X-ray scattering (GISAXS) mode the X-ray beam

impinges on the sample surface under a shallow incident angle (typically a few
tenths of a degree) [74]. Then, the X-ray photons scattered by the sample are col-

GISAXS pattern on detector

scattered X-ray beam
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Figure 3.2: Left: Schematic of a GISAXS experiment and a typical 2D GISAXS scat-
tering pattern recorded from a mesoporous silica containing vertically-aligned hezxag-
onally ordered nanochannels. Right: X-ray scattering intensities integrated along the
horizontal azxis attained from the 2D scattering pattern labelled with the related Miller-
indices characteristic of the hexagonal order.

log q, (A")



20 3 Characterisation and methods

lected with a two-dimensional detector, Figure[3.2. A silica thin film that contains
vertically oriented, hexagonally ordered channel-like pores gives the same charac-
teristic peak positions in GISAXS mode on the horizontal axis of its scattering
pattern as described in literature for hexagonal pore structures in particles mea-
sured in transmission geometry [76, [77]. Namely, the reflections of the hexagonal
lattice of the pores appear in the same relation of the scattering peak positions
qy(10):q,(11):q,(20):q,(21) = 1:/3:/4:\/7, characteristic of the hexagonal sym-
metry. This allows to determine the cell parameter, a, from the correlation length
d(11):

a=2-d(11) (3.3)

The GISAXS measurement on the studied thin films, presented in this thesis
and in Paper I, Paper 111, and Paper IV, were performed in grazing incidence mode
using a Mat:Nordic instrument from SAXSLAB/Xenocs (containing Cu-radiation
source and Pilatus 300K detector), by placing the samples on a GISAXS holder
and aligning before each measurement. The sample to detector distance was set
to 305 mm, the incidence angle to 0.2°, and the exposure time to 6 h or 20 h. A
scattering pattern was 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 scattering intensities between ¢, = 0.01 A~! and ¢, = 0.06 A~!, and plotted as
a function of ¢,, see Figure 3.2.

3.3 Nitrogen adsorption

By nitrogen adsorption it is possible to characterise porous structures at nano-
and micrometre scale. During the measurement, a nitrogen adsorption isotherm
(at T = 77 K) is recorded that is in practice plotted as volume of adsorbed ni-
trogen gas versus the relative pressure (i.e. pressure/saturation vapor pressure).
From the obtained adsorption isotherm, parameters as surface area, pore volume,
and pore size distribution can be determined. Moreover, it can provide informa-
tion on enthalpy of nitrogen desorption and, based on the adsorption hysteresis,
the pore morphology of the studied porous material [78][79]. In case of meso-
porous silica, the surface area is commonly determined by the use of the BET
(Brunauer-Emmett-Teller) method. To do so, several assumptions are made; (i)
gas is considered ideal, (ii) first a monolayer of nitrogen molecules forms during
adsorption on the surface, (iii) adsorbed molecules do not move on the surface, (iv)
enthapy of adsorption is uniform on the sample surface while adsorbate-adsorbate
interaction is neglected and the enthalpy of adsorption for the second molecular
layer equals the enthalpy of vaporisation. Thus, from the volume of the nitro-
gen monolayer adsorbed on the sample, V,,, surface area is calculated by using
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the area occupied by an adsorbed molecule. To determine V,,, the BET equa-
tion is fitted in the linear range of the isotherm typically at p/py = 0.05-0.3 and
interpolated to the ordinate;

p 1 C—-1 (p )
= + — 3.4
Vipp—p) VuC  VyuC \po (3.4)

where p (partial pressure of the nitrogen) and V' (volume of nitrogen adsorbed)
are known from the adsorption isotherm while py (saturation vapor pressure) is a
well-defined parameter for a given temperature. V,, and C-value are determined
from the slope and intersection. The C-value has relevance considering its theo-
retical relation to the enthapy of desorption (AgsH) and enthalpy of vaporisation
(AvapH );

AdcstAvapH
RT

C=e (3.5)

Even though A,4sH could be technically calculated by assuming that desorption
and adsorption enthalpies are equal (AgesH = AggsH), determining it from the
(C-parameter is known to be inaccurate and for its exact measurement calorimetric
methods are preferred. However, it is worth to keep in mind that a higher C-
value indicates a higher difference between AgH and A,,,H and in such case
the assumption of monolayer formation on the surface is more valid. Accordingly,
BET method is used if ¢' > 2. From the nitrogen adsorption measurement the
pore size distribution can be determined as well. For this, the BJH (Barrett-
Joyner-Halenda) method is typically applied to the adsorption isotherm. The
BJH method is based on the modified Kelvin equation with the assumption of
cylindrical pores. As a commonly used method, its validity has been studied and
discussed widely and confirmed for various mesoporous materials; it has also been
observed that for narrow mesopores the pore size can be slightly underestimated.
Furthermore, the total pore volume can be determined as well, for this commonly
the Gurvich rule is applied. The Gurvich rule assumes that when the pores
are filled (p/py > 0.95), the adsorbed amount of nitrogen is in liquid state and
therefore its volume in the pores is quantifiable.

Nitrogen adsorption, presented in this thesis and Paper II, was measured on
a TriStar 3000 instrument from Micromeritics. Beforehand, the samples were
exposed to outgassing treatment for overnight at 120 °C under a nitrogen flow.
Their surface areas were determined by applying the BET (Brunauer-Emmett-
Teller) method, the pore size distribution by the BJH (Barrett-Joyner-Halenda)
method, and the total pore volume by the Gurvich rule at p/py = 0.98.
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3.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a surface sensitive analytical technique
suitable for quantitative and qualitative chemical analysis and electronic structure
study of the sample’s material [80]. The technique is based on the photoelectric
effect during which electrons (photoelectrons) are emitted from the material as a
result of energy uptake from the absorption of incident X-ray radiation with suffi-
ciently high frequency, see Figure [3.3. The excited photoelectrons travel through
the sample to the surface and escape into the vacuum where they are collected and
their kinetic energies are measured. From the kinetic energy the binding energy

can be calculated as follow:

hV:EB+EK+(I> (36)

where hv is the energy of the incoming X-ray photon, Ep is the binding energy,
FEx is the kinetic energy of the photoelectron, and ® is the work function term.
The electron binding energy, also called ionisation energy, is characteristic to the
element from which the electron is emitted. Therefore elemental compostiton of
the surface can be determined. Huge advantage of XPS method is that most,
even lighter, elements can be detected. As the typical escape depth of the photo-
electrons is on the nanometre scale, XPS is a surface sensitive method providing

information on the topmost few nanometres of a solid sample.
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Figure 3.3: XPS. A: Example of photoelectron emission process presented on an en-
erqy level diagram of an oxygen atom. B: Schematic of an X-ray photoelectron spec-

troscope. The figure is reproduced from reference [80] with permission from Springer.

X-ray photoelectron spectroscopic measurements, presented in this thesis and
Paper II, were carried out on a Quantum 2000 scanning ESCA microprobe from

Physical Electronics with AlKa (1.486 keV) beam with an incidence angle of 45°.
To determine the atomic concentration, the MultiPAK software package was used.

Photoelectrons were collected on approximately 500 x 500 ym? large sample areas.
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3.5 Vibrational spectroscopy

The energy in a molecule is quantised and allowed to only be in a discrete num-
ber of levels, ¢;, which are the sum of different modes of motion and electronic
contributions, as follows [79]:

ei=¢ +eltel +ef (3.7)

In eq. 3.7, T denotes translation, R rotation, V vibration, and E the electronic
contribution. The magnitude of the excitation energy depends on the type of
transition and in case of vibrational modes this is around the energy of an elec-
tromagnetic wave with 102-10% em ™! wavelength (belonging to the Infrared range
of the electromagnetic spectrum).

By vibrational spectroscopy vibrational excitations can be studied, which are
induced by photon irradiation. These vibrational modes are characteristic of
chemical groups and also depend on the chemical environment [81]. The modes
of vibrations are listed in Table B.I while the number of vibrational modes of a
given molecule is determined by the number of atoms that it contains (N). Non
linear molecules possess 3N-6, linear ones possess 3N-5. Their vibrational energies
usually have the following order: v(stretching)> d(in-plane bending)> ~y(out-of-
plane bending)> 7(torsion).

Table 3.1: Vibrational modes

Symbol ~ Name Mode of deformation

v stretch stretching of covalent bond

) in-plane bend one or more bond angle changes, constant bond length
v out-of-plane bend  at least one atom oscillates through a plane

T torsion dihedral angle is changed

3.5.1 Infrared spectroscopy (IR)

In case of Infrared spectroscopy, the necessary energy for vibrational excitation
is supplied by absorption of Infrared light that at room temperature induces v
= 0—1 transition in most vibration modes due to high population of the ground
state (v = 0) (however, weak overtone bands might also appear on the spectra
originating from v = A2 transitions) [79]. For obtaining vibrational excitation
by absorption of electromagnetic wave the resonance condition requires that the
frequency of the radiation equals that of the vibration and that there is an electri-
cal dipole that can couple with the sinusoidally changing electromagnetic field of
the incoming radiation. Therefore, polar bonds display high intensity of Infrared
absorption.
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Modern Infrared spectrometers contain interferometers that allow the use of a
high intensity polychromatic beam, ensuring excellent signal-to-noise ratio and
fast data acquisition. In the interferometer the incident beam is first splitted:
one part of it is reflected towards a fixed mirror and the other is transmitted
towards a moving mirror. After that, they are reflected from the two mirrors
back to the beam splitter where they recombine and the combined beam con-
taining the interference patterns (generated by the optical path difference of the
splitted beams controlled by setting the moving mirror) is directed to the sample.
After passing the sample, where the characteristic wavelength components are
absorbed simultaneously, the modified interferogram is collected on the detector.
Then, the interferogram is converted to transmittance spectrum with Fourier-
transformation; thus the described method is called Fourier-transform Infrared
spectroscopy (FT-IR).

Attenuated total reflectance IR specroscopy (ATR-IR)

In attenuated total reflectance IR specroscopy (ATR-IR) an ATR accessory is
placed in the pathway of the IR beam. The accessory contains a so-called ATR
crystal with a good Infrared transmission and a high refractive index, which at
suitable incident angle of the IR beam allows internal reflections of the beam
within the crystal. The sample is placed in contact with the crystal and at the
reflection points the incident light penetrates into the material of the sample as
an evenescent wave, see Figure 3.4. IR photons with frequencies far from the
absorption region will be totally reflected, while the reflection will be attenuated
if the frequency of the incident photon is within the range of the absorption
frequencies [82]. Thus, an absorption spectrum can be obtained from the IR beam
leaving the ATR accessory and collected on the detector. The penetration depth
in the sample, d,, from which the chemical information is collected, is usually in
the order of micrometres.

evanescent wave
sample
sample : P
ATR crystal
IR beam . /
ATR crystal incoming 0 refracted
beam beam

Figure 3.4: Schematic of attenuated total reflectance occuring during ATR-IR mea-
surement.

The ATR-IR spectra, presented in this thesis and in Paper II, were recorded
on a PerkinElmer Fourier transform Infrared (FT-IR) spectrophotometer. The
ATR accessory contained a single reflection diamond ATR crystal (GladiATR,
Pike Technologies), thus the spectra were cut between 2600 and 1900 cm™!. The
full optical range was obtained from 4000 cm™! to 400 cm ™!, the resolution was
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set to 1 cm~!. For all experiments 64 scans were collected and averaged and the
recorded spectra were subjected to baseline correction.

Transmission-reflection IR spectroscopy

Transmission-reflection IR spectroscopy is a spectroscopic technique especially
suitable for studying films on a smooth, reflective substrate like gold or ITO [31].
During the measurement most of the incoming IR beam penetrates the surface
of the film and is then reflected at the substrate. In this way, the light passes
through the surface layer twice, leading to an absorption spectrum similar to a
conventional transmission spectrum.

Vibrational spectra of the studied thin films, presented in this thesis and in
Paper I, Paper III, and Paper IV, were recorded with a PerkinElmer Fourier
transform Infrared (FT-IR) spectrophotometer. The measured spectral range
was from 4000 cm™! to 400 cm™! with the resolution set to 4 cm~!. For all
experiments, 64 scans were collected and averaged and the recorded data were
baseline corrected.

3.5.2 Raman spectroscopy

During Raman spectroscopic measurements vibrational excitation in the studied
material is induced through inelastic scattering of a monochromatic, high inten-
sity, coherent light beam with suitable wavelength (UV to near-Infrared laser)
[83]. During Raman scattering, inelastic photon scattering occurs; the energy of
the scattered photon changes according to the energy input or output related to
the change in vibrational state of the material, as shown on a Jablonski diagram
in Figure [3.5. When the material is excited to a higher vibrational state the en-
ergy of the scattered light gets lowered with the energy difference of these states
(called the Stokes scattering). In contrary, when the material is already at higher
vibrational state and gets to a lower one during the scattering process, the excess
energy is taken up by the scattered photon (called anti-Stokes scattering). Elastic
scattering without energy change of the photon also occurs. This is called the
Rayleigh scattering and most of the incoming photons scatter in this way. There-
fore, to gain high enough flux of inelastically scattered photons, a laser is used.
In addition, Stokes scattering has a higher probability than anti-Stokes scattering
since at room temperature most of the molecules are in the ground vibrational
state. Thus, the energy shift (Raman shift) relative to the energy of the incoming
photon is typically measured from the energy of the Stokes scattered photons.

The intensity of the Raman scattered radiation is defined by the following re-
lation:

In o A 1N [ 28 2 3.8
woc v (52 (38)
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where v is the frequency of the exciting laser, I is the incident laser intensity,
N is the number of scattering molecules, () is the vibrational amplitude, and
« is the polarizability of the molecular bond. The polarizability of the bond,
«, determines the Raman activity of the molecular vibration; the Raman active
vibrational modes are usually inactive in Infrared spectroscopy and wice versa.
Therefore, Raman and Infrared spectroscopies are typically used complementary.

Confocal Raman spectroscopy is an excellent method for chemical mapping
in 2D and 3D with micrometre scale resolution. In our studies (Paper II), it
has been used for chemical mapping of IL-filled mesoporous silica microparticles.
The measurement steps are shown schematically in Figure .6 [5]. In brief, over
a selected area covered with the microparticles the confocal point is set at half-
diameter height of the particles (approximately 3 ym) and the most intense Raman
peak of the ionic liquid was used as the probe signal to obtain information on the
location and chemistry of the liquid phase. The shown 2D map, Figure [3.6 C, is
created by transforming the integrated intensity of the selected peak into a color
code at every collection point (black for less intense and red for more intense).

For chemical characterisation of IL /silica hybrid materials, presented in this the-
sis and in Paper II, Raman point-spectra were obtained with a Renishaw InVia
Reflex Raman spectrophotometer equipped with an X100 LWD Leica objective
and a CCD detector. A 532 nm wavelength diode laser was used for vibrational
excitation covering the spectral range 100-4000 cm™! and the grating used had
2400 grooves/mm. The confocal Raman mapping was carried out with the same
equipment and with the use of 532 nm wavelength diode laser. Before each mea-
surement, the spectrophotometer was calibrated to the 1% order band of a Si wafer
at 520.6 cm ™.
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Figure 3.5: FElastic (Rayleigh) and inelastic scattering (Stokes and anti-Stokes) of
an incoming photon with suitable wavelength for vibrational excitation presented on a
Jablonski diagram.
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Figure 3.6: Chemical mapping experiment performed with confocal Raman spec-
troscopy over mesoporous silica particles filled with an ionic liquid. The figure is
reproduced from reference EV with permission from The Royal Society of Chemistry.

3.6 Cyclic voltammetry (CV)

Cyclic voltammetry (CV) is a powerful tool to study charge transfer involved in an
electrochemical process, since it can provide information on the occuring process
itself and also on other related parameters . CV measurements are typically
carried out in a three-electrode cell, which consists of an inert counter electrode,
a reference electrode with well-defined and stable equilibrium potential, and a
working electrode all immersed in an electrolyte solution, see schematic shown in
Figure [3.7 A.

When the aim is to study the working electrode, a substance with a known
electrochemical behaviour, i.e. an electrochemical probe or redox probe, is added
to the electrolyte. Metal complexes are often used as redox probes. The redox
reaction of the probe on the working electrode is followed by recording a voltam-
mogram; e.g. recording the current as a function of the sweeping voltage applied
to the working electrode relative to the reference electrode. A typical voltam-
mogram of a redox probe with an oxidation number change of one is plotted in
Figure B . The equilibrium between the reduced and the oxidised forms
of the probe is described with the Nernst equation:

RT (aoy) RT [ox]
E=E"+""2] ~ EY + —1
+ F n(ared) + F " [red]

(3.9)

where E is the standard potential, R is the universal gas constant, 7" is the
temperature, F is Faraday constant, £ is the formal potential, and the relative
activities (a) of the oxidised (ox) and reduced (red) forms of the probes in the
system at equilibrium are approximated with their concentrations, [ox] and [red],
respectively. As shown in Figure B, oxidation and reduction reactions are
detected as current peaks. When a solution of, for example, the oxidised form is
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Figure 3.7: Cyclic voltammetry. A: Three-electrode electrochemical cell suit for cyclic
voltammetric measurement B: Voltammogram of a redox probe with an oxidation num-
ber change of one. The figure is reproduced from reference [84] with permission from
the American Chemical Society.

scanned to negative potentials, it gets reduced at the working electrode resulting
in concentration increase of the reduced form at the surface of the electrode,
therefore the mass transport of the oxidised form toward the electrode becomes
limiting. When the redox reaction is reversible, similar phenomena occur in the
reverse scan and therefore the voltammogram shows a so-called duck-shape. In
short, the position and shape of the current peaks provide information on the
diffusion of the redox probe near the electrode.

CV measurements, presented in this thesis and in Paper I, Paper III, and Pa-
per IV, were used to characterise the permeability of IL-templated silica thin
films. For this, various coordination compounds as redox probes were used with
different and characteristic electrochemical properties, namely the positive redox
probe [Ru(NHj)g]Cls, the negative redox probe Ks[Fe(CN)g], and the neutral re-
dox probe FcMeOH. In case of the as-synthesised films, in which the template is
still present in the nanochannels, the neutral probe can pass through the channels
as it proposedly solubilise in the apolar phase of the template and is able to reach
the ITO substrate (which is here also the working electrode) giving rise to redox
peaks [85]. Meanwhile, the positive and negative redox probes are blocked by the
template to reach the ITO substrate, therefore the recorded voltammogram do
not show current peaks. After extraction, the empty silica nanochannels are neg-
atively charged under the circumstances of the measurement, thus, the positive
and neutral redox probes are able to give current signal while the negative redox
probe is unable to pass through the nanochannels due to electrostatic repulsion
[85].

The CV measurements on IL-templated silica thin films, presented in this thesis
and in Paper I, Paper III, and Paper IV, were carried out in a three-electrode
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system that contained a Ag/AgCl reference electrode (Metrohm), a stainless steel
counter electrode, 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
redox probe and 0.1 M NaNOgs, while the contact area with the solution was 0.2
cm?. The voltammogram curves were recorded with a pAutolab III potentiostat
(Eco Chemie) or a Gamry Interfacel000E potentiostat at a scan rate of 20 mV /s.

CV was also applied to measure the electrochemical window of the ionic liquid,
HCgimTFSI, using a three-electrode cell, as presented in Paper IV. For the mea-
surement of ionic liquids, typically a pseudoreference electrode is used, here a Ag
wire while the counter electrode was a platinum coil and the working electrode
was a bare ITO plate with a circular contact area of 0.2 cm?. The studied ionic
liquid, HCgimTFSI, functioned also as the electrolyte. The voltammetric curves
were recorded with a Gamry Interfacel000E potentiostat at a scan rate of 100
mV /s between -1.3 V and 2.1 V (vs. Ag).

3.7 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a widely used technique to char-
acterise electrical properties of materials and devices, by studying the impedance
function, Z*. To measure the sample’s impedance, an alternating voltage V(t)
is applied with a constant frequency of w/27w that induces a current I(t) with
the same frequency in the sample. Depending on the electrical properties of the
sample, phase shift occurs between the applied voltage, V(t), and the measured
current, I(t), described with phase angle, ¢. The voltage and current are con-
venient to be expressed in complex notation, as well as the complex impedance

Z(t) [86]:

V(t) = Vasin (wt) (3.10)
I(t) = Issin (wt + @) (3.11)
2@y = YW _ g, S gy g (3.12)

I(t)  “sin(wt+ ¢)

where V4 and I are amplitudes of voltage and current, respectively, w is radial
frequency, Z’ is the real part of the impedance, and Z” is the imaginary part. In
practice, the impedance spectrum is obtained by taking measurement points at
discrete radial frequency values, (w), of the alternating voltage. The impedance
spectra can be represented on a Lissajous plot or in modern impedance spec-
troscopy more often on a complex impedance plot (also called Nyquist plot), see

Figure [3.8 [86].
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Figure 3.8: Impedance spectroscopy. A: Impedance data represented on a Lissajous
plot showing the measured current as a function of the perturbing voltage. B: Complex
impedance plot, also called Nyquist plot. The figure is reproduced from reference [86]
with permission from John Wiley € Sons.

3.7.1 Broadband dielectric spectroscopy (BDS)

Broadband dielectric spectroscopy (BDS) is suitable to determine the intrinsic
dielectric properties of a material, like the permittivity, €*(w), and conductivity,
0*(w), spectra that are delivered from the impedance, Z*(w ), with the help of well
defined sample dimensions (accordingly, BDS instruments have specific design to
serve this purpose) [87]. The dissipation factor, tand, is related to the real and
imaginary parts of both the impedance and the permittivity:
i "
tand = ZZ/ = 66/ (3.13)
Considering the interpretation of the real, Z’, and imaginary, Z”, parts of the
impedance; when tand < 1 and Z’ > 7Z” the system is considered more insulat-
ing than conducting. Similarly, the real part of permittivity, €’ is the relative
permittivity while the imaginary part, €7, is the dielectric loss or loss factor and
the larger values of the dielectric loss suggest a stronger deviation from an ideal
dielectric. In relation to the permittivity, the conductivity can be determined as
well:

o(w)* = joepe (w) (3.14)

where ¢ is the permittivity of vacuum. The ionic conducitvity of ionic liquids
is obtained from the real part of the conductivity, namely from the plateau region
of the ¢'(w) spectrum showing the frequency independent dc conductivity, ¢qe,
at which the polarisation effect and ac conductivity contributions are negligible
[88].

The broadband dielectric spectroscopic measurements of IL-based materials
were carried out on a Novocontrol GmbH instrument. The samples were placed
between two gold-plated brass electrodes with a defined circular contact area with
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the diametre of 13.5 mm and the thickness of the samples set to 1 mm by using
a silica spacer. Data were collected in the frequency range of 10~! - 107 Hz, in
given temperature steps and range (see in Paper II and Paper IV), while the
stabilisation time was set to 600 s.

3.7.2 Equivalent circuit modelling

Impedance spectroscopic data obtained for an electrochemical cell, to study for
example the double layer at an electrode, outer layers of colloidal particles, corro-
sion or other electrochemical reactions etc., is commonly analysed by fitting with
an equivalent electrical circuit model [86], |87, 189, 90]. An important aspect is that
equivalent circuits should be selected ideally on the basis of the given electrochem-
ical systems. In some cases, even though the "the best fit" between the model and
the experimental data applies, it does not necessarily mean that the developed
equivalent circuit model has physical meaning. Therefore, the estimated physical
parameters obtained with equivalent circuit modelling need careful interpreta-
tion. Common ideal circuit elements are listed in Table [3.2 along with the CPE
(constant phase element) which is suitable to model the impedance response of a
non-ideal capacitor, also used in Paper IV. In the listed equations R is resistance,
V' is voltage, I is current, C' is capacitance, L is inductance, ) is the constant
phase element and « is the exponent.

Table 3.2: Common ideal circuit elements and the CPE (constant phase element)

Component Equivalent Element Current vs. Voltage Impedance

Resistor R (Q) V=IR R

Capacitor C (F) I=CdV/dt 1/jwC

Inductor L (H) V=Ldi/dt JwC

—0—

CPE Q ('s?) 1/Q(jw )
S

Impedance measurements, presented in this thesis and in Paper IV, were con-
ducted in a three-electrode cell in which the counter electrode was a platinum coil
and a Ag wire was used as the pseudo-reference electrode. Two different working
electrodes were used in contact with the studied ionic liquid with a circular contact
area of 0.2 cm?. These were: i) an "ITTO+Film"; i.e. an ITO substrate covered
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with a thin film of porous silica containing vertically aligned nanochannels (to
investigate the effect of confinement on the electrochemical behaviour of the ionic
liquid) and ii) a bare "ITO", i.e. a bare and neat ITO electrode used as a reference
(to study the electrochemical behavior of the bulk ionic liquid). The impedance
spectra were recorded with a Gamry Interfacel000E potentiostat in the frequency
range from 1072 Hz to 10° Hz at room temperature. The sinusoidal potential
perturbation had an amplitude of 10 mV (rms). Equivalent circuit modelling was
used to estimate the electrochemical properties of the studied electrochemical cells
with different working electrodes.

3.8 Nuclear magnetic resonance (NMR)

NMR spectroscopy is a spectroscopic technique that provides chemical informa-
tion from magnetic resonance of nuclei that can be characterised with a nuclear
spin quantum number, I, larger than zero (those with I = 0 possess no nuclear
spin and are "NMR silent"). Nuclear spins have a magnetic moment and when
placed in an external magnetic field, their magnetic moments align relative to this
external magnetic field in a discrete number of orientations. Accordingly, due to
the resulted split up of the spin states, the nuclei in the external magnetic field
can be on 2741 possible spin states populating them according to the Boltzman
distribution. The unequal population of the spin states gives rise to a resultant
bulk magnetisation vector My (in a Descartes system conventionally along the
z-axis). The energy difference between the states is proportional to both the ex-
ternal magnetic field, By, (more exactly its magnetic flux density), and to the
magnetogyric ratio () characteristic of a given isotope, see Figure 3.9 [81} 91].
To obtain an NMR spectrum, the exciting electromagnetic radiation, used to
acquire nuclear spin transition from lower to higher energy level, is on the radiofre-
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Figure 3.9: Representation of the increasing difference in the energy levels between
splitted nuclear spin states proportional to the external static magnetic field shown for
a nucleus with I = 1/2 as an example.
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quency range. As the magnetic resonance frequency is affected by the electronic
environment of the nucleus and the presence of magnetic nuclei in its vicinity
the NMR spectrum is characteristic to the molecular structure and its chemi-
cal environment [81, 91]. Besides providing energy for spin transition, during
the method called pulsed-field gradient nuclear magnetic resonance spectroscopy
(PFG-NMR), additional rf (radiofrequency) pulse is applied to provide B; mag-
netic field perpendicular to the static field, By (as the rf pulse intrinsically has
magnetic component). Accordingly, picturing in a Descartes coordinate system,
By causes net z magnetisation, while B; rotates the M, magnetisation vector to-
ward the x-y plane. The angle through which the My vector turns is dependent
on the duration and amplitude of the pulse. In absence of an additional magnetic
gradient pulse the perturbed system goes through relaxation processes that re-
sults in the decay of the detected NMR signal (electric current signal generated
by the rotating M, vector that decays as M, returns to its equilibrial orientation,
also called spin-echo).

In Paper II, NMR spectroscopy was used not only for determining chemical
composition but also for studying diffusivity of molecular species containing hy-
drogen atoms, present in the imidazole/HCimTFSI mixture in bulk and in con-
fining space of mesoporous silica, respectively. For this, PFG-NMR spectroscopy
was used. If the sample is also given magnetic gradient pulses in a defined scheme,
the diffusing species containing 'H atoms might not get exposed to the same local
magnetic field during the pulse sequence as they can diffuse away [91, [92]. Thus,
the detected NMR signal change accordingly, described as:

I = Iyexp (—D (70@G)? (A - g)) (3.15)

where [ is the signal intensity, [ is the signal intensity at zero gradient strength,
G is the gradient strength (in Paper II the changing variable), D is the self-
diffusion coefficient, § and A are the duration of the gradient pulses and the time
delays between them. The self-diffusion coefficient can be determined by plotting
In(I/Iy) vs. G? that yields a linear plot whose slope is proportional to D [91, (92].
The diffusion NMR experiments were carried out at 30 °C on a Bruker Avance
600 NMR spectrometer equiped with a 5 mm 1H/2H RF double-coil insert and
connected to a 60 A gradient amplifier. The relaxation times (7} and Tb) were,
respectively, obtained by standard inversion recovery and CPMG (Carr-Purcell-
Meiboom-Gill) pulse sequences. For the case of liquid samples the gradient pulse
length, 9, was set to 1 ms and a diffusion time, A, to 100 ms while the gradient
strength, G, was ramped uniformly in 16 steps from 0.1 to 12 T/m. Data were
collected at each gradient value with a sum of 8 acquisitions and 7 s recycle delay
time. For the hybrid samples, the stimulated echo sequence using bipolar pulses
was used to suppress the influence of internal background gradients. The gradient
pulse length, §, was equal to 0.37 ms while the diffusion time, A, was set to 300
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ms, and the gradient strength, G, was ramped uniformly in 16 steps from 0.1 to
17 T/m. Data were collected at each gradient with a sum of 8 acquisitions and 4
s recycle delay time. The gradient strength was calibrated with the self-diffusion
coefficient of the standard sample containing HDO in pure D50O.



4 Results and discussion

4.1 PIL/silica hybrid materials

This chapter is based on two studies of different PIL/silica hybrid materials pre-
sented in Paper IT and Paper IV. These studies differ substantially in the chemical
and morphological character of the confining porous silica matrix. In Paper II the
molecular dynamics and related local structure of an imidazole/PIL mixture have
been investigated when confined in hydrophobised mesoporous silica particles, by
characterisation of a sample series with varying liquid-to-silica ratios. While in
Paper II the confining silica matrix has a disordered pore structure containing
both mesopores ca. 5 nm and micrometre-scale cavities, in Paper IV the PIL is
studied in straight, discrete nanochannels with a pore diameter estimated to be
3.5 nm. These nanochannels are located in a hydrophilic silica thin film ensuring
vertical diffusion pathway through the film. The well-defined, ordered morphol-
ogy of this system enabled the use of equivalent circuit modelling, thus charge
transfer and capacitive behaviour of the nanoconfined PIL have been investigated
upon applied voltage.

4.1.1 Structure and interactions

In the PIL/silica hybrid material consisting of a liquid phase of imidazole/
HCgimTFSI mixture ("Im/PIL mixture") and a solid phase of mesoporous silica
microparticles hydrophobised with trioctylsilyl-groups ("5-C8-SiOs") the popula-
tion of the ionic liquid at different sites is dependent on the liquid-to-silica ratio
(Paper II). The liquid-to-silica ratio was expressed as “pore filling” in unit of %,
with respect to the volume of the added Im/PIL mixture relative to the avail-
able pore volume in the mesoporous silica. To confirm that the Im/PIL mixture
penetrated into the pores of the mesoporous silica and distributed evenly, chemi-
cal mapping with confocal Raman spectroscopy was used (see Figure 4 in Paper
IT). A schematic of the prepared sample series is presented in Figure @ A and
the in-pore structure in Figure E B, showing possible locations of the Im/PIL
mixture; (i) adsorbed onto the silica surface at pore wall or outer surface of the
particle, (ii) located in the pore centre, and (iii) located in the microcavities be-
tween the silica microparticles. The SEM characterisation has revealed that the
silica microparticles are uniformly spherical with a diameter around 6 pum, thus
the cavities in between the particles are in micrometre-scale, while the maximum

35
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in the pore size distibution of the mesopores inside the particles was determined
to be 5.6 nm with BET (see Figure 3 in Paper II).

To reveal local structure and related interactions within the pores, X-ray scat-
tering and vibrational spectroscopic experiments were performed on these PIL /silica
hybrid materials at room temperature. The changes in the X-ray scattering pat-
tern upon composition is shown in Figure C. The neat Im/PIL mixture shows
three characteristic peaks, that have been discussed widely for numerous protic
and aprotic ionic liquids , @, , . Accordingly, the peak centred at 0.84 A~1
arises from all ion-ion alternations, and the peak at 0.34 A~! arises from chain-
chain segregation and corresponds to a scattering length of 1.8 nm indicating that
the addition of imidazole does not disrupt the native polar/apolar structuration
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Figure 4.1: A: Illustration of, from left to right, the bare mesoporous silica mi-
croparticles (5-C8-SiOs) and the same particles filled by an increasing amount of the
Im/PIL mizture. B: Illustration of the speculated local structure inside the mesopores.
C: Small-angle X-ray scattering intensity collected for the bare silica particles (black
trace), different samples with varying pore filling (orange, yellow and green) and the
neat Im/PlLmizture (dark red). The inset plot shows the integrated areas under se-
lected fit peaks as a function of composition.
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observed for the bulk ionic liquid [2, 94]. Besides, the bare silica microparticles
contribute at about 1.6 A~! with a broader feature and with a strongly increas-
ing scattering intensity in the low-q range (below 0.3 A=1). After multiple-peak
fitting of the scattering data, it was found that the intensities of the character-
istic peaks (i.e. the integrated areas under the peaks) at 0.34 A1 and 0.84 A1
increased with increased pore filling factor, see inset of Figure 4.1 C, but their
peak positions remained unchanged indicating that the local ion-ion distances and
segregation of alkyl chains are the same inside the mesopores and microcavities
as in the neat Im/PIL mixture. Furthermore, in the PIL/silica hybrid materials
an additional feature below 0.4 A~' can be observed, which is not present in the
X-ray scattering pattern of the Im/PIL mixture and the neat 5-C8-SiO, silica
particles, and based on peak-fitting centred at ~0.18 A for all compositions, cor-
responding to ~3.5 nm real space distance. Its intensity, unlike the peaks at 0.34
A-" and 0.84 A~!, increased for decreasing filling factors, see the inset of Figure
4.1 C. Based on the X-ray scattering results and the hydrophobic character of the
pore wall, it is realistic to assume a local structure inside the mesopores with a
monolayer of the amphiphilic cations assembled with their tails oriented toward
the pore wall, and a higher density of charges (provided by the cation heads and
the TFSI™ anions) towards the centre of the pores in a domain whose size can
match the observed distance of ~3.5 nm (associated to the ~0.18 A~! feature).
A sketch of this local structure is given in Figure 4.1 B.

Complementarily, vibrational spectroscopy was used to study interaction sen-
sitive vibrational modes that give information on possible interactions in which
the IR and Raman sensitive groups of the ionic liquid are involved, the molec-
ular structure of the PIL is shown in Figure 2.1 (and the collected spectra are
presented in Figure 13 in Paper II and Figures S7 and S8 in the SI of Paper II).
As confocal Raman spectroscopy provides exact information on the location of
the obtained spectrum within the sample speciment on the stage, Raman spectra
were taken inside the Im/PIL mixture filled silica particles, and in case of sam-
ples with pore filling of 200% and 400% also outside of them. Described in more
detailed in Paper II, the Raman spectra inside and outside of the silica particles
were identical, however, an interesting phenomenon of enhanced Raman intensity
was observed inside of the particles. Also, the recorded spectra on the PIL/silica
hybrid materials were, independently from the sampling location, practically un-
changed compared to the spectrum of the neat Im/PIL mixture. More precisely,
the Raman shift range of 240-440 cm ™! that contains vibrational modes associated
to the to Cy (cisoid) and the Cy (transoid) conformational states of TFSI™ [95,
96] and the expansion-contraction mode of TFSI™ at ~742 cm™! remain prac-
tically unchanged, revealing that the conformational population of TFSI™ and
the TFSI™ — imidazolium association were unchanged inside and outside of the
mesopores compared to the case of the bulk neat Im/PIL mixture. This also con-
firms that the TFSI™ anion does not interact significantly with the silica walls,
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which agrees with results from X-ray scattering. In line with a previous study by
Garaga et al. [48], which revealed that due to what was called by the authors
flipped-ion effect in proximity to a hydrophobised silica wall, when the alkyl chain
of the imidazolium cation faces the hydrophobic silica wall, the local interaction
between the TFSI™ and the imidazolium head remain the same as in the pure PIL
or the Im/PIL mixture. In contrast, with untreated silica that offers -SiO~ and
-SiOH sites of interactions, a blue shift for the expansion-contraction mode (~742
cm™!) has been observed [95]. IR spectroscopy was used as well to study the
interaction sensitive vibrations of the imidazolium cation, namely its N-H stretch,
imidazolium ring stretching, and alkyl chain stretching modes. In the samples
with a pore filling equal to or higher than 200%, no shifts could be detected for
any of the IR absoption peaks with respect to the spectrum of the neat Im/PIL
mixture. However, in the sample with 100% pore filling a small but measurable
red shift for the broad N-H stretching mode has been observed (see Figure S8 in
the SI file of Paper II). This peak arises mainly from the imidazolium cation, with
minor contributions from the imidazole, and its slight red shift is indicative of an
average increase in the N-H bond length [5].

The confinement-effect on the properties of the PIL, HCgimTFSI, was studied
in another porous silica matrix as well, more precisely in nanochannels running
through a silica thin film deposited on a flat ITO electrode, as presented in Paper
IV. The silica matrix has been characterised with CV, GISAXS, and IR (presented
in the SI of Paper IV). Based on CV measurements, it has been verified that the
silica film covered the entire area of the electrode without defects and that the
nanochannels provide a straight diffusion pathway to the ITO electrode. Besides,
GISAXS results showed that the individual nanochannels are vertically aligned
and straight while their hexagonal lateral order results in a high porosity. In this
case, IR spectroscopy was used to ensure that the channels were empty before use.
As the nanochannels result from a templating procedure using CTAB (followed by
extraction), the diameter of the nanochannels is estimated to be 3.5 nm, while the
thickness of the film and hence the length of the nanochannels to be 65 nm [97-99].
To enable sufficient contacts during EIS measurements in the three-electrode cell,
a macroscopic layer (on cm-range) of the PIL, HCgimTFSI, was at place to act
as an electrolyte reservoir between the silica film-covered ITO working electrode
and the reference and counter electrodes; this phase is referred to as "bulk" PIL.

Information on the local structure and interactions within the nanochannels
could be obtained only indirectly, based on the electrohemical parameters esti-
mated with equivalent circuit modelling (which is discussed in-depth in Subchap-
ters 4.1.2. and 4.1.3.) and related literature. Therefore, the in-pore structure
described in Paper IV and presented here in Figure 4.2 is a hypothesis. Three
different sites of the ionic liquid are distinguised: (i) interfacial, immobile cations,
(ii) mobile ions in the centre of the pores, and (iii) ions accumulating at the ITO
surface uppon applied voltage. A substantial difference from the PIL/silica hybrid
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Figure 4.2: Schematic illustration of the mesoporous silica film deposited on flat I'TO
electrode (left) and speculated local structure of ionic species inside its nanochannels
(right), with the heads of the imidazolium cations interacting strongly with the neg-
atively charged silica walls while their long octyl chains oriented towards the centre
of the channel (interfacial cations). The remaining available space defines a straight,
oriented pathway for ionic motion towards the ITO electrode and a confined space for
charge accumulation at the surface of the ITO electrode upon applied potential.

materials presented in Paper II is that in this case the confining silica pore had a
hydrophilic character having -SiO~ and -SiOH sites. Numerous, congruent stud-
ies have demonstrated decreased mobility of ionic liquids in the confining space
of such hydrophilic silica pores, which has been explained by strong interactions
between the pore wall and the ions 47, [100]. Thus, due to the negatively
charged silica pore walls it is expected that an interfacial layer of immobile ions is
formed, that consists in imidazolium cations with their aromatic head flatly ori-
ented towards the silica wall while their alkyl chains pointing towards the centre
of the pores . In such case, compared to the interfacial cations, the anions are
located further away from the silica surface [46, [101]. Notably, the formation of
this immobile cationic layer has the double effect of reducing the pore size and of
hydrophobizing the solid interface.
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4.1.2 Self-diffusion and ionic conductivity in the PIL phase

The transport properties of the Im/PIL mixture while confined in the disordered
mesopores of the hydrophobised 5-C8-SiOs microparticles, presented in Paper II,
were monitored by PFG-NMR measurements and the obtained self-diffusion coef-
ficients are summarised in Table[4.1. For all samples, the self-diffusion coefficients
of the imidazolium cation, D.q, were determined directly from the 'H resonance
of its CHs and CHj groups in the octyl chain. Meanwhile, the self-diffusion co-
efficients of the -NH group, Dyp, (to which both -NH groups of imidazole and
imidazolium contribute) could be determined only in samples with pore fillings of
200% and 400% due to peak broadening upon decreased liquid-to-silica ratio. In
addition, the Dy,, and Dy values were estimated, as described in more details in
Paper II and in reference [5].

Based on the diffusion NMR results, the samples with 50% and the 100% pore
filling and the samples with 200% and 400% pore filling, show pair wise similar be-
haviours. The diffusivity values of the imidazolium cation in samples with a pore
filling of 50% and 100% indicate that the nanoconfinement has no adverse effect
on diffusivity in the hydrophobised silica mesopores. Such unrestricted diffusion
indicates lack of strong cation-silica interactions congruent with vibrational spec-
troscopic data and literature [48]. It appears also that the liquid phases outside
and inside the mesopores have distinct dynamical properties, with a D.,; clearly
higher outside in samples with pore filling of 200% and 400%. At this stage there
is no clear explanation for this difference; although one can assume that it is re-
lated to locally different molecular ordering and/or different ionic densities inside

Table 4.1: Self-diffusion coefficients (in units of 10~ m?/s) measured for samples
of various pore fillings using selected * H resonances. *Data retrieved from a previous
work, see reference [5]. *Estimated values based on certain assumptions (see SI of
Paper II).

Pore Dt Dng  Dim Dy Dy /Deat
filling

0% — — — — -
50% 0.95 n.a. n.a. — —
100%  0.87 n.a. n.a. —
200% 1.63 231 2.25* 55~ 3.4*
400% 1.66 2.60 2.36* 72°* 4.3*

Im/PIL* 0.86 135 1.24 3.7 4.3
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and outside of the microparticles.

Furthermore, the higher diffusivity values of the proton sitting on the -NH
group, Dyg, compared to the diffusivity values of the imidazolium cations, Dy,
suggest the contribution from a proton motion decoupled from molecular diffusion,
a transport mechanism different from the purely vehicular one. If we consider
estimated values, the exchangeable protons on the -NH group diffuse, on average,
faster than their parent molecules, in the hybrid materials investigated here about
3 to 4 times faster than the imidazolium cation (Dg /D.q). This is very similar to
the case described by Garaga et al. for the 10 nm large pores [5], and supports the
idea presented in their work that the coexistence with mesoporous microparticles
can result in enhanced dynamical effects in PILs.

The ionic conductivity of the PIL/silica hybrid materials studied in Paper II
were characterised with broadband dielectric spectroscopy as well. The measured
ionic conductivities of the samples are shown in Figure 4.3 A as a function of
temperature in an Arrhenius plot. In all the studied PIL/silica hybrid materials,
conductivity values have a non-linear dependence on inverse temperature, typi-
cal for ionic liquids, revealing that even though PFG-NMR indicated a decoupled
proton motion, the vehicular mechanism is the dominating charge transport mech-
anism both in bulk and in confined Im/PIL mixture |[102]. Accordingly, the VFT
(Vogel-Fulcher-Tamman) equation was used to fit the experimental data points
[102], and the fitted variables are summarised in Table @ In the VFT equation,
the parameter D is related to fragility while T is a temperature related to the
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Figure 4.3: A: Arrhenius plot of conductivity values measured for samples of various
pore filling covering the temperature range from —50 to 145 ° C. Dashed lines are simple
guides to the eye. B: Absolute values of conductivity measured at 15 and 95 °C as a
function of the volume fraction of silica.
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Table 4.2: Values of D, Ty, and 04, as found from fitting the conductivity data with
the empirical VE'T equation oy pr = O o€~ PT0)/(T=T0)

Pore filling Material Type o D Ty
(Sem™) (1) (K)
0% dry powder — - -

50% wet powder 0.0002 4.5 175
100% wet powder 0.03 4.7 155
200% suspension 0.10 4.3 157
400% suspension 0.13 4.6 155
Im/PIL  liquid 0.20 4.0 157

glass transition temperature T, and 04 is the conductivity extrapolated to in-
finite temperature. While D does not change significantly with composition and
value of Tj is also very little dependent on the degree of pore filling, 0., drasti-
cally decreases with decreasing amount of the liquid phase in the entire studied
temperature range. The decreasing conductivity upon higher volume fraction of
silica is better illustrated in Figure [4.3 B, for the arbitrarily selected tempera-
tures of 15 °C and 95 °C. This sharp drop of conductivity is significant even after
compensation for the molar concentrations and may be attributed to changed or
lost connectivity between the ionic species. This might occur at different extent
depending on the pore filling ratio, since even at high Im/PIL mixture content
the solid phase of porous silica creates longer and likely tortuous ion diffusion
pathways while at low pore filling ratios additional discontinuities appear in the
longer spatial range as the microcavities between particles remain unfilled.

The effect of confinement on the charge transfer properties and electrical double
layer of the PIL, HCgimTFSI, was studied in the above introduced nanochannels
as well, presented in Figure 4.2 and here in Figure [4.4, also discussed in detail
in Paper IV. For this, EIS (electrochemical impedance spectroscopy) experiments
were performed in a three-electrode cell in which the bulk ionic liquid functioned
as electrolyte ensuring contact between the reference electrode and the working
electrode. Two different working electrodes were used: i) a bare ITO surface,
serving as reference sample and ii) an ITO surface on which a thin film of meso-
porous silica had been deposited, containing vertically aligned channel-like pores
with an estimated diameter of 3.5 nm. While here the most important findings on
charge transfer properties are discussed, the next subchapter (Supchapter 4.1.3)
covers the capacitive behaviour of the PIL in the confined space defined by the
nanochannels.

EIS results show that within the frequency window 1072 — 10% Hz, the Nyquist
plot of Z” versus Z’ does not show full semi-circles, and the values obtained for
the ITO covered with the thin silica film are lower, Figure 4.5 A. The frequency
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Figure 4.4: The equivalent circuits used to model the impedance data recorded for
the case of a bare ITO interface (A) and an ITO surface covered with a thin film of
mesoporous silica containing nanochannels (B).
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Figure 4.5: Results from electrochemical impedance spectroscopy (ELS) measurements
showing the Nyquist plot of Z” versus Z’ (A) and the Bode plot of the modulus of Z
as a function of frequency (B) and the frequency dependence of the phase angle (C).
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dependence of the modulus of Z, /Z/(v), is shown in Figure 4.5 B in a log (/Z/) —
log (v) plot, revealing a linear behaviour below 10! Hz and constant values above
102 Hz. This plateau in the high-frequency region corresponds to the resistance
in the bulk phase of the ionic liquid, while the slope is associated to phenomena
occurring at the PIL/ITO interface.

The dependence of /Z/ on frequency has been modelled using equivalent circuits,
which are illustrated in Figure [4.4, and the fitted parameters are presented in
Table [4.3. The equivalent circuit describing the bare ITO surface in contact with
the PIL, HCgimTFSI, can be simplified to only include a bulk resistance (Rpyx),
and a constant phase element (@) in parallel with a polarisation resistance (Ry;).
For suitable evaluation of the EIS spectra obtained with the ITO electrode covered
by a film of mesoporous silica, it was found that additional elements had to be
included in the modelling equivalent circuit. The need of including the additional
elements in the equivalent circuit, and thus of time constants, is visible also in
the frequency dependence of the phase angle by the deviation from the angle
of -80° for the case of ITO with the deposited thin mesoporous film, see Figure
4.5 C. First, an equivalent circuit was considered that is based on the work of
Hirschorn et al. [89], suitable to model the surface and normal distribution of time-
constants, as presented in Figure S7 in the SI of Paper IV. In the studied PIL /silica
hybrid material this distribution originates from the presence of the thin film
covering the whole electrode surface and its channel-like pores normally oriented
with respect to the flat surface of the electrode. The fitting results have shown
that the calculated capacitive contribution of the bulk silica is extremely low
(0.0046 pF) and its resistance extremely high (7.5 GS2), thus the silica component
can be neglected and the equivalent circuit can be reduced to the one shown in
Figure [1.4 B (the fitting results are also summarised in Table [£.3).

The high value for the in-pore resistance (Rpoe = 94.4 kQ2), compared to the
bulk resistance (Rpur = 4.5 k), can be rationalised by considering that both
ions in the core of the channel and ions interacting with the negatively charged
silica walls contribute to this fitted parameter. Thus, the high in-pore resistivity
proposedly relate to the reduced mobility of ionic liquids in the confining space of
hydrophilic silica pores as a consequence of strong interactions between the pore
wall and the ions. This has been reported in other IL/silica systems as well, in
which the silica pore walls have hydrophilic character [46, 47, [100].

Since PILs are promising candidates for use in proton conducting membranes,
their confinement in porous matrices is a strategy to bring them in the solid state
and make them useful in electrochemical devices avoiding the issue of leakage.
It is worth to mention that there are means to decrease the high in-pore resis-
tance. A straightforward method is the hydrophobisation of the silica walls as it
is known that the ionic species of an ionic liquid close to a hydrophobic surface
(e.g. modified silica or carbon based tubes) experience weaker interactions and
display higher mobility [5, |46-48]. Nevertheless, the presented PIL/silica hybrid
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Table 4.3: FElectrochemical parameters estimated by analysis of EIS data for the
PIL, HCgimTFSI, in contact with a bare ITO surface or an ITO surface on which a
mesoporous thin film of silica had been deposited (ITO + Film). Note: for the "ITO +
Film" case, the porosity was estimated to be 0.57, based on geometrical considerations
and GISAXS results, see also Figure S5 in the SI of Paper IV.

WOI‘kiIlg Rbulk Rpore onre; ( « ) Rdl le; ( « ) Cfll
electrode (k) (k) (Q71s%) (MQ) (7 1s%) (uF /cm?)
ITO 6.80 89.0 1.89-107% (0.91) 6.43

ITO + Film 4.50 94.43 5.59-107° (0.90) 8.33 3.96-107¢ (0.84) 16.29

material containing straight, vertically aligned channel-like pores with a narrow
pore-size distribution can be of scientific interest since they enable studying the
dynamics of truly and exclusively in-pore ionic species (unlike the case of ionogels
or IL-filled mesoporous silica particles in which it can be experimentally difficult
to discriminate between ions residing inside and outside the pores as in Paper II)

[103].

4.1.3 Capacitive behaviour

Beside studying in-pore charge transfer properties, the electrochemical parameters
estimated by equivalent circuit modelling presented in Figure [4.4 and in Table [4.3
(discussed deeper in Paper 1V), lead to key findings also on the electrical double
layer and the related capacitive behaviour of the PIL, HCgimTFSI, at the bulk
PIL/ITO interface and at the in-pore (nanoconfined) PIL/ITO interface.

The EIS data of the reference sample, bare ITO surface in contact with the PIL,
HCgimTFSI, has been modelled with an equivalent circuit containing a constant
phase element Qg (1.89 1075Q71s* a = 0.91), presented in Figure @, from which
based on the work of Hirschorn et al. [89], the effective capacitance (Cy) can be
estimated using the following relation:

Ca = QY™ - 4.1
@ at (Rbulk i Rdl) (4.1)

This yields a capacitance value of 1.26 pF, which translates into a specific
capacitance Cy® of 6.43 uF/cm?. If the value of 12.16 for the dielectric constant
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(eprr) of the protic ionic liquid HCgimTFSI is assumed, based on the work of
Rybinska-Fryca et al. |[104], the thickness (d) of the electric double layer at the
ITO interface can be estimated to be 1.7 nm, using the relation

A
Car = eoeprr— (4.2)

Interestingly, this is comparable to the length of the chain-chain nanosegregation
observed in bulk HCgimTFSI by Abdurrokhman et al. [2].

The specific capacitance of 6.43 uF/cm? obtained at the bulk PIL/ITO inter-
face is comparable to the values reported in the literature for a variety of other
ionic liquids. A comprehensive investigation of the electrochemical properties of a
series of PILs has been reported by Lu et al. |[105], in which the authors report a
double layer capacitance of 15.3 uF /ecm? using a glassy carbon (GC) working elec-
trode for the protic ionic liquid (EtoNH)((BuO)2POOH). Another relevant study
has presented the use of a (PET)ITO-ionic liquid-ITO(PET) system for sensing
changes in mechanical pressure (PET is polyethylene terephthalate)|106]. In that
study, the used ionic liquid was 1-butyl-3-methylimidazolium bistriflimide (more
precisely, a filter paper imbibed with this ionic liquid, which introduces uncer-
tainty in the contact area and specific capacitance) and the measured capacitance
varied between ca. 4-10~7 F for an applied pressure of 10 kPa and ca 3-107¢ F for
an applied pressure of 20 kPa.

Similarly to the bulk PIL/ITO interface, the effective double layer capacitance
(Ca) at the in-pore PIL/ITO interface has been determined with Equation 4.1,
from the CPE element (Qg), to be 1.8 pF. This can be expressed as a specific
capacitance considering that approximately 57% of the total ITO area is exposed
to the in-pore ionic liquid phase during the EIS measurement (the porosity of
0.57 has been calculated from geometrical considerations and using structural
parameters achieved from GISAXS studies, see Figure S5 in the SI of Paper 1V)
leading to a value of ca 16 uF/cm?. Compared to the specific capacitance at
bulk PIL/ITO interface (6.43 uF/cm?), the increased specific capacitance upon
nanoconfinement at the in-pore IL/ITO interface suggests a higher charge density
within the dielectric double layer. Assuming the local molecular organisation
within the pores described above (in Subchapter 4.1.1) it is plausible that the
reduced pore width and the presence of oriented and immobile octyl chains induce
the mobile cations to adopt a preferred vertical orientation at the ITO interface,
with a consequent increased ion density.

Increased capacitance values for ionic liquids in a confined space have been
reported by several authors for porous electrodes with unimodal and well-defined
pore widths [56, [107-109]. In general, the presented specific capacitance values are
in fair agreement with those measured for other ionic liquids; for instance a specific
capacitance of ca 7 uF /cm? has been measured in ethyl-methylimidazolium-TFSI
confined in porous carbon electrode containing 1 nm wide nanopores [56]. Also,
various studies have reported ion-exclusion effects as well as denser ionic packing
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at the electrode interface for the case of ionic liquids in nano-domains, which may
explain our observation of an increased specific capacitance.

It is worth to mention that studying the behaviour of ionic liquids in the nano-
space of electrodes, for applications in supercapacitors, is a topic of increasing
research interest. By date, related publications have only studied experimentally
the capacitive behaviour of short-chain ionic liquids in confinement while in the
context, of nanoconfinement surface active ionic liquids (SAILs) can be especially
interesting as their polar/apolar nanosegregation is comparable to the size of
the confining space. As reported for bulk aprotic SAILs, they show distinct ion
distribution at the electrode/electrolyte interface which can depend on applied
voltage, temperature, and based on computational methods on the geometry of
the electrochemical cell [3, 53, |54, [110]. Next to possessing a long alkyl chain
(and belonging to the group of SAILs) the studied HCgimTFSI also belongs to the
group of protic ionic liquids, yet another group of ionic liquids that have attracted
recent interest for use as capacitor electrolytes. Indeed, they are typically cheaper
than aprotic ionic liquids, safer than organic solvent-based electrolytes and still
provide wider electrochemical windows than aqueous electrolytes.

4.2 Nanochannel formation with SAILs

This chapter is based on two related studies of aprotic SAIL/silica hybrid materials
presented in Paper I and Paper III. In Paper I the possibility of templating a silica
thin film with a SAIL, C;gmimCl, during EASA method is presented for the first
time, focusing on the characterisation of the obtained mesoporous morphology,
studying different compositions of the synthesis solution, and discussing important
[L-silica interactions related to the observed molecular templating. Consecutively,
in Paper III the limitations of this synthesis have been investigated with respect
to decreasing the chain length of the SAIL (C,,mimCl, n = 16, 14, 12) and mixing
the templating C;gmimCl with its protic analogue, HC14imCl, in the synthesis
solution.

The systematic change in the composition of the synthesis solution used dur-
ing silica deposition with the EASA method resulted in changed chemical and
morphological properties of the deposited thin film, discussed in both Paper I and
Paper III and here summarised in Figure[4.6. It has been observed that CigmimCl
is a suitable molecular template to form vertically-aligned, hexagonally ordered
channel-like mesopores in silica films deposited with EASA, thus the thin films
with such structures are labelled "hexagonal”. In addition, the templating SAIL,
C14mimCl, still results in the formation of hexagonally ordered pores, while the
abrupt loss in templating function has been observed upon further decrease of the
chain length to C;omimCl. Similarly, when the templating SAIL, CigmimCl, was
mixed with its protic analogue, HC14imCl, in the synthesis solution at different
ratios, the increased ratio of the protic ionic liquid resulted in loss of templated,
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Figure 4.6: Summary of the obtained pore structures in silica thin films deposited via
EASA method from synthesis solutions with varying compositions labelled with their
sample names (based on Paper I and Paper III).

porous structure. While the in detail chemical characterisation, based on IR and
XPS measurement results, are presented in Subchapter 4.2.1, the morphology of
the deposited film is treated in Subchapter 4.2.2. Additionally, possible template-
silica interactions are discussed in Subchapter 4.2.3.

4.2.1 Limitations in chemical composition

Based on the elemental analysis done with XPS measurements (discussed in Paper
I and its results summarised in Table S3 in the SI of Paper I), the chloride anion
of the templating ionic liquid, C;gmimCl, was undetectable in the silica thin films
deposited from the synthesis solutions with IL/TEOS molar ratios between 0.32
and 1.28, which formed the typical hexagonal pore structure (Figure . Besides,
in the IR spectra of these samples after extraction, the vo_g (~ 3400 cm™1)
stretching vibration peak appeared while at the same time the intensity of the
vsi—om (~ 950 cm™!) stretching vibration has also increased, reflecting a higher
abundance of silanol bonds (Si-OH) in the extracted films, see Figure 6 A in Paper
I. Based on these XPS and IR results, it can be assumed that the silanol groups on
the silica pore wall of the as-synthesised thin films are deprotonated, having their
negative charges neutralised by the Cigmim™ cations, as schematically depicted
in Figure [4.7. Tt can also be assumed that at the extraction step, during which
the films were treated with hydrochloric acid solution and resulted in the removal
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of the Cigmim™ cation, the negatively charged silica wall got protonated leading
to the intensity rise of the vg;_om peak. In addition, dangling silanol groups can
be located not only on the pore walls, but also in the bulk silica phase since the
vsi—on (~ 950 cm™!) stretching mode was visible in both extracted and non-
extracted samples. The full removal of Cigmim™ via extraction can be confirmed
by IR as the alkyl chain vo_pg stretching vibrations (2960 — 2855 cm™!) and
the imidazolium ring d,;,, bending vibrations (1570 cm™') disappear from the
IR spectra of the extracted samples, Figure 6 A in Paper 1. Note that the same
method was used in Paper III as well (see here Figure [4.8 and Figure S3 in the
SI of Paper III). This also shows that in the hexagonal structure, the Cygmim™
cations are located only in the mesochannels of the films and do not get entrapped
in the bulk silica network.

Similar to the C;gmimCl-templated silica thin films with hexagonal pore struc-
ture, the IR spectra of CiymimCl-templated films before and after extraction
confirm the presence of the ionic liquid in the film (proposedly the presence of
its cation) and its removal by extraction, which indicates that instead of being
immobilised in the silica network, it forms pores being accessible to the extraction
solution, Figure 4.8 A. Contrarily to the cases of C;gmimCl and Cy4mimCl, the
shorter chained ionic liquid C1omimCl was not incorporated in detectable amounts
into the silica thin film during EASA, as can be concluded from the absence of
its characteristic peaks in the Infrared spectrum of the corresponding film, both
before and after extraction. This already indicates a limitation in templating
function upon decreasing the chain length of the alkyl-methylimidazolium ionic

liquid and therefore in forming a SAIL/silica hybrid material with C1omimCl via
EASA.

The strong absorption peaks arising from the hexadecyl-chain appear also in the
Infrared spectra of thin film samples prepared with varying HC;4imCl/C;gmimCl
ratios; however the presence of the protic ionic liquid HC14imCl could not be
explicitly confirmed in samples 10H/MC16 0.32 G NE and 30H/MC16 0.32 G
NE, Figure [4.8 B. Nevertheless, the spectra presumably indicate the presence of
Cigmim™ cations within the structure, that disappear upon extraction revealing

Figure 4.7: Schematic of the proposed neutralisation of the negatively charged silica
wall by the Cigmim™ cations located in the nanohannels of the IL-templated silica thin

films.
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Figure 4.8: A: Infrared spectra of the silica thin films deposited with EASA method
using alkyl-methylimidazolium ionic liquids with varying chain lengths in the syn-
thesis solution. B: Infrared spectra of the silica thin films deposited with the FASA
method using miztures of HC1¢imCl and CigmimCl with varying molar ratios in the
synthesis solution. The annotation "NE” stands for samples before extraction (i.e.,
not-extracted) while "E” stands for extracted samples, in both graphs.
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that the incorporated ionic liquid is not immobilised within the silica network.

The Infrared spectra obtained on thin films, reported in both Paper I (see Fig-
ure 6 in Paper I) and Paper III (see here Figure 4.8 and Figure S3 in the SI
of Paper III), have revealed an amorphous structure of the deposited silica films
regardless of the initial composition of the synthesis solution. However, distinct
differences can be observed in the spectral region between 1250 and 1000 cm ™!, a
region characteristic of sol-gel derived silica networks, indicating differences in the
network structure dependent on the film having hexagonal pore structure or not.
It is worth to note, that even though a detailed description of the structural fea-
tures of the synthesised silica networks can be retrieved from the recorded Infrared
spectra, the peak assignment of the 1250-1000 cm ™! region is not straightforward
and in some aspects still debated [111-114]. The most noticeable difference is
the decrease of the absorption peak at 1100 cmm™' in the spectrum of the MC12
0.5 I NE sample and 30H/MC16 0.32 G NE samples, Figure @ This peak is

characteristic of the stretching modes of siloxane bonds in linear silica units, as
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shown in an in situ Infrared spectroscopic study on silica condensation which has
revealed that as the condensation 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 six-fold silica rings [113]. Therefore,
it can be proposed that the higher ratio between the Infrared absorption at 1200
cm ™! and that at 1100 cm ™! indicates that the MC12 0.5 I NE sample consists of
a more condensed and/or continuous silica network than the films with hexago-
nally ordered pores, namely CigmimCl-templated films presented in both Paper I
and Paper III and the C;ymimCl-templated film (sample MC14 0.5 I). A similar
difference between the Infrared spectra of 10H/MC16 0.32 G NE and 30H/MC16
0.32 G NE samples has been observed in parallel with the loss of hexagonal pore
structure of the film upon increased ratio of HC;imCl.

4.2.2 Morphology and permeability

Based on morphological characterisation with GISAXS and electron microscopy
beside complementary measurements with cyclic voltammetry, presented in detail
in Paper I and Paper III, the formation of vertically-aligned, hexagonally ordered
mesoporous channels running through the entire silica film thickness were observed
in Cy4mimCl- and CigmimCl-templated films and in the 10H/MC16 0.32 G NE
sample (this pore structure is labelled as “hexagonal” in Figure [1.6). In contrary,
samples MC12 0.5 I NE and 30H/MC16 0.32 G NE have shown a non-porous
structure.

This difference can be well characterised with GISAXS and its results are in line
with the above presented IR results. Among the scattering intensities presented in
Figure 4.9 (and Figure 4 in Paper I), the films possesing hexagonal pore structure
show the following characteristic scattering intensity peaks with the associated
Miller indices of the long-range hexagonally ordered pore structure: ¢ (10), g3(11),
q1(20), and g5(21), with their peak position ratio of 1:y/3:y/4:1/7 characteristic of
the hexagonal p6m symmetry of the channel-to-channel spacing [115, [116]. The
cell parameter of the C;gmimCl-templated silica films is around 4.4 nm, while the
change of the tamplating ionic liquid to Ci4mimCl resulted in a cell parameter
decreased to 4.0 nm. The ratios of the scattering intensities of the (11) and (20)
reflections (i.e., the ratio [(11)/1(20)) are very close in the CigmimCl- and the
Ci4mimCl-templated films (1.01 and 1.11 respectively, see Table S1 in the SI of
Paper III), from which it can be concluded that in these films the morphology
of the pores and the silica walls are similar; the only difference being the smaller
unit cell parameter and hence an overall smaller pore structure in the C4,mimCIl-
templated film [117]. In addition, the scattering intensity peaks superimposed on
the peaks of the planar hexagonal lattice reflections, namely the peaks labeled q»
and qg in Figure [4.9; originate from the porous silica particles located on top of
the film’s surface |31, [116]. The formation of such particles is common during the
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Figure 4.9: A: X-ray scattering intensities integrated along the horizontal axis at-
tained from the 2D scattering patterns recorded on different mesoporous silica deposited
with EASA method using alkyl-methylimidazolium ionic liquids with varying chain
lengths in the synthesis solution. B: X-ray scattering intensities integrated along the
horizontal azis of the 2D scattering patterns of mesoporous silica thin films deposited
with the EASA method in the presence of varying HCi5imCl/CigmimCl miztures. In
case of both graph A and graph B the annotation 'NE’ stands for samples before ex-
traction (i.e. not-extracted) and °E’ for samples after extraction.

EASA synthesis of silica thin films, as a consequence of the pH gradient formed
at the surface of the working electrode that cause condensation of silica also in
the bulk of the synthesis solution close to this surface [116].

Different from the CiymimCl- and CigmimCl-templated films, the use of the
shorter-chain SAIL, C;omimCl, resulted in a silica film showing X-ray scattering
pattern with lack of any of the intensity peaks characteristic of the hexagonally
ordered, vertically aligned mesochannels, Figure[4.9 A. In the full scattering range
of the C12 0.5 I NE sample only one weak-intensity ring has appeared with a
peak maximum at 0.19 A=' (d = 3.4 nm). The assignment of this peak is not
straightforward as it can originate from both the silica network and the chain-chain
separation of self-assembled ionic liquid, which may be present in trace amounts.
Altogether, GISAXS and IR results suggest that the silica film deposited via
EASA using C;omimCl consists of amorphous and condensed, but non-porous
silica without the incorporation of the ionic liquid.
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The sample 30H/MC16 0.32 G NE also shows a different X-ray scattering pat-
tern than the films with hexagonal pore structure. Even though the presence of
the Cigmim™ cation within the film can be assumed based on the Infrared absorp-
tion peaks of the alkyl chain, which disappear upon extraction indicating that the
incorporated cations are not immobilised within the silica network, the X-ray scat-
tering pattern does not show the formation of a hexagonal pore structure. Instead,
very wide scattering intensity peaks with nanometre-scale correlation lengths of
4.0 nm, 2.7 nm, and 1.4 nm have been observed. These peaks can originate from
the electron-density contrast of apolar/polar nanostructuration of self-assembled
cations but also possible repetitiveness of these assemblies. Nevertheless, based
on the chemical and morphological characterisation, it has been found that the

protic ionic liquid HC14imCl does not function as a soft-templating agent during
EASA of silica thin films.

Electron microscopic images of the CigmimCl-templated silica thin films after

extraction are shown in Figure 4.10| representative of the hexagonal pore struc-
ture observed by GISAXS. The TEM image of the cross-sectional sample prepared

film

o

Figure 4.10: Electron microscopic images of the CigmimCl-templated silica thin films
after extraction (Paper I). A: cross-sectional TEM image of the sample with IL/TEOS
ratio of 0.32 prepared with the lift-out technique. The arrows point to the interface
between the thin film and ITO; B: top-view TEM image of the sample with IL/TEOS
ratio of 0.32; C: cross-sectional SEM image of the sample with IL/TEOS ratio of 0.32
on its substrate; D: top-view SEM image of the sample with IL/TEOS ratio of 0.32.
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with the lift-out technique, Figure 4.10/A, shows that individual channels in the
silica film are straight and vertical to the ITO substrate and can reach its surface
in direct contact. Additionally, top view TEM image reveals that these channels
are not only well-separated, but also hexagonally ordered throughout relatively
large domains, Figure £.10B. The pore width was determined with image pro-
cessing to be approximately 2.5 + 0.3 nm. Despite, channels with a similar pore
width are called both mesochannels and nanochannels, here the term nanochannel
is preferred expressing that the pore diameter is on the nanometre scale. Never-
theless, it has been found that the pore width of the channels is independent on
the IL/TEOS ratio (here IL is C;gmimCl) used in the synthesis solutions and its
size is similar to the size of two adjacent hexadecyl-tails. Thus, it can be assumed
that the cations have a core-shell packing within the pores with the hydrocarbon
tails forming the core and the charged heads located at the pore wall forming
the outer shell |2, 94]. Furthermore, cross sectional SEM image shows that the
IL-templated silica thin films are deposited as even, continuous layers without
any cavities between the film and the ITO substrate, Figure C. Based on the
obtained SEM and TEM images the film thickness has been determined to be ca.
65 nm. In addition, on the SEM images the presence of nanoparticles on top of
the films can be observed, Figure C and [4.10l These are side products of the
EASA process, and their presence has been described in the literature also in case
of other films prepared via EASA [99].

As an additional characterisation method to study the permeability of the films
and obtain further information on their channel-like pores, cyclic voltammetry
with various redox probes has been applied, the results being presented in Figure
and Figure here and Figure 7 in Paper I. The CigmimCl-templated silica
thin films containing hexagonally ordered nanochannels filled with the cation of
the ionic liquid are not permeable to the positively charged [Ru(NHs)g)?>T and
negatively charged [Fe(CN)g|®~ redox-active complexes indicated by the lack of
redox-peaks on their CV curves revealing that the diffusion pathway of these
probes towards the ITO electrode is blocked. This also reveals that the deposited
films covered the entire contact area. However, it has been found that the neutral
redox probe, a-methylferrocenemethanol which contains a Fe(II)-ion complexed
with cyclopentadienyl rings, is able to reach the ITO electrode giving rise to
a shifted, but strong oxidation peak. This can be explained with its possible
solubilisation in the apolar phase of the assembled cations located in the pores,
also observed on CTAB-templated silica films deposited with the EASA method
[85]. After extraction, i.e. removal of the cation from the nanochannels, the
positive redox probe and the neutral redox probe can pass unhindered through
the silica film via the emptied channel-like pores giving rise to reduction and
oxidation peaks on their cyclic voltammetric curves, which resemble the current
response measured with a bare I'TO substrate. At the same time, the negative
redox probe [Fe(CN)g]?~ could not reach the ITO electrode even after extraction,
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Figure 4.11: Cyclic voltammetric curves recorded with the redoz probe [Ru(NHs )s[Cls
(A-B), K3[Fe(CN)s] (C-D), and FcMeOH (E-F) using a bare ITO electrode and
ITO electrodes covered with mesoporous silica deposited in presence of alkyl-
methylimidazolium ionic liquids with varying chain lengths, before (A, C, E) and
after (B, D, F) extraction of the ionic liquid.

due to the negatively charged silica pore walls repelling this redox probe, also
indicating a good coverage of the films [85].

Interestingly, even though the CiymimCl-templated and C;gmimCl-templated
silica thin films show similar Infrared spectra and X-ray scattering patterns, there
is a difference in their cyclic voltammetric response. More precisely, the cyclic
voltammetric curve obtained with the [Ru(NHjz)g]*" redox probe on the non-
extracted CiymimCl-templated silica film (sample C14 0.5 I NE) shows small but
measurable current peaks of reduction and oxidation, suggesting defects in the
film, see Figure [4.11] Considering that the cyclic voltammetric curve of the neu-
tral redox probe FcMeOH, obtained on the same sample, shows a shifted oxidation
peak, reflecting a hindered diffusion, and that after extraction the [Fe(CN)g]>~ re-
dox probe has not shown Faradic currents, it can be proposed that instead of larger
damages (e.g. macroscopic scratches) the size of the defects in the film is rather
comparable to the size of the used redox probes. Based on the work of Sibottier
et al., it can indicate that the film is thinner and more permeable possibly due to
a slower growth in the presence of Ci4mimCl [118]. Cyclic voltammetric curves
obtained on the C12 0.5 I sample before and after extraction, have also evidenced
that the formation of a highly condensed, continuous silica film proceeds when
the silica film is deposited via EASA in the presence of C;omimCI. Independently
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Figure 4.12: Cyclic voltammetric curves recorded with the redox probe [Ru(NHs )s]Cls
(A-B), K3[Fe(CN)g] (C-D), and FecMeOH (E-F) using a bare ITO electrode and ITO
electrodes covered with mesoporous silica thin films deposited with the EASA method
in the presence of varying HCigimCl/CigmimCl miztures, before (A, C, E) and after
(B, D, F) extraction of the ionic liquid.

of the type of redox probe used, no Faradic currents were measured neither before
nor after the extraction procedure, revealing that the silica thin film acts as a
fully covering insulator layer on top of the ITO electrode.

In addition, cyclic voltammetric measurements obtained on the 30H/MC16 0.32
G sample is in line with the Infrared and GISAXS studies. The lack of Faradic
peaks on the CV curves reveal that even if the ionic liquid forms pores within
the silica film, these do not extend through the entire thickness of the film as the
pathway of the redox probes toward the ITO electrode is hindered, Figure [4.12|

4.2.3 Possible interactions during templating

As revealed by the morphological characterisation reported in Paper I and Pa-
per III, C;ymimCl and C;gmimCl form hexagonally ordered, vertically oriented,
channel-like pores in EASA-deposited silica films. This is similar to the hexagonal
pore morphology formed by TTAB (tetradecyltrimethylammonium bromide) and
CTAB (cetyltrimethylammonium bromide) during silica deposition via EASA,
previously reported by Walcarius et al. [99, 119, |120]. The similarity of the two
groups of amphiphiles, one with imidazolium the other with ammonium head, is
intriguing. It is known that the morphology of the silica films deposited with
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CTAB is extremely sensitive to synthesis parameters like TEOS concentration,
type and amount of co-solvent, salt composition and concentration, which all
were studied in detail before fine-tuning them as all of them can influence the
self-assembly of CTAB both in bulk and at the electrode surface during deposi-
tion [99]. Meanwhile, the study presented in Paper I and Paper III shows that
for a selected set of synthesis parameters, the use of the ionic liquid Ci4ymimCl
and Ci;gmimCl results in the same hexagonal pore morphology of the film with
the only difference that a higher voltage had to be applied during EASA [116,
120]. Similarly, formation of such hexagonal structure has not been viable with
either C1omimCl or DTAB (dodecyltrimethylammonium bromide), which instead
resulted in silica films not mesostructurally ordered [99]. These similarities in-
dicate that self-assembly of C14mimCl and CigmimCl, and therefore supposedly
also their packing parameter, is very similar to that of TTAB and CTAB under
the synthesis conditions of EASA and that imidazolium SAILs can be used as
templating agents for the formation of nanochannels just as successfully as the
members of the TAB family.

Furthermore, in-depth characterisation of the CigmimCl-templated silica thin
films presented in Paper I led to the hypothesis that electrostatic attraction ap-
pears between the pore forming Cigmim™ ions and the negatively charged silica
pore wall, which reasonably originates from the electrostatic attraction between
the Cigmim™ and the network-forming negatively charged silicate oligomers. This
is in line with that condensation of the silica network proceeded at basic pH.
Furthermore, it can be proposed also that the described electrostatic attraction
is the main so-called cooperative interaction during pore formation as CigmimCl
and CTAB form nanochannels with high curvature at the same range of template-
to-precursor ratios in the synthesis solution. This also suggests that the hydrogen
bonds and 7-7 interactions, which the aromatic imidazolium head is able to estab-
lish, remain secondary under the reaction conditions of silica deposition via the
EASA process. The fact that a protic ionic liquid, HC14imCl, has a negative effect
on the pore ordering, discussed in detail in Paper III, and is not able to contribute
with an own templating function is in agreement with this as the inefficiency in
templating may be correlated to the electrochemical instability of this protic ionic
liquid. More specifically, the cathodic potential used for deposition can possibly
cause the reduction of the imidazolium cations resulting in loss of their charges
and ability to establish cooperative interaction with the silicate oligomers. This
hypothesis is raised based on the recorded chronoamperogram during deposition
(see Figure 7 in Paper III).
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This thesis presents studies of IL/silica hybrid materials made of amphiphilic
imidazolium ionic liquids and mesoporous silica. Paper II presents an in-depth
study of an imidazole/PIL mixture confined in hydrophobised mesoporous silica
microparticles with narrow pores only 5 nm wide, focusing on proton transport
mechanisms and correlated local structures. BDS results show that the macro-
scopically measured ionic conductivity in the hybrid materials is dominated by
the vehicular mechanism. Nevertheless, PFG-NMR results also reveal the oc-
currence of proton motion decoupled from the imidazolium cation that, due to
issues of line broadening, could not be investigated for the samples with filling
factors of 50 and 100%. In case of the samples with filling factors higher than
100% (in which the Im/PIL mixutre is in excess and located also in between the
microparticles) both average proton and ion mobility is enhanced. Nevertheless,
the question whether a decoupled proton motion also occurs inside the nanopores
remains open. This study also presents that interactions at the molecular level
are practically unchanged upon confinement in hydrophobised silica mesopores as
compared to the bulk. As the results are in line with those previously reported by
Garaga et al. [5], it is assumed that even in the small pores only 5 nm wide the
flipped-ion effect occurs. In practice, this effect involves the orientation of non-
polar alkyl chain towards the hydrophobic silica pore wall. In such structuration
there are weak cation-silica interactions that favor unrestricted diffusion, which
is otherwise hindered under the nanoconfinement in untreated, hydrophilic silica
pores.

Electrochemical properties of the same PIL in bulk and inside hydrophilic silica
nanochannels, with an approximate pore diameter of 3.5 nm, have been presented
as well in this thesis, Paper IV. BDS results have revealed that ion conduction
in the pure, bulk PIL is dominated by the vehicular mechanism. Besides, the
equivalent circuit modelling of the EIS results of bulk and confined PIL have been
discussed, revealing higher resistance of the ionic liquid inside the hydrophilic
silica nanochannels, which reflects hindered diffusion due to a strong interaction
of cations with the negatively charged silica wall. Nevertheless, an enhanced
capacitance has also been observed at the in-pore PIL/electrode interface which
suggests denser ion packing and higher charge density. This can be attributed
to the nanoscale of the pores concomitant to the ability of this ionic liquid to
self-assemble according to its amphiphilic nature.

In addition, the use of Im-SAILs as soft-templates for mesoporous silica syn-
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thesis has been discussed in Paper I and Paper III. The presented studies extend
the possibilities and show the limitations and plausible mechanism of templating
silica with Im-SAILs, which is relevant in developing methods for synthesis of
ionic liquid-based functional hybrid materials. In our approach, a series of apro-
tic Im-SAILs and one protic SAIL were studied as possible templates during the
deposition of silica thin films with the EASA method. It has been found that
C14mimCl and CigmimClI are suitable soft-templates for the formation of verti-
cally aligned, distinct nanochannels with a well defined pore size and a highly
packed hexagonal arrangement. Moreover, these nanochannels run through the
entire film thickness enabling mass transport through the film and a robust con-
tact with the substrate after removal of the templating ionic liquid. By contrast,
C12mimCl and the protic analogue HC14imCl have not shown molecular templat-
ing function under the same synthetic conditions used with C;gmimCI. Important
information on the underlying mechanism of pore formation has been gained as
well; based on Paper I, the presented study has revealed electrostatic attraction
between the pore forming Cigmim™ ions and the negatively charged silica pore
wall. This can reasonably originate from the electrostatic attraction between the
Cigmim™ and the network-forming negatively charged silicate oligomers and this
electrostatic attraction is proposed to be the main cooperative interaction during
pore formation. Meanwhile, the results of both Paper I and Paper III also indicate
that hydrogen bonds and 7-7 interactions, which the imidazolium head is able to
establish, remain secondary during synthesis.

The results obtained through all these studies can inspire further research on
new ionic liquid-based functional hybrid materials. Important aspects on design-
ing PIL-based hybrid materials have been revealed. When the desired function of
an amphiphilic PIL is to be an electrolyte in a capacitor, pore size of the electrode
is an important parameter to consider as increased specific capacitance has been
observed in a confining space comparable to the size of the PIL, based on Paper
IV. Besides, fast charge transport in the PIL is desired for high power density in
possible applications in electrochemical devices such as supercapacitors and fuel
cells, in which PILs are used as ion conductors. Based on Paper II and Paper IV,
lack of strong interactions between the confining solid state matrix and the PIL
is beneficial for unhindered diffusion of ionic species, especially important when
the charge transport proceeds through the vechicular mechanism. Based on the
revealed possibilities and limitations of preparing an IL/silica hybrid material in
a one-step method using the IL as soft-template, presented in Paper I and Paper
ITI, the strong silica-IL interactions, which are essential to form the hybrid mate-
rial, limit possible applications to the ones in which high mobility of ions is not a
requirement. Nevertheless, the obtained knowledge on the silica-templating mech-
anism of the imidazolium ionic liquids is beneficial for future works considering
to synthesise and use IL/silica hybrid materials.
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