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The hydrogen-bonding interaction is studied in imidazolium-based mesogenic ionic liquids in their
isotropic, smectic, and solid phases and in a nanoconfined state by proton solid-state nuclear magnetic
resonance (NMR). In the smectic phase, the more basic anions form stronger hydrogen bonds. A small
decrease of H-bonding in the mesophase with respect to that in the isotropic phase is associated with
the presence of a layered assembly with high orientational order and limited conformational freedom.
Hydrogen bond strength is not sensitive to the cation structural modification as long as the aprotic
nature of the material is preserved. The strong cation—anion hydrogen bonding observed in the smectic
phases provides direct support for the presence of ionic sublayers which form in ionic liquid crystals
regardless of the location and alignment of the charged group in the cation, particularly irrespective of
whether the charged group occupies a terminal or central position in the cation structure. A comparison

Received 12th July 2022, of the results obtained in isotropic, liquid-crystalline, and solid states shows that in the bulk materials the

Accepted 5th September 2022 dynamic state of ions ranging from high reorientational and translational freedom to partial orientation
DOI: 10.1039/d2cp03188d and positional order to full immobilization, respectively, has no strong impact on the cation-anion

hydrogen bond strength. On the other hand, nanoconfinement of ionic liquid crystals led to hydrogen
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Introduction

Ionic liquid crystals (ILCs) have the typical characteristics of
ionic liquids (ILs) and, at the same time, a nano-scale-
organized structure of liquid crystals." This leads to the unique
combination of the ionic conductivity of ionic liquids and the
anisotropic physical and chemical properties of mesogenic (i.e.
liquid-crystal forming) materials. The presence of orientational
order in ILs results in remarkable dynamic properties exploited
in modern technological applications.” Although intermolecu-
lar forces in these ionic materials are dominated by long-range
non-directional electrostatic interactions, weaker and more
local hydrogen-bonding (HB) interactions have a profound
effect on mesophase stabilization and are fundamental for
the properties of the mesogenic ionic liquids."™ Also in con-
ventional (non-mesogenic) ILs, the effects caused by hydrogen
bonding have a significant influence on their physical proper-
ties and are crucial for practical applications.*”” Ionic H-bonds
represent a wide area of research that is yet to be fully explored.
Within a given IL, a variety of distinct HBs is formed between
different types of sites in cations and anions which are the
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bond disruption due to competing interactions of anions with a solid interface.

dominant HB donors and acceptors, respectively.® HB interac-
tions have also been widely studied in nanoconfined ILs,
presenting a class of hybrid composites combining the func-
tional properties of ILs and porous solids.*>’ Due to HB and
other non-covalent interactions with the solid interface, con-
fined ILs exhibit distinct structural, orientational, and dynamic
preferences different from the bulk.

Mesophase occurrence in ILs is strongly related to a balance
between hydrogen bonding, electrostatic interactions, and disper-
sion forces." Because of a delicate equilibrium between these
interactions, a small shift of the force balance can lead to
discernible changes in the phase behaviour and ion local order
and dynamics. Correlations have been revealed between the
orientational order, mesophase window, and physicochemical
properties of the anions such as ionic radius, charge delocaliza-
tion, and the ability for hydrogen bonding."'® Experimental data
have been supported by extensive simulation studies of ILCs with a
significant part devoted to understanding the impact of counter-
ions on ordering properties."’ ™ Modification of the H-bonding
network by hydration further contributes to mesophase stabili-
zation despite decreasing the orientational order and accelerated
ion translational dynamics.*'® The microscopic mechanism lead-
ing to the stabilization of the hydrated ionic smectic phase has
been recently scrutinized by computational analysis."®

The most extensively studied ILCs are based on imidazolium
cations."” Reduced ionic interactions due to charge delocalization
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in the aromatic imidazolium core promote low transition tem-
peratures, thereby increasing the application potential of the
materials. Elucidating the hydrogen bonding contribution to
intermolecular interactions in conventional non-mesogenic
imidazolium-based ionic liquids has been a topic of a large body
of experimental and computational research. X-Ray crystallo-
graphic studies in the solid state have shown that the acidic
hydrogens in the imidazolium ring serve as H-bonding donors to
form hydrogen bonds with anions.*'®**° The H-bonds mainly
form at the H2 position and to a lesser extent at the H4,5
positions of the imidazolium ring, but also at weakly acidic
hydrogens in the alkyl sidechains. In the isotropic liquid phase,
the chemical shift (CS) in the nuclear magnetic resonance (NMR)
spectra provides a sensitive probe of hydrogen bonding. Lungwitz
et al. have shown that an anion-dependent differential "H NMR
shift is a direct measure of the strength of hydrogen bonding in
imidazolium-based ILs.>"*> Avent et al. reported one of the first
evidence of HB in the liquid state and solution of ILs by multi-
nuclear 'H, 3C, *°Cl, and **”I NMR.>* The authors confirmed the
formation of strong hydrogen bonds between halide anions and
all three imidazolium ring protons and proposed a dynamic
three-dimensional network of HB between anions and cations.
Using proton NMR to study a large selection of imidazolium-
based ILs, Cremer et al. concluded that hydrogen bonding was
more pronounced for small and more strongly coordinating
anions and was greatly reduced in the case of large and weakly
coordinating anions.>* Balevicius et al. investigated HB in the
ionic liquid C;,mimBr in solution depending on solvent polarity
and temperature.”® Holbrey et al. studied proton chemical shifts
related to HB in a series of C,mim cations with varying alkyl
chain lengths.>® Thus, most experimental evidence of HB in IL-
materials rested either on X-ray structural data in the crystalline
state or NMR chemical shifts in the isotropic phase.

In addition to experimental observations, the impressive
results on HB interactions in ILs and ILCs have been obtained
by molecular dynamics (MD) simulations.®"!™*%1%2773% The MD
analysis of the non-mesogenic ionic liquid C,mimCl indicated
that Cl is strongly localized in front of the acidic hydrogens in
the imidazolium group.®® Recent modelling of this material
and its mixture with water has predicted a strong hydrogen
bonding interaction between the C2-H2 moiety of imidazolium
and the chloride anions.”® Chlorides were also found to coor-
dinate imidazolium in the vicinity of the C4-H4 and C5-H5
bonds. In the modelling of hydrated ILs, it has been shown that
water molecules acted as hydrogen-bonded links between
chloride anions.*® Recently, a monohydrated ionic smectic
phase of C;;mimCl-H,O has been studied.® It has been shown
that water partly replaces the chloride anions in hydrogen
bonding with the acidic protons of the imidazolium ring. MD
analysis was also used to understand the interaction between
the confined ILs and the pore wall surface and, thus, to study
the effects of the pore size and geometry, the surface rough-
ness, and the pore loading on the local structure and
dynamics.®

Hydrogen bonds in the imidazolium-based ILs with
various anions such as Cl~, Br, BF, have been studied by
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density-functional theory (DFT) methods.
tures of not only single ion pairs but also multiple ion pairs
have been investigated.>* In the case of halide counterions, DFT
studies showed the formation of the HB network. A comparison
of experimental and DFT data has shown that HB formation
was associated with decreasing CS of imidazolium protons.*! In
many cases, very good agreement between the calculated and
experimental spectra of neat ILs has been achieved in both
qualitative and quantitative terms.>" Effect of HB between
anions and water on proton shielding in imidazolium cations
was found to be in almost quantitative agreement with the
experimental data.’® The changes in CS observed in 'H and **C
NMR spectra of C;omimBr with increasing solvents polarity and
temperature have been explained by applying the model of the
lengthening of the H2- - -Br~ hydrogen bond.*

Previously we have investigated the effects of HB forces on
the dynamic and the orientational ordering behaviour of ILCs
using dipolar NMR spectroscopy and diffusion NMR.'*'*'* we
have shown that the HB interaction between cations and anions
has a profound effect on the mesophase stability and the
molecular orientational order.'® Modification of the HB net-
work by hydration stabilizes the smectic phase in a wider
temperature range compared to anhydrous materials.'* A den-
ser H-bond network in the presence of water molecules also led
to increased anisotropy of the cation translation dynamics.'® It
has been also demonstrated that, despite strong homonuclear
proton dipolar couplings, well-resolved proton spectra in highly
ordered ionic smectic phases can be obtained using magic
angle spinning (MAS) NMR, which opens up possibilities to
exploit proton CS to probe the hydrogen bonding in ILCs with
high sensitivity.>***

The goal of the present study is to examine cation-anion
hydrogen-bonding interactions in imidazolium-based meso-
genic ILs. The molecular structures of the investigated IL
materials are provided in Scheme S1 in the ESL.{ Our primary
experimental approach is solid-state '"H NMR spectroscopy to
access proton chemical shift interactions in H-bonding centres.
We perform measurements and compare HB effects in isotro-
pic, liquid crystalline, and solid phases of ILCs as well as in the
nanoconfined state. The influence of anion properties, cation
structures, and ion dynamics and orientational order on HB
strength is discussed.

Materials and methods

The samples of ionic mesogenic materials with the cation C;,mim
(1-dodecyl-3-methylimidazolium) and different anions, Cl,
Br, I, and BF,, purchased from ABCR
GmbH, Germany. Symmetrically substituted ILCs bis-1,3-dodecyl
imidazolium bromide (C;,imC;,Br) and tetrafluoroborate
(C12imCy,BF,), dicationic 3,3'-(1,6-hexanediyl)bis(1-dodecylimi-
dazolium)dibromide (Cg(Cy,im),Br,) and di-tetrafluoroborate
(Co(C12im),(BF,),), and protic ILCs 1-dodecyl-imidazolium tetra-
fluoroborate (C;,imBF,) and chloride (C;,imCl) were synthesized
as described in the ESI.{ Cation structures and atom labelling are
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shown in Scheme S1 in the ESL{ All samples form a smectic A
phase. Orientational order and cation conformation in these
materials have been characterized in our previous studies using
dipolar NMR methods.'®*%*” The phase transition temperatures
and residual water contents in the investigated samples are
compiled in Table S1 in the ESL}

IL/porous solid composites were prepared either by the post-
impregnation method or the template synthesis method. The
latter method delivers a material with fully loaded pores and a
negligible amount of ex-pore ions. In the former one, the pore
loading, while can be flexibly adjusted, is less defined, and a
significant part of ex-pore ions and bulk ILs can be present in
the sample. Mesoporous silica MCM41 with hexagonally
ordered cylindrical pores of an average size of 2.4 nm was
purchased from SigmaAldrich. Nanoporous silica KIT6 with a
3D bicontinuous cubic structure and an average pore diameter
of 8.2 nm was synthesized as described in the ESI.{ Procedures
for the synthesis of the IL-templated MCM-41 composite and
preparation of the nanoconfined ILCs by the post-impregnation
method are presented in the ESL¥

Proton NMR measurements were carried out on a Bruker
Avance-HD 500 spectrometer at the proton resonance frequency
of 500 MHz using a TXI probe for isotropic liquid samples and a
4 mm MAS probe for materials in liquid-crystalline and solid
states. "H chemical shift was referenced to neat tetramethylsi-
lane by use of the shift in adamantane §;s,('H) = 1.85 ppm as a
secondary chemical shift standard.*® Two-dimensional "H-'*C
heteronuclear correlation (HETCOR)*® spectra were recorded at
the resonance frequencies of 500 and 125 MHz for 'H and **C,
respectively, and at the sample spinning speed of 8 kHz.
Additional details are given in the ESL¥

Results and discussion
Hydrogen bonding in the isotropic phase of mesogenic ILs

In this section, we examine the relationship between 'H
chemical shifts and cation-anion HB interactions in the iso-
tropic phase of ILC samples. Such a correlation in non-
mesogenic ILs has been reported for liquids based on a
Cgmim cation and a wide range of anions.>* These experiments
were performed using neat materials and at room temperature
to rule out solvent and temperature effects. However, longer
chain mesogenic ILs at ambient temperature are typically in a
solid or liquid-crystalline state. Furthermore, clearing points
(transition temperatures from liquid crystals to isotropic
liquids) of such mesogens vary in a wide range depending on
the structure of cations and anions. Commonly in liquid
crystals research, the properties of materials are compared at
temperatures referenced to clearing points T.. To follow this
practice, we compared NMR spectra of ILCs recorded in the
isotropic phase at temperatures ~5 °C above their respective
T.. While 'H CS exhibited noticeable temperature dependence,
this effect in most discussed cases is smaller compared to the
changes induced by HB interactions. Besides, the effect of
temperature difference on the results of the analysis can be
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partly compensated by relating the CS to that of the sites with
no or negligible HB ability.

Effect of the anion structure. Chemical shifts of protons in
the imidazolium group of the C;,mim cation increase in the
anion sequence BF; < I < Br < Cl, essentially in the order of
increasing the hydrogen bonding ability of the anions (Fig. 1).
Such a trend has been previously confirmed in the NMR study
of shorter chain imidazolium-based ILs.** The effect is evi-
dently stronger for H2 protons compared to H4,5. This is
supported by DFT computation that has shown a higher prob-
ability of structures with the anion positioned near the H2 atom
compared to structures with the anion close to the H5 and/or
H4 atoms.>® Also, recent MD simulations confirmed the greater
capacity of the C2-H2 moiety for hydrogen bonding as com-
pared to that of C4-H4 or C5-H5.?*° A smaller but significant
effect is also seen for aliphatic protons in the proximity of the
imidazolium head. CSs of other protons in the chain are not
affected by the anion substitution. In hydrated ILs, the cation-
anion HB is outcompeted by the H-bonding of the anions with
water molecules. Fig. S1 in the ESIf compares 'H spectra in the
anhydrous and the monohydrated ILC C;,mimBr. Decreasing "H
CS in the monohydrated samples suggests weakening cation—
anion H-bonding. Further decrease is expected at higher hydration
levels and in diluted salts, similarly to the behaviour found in
isotropic short-chain ILs.*® The formation of hydrogen-bonded
complexes between chloride anions and water molecules in
hydrated ILs has been proven by MD simulations.>

In summarizing, our measurements in the isotropic phase
of ILCs, despite the temperature limitation imposed by the
phase behaviour, essentially reproduces the tendencies
reported for conventional non-mesogenic ILs.

. L
SR B |
N ——

ppm

Fig. 1 Proton NMR spectra in the isotropic phase of ILCs CiomimX
(X = BFy4, I, Br, Cl) at the temperatures ~5 °C above respective clearing
temperatures.
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Effect of the cation structure. The accessibility of potential
H-bonding sites can be influenced by the position of the polar
group within the cation and by the structure and size of
substituting moieties. Holbrey et al. studied a series of
C,mim-based ILs and found that the proton CS related to HB
was relatively insensitive to an alkyl chain length with n = 0-
18.>° We have previously studied ordering properties of ILCs
based on a symmetrically substituted imidazolium cation
C1,imC,, with two long alkyl chains.*® The distinct structural
feature of this material is the central position of the polar group
contrasted to its terminal location in methyl-imidazolium
analogues. Similarly, in ILCs based on the C4(C;,im), dication,
there are two centrally located imidazolium groups connected
by a flexible linker (see the cation structure in the ESIt). Proton
NMR spectra in the isotropic phase of ILCs based on C;;mim
and C;,imC;y, cations and C4(C;,im), dication are compared in
Fig. 2. CSs of protons in the imidazolium ring are only slightly
dependent on the structure of substitution units and the loca-
tion of the polar group. This observation suggests that the HB
strength is not influenced by the location of the charged moiety
in the cationic structure irrespective of whether the charged
group takes a terminal or central position. The effect is small for
both weakly and strongly coordinating anions. Likewise, the
presence of two charged groups in the dication has a negligible
effect on the HB ability. Somewhat counterintuitively, possible
steric effects do not alter the potential for H-bonding, and the
charged groups are well exposed to the cation-anion association
in these materials. Such behaviour in the isotropic liquid phase
can be attributed to the high conformation freedom of these
flexible cations. For example, the predicted U-shape conforma-
tion of cations makes charged group well accessible for anion H-
bonding.*®*! On the other hand, in the smectic phase discussed
below, the layered assembly of cations may impose constraints

Cs(Cy,im),Br,

J i
Cy,imCy,Br

) | ‘

)
I
i
_—

C,,mimBr
I )

Co(C12im),(BF,),

AN
C,,imC,,BF, l J b
|
C,,mimBF, A_Jd
[ A
r r ' T r 7T % &% " T & & & T & ¢ ¢° T ¢ ' 7 |
12 10 8 6 4 2 0

ppm

Fig. 2 Effect of cation structure on proton chemical shift of cations.
Proton NMR spectra of cations Ciomim, Ci2imCi,, and Cg(Cioim), are
compared in the isotropic phase.
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on cation conformational dynamics and alignment of the
imidazolium group and the side chains.®***”

In protic ILCs based on the cation C;,im, the primary centre
for HB is shifted to NH protons and thus HB to CH protons
weakens.® A significant decrease of CS of CH protons in the ring
is observed for the salt with Cl anion compared to that in its
aprotic counterpart (Fig. 3). Expectedly, no change of CS for CH
protons in this cation is found in the case of BF, counterion
exhibiting a weak HB capability (Fig. S2 in ESIt).

Hydrogen bonding in the mesophase

In the smectic phase, proton spectra of static samples are
strongly broadened by homonuclear dipolar interactions (Fig.
S3, ESIf). To achieve 'H chemical resolution, magic angle
sample spinning (MAS) was applied. The homonuclear dipolar
interaction in axially rotating molecules in liquid crystals
exhibits properties of an inhomogeneously broadened
system®” and is efficiently averaged by MAS even at a moderate
spinning speed of the order of a few kHz.>*> Hence, the 'H
MAS spectra in the mesophase display a high spectral resolu-
tion comparable to that in isotropic liquids, Fig. S3 (ESIt).

A small decrease of proton CS for the HB sites was observed
at the transition from the isotropic to the smectic phase, Fig. 4.
This suggests a decreasing potential for HB when the layered
structure is formed in the smectic A phase. The effect is larger
in the case of the strongly coordinating halide anions Br~ and
Cl” in comparison to that in the sample with anion BF, .
Conformational effects are not likely to be responsible for this
difference; we have previously shown that the alignment of the
alkyl chain and polar group in the C;,mim cation in the smectic
phase is not sensitive to the anion type.'”'* However, the
observed changes of CS at the phase transitions are smaller
than that related to other factors discussed above, such as
cation and anion structures and hydration levels. It should be
noted that a large difference in the chemical shift between the
isotropic and the smectic phases of the static samples (typically
reported for *C or "N spins)**** is due to the contribution of
the anisotropic part of the CS. Such a contribution is sup-
pressed under MAS conditions. In the case of halide anions
(Br™, C17), mesophasic windows are significantly larger (Fig. 4)
because of the profound effect of these strongly coordinating

CppimCl @ “s)
Cy,mimCl
|| |
— T T— T T T T T
15 10 5 ppm 0

Fig. 3 Effect of protic substitution. Proton NMR spectra are compared in
C1omimCl (bottom) and C1,imCl (top) in the isotropic phase.
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Fig. 4 Proton chemical shifts in the isotropic and smectic phases in

CiomimX (X = BFy, Br, Cl) measured in the *H MAS NMR experiment.

ions on mesophase stabilization. Recent MD simulation has
confirmed higher stability range of the smectic phase in ILC
C;,mimCl compared to that in C;,mimBF,.**

The proton CS in the C;,imC;y, cation and the C4(Cy,im), di-
cation (Fig. 5), both having centrally located charged moieties,
is very similar to that of the C;,mim cation (the spectrum
shown in Fig. 1). Hence, analogously to the behaviour in the
isotropic phase, also in the smectic phase, the charged group
location and its alignment to the phase director have no large
impact on the possibility of cation-anion association via HB.
This result further supports the concept of ionic sublayers
formed in smectic ILCs irrespective of whether a charged group
takes a terminal or central position in the cation structure.

The significance of HB interactions for mesophase stabili-
zation in ILCs has been widely discussed.! For example, it has
been shown that the temperature range of the smectic phase is
strongly correlated with the HB ability of counterions."*** In
this context, the important finding is that strong HB previously
proved in isotropic ILs is also preserved in the mesophase
despite the layered assembly and the high molecular order.
This strong HB network in the presence of the layered cation
assembly is preserved due to the formation of “ionic sublayers”
where anions can approach polar groups to form H-bonds. The
concept of ionic sublayer originally applied to cations with a
terminal position of the charged groups can be also extended
for other cation geometries exhibiting, in addition, a large
difference in the degree of orientational order and alignment
of the polar group to the phase director.

The smectic phase preserves high translational and rotation
molecular mobility comparable to that in the isotropic phase.
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Fig. 5 Proton CS in isotropic and smectic phases in C12imCy,Br and di-
cationic Cg(C12im),Brs,. Since for these samples, the clearing temperatures
were above the safe operating limit of the MAS probe, we compared
spectra in the smectic phase obtained using the MAS probe-head and
spectra in the isotropic phase measured in the standard solution NMR
probe-head. Note that MAS samples exhibit a small water trace (pointed by
arrows) resulting from moisture absorption during loading samples in MAS
rotors.

It is interesting to compare HB extent in the highly dynamic
and fragile HB network in the smectic and isotropic phases to
that for fully immobilized ions in the rigid solid phase. "H-'*C
HETCOR experiments recorded in the solid phase indicated
that HB is formed to an extent similar to that in the isotropic
and smectic phases, Fig. S4 in the ESL{ Hence, the dynamic
state of ions has no strong effect on the cation-anion HB
interaction.

Ionic liquid crystals at solid interfaces

When ILs are confined in nanoporous silica, the cation-anion
HB can be locally disrupted by the anion H-bonding to the solid
interface where, for instance, surface hydroxyl groups may serve
as hydrogen donor centres.*®*” Lungwitz et al. have reported on
the upfield shift of CH protons of H-imidazolium in protic
liquid HmimCl confined in Aerosil-type silica.*® In their sam-
ple, the NH proton was the main HB-centre; however, the
corresponding signal was not observed in the 'H spectrum,
presumably due to exchange with water present in the porous
material. The gradual upfield shift of CH protons in the
imidazolium ring with decreasing pore loading was attributed
to a decrease in the cation-anion interaction due to increasing
anion/surface hydrogen bond strength. To the best of our
knowledge, no such effect has been observed yet for
imidazolium-based or other analogous aprotic ILs.

We synthesized porous silica composites of various
morphologies loaded with ILCs based on C;,mim cations and
different anions BF,, Br, and Cl. Template-synthesis method
delivers a composite with fully loaded pores and a negligible
amount of ex-pore ions. Among samples prepared by the post-
impregnation method, those with a lower pore loading were
chosen for analysis to ensure that most ions interact with the
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silica surface and thus the effect of HB breaking is maximized.
No thermotropic mesomorphism was observed in our nano-
confined materials. Previously, the phase transitions in nano-
confined ILCs were detected in cases where a significant bulk
component was present in the sample and in large pores where
the inner part of IL exhibited bulk-like properties.*®

Proton MAS NMR spectra in porous composites are dis-
played in Fig. 6. Despite significant line broadening due to
strong homonuclear dipolar couplings, it was possible to
resolve the signals of the protons in the cation head group
and compare their chemical shifts to those in bulk ILCs. A
greater spectral resolution of proton signals was achieved using
the 2D 'H-"*C HETCOR experiment, which also assisted peak
assignment by the correlation of 'H and **C resonances (Fig. S5
in ESIT). 2D HETCOR data were essentially consistent with the
1D proton spectra.

In the nanoconfined C;,mimBF,, no changes of "H CS were
observed with respect to that in bulk materials (Fig. 6a). This
result is consistent with the weak HB ability of BF, . On the
other hand, a significant decrease of 'H CS was found in
the case of ILs with Br and Cl anions (Fig. 6b and c). Thus,
the cation-anion HB interaction decreases due to competing
interactions between halide anions and the solid interface. The
effect can be partly compensated by the possibility of forming
HB between cations and surfaces.’®*>*! In the impregnated
sample C;,mimCI/KIT6 (Fig. 6¢), where the bulk component
was not washed away completely, two sets of peaks are distin-
guished with the narrow peaks at larger chemical shifts
assigned to the bulk-like component.

Proton CS can be used as a sensitive indicator of the
formation of the surface layer (contact layer) distinguished
from the bulk-like component, which can be localized in the
central part of large pores. Kohler et al. speculated that in large
pores the contact layer insulates the rest of ILC from the
support;*® this may lead to the presence of two 'H peaks
associated with a more dynamic phase in the pore centre and
relatively immobile ions in the surface layer. Note that here we
study the cations with long alkyl chains, therefore our observa-
tion is difficult to compare with those in studies of compact
short-chain (non-mesogenic) ILs, for which liquid-like ion
dynamics was observed even in small pores.>®

A large body of MD simulations has been carried out to gain
a molecular-level picture of the interaction between confined
ILs and pore surfaces.® Yan et al. observed ordered structures of
IL EmimBr at silicate plates with multiple HB between Br and
surface hydroxyl groups.”® Sieffert et al. compared nanocon-
fined BmimCl and BmimBF, and found that Cl~ anions are
strongly hydrogen-bonded to silanol protons of the silica sur-
face, while in the case of BF, , the interaction energy is much
smaller.”* These results are essentially in agreement with our
experimental data. DFT studies also indicated a (weak) attrac-
tion of imidazolium-based cations by the surface.’>>! While the
H-bonding between cations and surface groups was not evident
from our NMR data, experimental FTIR studies have indicated
the related shifts of C-H vibrational bands in the polar
head.SO'SLSS

This journal is © the Owner Societies 2022

View Article Online

PCCP
T T T T T T T T T T T T
10 5 0 ppm
T T T T T T T T T T T T T T T T 1
10 5 0 ppm
T T T 7 T T T T T T T T
10 5 0 ppm

Fig. 6 (a) lonic liquid C;,mimBF,4 templated in MCM41 (bottom), impreg-
nated in KIT6 (middle), and the bulk sample in the isotropic phase (top).
(b) C;omimBr templated in MCM41 (bottom) and the bulk sample in the
isotropic phase (top). (c) C;mimCl impregnated in MCM41 (bottom) and
the bulk sample in the smectic phase (top). Spectra in porous samples are
measured at 12 kHz MAS.

Conclusions

We have experimentally investigated hydrogen-bonding inter-
actions in a series of imidazolium-based mesogenic ionic
liquids in their isotropic, smectic, and solid phases and in a
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nanoconfined state. Proton chemical shift is a sensitive diag-
nostic tool for the HB interaction in mesogenic ILs. Using MAS
NMR, "H CS in the liquid-crystalline state can be assessed with
sensitivity and accuracy comparable to that in isotropic phases.

The presented results confirm, in line with the trend
reported in the isotropic phase of non-mesogenic ILs,** that
also in the smectic phase of ILCs, the smaller and more basic
anions form stronger HB. The important new finding is that the
extent of the HB interaction in the mesophase does not change
significantly with respect to that in the isotropic phase. A
relatively small but noticeable decrease of HB in the mesophase
is associated with the presence of a layered assembly with high
orientational order and limited conformation freedom. HB is
not disrupted strongly in the mesophase due to the formation
of ionic sublayers where anions can approach and interact with
the cation polar groups and form H-bonds.

Remarkably, the HB strength is not sensitive to the cation
structural modification as long as the aprotic nature of the
material is preserved. The strong cation-anion HB observed in
smectic phases provides direct support for the concept of ionic
sublayers, which form in ILCs regardless of location and align-
ment of the charged group in the cation, particularly irrespective of
whether the charged group occupies a terminal or central position
in the cation structure. Hence, the concept of an ionic sublayer,
while initially introduced for cations with terminal positions of
polar groups, can be also extended to other cation geometries.

A comparison of the results obtained in the bulk material in
isotropic, liquid-crystalline, and solid states has shown that the
dynamic state of ions ranging from high reorientational and
translational freedom to partial orientation and positional
order to full immobilization, respectively, has no dramatic
effect on cation-anion HB strength. On the other hand, nano-
confinement of ILCs led to local disruption of HB due to
competing interactions of anions with solid interfaces.
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