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A B S T R A C T

In ionic liquids (ILs), the effects of a quaternary ammonium cation containing a hydroxyl group were in-
vestigated and compared with the effect of a standard quaternary ammonium cation. The cation possess-
ing a hydroxyl group is choline, Chol+, and the anion is bis(trifluoromethylsulfonyl)imide, TFSI−. Crys-
tal polymorphism of pure [Chol][TFSI] was observed upon both cooling and heating by simultaneous
X-ray diffraction and differential scanning calorimetry measurements. In contrast, [N3111][TFSI] (N3111+:
N-trimethyl-N-propylammonium), a standard IL, demonstrated simple crystallization upon cooling. By adding
1-propanol or 2-propanol, the phase behaviors of the [Chol][TFSI]-based and [N3111][TFSI]-based mixtures
were clearly distinguished. By Raman spectroscopy, the TFSI− anion conformers in the liquid state were
shown to vary according to the propanol concentration, propanol isomer, and type of cation. The anomalous
behaviors of pure [Chol][TFSI] and its mixtures are derived from hydrogen bonding of the hydroxyl group of
Chol+ cation coupled with the hydrophobicity and packing efficiency of propanol.

© 2017 Published by Elsevier Ltd.

1. Introduction

In biochemical engineering, choline-based ionic liquids (ILs) are
playing important roles in new types of solutions. The outstanding fea-
tures of choline cation, Chol+, have been clarified by recent research
[1–6]. Particularly, in choline dihydrogen phosphate ([Chol][dhp]),
a protein was preserved in its native holding for a long time [6].
[Chol][dhp] aqueous solution has been found to be very useful for
biochemical engineering. Also, it was found that [Chol][dhp] can sta-
bilize DNA triplex formation [7]. Molecular dynamics (MD) simu-
lations have been used to estimate the positions of choline ions in
the DNA triplex. Furthermore, [Chol][dhp] can reduce mismatches
of DNA with a target [8]. A DNA sensing system has been devel-
oped using [Chol][dhp]. Other applications of the choline-based ILs
have been proposed [9]. Fascinating ideas, such as blood preservation,
have been suggested in the literature. In addition to its application in
biochemical engineering, choline can be used in green chemistry as
an environmentally friendly solvent and has demonstrated outstand-
ing effects [10,11]. In fundamental science, the inherent features of
choline were examined by MD [12–14] and quantum chemical cal-
culations [15]. The MD simulations suggest dynamic heterogeneity,
driven by strong hydrogen bonding [14]. Hydrogen bonding at high
temperature was demonstrated during the diffusion process; this was
characterized as non-Gaussian diffusion. In contrast, the local struc-
ture was visualized by quantum chemical calculations [15]. Six- and
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seven-membered ring-like structures were optimized in the simulation
box. Interesting findings regarding geometrical factors have been de-
rived from hydrogen bonding and charge transfer studies.

In non-choline-based ILs, protein structures as a function of water
concentration were examined by small-angle X-ray scattering (SAXS)
[16–20]. For example, a lysozyme demonstrates structural variety in
a 1-butyl-3-methylimidazolium nitrate ([C4mim][NO3])–water system
[16]. A partial globular state occurs at a specific water concentra-
tion. This partial refolding is explained by the nanometer-sized con-
fined water, which is called a “water pocket.” Direct evidence of water
pockets was provided by complementary use of SAXS and small-an-
gle neutron scattering (SANS) [21]. From the SANS peak, the average
size of the water pocket was estimated to be 2 nm. When half of the
lysozyme is captured in the 2 nm-sized water pocket, the immersed
part of the lysozyme achieves a partial refolded state. More impor-
tantly, crystallization in [C4mim][NO3] x mol% D2O is suppressed at
x = 70–90 mol% even upon slow cooling [22]. The water concentra-
tion region of the amorphous state coincides with that of the water
pocket at room temperature. The mixture in the water-rich region can
be utilized for cryopreservation for biochemical engineering.

Alongside the addition of water to hydrophilic ILs, alcohols are
regarded as potential additives for hydrophobic ILs. To reduce mate-
rial cost, it is necessary to dilute hydrophobic ILs using alcohol. In
fact, CO2 separation techniques [23] and electric double layer capaci-
tors [24] have been much improved by adding alcohol. The hydropho-
bic ILs contain bis(trifluoromethylsulfonyl)imide (TFSI−) anion. The
characteristic feature of TFSI− anion is two stable conformers; one is
C1 (cis), and the other is C2 (trans) (Fig. 1) [25–27]. Combined with
density functional theory (DFT) calculations, it was clarified that the

http://dx.doi.org/10.1016/j.chemphys.2017.05.012
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Fig. 1. Molecular structures of Chol+, N3111+, and TFSI−. TFSI− anion has two stable conformers, C1 and C2.

conformers of TFSI− anion reveal liquid stability or instability [28,29].
Phase diagrams of [Cnmim][TFSI] (2 ≤ n ≤ 10), -propanol [28] and
-butanol [29] systems indicate phase stabilities depending on
alkyl-side chain length (n) and alcohol isomers. Here Cnmim+ is the
1-alkyl-3-methylimidazolium cation. At approximately n = 6, a
crossover from ionic-like behavior to liquid crystal-like behavior oc-
curs changing the conformation of the TFSI− anion. The conforma-
tions of TFSI− anion have been were investigated not only in imi-
dazolium ILs but also in quaternary ammonium ILs. The conforma-
tion stability of [N3111][TFSI] (N3111+: N-trimethyl-N-propylammo-
nium) was compared with DFT calculations [30]. Furthermore, low
temperature phase behaviors of [N3111][TFSI] were examined by dif-
ferential scanning calorimetry (DSC) and infrared spectroscopy [31].
Accompanied by crystallization of [N3111][TFSI], the conformational
ratio of C1 and C2 changed drastically at low temperature. More-
over, in IL-propanol mixtures, the C1 and C2 conformers of TFSI− an-
ion also provide insight into CO2 capture [23]. [N4111][TFSI]
(N-trimethyl-N-butylammonium) becomes unstable upon the addition
of 2-propanol. High CO2 capture in the [N4111][TFSI]-2-propanol
system implies that, when CO2 is absorbed, the unstable IL-2-propanol
system is promoted to a stable liquid phase. Recently, the nanostruc-
tures of protic ionic liquid (pIL)-alcohol systems have been reported
[32,33]. To understand the macroscopic properties of these systems,
the local liquid structures and molecular conformations of the mixed
systems are very significant.

In this study, we investigated the crystallizations of pure
[Chol][TFSI] and pure [N3111][TFSI] by simultaneous X-ray diffrac-
tion and DSC measurements. In addition to the pure systems, the
phase behaviors of [Chol][TFSI]-propanol were compared with those
of [N3111][TFSI]-propanol. Both in the pure and mixed systems, on
the molecular level, the hydroxyl group of the quaternary ammonium
cation govern the mixing state.

2. Experiments and simulations

The ILs used in this study are hydrophobic [Chol][TFSI] (Io-
LiTec GmbH) and [N3111][TFSI] (Kanto Chemical Co.) (Fig. 1).
1-propanol (99.5%) and 2-propanol (99.5%) (Kanto Chemical Co.)
were selected as propanol additives. The intrinsic molecular properties
are listed in Table 1.

Simultaneous X-ray diffraction and DSC measurements were car-
ried out using SmartLab (Rigaku Co.) The wavelength of the incident

Table 1
Molecular properties of the cations, anion, and propanol additives.

Cations Anion Additives

Chol+ N3111+ Two conformers Two isomers
OH CH3 C1 (cis) C2 (trans) 1-Propanol 2-Propanol

X-ray (Cu Kα radiation) was 0.1542 nm. The cooling and heating rates
were 5 °C/min. Dry N2 gas was flowed in the DSC cell. The temper-
ature range was 50 °C to −100 °C. Crystal structure analysis was con-
ducted using FOX [34] and Conograph [35]. Conograph was used to
determine the crystal lattice parameters. Then, global optimization of
FOX was used to identify the crystal structure.

To determine the phase diagrams, the mixtures were cooled from
30 °C to −60 °C using an ethanol bath (Yamato Scientific Co.,
BE200); at this point, clouding and crystallization of the mixtures
were visually observed. By visual cloud-point determinations, the ac-
curacy of the clouding temperatures was found to be within 1.0 °C.
Several thermal cycles using the same sample and measurements us-
ing different samples at the same concentration were used to deter-
mine the experimental errors of the clouding temperatures. A liquid N2
pot was used for further cooling [28,29]. The temperature was moni-
tored with Pt100 (Netsushin Co.). The cooling rate was 1.5 °C/min.

The Raman spectra were measured with a backscattering geometry
using a micro-Raman spectrometer (RA-07F, Seishin-Shoji) equipped
with a monochromator (500 M, Horiba Jobin Yvon) and a charge-cou-
pled device detector (Symphony, Horiba Jobin Yvon). Radiation of
532 nm from a Nd:YAG laser was used as an excitation source with
a power of 50 mW. The Raman spectra were measured at room tem-
perature. The temperature was fixed at 25 °C with an ethanol bath
(BB301, Yamato Scientific Co.).

We performed the DFT calculations to investigate the interactions
between the cations, anions, and propanol additives. The conforma-
tions of the TFSI− anion were optimized in the simulation box. All
DFT calculations were performed using the Lee–Yang–Parr correla-
tion (B3LYP) 6-31++G∗∗ basis set [36,37] of the PC-GAMESS pack-
age [38].
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3. Results and discussion

3.1. Crystallizations of pure [Chol][TFSI] and pure [N3111][TFSI]

Fig. 2(a) and (b) reveal the crystallizations of pure [Chol][TFSI]
and [N3111][TFSI] by simultaneous X-ray diffraction and DSC mea-
surements, respectively. Complicated phase transitions were observed
in pure [Chol][TFSI] (Fig. 2(a)). The X-ray diffraction patterns of the
liquid phase are expressed by the red curves in Fig. 2(a). The closed
circles in the figure reveal the ideal scattering positions (2θ) of Al,
which was used as an Al sample pan. The weak Bragg reflection ex-
pressed by the open square is derived from the inner shroud of DSC
for the X-ray windows. Upon cooling, crystallization was observed at
6.3 °C (TC1). Sharp Bragg reflections appeared in the green curve of
the X-ray diffraction pattern, accompanied by an exothermal peak in
the DSC thermal trace. This was named the α phase. Due to the small
number of Bragg reflections, the crystal structure of the α phase was
not determined. Upon further cooling, a crystal-crystal phase transi-
tion occurred at −14.6 °C (TC2). Because the blue curves of the X-ray
diffraction patterns below TC2 are entirely different from the green
curve (α phase), the crystal structure below TC2 was regarded as a new
phase (β phase). The numerous new peaks suggest that the molecu-
lar orientational and positional orders were developed by the phase
transition. Crystal structure of β phase was not determined uniquely;
monoclinic, triclinic, or their mixture. As reported in the previous
study [39], it was difficult to identify the complicated structure of
choline-based ILs only by powder X-ray diffraction patterns.

Fig. 2. X-ray diffraction patterns and DSC thermal traces of (a) pure [Chol][TFSI] and
(b) pure [N3111][TFSI]. The complicated phase transitions of [Chol][TFSI] are denoted
by TC1, TC2, TC3 and TLC. LC phase appeared at TLC upon heating.

Upon heating, an anomalous crystal-crystal phase transition was
detected at 2.6 °C (TC3). The new X-ray diffraction patterns expressed
by light blue curves, did not coincide with the α or β phases. There-
fore, a new crystal phase (γ phase) was formed upon heating. It should
be noticed that the feature of the phase transition is described by the
endothermal peak. If we assume that the molecular orientational or-
der of the lattice site has disappeared, the experimental result can be
explained. Hence, the endothermal peak at TC3 originated from the
loss of the orientational order. Previously, an ionic plastic crystal of
choline triflate with defects was reported [39]. In this system, crys-
tal polymorphism was also observed. Thus, we confirm that a phase
transition from β crystal to ionic plastic crystal (γ phase) is also in-
duced in pure [Chol][TFSI] upon heating. By increasing the tempera-
ture, a minor phase transition as a precursor phenomenon for melting
was detected at 27.6 °C (TLC) by a small endothermal peak and a slight
change in the X-ray diffraction pattern (light violet curve in Fig. 2(a)).
Quite a few Bragg reflections imply that a liquid crystal-like structure
(LC phase) temporarily appeared upon heating. In other ILs, such as
[Cnmim][BF4] and [Cnmim][PF6] (BF4: 13 ≤ n, PF6: 12 ≤ n) [40], LC
phase was formed before melting. We deduce that, despite the small
size of [Chol][TFSI], an LC-like phase appeared in pure [Chol][TFSI]
as a molecular network over the medium range. The extraordinal net-
work may be governed by the hydrogen bonding of choline, as pre-
dicted by the DFT calculations [14,15]. In previous MD simulations
[21], significant hydrogen bonding of choline acetate was demon-
strated by monitoring the reorientational motions of acetate anions. Fi-
nally, at 37.5 °C (Tm), the LC phase melted completely. Here, we em-
phasize that the crystal polymorphism of [Chol][TFSI] at the thermal
cycle indicates a competition between molecular interactions, includ-
ing hydrogen bonding.

In contrast to pure [Chol][TFSI], simple crystallization and melt-
ing of pure [N3111][TFSI] were observed as shown in Fig. 2(b). Upon
cooling, crystallization occurred at 5.1 °C (TC). The crystal structure
of pure [N3111][TFSI] was found to be C2/c (monoclinic). Detailed
crystallographic parameters are listed in Table 2. In contrast, upon
heating, the crystal simply melted at 22.0 °C (Tm). On the other hand,
the previous result upon heating indicates complicated melting on the
DSC thermal trace [31]. The discrepancy between the present and
previous studies remains unclear. The single solid phase of crystal
[N3111][TFSI] indicates that a simple charge network between the
cation and the anion develops at low temperature. As seen in Fig. 1,
the molecular structure of N3111+ cation is similar to that of Chol+
cation, except for the OH group. The difference between the two
quaternary ammonium cations is that the CH3 group of N3111+

cation is replaced by OH. The complicated crystal phase behav-
iors at low temperature may be driven by the terminal OH group in
Chol+ cation.

3.2. Phase diagrams of [Chol][TFSI]- and [N3111][TFSI]-propanol
systems

Previously, liquid-liquid equilibria of ILs-alcohols were examined
[28,29]. The alcohol isomer effect was clearly observed in the mix-
tures. In the same manner as the previous study, 1-propanol and
2-propanol were added to [Chol][TFSI] and [N3111][TFSI]. Phase
dia

Table 2
Crystallographic parameters of pure [N3111][TFSI].

a
(nm) b (nm) c (nm) β Rw R Z ρ

[N3111][TFSI] C2/c 0.9114 0.9021 0.4471 106.09 13.3 15.5 1 1.797
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grams of the [Chol][TFSI]- and [N3111][TFSI]-based mixtures upon
the cooling process are shown in Fig. 3(a) and (b), respectively. The
cooling rate was 1.5 °C/min. In the figures, clouding points and crys-
tallizations are indicated by closed circles and closed/open squares,
respectively. The propanol additives are distinguished by color: red
represents 1-propanol, and blue corresponds to 2-propanol. At first,
we focused on the pure systems. Upon cooling, just after homoge-
neous clouding of pure [Chol][TFSI], liquid turned to be grey solid at
14.8 °C (the black closed square in Fig. 3(a)). Furthermore, at 12.7 °C,
tiny white particles appeared independently in the grey solid. With de-
creasing temperature, each particles gradually grew and coarsened. Fi-
nally, at −7.3 °C, the grey solid transformed completely to the white
crystal. Considering phase transitions of the pure [Chol][TFSI] de-
termined by the simultaneous X-ray diffraction and DSC measure-
ments (Fig. 2(a)), the appearances of the grey solidification (the closed
square) and white particles (the open square) correspond to TC1 and
TC2, respectively. In the [Chol][TFSI]-propanol mixtures, crystalliza-
tion occurred directly without phase separation (Fig. 3(a)). TC1 and
TC2 decreased gradually with increasing propanol concentration. The
propanol isomer effect was clearly observed at crystallization temper-
atures of the mixtures. The 2-propanol mixtures crystallized at lower
temperatures than the 1-propanol mixtures. The branched shape of
2-propanol prevents crystal nucleation.

In the [N3111][TFSI]-propanol system, a conventional phase dia-
gram was obtained (Fig. 3(b)). The clouding temperature curves ap-
peared in a wide range of propanol concentrations. Next, phase sep-
aration was induced by the addition of propanol, in contrast to
[Chol][TFSI]-propanol. In the [N3111][TFSI]-propanol system,
small, dif

Fig. 3. Phase diagrams of (a) [Chol][TFSI]-based mixtures and (b)
[N3111][TFSI]-based mixtures upon cooling. In the [Chol][TFSI]-propanol system, TC1
and TC2 in Fig. 2(a) are denoted by the closed and open squares, respectively. In the
[N3111][TFSI]-propanol system, the closed circles and open squares indicate clouding
points and crystallization temperatures. In both systems, red and blue colors represent
the 1-propanol and 2-propanol additives, respectively. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this
article.)

ferent upper critical solution temperatures (UCSTs) are a characteris-
tic property. In [Cnmim][TFSI]-alcohol systems [28,29], large ΔUC-
STs using propanol isomers were obtained by a combination of the
longer alkyl-side chains of the cations and the hydrophobicity of
the alcohol. Therefore, the small ΔUCST of [N3111][TFSI]-propanol
implies that N3111+ cation corresponds to the C2mim+ or C3mim+

cation. In contrast, the crossing point in the clouding temperature
curves (95 mol%) indicates the typical propanol isomer effect. During
phase separation, repulsive interactions between ILs and propanol are
caused by the molecular structures of propanol, such as straight chain
(1-propanol) or branched (2-propanol). Another possible reason is that
the hydrophobicity of the alcohols in the mixtures [29] provides phase
stability, resulting in lower UCSTs.

3.3. Raman spectroscopy of the [Chol][TFSI]- and
[N3111][TFSI]-propanol systems

The Raman spectra of the pure systems of [Chol][TFSI] and
[N3111][TFSI] at room temperature are shown in Fig. 4(a) and (b), re-
spectively. The observed Raman bands were assigned as the C1 and
C2 conformations of TFSI− anion [25–27,41,42]. Reflecting the
OH and CH3 moieties of the cations, it was found that the Ra-
man spectrum of [Chol][TFSI] differs from that of [N3111][TFSI].
This is a typical cation effect in quaternary ammonium ILs. Because
the observed spectrum of TFSI− anion consists of several Raman
bands, the spectra were decomposed using the least squares fitting of
a pseudo-Voigt function (an asymmetric peak profile). The well-fitted
peaks are expressed by solid lines in Fig. 4(a) and (b). Obviously, the
C1 and C2 components are different for the different cations.

Fig. 4. Raman spectra of (a) pure [Chol][TFSI] and (b) pure [N3111][TFSI] at room
temperature. The Raman bands of the C1 and C2 conformations of TFSI− anion are ex-
pressed as red and blue, respectively. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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To further understand the conformations, quantitative analysis of
the Raman spectra was conducted, and the conformation stability of
TFSI− anion was estimated [28,29,42]. Using the decomposed peak
intensities, that is, I295, I320, I327, and I340, the C2/C1 ratio was de-
fined as I340/I327 [41]. Particularly under high pressure [42], the C2/C1
ratio of [DEME][TFSI] increased with increasing pressure. This in-
dicates that high packing efficiency is expressed by the large C2/C1
value. Then, the propanol concentration dependence of the C2/C1 ra-
tio was plotted (Fig. 5(a) and (b)). The open squares and red and blue
circles indicate the C2/C1 ratios of the pure ILs, 1-propanol-based
mixtures, and 2-propanol-based mixtures, respectively. The absolute
value of the C2/C1 ratio of pure [Chol][TFSI] is smaller than that of
pure [N3111][TFSI]. The lower molecular packing of [Chol][TFSI]
can be explained by the weaker interactions between the cation and
anion. Above 30 mol%, the C2/C1 ratio of [Chol][TFSI]-1-propanol,
which is believed to indicate the packing efficiency, decreased gradu-
ally with increasing propanol concentration (Fig. 5(a)). This suggests
that the molecular packing tendency changes above 30 mol%. Focus-
ing on the propanol isomer effect, a weak isomer effect was seen in
[Chol][TFSI]-propanol system. 1-propanol mixtures are less packed
than 2-propanol mixtures. 2-propanol is geometrically matched a lit-
tle with the C2 conformer of TFSI− anion. In contrast to the
[Chol][TFSI]-propanol system, a strong isomer effect in

Fig. 5. Propanol concentration dependence of the C2/C1 ratio. The conformational sta-
bility of TFSI− anion is expressed by the C1 and C2 conformers.

[N3111][TFSI]-propanol appeared above 75 mol% (Fig. 5(b)). In the
propanol-rich region, the molecular interaction between the IL and
the 2-propanol is enhanced by the geometrical effect of the branched
2-propanol. Comparing the weak and strong propanol isomer effects
of both systems, the hydroxyl group of Chol+ cation has only slight
dependence on the geometrical packing due to weaker molecular in-
teractions.

Generally, DFT calculations, even in the gas state, support the ex-
perimental results of ILs. In particular, the phase stabilities of TFSI−

anion-based ILs have been discussed on the basis of the torsion an-
gle α of TFSI− anion [23,24,28,29]. Using the optimized molecular
structure by the DFT calculations, the α angle is defined geometri-
cally, as shown in Fig. 6(a). This is because, even in the simulation
box, the calculated torsion angle is sensitive to the alkyl-side chain
length of Cnmim+ cations [28]. Moreover, the calculated α angle has
some relation with the observed C2/C1 ratio. For example, the α angle
demonstrates that CO2 capture is related to the phase instability of the
mixtures [23]. Initially, the α angles of pure [Chol][TFSI] (red circle)
and pure [N3111][TFSI] (blue square) were estimated by the defini-
tion (Fig. 6(a)). The obtained α values are plotted on the “No additive”
in Fig. 6(b). The α values of both pure ILs are different depending
on whether the hydroxyl group is present. To examine the propanol
isomer effect, we added one propanol molecule to one cation-anion
pair. It is well known that the order of hydrophobicity strength is
2-propanol < 1-propanol < 1-butanol [29]. In Fig. 6(b), the evaluated
α values are shown to obey the order of hydrophobicity of propanol.
Here, we emphasize that the α angle of the [Chol][TFSI] system (red
circles) is proportional to the hydrophobicity of the alcohol, although
the [N3111][TFSI] system (blue squares) is not. The opposite fea-
ture of the torsion angle is derived from the OH part of the Chol+
cation. The optimized molecular structure of [Chol][TFSI]-1-propanol
in Fig. 6(c) provides a hint to interpret the anomalous behaviors of
the [Chol][TFSI]-propanol system. Upon the addition of 1-propanol,
the TFSI− anion becomes twisted due to hydrogen bonding between
the oxygen of the TFSI− anion and the OH group of 1-propanol.
The hydrogen bonding is denoted by a line in Fig. 6(c). Without
1-propanol, the C1 conformer of TFSI− anion is preferred. It is a sig-
nificant insight that the hydrophobicity of 1-propanol enables hydro-
gen bonding in addition to the charge network.

4. Summary

The cation effects of quaternary ammonium ILs were investigated
with the commonly used TFSI− anion. In comparison with standard
[N3111][TFSI], the presence of a hydroxyl group on Chol+ was newly
discovered by systematic measurements. The crystal polymorphism
of pure [Chol][TFSI] suggests that a trivial balance of the charge
network, molecular conformation, and hydrogen bonding could in-
fluence the molecular orientational and positional orders. In the
[Chol][TFSI]-propanol system, apparent phase separation did not oc-
cur, although the [N3111][TFSI]-propanol system showed conven-
tional UCST-type phase separation. In the mixed systems, the
propanol isomer effect was observed in the phase diagrams. Accord-
ing to Raman spectroscopy, the conformations of TFSI− anion, even
in the liquid state, were altered by the addition of 1-propanol or
2-propanol. In the propanol-rich region, the propanol isomer effect of
the [N3111][TFSI]-propanol system was clearly observed. By DFT
calculations, opposite properties of the two IL-alcohol systems were
simulated. Hydrogen bonding between TFSI− anion and 1-propanol
was demonstrated in the [Chol][TFSI]-1-propanol system. The hy-
drophilicities of the propanol additives, related to the OH of Chol+
cation can explain the experimental results.
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Fig. 6. (a) Definition of the torsion angle, α, of TFSI− anion. (b) The evaluated α angle of TFSI− anion in [Chol][TFSI] and [N3111][TFSI] and (c) the optimized molecular structures
of [Chol][TFSI] and [Chol][TFSI]-1-propanol. The red circles and blue squares indicate the [Chol][TFSI]-based and [N3111][TFSI]-based systems, respectively. With increasing hy-
drophobicity, the α angle of [Chol][TFSI] increases. The optimized molecular structure of [Chol][TFSI]-1-propanol indicates hydrogen bonding between TFSI− anion and 1-propanol
accompanied by the twisting of TFSI− anion.
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