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Abstract: The application of ionic liquids (ILs) has grown enormously, from their use as simple
solvents, catalysts, media in separation science, or electrolytes to that as task-specific, tunable
molecular machines with appropriate properties. A thorough understanding of these properties
and structure–property relationships is needed to fully exploit their potential, open new direc-
tions in IL-based research and, finally, properly implement the appropriate applications. In this
work, we investigated the structure–properties relationships of a series of alkyltriethylammonium
bis(trifluoromethanesulfonyl)imide [TEA-R][TFSI] ionic liquids in relation to their thermal behavior,
structure organization, and self-diffusion coefficients in the bulk state using DSC, FT-IR, SAXS, and
NMR diffusometry techniques. The phase transition temperatures were determined, indicating alkyl
chain dependency. Fourier-transformed infrared spectroscopy studies revealed the structuration
of the ionic liquids along with alkyl chain elongation. SAXS experiments clearly demonstrated
the existence of polar/non-polar domains. The alkyl chain length influenced the expansion of the
non-polar domains, leading to the expansion between cation heads in polar regions of the structured
IL. 1H NMR self-diffusion coefficients indicated that alkyl chain elongation generally caused the
lowering of the self-diffusion coefficients. Moreover, we show that the diffusion of anions and cations
of ILs is similar, even though they vary in their size.

Keywords: ionic liquids; bis(trifluoromethanesulfonyl)imides; structure of ionic liquids; NMR
diffusometry; small-angle X-ray scattering; SAXS; differential scanning calorimetry; DSC; infrared
spectroscopy; FTIR

1. Introduction

The properties of ionic liquids (ILs), mainly their negligible volatility, thermal and
electrochemical stability, wide liquid range, high conductivity, and ability to dissolve
organic, inorganic, and polymeric compounds, have made them extremely popular in
multiple applications. They are widely used as molecular solvents in the areas of synthesis
and separation science, as media in catalysis, electrolytes, lubricants, and other task-specific
materials [1,2]. ILs are used are not only in chemistry, physics, and materials science but,
with the exploration of their biological activity, very often also in medicine, pharmacy, and
agrisciences [3]. Importantly, their physicochemical properties, described as tunable and
designable, need to be always properly recognized and defined. This tunability also comes
with a great challenge, since the amount of theoretical ionic liquids that can be obtained is
limited only by organic and inorganic chemistry [4].
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A thorough understanding of their properties and structure is always needed to exploit
their potential and fully implement their appropriate application. An important property
to be considered is the ionic composition of ILs, which makes them primarily different from
popular organic solvents and very valuable in applications in which their conductivity,
viscosity, or behavior at the solid–liquid interface are important. Moreover, ILs possess
a well-defined structure both in the bulk state and at interfaces, which is further strictly
connected to their solvent capabilities [5,6]. Worth noticing is that ILs can participate in
various interactions, such as van der Waals and Coulombic interactions, hydrogen bonds,
and specific interactions, including hydrogen/halogen bonding. An important issue is
also related to the length of the alkyl chain attached to ILs’ cation. Changes in this length
varies ILs volume, mass, shape, and flexibility and, more importantly, their application
properties [7].

Even though a vast number of works on the structure and properties of ionic liquids
are present in the literature, experimental as well as theoretical studies are needed on this
topic, especially considering those ILs that are less often used and more environmentally
benign, e.g., ammonium, diazolium/triazolium, or nature-inspired ILs [4,8,9]. Two of the
most widely explored groups of ILs are imidazolium and pyridinium [10,11]. Therefore,
this work aims to present the influence of the alkyl chain length in the homologous se-
ries of alkyltriethylammonium bis(trifluoromethanesulfonyl)imide ([TEA-R][TFSI]) ionic
liquids on their thermal behavior, structure organization, and other relevant specifics of
the series. [TEA-R][TFSI] ILs are known to serve as electrolytes for lithium-ion battery
applications, as media for anodic oxidation of organic pollutants, and as media of enan-
tioselective or catalytic reactions [12–15]. To the best of our knowledge, a complete series
of these ILs has never before been evaluated in terms of their thermal, structural, and
macroscopic properties.

2. Results and Discussion
2.1. Thermal Properties

The thermal properties of ionic liquids are essential when it comes to their application,
e.g., in supercapacitors, solar cells, batteries, impurities extraction, chemical reactions,
and catalysis media [16]. The literature reports data about the thermal behavior of imida-
zolium and/or pyridinium ILs, usually obtained with the use of various methodologies
(with various scanning rates, annealing periods, sample size, thermal history, and sample
purity) [17]. To the best of our knowledge a complete series of alkyltriethylammonium
bis(trifluoromethanesulfonyl)imides (C4–C16 alkyl chain length) has never before been
examined thoroughly in terms of their molecular dynamics and thermal behavior. Phase
transition temperatures and the associated enthalpies of transitions (obtained from the
peak area of the appropriate transition) observed for the series of alkyltriethylammonium
ILs are summarized in Table 1.

The results presented in Table 1 show sequentially the crystallization temperature
(Tcryst), which is defined as the onset of an exothermic peak on cooling from a liquid to
a solid state, the glass-transition temperature (Tg), which is the midpoint of a small heat
capacity change on heating from the amorphous glass state to a liquid state, the cold
crystallization temperature (Tcc), which is defined as the onset of an exothermic change on
heating from subcooled liquid state to a solid-state, the solid–solid transition temperature
(Ts-s), which is defined as the onset of a small endothermic change on heating, and the
melting temperatures (Tm), which are taken as the onset of an endothermic peak also on
heating [18,19]. The thermograms of all ILs are presented in Supplementary Figures S1–S7.

Crystallization was observed for ionic liquids with shorter to medium alkyl chain lengths
(4–8) and again for ionic liquids with longer alkyl chain lengths (14–16). [TEAC10][TFSI]
and [TEAC12][TFSI] did not exhibit the crystallization change in the measured range, and
from the calculations of associated enthalpies, one can notice that with the elongation of the
alkyl chain, the enthalpies became smaller with the increase of the alkyl chain from 4 to 8.
Crystallization was not observed within the measured range for octyl and decyl alkyl chains;
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the crystallization enthalpies increased with further alkyl chain elongation. Moreover, ionic
liquids with butyl, dodecyl, and tetradecyl substituents underwent cold crystallization in the
heating mode.

Table 1. Glass transition temperature (Tg), crystallization temperature (Tcryst) and enthalpy (∆Hcryst),
cold crystallization temperature (Tcc) and enthalpy (∆Hcc), solid–solid transition temperature
(Ts-s) and enthalpy (∆Hs-s), melting temperature (Tm) and enthalpy (∆Hm) measured at the heat-
ing/cooling rate of 10 K min−1.

IONIC
LIQUID

Tcryst [K],
(∆Hcryst

[kJ mol−1])
Tg [K]

Tcc [K],
(∆Hcc

[kJ mol−1])

Ts-s [K],
(∆Hs-s

[kJ mol−1])

Tm [K],
(∆Hm

[kJ mol−1])

[TEAC4][TFSI] 229.89 – 208.64 236.54 289.10
(−10.27) (−2.25) (2.92) (17.36)

[TEAC6][TFSI] 228.18 185.70 – – –
(−1.10) – – –

[TEAC8][TFSI] 231.83 192.00 – – –
(−0.53) – – –

[TEAC10][TFSI] – 196.44 – – 267.54
– – – (0.45)

[TEAC12][TFSI] – 201.77 233.65 264.42 278.20
– (−17.93) (2.46) (21.06)

[TEAC14][TFSI] 240.03 – 253.44 278.61 294.50
(−21.05) – (−3.46) (3.37) (30.34)

[TEAC16][TFSI] 261.69 – – 276.66 289.41
(−30.42) – – (2.77) (27.70)

Ionic liquids with butyl, tetradecyl, and hexadecyl substituents ([TEAC4], [TEAC14]
and [TEAC16]) did not exhibit glass transition in the region above 173.15 K. The glass
transition temperatures for the series comprising 6 to 12 carbon atoms shifted to higher
values with the elongation of the alkyl chain in the quaternary ammonium cation, i.e., from
185.70 K for TEAC6 to 201.77 K for TEAC12. The data presented here show good agreement
with the available literature values [19].

The literature also describes a “2/3 golden rule”, which means that for all compounds,
that ratio of the temperatures of glass transition and melting (Tg/Tm) is around 0.66 [20].
Lately, it was shown that for aprotic ionic liquids, the usual value of the ratio is 0.75 [17]. In the
case of the [TEA-R] series, such values could be determined only for two ILs–-[TEAC10][TFSI]
and [TEAC12][TFSI]—because they were the only ones for which both melting point
and glass transition temperatures were exhibited. For both ILs, the ratio is equal to
0.73. Similarly to other examples found in the literature of alkyl homologous series of
ionic liquids, the melting temperature was determined for short alkyl chain (butyl), not
observed for hexyl and octyl substituents, and, with further chain elongation, shown to
increase (with a maximum for the [TEAC14][TFSI]). Moreover, ILs with butyl, dodecyl,
tetradecyl, and hexadecyl substituents underwent a weak solid–solid transition related
to a structural change in solid phase, at the temperatures of 236.54, 264.42, 278.61, and
276.66 K, respectively. We also noticed that for [TEAC16][TFSI], in addition to melting and
solid–solid transition observed in the heating range, another solid–solid transition occurred
right before melting (Figure S7).

The influence of the heating rate on the thermal properties was also examined using
rates of 10, 5 and 2 K min−1. As an example, [TEAC12][TFSI] was taken into consideration,
since it presented more evident changes. The temperatures of phase transitions measured
for dodecyltriethylammonium bis(trifluoromethanesulfonyl)imide for three temperature
rates are presented in Table 2.
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Table 2. Glass transition temperatures (Tg), crystallization temperatures (Tcryst), cold crystallization
temperatures (Tcc), solid–solid transition temperatures (Ts-s), melting temperature (Tm) measured at
the heating/cooling rate of 10 K min−1.

Transition, [K]
Heating Rate, [K min−1]

2 5 10

Tg 100.13 100.54 101.77
Tcc 129.37 128.01 133.65
Ts-s 165.75 164.11 167.02
Tm 178.75 178.86 178.20

As for the melting temperature, the shift was negligible, but for other transitions, it
was more evident. The glass transition temperature Tg shifted at a faster heating rate to
higher temperature values. For cold crystallization and solid–solid transition, we observed
a change to lower values between 2 and 5 K min−1, yet at the rate of 10 K min−1, we
observed even higher values. According to the literature, such changes might be a result of
nanostructured organization at a molecular level [4,20,21].

2.2. Infrared Spectroscopy

Vibrational spectroscopy is a powerful tool allowing the characterization and under-
standing not only of the structure of ILs but also of the nature of ionic interactions, anion-
cation hydrogen bonds, and molecular conformations [6]. In the case of bis(trifluoromethane
sulfonyl)imide anion, ILs with 1-alkyl-3-methylimidazolium and dialkylpyrrolidinium
cations are the most widely studied and described in the literature. Therefore, we have
decided to study and discuss the FT-IR spectra of a alkyltriethylammonium homologous IL
series. The spectra of the prepared ionic liquids are presented in Supplementary Materials
(Figure S8).

Figure 1 presents the spectra of a representative IL, [TEA-C4][TFSI], where the most im-
portant absorption bands derived from various groups of both the butyltriethylammonium
cation and the bis(trifluoromethanesulfonyl)imide anion are marked.

Figure 1. FT-IR spectra of butyltriethylammonium bis(trifluoromethanesulfonyl)imide [TEA-C4][TFSI].
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The FT-IR spectra of the presented ILs are dominated by bands derived from anion
vibrations. The main bands are the shuttle band derived from bending and stretching of
S–N–S bonds around 650 and 750 cm−1, respectively, sulfur–nitrogen vibrations about
1050, SO2 symmetric and antisymmetric vibrations around 1120 and 620 with 1350 cm−1,
respectively, and bending and stretching vibrations of CF3 at 570 and 1150 cm−1. The
bis(trifluoromethanesulfonyl)imide anion was the subject of many vibrational spectroscopy
studies because it has been extensively used in polymer electrolytes [6,22,23]. Information
regarding not only the inorganic salts but also other ionic liquids with this anion have been
widely discussed in the literature.

Importantly, the vibrational frequencies of the anion are influenced by the polarizing
power of the cation of the chosen IL; nevertheless, the change in the alkyl length does not
influence the [TFSI] shifts. The main cation shifts visible in the spectra are those originating
from the C–N bond around 850 to 1000 cm−1, C–H bending vibrations around 1500 cm−1,
and C–H stretching vibrations of the alkyl chains at 2800–3000 cm−1.

When analyzing the anion, no significant change could be found within the series, as
also observed for other [TFSI]-based homologous series of ILs. The structurization of ILs,
however, could be observed through a thorough analysis of the shifts visible in the region
from 2800 to 3000 cm−1, as presented in Figure 2.

Figure 2. Stretching vibrations of [TEA-R][TFSI].

In the range of 2800–3200 cm−1, a complex pattern of overlapped bands derived from
several C–H stretching modes were visible for [TEA-R][TFSI]. The elongation of the alkyl
chain length caused a substantial effect on those vibrations. It can be noticed that, as
the length of the alkyl chain increased, there was a shift towards shorter wavelengths,
accordingly increasing the intensity of the signals. Lowering C–H stretching frequencies
of the symmetric and asymmetric vibrations of the CH2 and CH3 groups are presented in
Table 3. Such shifts are suggested to be caused by the aggregation of the –CH2 groups in
the alkyl chain, driven by van der Waals forces [23]. Moreover, the elongation of the alkyl
chain to 16 carbon atoms did not cause further shift change in the vibration spectra, only
lowered the intensity. This might be explained by the fact that longer alkyl chains cause
chain curling. Such behavior is well known for all quaternary ammonium salts [1,4,24,25].
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Table 3. Frequency values of stretching vibrations of alkyl chains in [TEA-R][TFSI].

IL
Frequency Values [cm−1]

νsymCH2 νsymCH3 νasymCH2 νasymCH3

[TEAC4][TFSI] 2881 2949 2968 2989
[TEAC6][TFSI] 2863 2935 2959 2992
[TEAC8][TFSI] 2858 2930 2956 2990
[TEAC10][TFSI] 2857 2927 2946 2993
[TEAC12][TFSI] 2855 2925 2946 2993
[TEAC14][TFSI] 2854 2923 2946 2994
[TEAC16][TFSI] 2854 2923 2946 2991

2.3. Small-Angle X-ray Scattering

Small-angle, along with wide-angle X-ray scattering, is used for investigation of ILs
structure in bulk as well as in a form of mixtures. The major impact of the length of the
alkyl chain on IL structure relates to the formation of an amphiphilic nanostructure. For
appropriately long alkyl chains, segregation between polar and apolar domains occurs,
which leads to the creation of locally smectic or bicontinuous liquid structure [5].

Ionic liquids with an appropriately long alkyl chain also exhibit three main peaks in
small-angle X-ray scattering patterns (peak I, II, and III), which are assigned to specific
correlations, demonstrating the occurrence of nm-scale segregation of the apolar side alkyl
tails in a charged environment composed of the polar heads of cations and anions. A
schematic representation of these correlation peaks is presented in Figure 3.

Figure 3. Schematic drawing of three peaks commonly observed in the SAXS patterns adapted
from [26,27].

Peak I represents the correlation distance along the axis of alkyl chains, peak II
corresponds to the same charge inter-ion distance (cation–cation and anion–anion) within
the IL nanostructured network, and peak III represents the cation–anion distance (short-
range correlations) [26]. The results of the performed SAXS experiments for the [TEA-
R][TFSI] series presented as the peak intensity against the scattering vector are shown in
Figure 4.
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Figure 4. SAXS patterns of the homologous series [TEA-R][TFSI].

In the case of the prepared homologous series, it is obvious that nanostructure for-
mation took place. It was most visible for alkyl chains with n > 6, which indicates that
mesoscopic segregation was not present in the case of [TEAC4][TFSI]. The first peak which
was correlated to the distance between layers in our case precisely showed that with
the elongation of the alkyl chain, the distance between the layers increased. The non-
polar character became more apparent, as the carbohydrate ratio increased. In the case of
[TEAC16][TFSI], the distance remained at the same level as that for [TEAC14][TFSI], which
might be connected to chain curling, similarly to what observed in the FT-IR spectra, as
explained earlier. When peaks II and III are taken into consideration, the distance change
was neglectable, which means that the same charge inter-ion, as well as the cation–anion
distance, remained unchanged by the structural organization of ILs’ phases. Importantly,
the nanostructures created by ILs are analogous to a surfactant mesophase [1,5]. Appropri-
ate distance values are presented in Table 4. A change in the distance for the homologous
series is also shown in Figure S9.

Table 4. Frequency values of stretching vibrations of alkyl chains in [TEA-R][TFSI].

Peak I [Å−1]
(d [Å])

Peak I
[arb.u.]

Peak II [Å−1]
(d [Å])

Peak II
[arb.u.]

Peak III [Å−1]
(d [Å])

Peak III
[arb.u.]

[TEAC4][TFSI] - - 0.84 (7.5) 48.20 1.25 (5.0) 30.74
[TEAC6][TFSI] 0.43 (14.6) 11.87 0.82 (7.7) 43.47 1.26 (5.0) 37.14
[TEAC8][TFSI] 0.40 (15.7) 22.79 0.82 (7.7) 42.74 1.24 (5.1) 40.60
[TEAC10][TFSI] 0.31 (20.3) 39.61 0.82 (7.7) 42.78 1.28 (4.9) 44.89
[TEAC12][TFSI] 0.26 (24.2) 71.78 0.82 (7.7) 42.47 1.29 (4.9) 48.23
[TEAC14][TFSI] 0.22 (28.6) 131.99 0.82 (7.7) 37.66 1.31 (4.8) 46.97
[TEAC16][TFSI] 0.22 (28.6) 131.19 0.81 (7.8) 38.84 1.31 (4.8) 48.15

The nanostructured domains present in the [TEA-R][TFSI] series, as well as in other
ionic liquids, have crucial impact on various properties, especially viscosity and density,



Int. J. Mol. Sci. 2021, 22, 5935 8 of 16

but also on conductivity, since this property is connected with ILs polarity (polar domains).
A variety of ionic liquids and their mixtures with solvents and other ILs were investigated
via SAXS analysis. In the case of the homologous series of imidazolium ILs, namely,
1-alkyl-3methylimidazolium bis(trifluoromethanesulfonyl)imides [Cnmim][TFSI], three
peaks were also observed in the range of 0.2–0.6, ~0.9, and ~1.5 Å−1. When compared to
the values obtained for the [TEA-R][TFSI] series, it is obvious that both cation–cation and
anion–anion distances are shorter in the case of imidazolium ILs. Moreover, for the same
cations, the literature also indicates that the appropriate distance changes along with anion
exchange [28].

2.4. Nuclear Magnetic Resonance (NMR) Diffusion

NMR, used for studying translational diffusion, is an effective method for examining
the interactions between ions in complex systems, which are characterized by chemical
composition diversity and are observed in a wide range of compounds, including ionic
liquids [29,30]. Moreover, due to the possibility of NMR experiment modifications, it is
possible to investigate local and translational mobilities of cations and anions in ILs [31–35].
1H and 19F are the most common nuclei used to measure the diffusion of ions in ILs,
with nuclei such as 13C and 31P also being helpful [35–37]. Nuclear Magnetic Resonance
Pulsed Gradient Spin-Echo (PGSE NMR) experiments allow for a precise determination of
self-diffusion coefficients [38].

The PGSE pulse sequence utilizes well-defined magnetic field gradient pulses to label
spins in a system during defined time intervals. A π/2 pulse is applied, which rotates a
macroscopic magnetization from the Z-axis to the X–Y plane (i.e., perpendicular to the
static field). During the first period τ at time t1, a gradient pulse with δ duration and
magnitude g is applied, which at the end of the first period τ, causes a phase shift of spins.
At the end of the first τ period, the π pulse is applied, which changes the sign of the phase
shift from the first gradient pulse. The restoration of the precession signal is governed by
the second gradient pulse of equal magnitude and duration. Suppose the spins do not
undergo translational displacements along the Z-axis. In that case, gradient pulses have
no effect, the phase of the nuclear spin is fully restored, and the spin-echo recorded at
full amplitude. However, if the spins have moved, the overall phase loss and spin-echo
amplitude are proportional to the diffusion coefficient, the gradient integral (δ*g), diffusion
time ∆ (interval between gradient pulses) [39,40]. The self-diffusion coefficient, D, can be
easily obtained. Moreover, a thorough analysis of viscosity and molecular size can also be
performed. Temperature measurements, on the other hand, are useful for the calculation of
some thermodynamic parameters.

The diffusion decay of the spin-echo M(g) can be described by the Stejskal–Tanner
equation as follows:

A(g) =
M(g)
Mg=0

= A0exp
(
−Dγ2δ2g2(∆ − δ/3)

)
(1)

where D is the diffusion coefficient, γ the magnetogyric ratio for the studied nuclei, δ the
diffusion gradient length, g a field gradient amplitude, and ∆ the diffusion time [41]. As
the PGSE NMR technique is grounded on the analysis of the decay of appropriate NMR
signals due to magnetic nuclei phase change caused by their translational displacement,
a representative result of diffusion measurement using the PGSE 1H NMR technique for
[TEAC12][TFSI] stacked in one layer is presented in Figure 5.
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Figure 5. Example of stacked 1H NMR spectra for [TEAC12][TFSI]. Arrowed peaks correspond to characteristic chemical
shifts for ILs, and their values are (from left to right): 3.24, 3.08, 1.61, 1.24, 0.86 ppm.

It is possible to see some similarities and differences between particular ILs in the
presented homologous series, as shown in Figure 6. Even though all decays were single-
exponential (one-component diffusion over the examined temperature range was observed),
one can see that the diffusion coefficients behaved similarly for the ILs. It was already
proved that the diffusion coefficient values shift in the case of homologous series of ILs
is not explained only by the size of the ions or the existing electrostatic interactions, but
the explanation lies also in the ability of ionic liquids to form aggregates, clusters, or
lamellar structures.

Figure 6. Diffusion coefficients measured by PGSE NMR in a temperature range from −5 to 95 ◦C.
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As the temperature lowered, a decrease in the diffusion coefficient could be observed.
Importantly, similarly to other ionic liquids, e.g., imidazolium ones, the diffusion coefficient
plots were not linear, but slightly curved down along with the temperature change. This
implicates that the correlation time for the translational diffusion cannot be described
by a simple Arrhenius thermally activated form [10]. Moreover, a decrease in the value
of the diffusion coefficient was observed with the increase of the chain length, which
corresponded to increasing the molecular volume of the ionic liquid [42]. Furthermore,
chain elongation from one side increased the molecular volume of the liquids. On the other
hand, the alkyl chain is more flexible. The trend visible at lower temperatures was traced
back to partial crystallization, as visible in the DSC thermograms. The exact values of the
diffusion coefficients are presented in Table S1.

For each IL in the entire temperature range measured, a similar trend could be seen,
indicating that along with alkyl chain elongation, lowering of the diffusion coefficient was
observed. A slight difference was visible for [TEAC16][TFSI], whose diffusion coefficients
were higher than those of [TEAC14][TFSI].

There is a large body of published works where the diffusion of ions was measured in
bulk ILs. In a series of works, diverse ILs were studied. Unique diffusion coefficients were
obtained (for most of them), as well as for some other macroscopic physicochemical trans-
port properties such as viscosity and conductivity [33,43–45]. For two selected ILs based
on tetrafluoroborate anions and either [emim] or [bmim] cations, Hayamazu et al. have
reported on local and translational molecular motions of cations and anions [46]. Other pop-
ular ionic liquid with methylimidazolium cations and bis(trifluoromethanesulfonyl)imide
or bis(fluorosulfonyl)amide anions were studied by NMR techniques to investigate their
rotational and translational motions and their corresponding binary systems with lithium
salts [47]. It was mentioned that the molecular size of each type of ions has no direct
impact on the diffusion coefficients [43]. In all those cases, the one-exponential behavior of
diffusion was observed in a wide temperature range, from −20 to +60 ◦C [42].

Ionic liquids are compounds in which at least two diffusion species can be always
found (mainly cation and anion, individually). Since the ions control the most important
properties (for example conductivity and solvation properties), particular consideration
is being paid to individual ILs’ components. Figure 7 shows representative 1H and 19F
diffusion coefficients of [TEAC12][TFSI]. The homologous series of [TEA-R][TFSI] exhibits
a behavior similar to that of other ILs, meaning that the diffusion coefficients of ILs anion
and cation, are similar, despite the difference in their size.

Figure 7. Diffusion coefficient measured by 1H and 19F PGSE NMR for [TEAC12][TFSI].
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For glass-forming liquids, a generally accepted quantitative description of the tem-
perature dependence of the diffusion rate does not exist. While the Arrhenius plot for
diffusion temperature dependences in ILs is valid only in limited cases [48], empirical
approaches such as the Vogel–Tamman–Fulcher (VTF) equation can be employed:

D = D0e(
−kT0
T−T0

) (2)

where the constants D0, k, and T0 are adjustable parameters [43]. The VFT relation usu-
ally fits to a variety of ionic liquids (imidazolium, piperidinium, and ammonium-based
ILs) [10,42,49,50]. By fitting the temperature dependence to an Arrhenius behavior, we
estimated the activation energies (Ea) for cation diffusion, as presented in the Table 5.
Fitting curves of each [TEA-R][TFSI] series can be found in Supplementary Materials.

Table 5. Activation energies of the [TEA-R][TFSI] series.

Cation: [TEAC4] [TEAC6] [TEAC8] [TEAC10] [TEAC12] [TEAC14] [TEAC16]

Ea [kJ mol−1] 8.65 9.09 9.00

1 Please check if
the original
meaning is

retained 1.17

9.47 5.28 7.58

The activation energy values exhibited nonmonotonous dependence along with the
alkyl chain length change. For the presented series, the Ea of ILs with shorter alkyl chains
oscillated around 9 kJ mol−1, reaching ~11 kJ mol−1 for [TEAC10][TFSI], which means it is
the most energy-demanding liquid in this homologous series when it comes to transitional
motions. It is expected that the activation energy should increase along with alkyl chain
elongation. It should be noted, however, that in the case of ILs, for which we deal not only
with electrostatic interactions, but also with nanostructurization, with longer alkyl chains,
shielding of these interactions and the formation of additional polar non-polar domains or
the structure of ionic liquids may occur; we can talk about enabling an easier translation,
which translates into a decrease in activation energy, as visible for alkyl chains from 10 to
14 carbon atoms, which is also observed in the literature [51]. On the other hand, further
chain elongation caused the steric hindrance to be dominant again; therefore, we observed
further Ea increase.

3. Materials and Methods
3.1. Materials

Triethylamine, alkyl bromides (from 4 to 16 carbon atoms in the alkyl chain), lithium
trifluoromethylsufonylimide, as well as all the solvents were purchased from commercial
suppliers (Merck KGaA, Darmstadt, Germany, Avantor Performance Materials Poland
S.A., Gliwice, Poland, Acros Organics B.V.B.A., a part of Thermo Fisher Scientific India Pvt.
Ltd., Delphi, India) and used without further purification. Water purified with Mili-Q®

system (Merck Millipore, Merck KGaA, Darmstadt, Germany) was used for all applications
(resistivity 18 MΩ cm−1).

3.2. Preparation of [TEA-R][TFSI] Ionic Liquids

We prepared ILs according to well-known literature protocols of (1) quaternization re-
action and (2) ion-exchange reaction [52,53]. Each of the synthesized ILs was liquid at room
temperature. A specific description of the preparation is described in the Supplementary
Information. Before use, each of the obtained ILs was dried for 48 h in a vacuum desiccator.
The samples for the measurements were prepared under an inert atmosphere (argon) in
order to prevent moisture caption. The structure of each prepared ILs was confirmed via
1H (Agilent NMR 600 MHz, Agilent, Santa Clara, CA, USA) and 13C NMR (Agilent NMR
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800 MHz, Agilent, Santa Clara, CA, USA) spectra analysis, available in Supplementary
Materials. The structure of the homologous series of [TEA-R][TFSI] is presented in Figure 8.

Figure 8. Structure of the obtained series of ILs (R stands for alkyl chain: C2H5, C4H9, C6H13, C8H17,
C10H21, C12H25, C14H29 and C16H33).

3.3. Differential Scanning Calorimetry

Phase transition temperatures and the associated transition enthalpies of the [TEA-
R][TFSI] homologous series of ILs were determined by differential scanning calorimetry,
with a DSC 8000 (Perkin Elmer, Waltham, MA, USA) unit. Samples between 5 and 15 mg
were placed in hermetic aluminum pans and cooled with a liquid-nitrogen cooling acces-
sory to 173.15 K. Thermograms were recorded at three temperature heating/cooling rates
of 10, 5, and 2 K min−1. The first step was always a 15 min isothermal step at 393.15 K, after
which three cycles of cooling/heating were performed at a rate of 10 and 5 K min−1, and
one cooling/heating cycle at 2 K min−1. The calibration of the DSC unit was performed as
a multi-step process which involved baseline optimization, sample temperature calibration,
furnace, and heat flow control. Indium and lead were used as a reference for calibration of
temperature and enthalpy.

3.4. Infrared Spectroscopy

Fourier transform infrared spectroscopy was performed to characterize the structure of
the homologous series of the prepared [TEA-R][TFSI] ionic liquids. Spectra were collected
with a FT/IR-4700 (JASCO, Tokyo, Japan) spectrometer in the range of 400 to 4000 cm−1 at
room temperature.

3.5. Small-Angle X-ray Scattering (SAXS)

Small-angle X-ray scattering studies were performed using the Xeuss 2.0 SAXS/WAXS
system (XENOCS SAS, Grenoble, France) situated at the Joint Laboratory for SAXS studies
at the Faculty of Physics, AMU. The system was equipped with MetalJet D2 microfocus
X-ray source with a liquid metal (gallium) target (Excillum AB, Kista, Sweden) producing
X-ray radiation at wavelength λ = 0.134 nm. SAXS data were recorded using PILATUS
3R 1M hybrid photon counting detector with an active sensor area (width × height)
of 169 × 179 mm2 (DECTRIS AG, Baden, Switzerland). Samples were measured at room
temperature in quartz capillaries. The background effect was eliminated through additional
measurement of an empty capillary tube and subsequent subtraction of the obtained value.
The real space correlation distance was calculated using the formula d = 2π/q, where q is
a scattering vector (q = 4π

λ sin(θ)), 2θ is the angle between the incident and the scattered
radiation, and λ is an X-ray wavelength.
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3.6. PGSE NMR Diffusion

The NMR study of the diffusion coefficients was performed with a 14 T Agilent NMR
spectrometer (Agilent, Santa Clara, CA, USA), using a DOTY DSI−1372 gradient probe, gz
= 28 T/m with PGSE (Pulsed Gradient Spin-Echo) sequence scheme presented in Figure 9.
The measurements were performed in the temperature range from −5 to 95 ◦C.

The samples were placed in a standard 5 mm external diameter NMR glass tube and
heated stepwise by 5 degrees from −5 to 35 ◦C, and by 10 degrees in the range from 35 to
95 ◦C. Temperature-dependent self-diffusion coefficients and appropriate fits for each IL of
the [TEA-R][TFSI] series is presents in Figure S10.

Figure 9. PGSE NMR sequence scheme.

4. Conclusions

In this work, we presented the influence of alkyl chain length in the homologous
series of alkyltriethylammonium bis(trifluoromethanesulfonyl)imide ionic liquids ([TEA-
R][TFSI]) on their thermal properties, nanostructured organization, and self-diffusion
coefficients. The thermal properties of the series of ionic liquids were described, indicat-
ing the existence of glass transition, crystallization, cold crystallization, and solid–solid
transition and determining the melting temperatures. Solid–solid transition which was
visible right before melting, indicated nanostructuring of the prepared ILs at the molecu-
lar level. Infrared spectroscopy showed the structuring of alkyl chains, as visible in the
2800–300 cm−1 region, responsible for C–H stretching vibrations of the alkyls. SAXS exper-
iments clearly showed the existence of polar/non-polar domains. The alkyl chain length
influenced the expansion of the non-polar domains, indicating the expansion between
cation heads in polar regions of the structured IL. Self-diffusion coefficients of a series
of bis(trifluoromethylsulfonyl)imide-based ILs were investigated in a wide temperature
range. 1H self-diffusion coefficient exhibited single-component decays, and alkyl chain
elongation generally caused lower self-diffusion values. Moreover, it was presented that
the diffusion of anions and cations of IL are similar, even though they vary in their size.
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transitions, molecular dynamics and structural properties of 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
ionic liquid. J. Mol. Liq. 2020, 313, 113535. [CrossRef]

12. Selvamani, V.; Suryanarayanan, V.; Velayutham, D.; Gopukumar, S. Asymmetric tetraalkyl ammonium cation-based ionic liquid
as an electrolyte for lithium-ion battery applications. J. Solid State Electrochem. 2016, 20, 2283–2293. [CrossRef]

13. Saravanan, K.; Sathyamoorthi, S.; Velayutham, D.; Suryanarayanan, V. Voltammetric investigations on the relative deactivation
of boron-doped diamond, glassy carbon and platinum electrodes during the anodic oxidation of substituted phenols in room
temperature ionic liquids. Electrochim. Acta 2012, 69, 71–78. [CrossRef]

14. Dytrych, P.; Kluson, P.; Slater, M.; Solcova, O. Theoretical interpretation of the role of the ionic liquid phase in the (R)-Ru-BINAP
catalyzed hydrogenation of methylacetoacetate. React. Kinet. Mech. Catal. 2014, 111, 475–487. [CrossRef]

15. Kluson, P.; Stavarek, P.; Penkavova, V.; Vychodilova, H.; Hejda, S.; Vlcek, D.; Bendova, M. Molecular structure effects of
[NR,222][Tf2N] ionic liquids on their flow properties in the microfluidic chip reactor—A complete validation study. Chem. Eng.
Process. Process Intensif. 2017, 111, 57–66. [CrossRef]

16. Pontoni, D.; Haddad, J.; di Michiel, M.; Deutsch, M. Self-segregated nanostructure in room temperature ionic liquids. Soft Matter.
2017, 13, 6947–6955. [CrossRef] [PubMed]

17. Lobo Ferreira, A.I.M.C.; Rodrigues, A.S.M.C.; Villas, M.; Tojo, E.; Rebelo, L.P.N.; Santos, L.M.N.B.F. Crystallization and Glass-
Forming Ability of Ionic Liquids: Novel Insights into Their Thermal Behavior. ACS Sustain. Chem. Eng. 2019, 7, 2989–2997.
[CrossRef]

18. Fredlake, C.P.; Crosthwaite, J.M.; Hert, D.G.; Aki, S.N.V.K.; Brennecke, J.F. Thermophysical Properties of Imidazolium-Based
Ionic Liquids. J. Chem. Eng. Data 2004, 49, 954–964. [CrossRef]

19. Machanová, K.; Wagner, Z.; Andresová, A.; Rotrekl, J.; Boisset, A.; Jacquemin, J.; Bendová, M. Thermal Properties of Alkyl-
triethylammonium bis{ (trifluoromethyl)sulfonyl}imide Ionic Liquids. J. Solution Chem. 2015, 44, 790–810. [CrossRef]

20. Esperança, J.M.S.S.; Tariq, M.; Pereiro, A.B.; Araújo, J.M.M.; Seddon, K.R.; Rebelo, L.P.N. Anomalous and Not-So-Common
Behavior in Common Ionic Liquids and Ionic Liquid-Containing Systems. Front. Chem. 2019, 7, 450. [CrossRef] [PubMed]

http://doi.org/10.1021/acs.chemrev.9b00693
http://www.ncbi.nlm.nih.gov/pubmed/32292036
http://doi.org/10.1039/D0OB02214D
http://www.ncbi.nlm.nih.gov/pubmed/33606870
http://doi.org/10.1039/D1NJ00498K
http://doi.org/10.1039/D1CP00216C
http://www.ncbi.nlm.nih.gov/pubmed/33876073
http://doi.org/10.1021/cr500411q
http://doi.org/10.1021/acs.chemrev.6b00461
http://doi.org/10.1039/C5CP01620G
http://doi.org/10.3390/molecules26010098
http://doi.org/10.3389/fchem.2020.598662
http://doi.org/10.1039/C7CP01045A
http://www.ncbi.nlm.nih.gov/pubmed/28574565
http://doi.org/10.1016/j.molliq.2020.113535
http://doi.org/10.1007/s10008-016-3248-x
http://doi.org/10.1016/j.electacta.2012.02.077
http://doi.org/10.1007/s11144-013-0659-x
http://doi.org/10.1016/j.cep.2016.11.004
http://doi.org/10.1039/C7SM01464C
http://www.ncbi.nlm.nih.gov/pubmed/28849840
http://doi.org/10.1021/acssuschemeng.8b04343
http://doi.org/10.1021/je034261a
http://doi.org/10.1007/s10953-015-0323-3
http://doi.org/10.3389/fchem.2019.00450
http://www.ncbi.nlm.nih.gov/pubmed/31281812


Int. J. Mol. Sci. 2021, 22, 5935 15 of 16

21. Cao, W.; Wang, Y.; Saielli, G. Metastable State during Melting and Solid-Solid Phase Transition of [CnMim][NO3] (n = 4–12) Ionic
Liquids by Molecular Dynamics Simulation. J. Phys. Chem. B 2018, 122, 229–239. [CrossRef] [PubMed]

22. Hanke, K.; Kaufmann, M.; Schwaab, G.; Havenith, M.; Wolke, C.T.; Gorlova, O.; Johnson, M.A.; Kar, B.P.; Sander, W.; Sanchez-
Garcia, E. Understanding the ionic liquid [NC4111][NTf2] from individual building blocks: An IR-spectroscopic study. Phys.
Chem. Chem. Phys. 2015, 17, 8518–8529. [CrossRef] [PubMed]

23. Garaga, M.N.; Nayeri, M.; Martinelli, A. Effect of the alkyl chain length in 1-alkyl-3-methylimidazolium ionic liquids on inter-
molecular interactions and rotational dynamics: A combined vibrational and NMR spectroscopic study. J. Mol. Liq. 2015, 210,
169–177. [CrossRef]

24. Burankova, T.; Mora Cardozo, J.F.; Rauber, D.; Wildes, A.; Embs, J.P. Linking Structure to Dynamics in Protic Ionic Liquids: A
Neutron Scattering Study of Correlated and Single-Particle Motions. Sci. Rep. 2018, 8, 16400. [CrossRef] [PubMed]

25. Kar, M.; Plechkova, N.V.; Seddon, K.R.; Pringle, J.M.; MacFarlane, D.R. Ionic Liquids—Further Progress on the Fundamental
Issues. Aust. J. Chem. 2019, 72, 3. [CrossRef]

26. Weber, C.C.; Brooks, N.J.; Castiglione, F.; Mauri, M.; Simonutti, R.; Mele, A.; Welton, T. On the structural origin of free volume in
1-alkyl-3-methylimidazolium ionic liquid mixtures: A SAXS and 129 Xe NMR study. Phys. Chem. Chem. Phys. 2019, 21, 5999–6010.
[CrossRef]

27. Nemoto, F.; Kofu, M.; Nagao, M.; Ohishi, K.; Takata, S.I.; Suzuki, J.I.; Yamada, T.; Shibata, K.; Ueki, T.; Kitazawa, Y.; et al. Neutron
scattering studies on short- and long-range layer structures and related dynamics in imidazolium-based ionic liquids. J. Chem.
Phys. 2018, 149, 054502. [CrossRef]

28. Brooks, N.J.; Castiglione, F.; Doherty, C.M.; Dolan, A.; Hill, A.J.; Hunt, P.A.; Matthews, R.P.; Mauri, M.; Mele, A.; Simonutti,
R.; et al. Linking the structures, free volumes, and properties of ionic liquid mixtures. Chem. Sci. 2017, 8, 6359–6374. [CrossRef]

29. Giernoth, R. NMR Spectroscopy in Ionic Liquds. In Ionic Liquids. Topics in Current Chemistry; Kirchner, B., Ed.; Spinger: Berlin,
Heidelberg, 2008; Volume 290, pp. 263–283.

30. Structures and Interactions of Ionic Liquids; Zhang, S.; Wang, J.; Lu, X.; Zhou, Q. (Eds.) Structure and Bonding; Springer:
Berlin/Heidelberg, Germany, 2014; Volume 151, ISBN 978-3-642-38618-3.

31. Taher, M.; Shah, F.U.; Filippov, A.; de Baets, P.; Glavatskih, S.; Antzutkin, O.N. Halogen-free pyrrolidinium bis(mandelato)borate
ionic liquids: Some physicochemical properties and lubrication performance as additives to polyethylene glycol. RSC Adv. 2014,
4, 30617–30623. [CrossRef]

32. Damodaran, K. Recent NMR Studies of Ionic Liquids. Annu. Reports NMR Spectrosc. 2016, 88, 215–244. [CrossRef]
33. Tokuda, H.; Hayamizu, K.; Ishii, K.; Susan, M.A.B.H.; Watanabe, M. Physicochemical properties and structures of room

temperature ionic liquids. 2. variation of alkyl chain length in imidazolium cation. J. Phys. Chem. B 2005, 109, 6103–6110.
[CrossRef]

34. Frise, A.E.; Ichikawa, T.; Yoshio, M.; Ohno, H.; Dvinskikh, S.V.; Kato, T.; Furó, I. Ion conductive behaviour in a confined
nanostructure: NMR observation of self-diffusion in a liquid-crystalline bicontinuous cubic phase. Chem. Commun. 2010, 46,
728–730. [CrossRef]

35. Filippov, A.; Shah, F.U.; Taher, M.; Glavatskih, S.; Antzutkin, O.N. NMR self-diffusion study of a phosphonium
bis(mandelato)borate ionic liquid. Phys. Chem. Chem. Phys. 2013, 15, 9281–9287. [CrossRef]

36. Judeinstein, P.; Huet, S.; Lesot, P. Multiscale NMR investigation of mesogenic ionic-liquid electrolytes with strong anisotropic
orientational and diffusional behaviour. RSC Adv. 2013, 3, 16604–16611. [CrossRef]

37. Herriot, C.; Khatun, S.; Fox, E.T.; Judeinstein, P.; Armand, M.; Henderson, W.A.; Greenbaum, S. Diffusion coefficients from 13C
PGSE NMR measurements-fluorine- free ionic liquids with the DCTA—Anion. J. Phys. Chem. Lett. 2012, 3, 441–444. [CrossRef]
[PubMed]

38. Price, W.S. Pulsed-field gradient nuclear magnetic resonance as a tool for studying translational diffusion: Part 1. Basic theory.
Concepts Magn. Reson. 1997, 9, 299–336. [CrossRef]

39. Price, W.S.; Tsuchiya, F.; Arata, Y. Lysozyme aggregation and solution properties studied using PGSE NMR diffusion measure-
ments. J. Am. Chem. Soc. 1999, 121, 11503–11512. [CrossRef]

40. Merboldt, K.D.; Hanicke, W.; Frahm, J. Self-diffusion NMR imaging using stimulated echoes. J. Magn. Reson. 1985, 64, 479–486.
[CrossRef]

41. Makrocka-Rydzyk, M.; Wegner, K.; Szutkowski, K.; Kozak, M.; Jurga, S.; Gao, H.; Matyjaszewski, K. Morphology and NMR
self-diffusion in PBA/PEO miktoarm star copolymers. Zeitschrift Phys. Chemie 2012, 226, 1271–1291. [CrossRef]

42. Sangoro, J.R.; Iacob, C.; Naumov, S.; Valiullin, R.; Rexhausen, H.; Hunger, J.; Buchner, R.; Strehmel, V.; Kärger, J.; Kremer, F.
Diffusion in ionic liquids: The interplay between molecular structure and dynamics. Soft Matter 2011, 7, 1678. [CrossRef]

43. Noda, A.; Hayamizu, K.; Watanabe, M. Pulsed-gradient spin-echo 1H and 19F NMR ionic diffusion coefficient, viscosity, and
ionic conductivity of non-chloroaluminate room-temperature ionic liquids. J. Phys. Chem. B 2001, 105, 4603–4610. [CrossRef]

44. Tokuda, H.; Hayamizu, K.; Ishii, K.; Susan, M.A.B.H.; Watanabe, M. Physicochemical properties and structures of room
temperature ionic liquids. 1. Variation of anionic species. J. Phys. Chem. B 2004, 108, 16593–16600. [CrossRef]

45. Tokuda, H.; Tsuzuki, S.; Susan, M.A.B.H.; Hayamizu, K.; Watanabe, M. How ionic are room-temperature ionic liquids? An
indicator of the physicochemical properties. J. Phys. Chem. B 2006, 110, 19593–19600. [CrossRef]

46. Hayamizu, K.; Tsuzuki, S.; Seki, S.; Umebayashi, Y. Multinuclear NMR studies on translational and rotational motion for two
ionic liquids composed of BF4 anion. J. Phys. Chem. B 2012, 116, 11284–11291. [CrossRef]

http://doi.org/10.1021/acs.jpcb.7b09073
http://www.ncbi.nlm.nih.gov/pubmed/29200292
http://doi.org/10.1039/C5CP00116A
http://www.ncbi.nlm.nih.gov/pubmed/25749545
http://doi.org/10.1016/j.molliq.2015.06.055
http://doi.org/10.1038/s41598-018-34481-w
http://www.ncbi.nlm.nih.gov/pubmed/30401950
http://doi.org/10.1071/CH18541
http://doi.org/10.1039/C9CP00587K
http://doi.org/10.1063/1.5037217
http://doi.org/10.1039/C7SC01407D
http://doi.org/10.1039/C4RA02551B
http://doi.org/10.1016/BS.ARNMR.2015.11.002
http://doi.org/10.1021/jp044626d
http://doi.org/10.1039/B915931B
http://doi.org/10.1039/c3cp51132d
http://doi.org/10.1039/c3ra00025g
http://doi.org/10.1021/jz201700n
http://www.ncbi.nlm.nih.gov/pubmed/26285864
http://doi.org/10.1002/(SICI)1099-0534(1997)9:5&lt;299::AID-CMR2&gt;3.0.CO;2-U
http://doi.org/10.1021/ja992265n
http://doi.org/10.1016/0022-2364(85)90111-8
http://doi.org/10.1524/zpch.2012.0300
http://doi.org/10.1039/c0sm01404d
http://doi.org/10.1021/jp004132q
http://doi.org/10.1021/jp047480r
http://doi.org/10.1021/jp064159v
http://doi.org/10.1021/jp306146s


Int. J. Mol. Sci. 2021, 22, 5935 16 of 16

47. Hayamizu, K.; Tsuzuki, S.; Seki, S.; Umebayashi, Y. Nuclear magnetic resonance studies on the rotational and translational
motions of ionic liquids composed of 1-ethyl-3-methylimidazolium cation and bis(trifluoromethanesulfonyl)amide and
bis(fluorosulfonyl)amide anions and their binary systems including li. J. Chem. Phys. 2011, 135, 084505. [CrossRef] [PubMed]

48. Menjoge, A.; Dixon, J.N.; Brennecke, J.F.; Maginn, E.J.; Vasenkov, S. Influence of water on diffusion in imidazolium-based ionic
liquids: A pulsed field gradient NMR study. J. Phys. Chem. B 2009, 113, 6353–6359. [CrossRef]

49. Kaintz, A.; Baker, G.; Benesi, A.; Maroncelli, M. Solute diffusion in ionic liquids, NMR measurements and comparisons to
conventional solvents. J. Phys. Chem. B 2013, 117, 11697–11708. [CrossRef]

50. Annat, G.; MacFarlane, D.R.; Forsyth, M. Transport Properties in Ionic Liquids and Ionic Liquid Mixtures: The Challenges of
NMR Pulsed Field Gradient Diffusion Measurements. J. Phys. Chem. B 2007, 111, 9018–9024. [CrossRef] [PubMed]

51. Stacy, E.W.; Gainaru, C.P.; Gobet, M.; Wojnarowska, Z.; Bocharova, V.; Greenbaum, S.G.; Sokolov, A.P. Fundamental Limitations
of Ionic Conductivity in Polymerized Ionic Liquids. Macromolecules 2018, 51, 8637–8645. [CrossRef]

52. Kordala-Markiewicz, R.; Rodak, H.; Markiewicz, B.; Walkiewicz, F.; Sznajdrowska, A.; Materna, K.; Marcinkowska, K.; Praczyk,
T.; Pernak, J. Phenoxy herbicidal ammonium ionic liquids. Tetrahedron 2014, 70, 4784–4789. [CrossRef]

53. Pernak, J.; Borucka, N.; Walkiewicz, F.; Markiewicz, B.; Fochtman, P.; Stolte, S.; Steudte, S.; Stepnowski, P. Synthesis, toxicity,
biodegradability and physicochemical properties of 4-benzyl-4-methylmorpholinium-based ionic liquids. Green Chem. 2011,
13, 2901. [CrossRef]

http://doi.org/10.1063/1.3625923
http://www.ncbi.nlm.nih.gov/pubmed/21895197
http://doi.org/10.1021/jp900902n
http://doi.org/10.1021/jp405393d
http://doi.org/10.1021/jp072737h
http://www.ncbi.nlm.nih.gov/pubmed/17608524
http://doi.org/10.1021/acs.macromol.8b01221
http://doi.org/10.1016/j.tet.2014.05.041
http://doi.org/10.1039/c1gc15468k

	Introduction 
	Results and Discussion 
	Thermal Properties 
	Infrared Spectroscopy 
	Small-Angle X-ray Scattering 
	Nuclear Magnetic Resonance (NMR) Diffusion 

	Materials and Methods 
	Materials 
	Preparation of [TEA-R][TFSI] Ionic Liquids 
	Differential Scanning Calorimetry 
	Infrared Spectroscopy 
	Small-Angle X-ray Scattering (SAXS) 
	PGSE NMR Diffusion 

	Conclusions 
	References

