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Abstract: The physicochemical properties of room temperature ionic
liqguids (RTILs) consisting of bis(trifluoromethanesulfonyl)amide
(TFSA") combined with 1-hexyl-1-methylpyrrolidinium (Pyri6*), 1-
(butoxymethyl)-1-methylpyrrolidinium (Pyr1,104%), 1-(4-methoxybutyl)-
1-methyl pyrrolidinium (Pyri401*), and 1-((2-methoxyethoxy)methyl)-
1-methylpyrrolidinium (Pyr1,10201") were investigated using both
experimental and computational approaches. Pyri10201TFSA, which
contains two ether oxygen atoms, showed the lowest viscosity, and
the relationship between its physicochemical properties and the
position and number of the ether oxygen atoms was discussed by a
careful comparison with Pyr1104TFSA and Pyr1401TFSA. Ab initio
calculations revealed the conformational flexibility of the side chain
containing the ether oxygen atoms. In addition, molecular dynamics
(MD) calculations suggested that the ion distributions have a great
impact on the transport properties. Furthermore, the coordination
environments of the Li ions in the RTILs were evaluated using Raman
spectroscopy, which was supported by MD calculations using 1000
ion pairs. The presented results will be valuable for the design of
functionalized RTILs for various applications.

1. Introduction

Room temperature ionic liquids (RTILs), which are salts that adopt
a liquid state below 100 °C, show unique physicochemical
properties, such as non-flammability, chemical stability, a
negligible vapor pressure, and a relatively high ionic conductivity.
These features lead to a wide variety of research into RTILs for
their application in energy storage devices, biomass production,
gas separation, organic synthesis, and so on.l'” The bulk
physicochemical properties of RTILs, such as their density,

viscosity, and ionic conductivity, are known to depend significantly
on the combination of the compositional cation and anion. Among
the various RTILs reported to date, RTILs consisting of
pyrrolidinium cations are known to exhibit relatively low viscosities
and high ionic conductivities when combined with amide-based
anions, such as bis(trifluoromethanesulfonyl)amide (TFSA™) or
bis(fluoromethanesulfonyl)amide (FSA™).E'%  Although the
pyrrolidinium-based RTILs are more viscous than those based on
imidazolium due to their higher electrochemical stabilities, they
have been widely studied as electrolytes in the field of
electrochemistry.'!: 121

The physicochemical properties of RTILs can be tuned by
introducing a functional group into the side chain of the cation. It
is known that replacing methylene groups with ether oxygen-
containing groups yields RTILs with lower viscosities and higher
ionic conductivities.['>"1 For example, in the case of ammonium
cations, it has been reported that the physicochemical properties
of RTILs change depending on how the two ether oxygen species
are introduced."! In pyrrolidinium-based RTILs, many RTILs
containing ether oxygen atoms have been reported, and their
resulting physicochemical properties based on the introduction of
ether oxygen atoms into the side chains have been investigated
using both experimental and computational approaches.['6:18-23
However, few systematic studies have been carried out into the
effects of the oxygen atom position on the physicochemical
properties of these RTILs.[2%22 |n this context, our group recently
clarified the correlation between the physicochemical properties
and the number of methylene groups between the ether oxygen
atom in the side chain and the nitrogen atom in the pyrrolidinium
ring by a combination of experiments and molecular dynamics
(MD) simulations.?? We also reported that heterogeneous ion
distribution caused by the introduction of ether oxygen atoms into
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the side chains leads to good transport properties. Thus, to design
RTILs that exhibit the desired properties, it is important to
investigate the correlation between their physicochemical
properties and the cation structure in a detailed and systematic
manner.

RTILs containing ether oxygen atoms have been investigated for
use as electrolytes in energy storage devices due to their
relatively high ionic conductivities. Furthermore, it has been
reported that the interaction of the cation with the ether oxygen
atom can change the solvation state of the metal ion, thereby
promoting electrochemical reactions.['® 24261 When a Li ion is
dissolved in TFSA-based RTILs without a heteroatom in the side
chain, a [Li(TFSA)2]” complex is formed in the mixture.?’-2%1 On
the other hand, in RTILs that contain ether oxygen atoms, it has
been reported that the nucleophilicity of the ether oxygen atom
affects the coordination environment of the Li ion.?*28 The
interaction of the cation side chain with the metal ion and the
application of such species in electrochemical reactions has also
been investigated using Na*, Zn?*, Mg?*, and Ca?* ions, among
others.B%-3% |n the context of electrolyte design, it is therefore
desirable to understand the coordination environments of the
metal ions present in RTILs.

As shown in Fig. 1, in a previous study, we investigated RTILs in
which the ether oxygen atom was introduced into propyl and butyl
groups. In the present study, we focus on RTILs bearing a hexyl
group, and prepare RTILs containing one or two ether oxygen
substituents to investigate the influences of the number and
position of the oxygen atoms on the physicochemical properties.
Four pyrrolidinium-based RTILs consisting of
bis(trifluoromethanesulfonyl)amide (TFSA~) combined with 1-
hexyl-1-methylpyrrolidinium (Pyr16%), 1-(butoxymethyl)-1-
methylpyrrolidinium  (Pyr1,104"),  1-(4-methoxybutyl)-1-methyl
pyrrolidinium  (Pyri401*), and 1-((2-methoxyethoxy)methyl)-1-
methylpyrrolidinium (Pyr1,10201") were prepared. Upon increasing
the length of the side chain (i.e., from propyl or butyl to hexyl), the
possible number of stable structures should be increased, and the
effect of the introduced ether oxygen atom on the
physicochemical properties is expected to be more pronounced.
The physicochemical properties of the prepared RTILs are then
investigated rigorously using an experimental approach, while ab
initio and MD calculations are performed to discuss the effects of
the position and number of ether oxygen atoms on the RTILs. We
also evaluate the physicochemical properties of the prepared
RTILs using LiITFSA, and examine the coordination environments
of the Liions in the RTILs.
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Figure 1. Chemical structures of the cations and anions of the RTILs of our
previous and present studies.

2. Results and Discussion

2.1 Physicochemical properties of the RTILs

To the best of our knowledge, although the preparation and a
part of physicochemical properties of Pyri6TFSA and
Pyri,10201TFSA have been reported,®*3% those of Pyr1,104TFSA
and Pyr1401TFSA have not. The physicochemical properties of
these four RTILs were therefore evaluated under an inert
atmosphere. Their glass transition temperatures (Tg) and melting
temperatures (Tm) were measured by differential scanning
calorimetry (DSC), as listed in Table 1 and shown in Figure S1. It
was found that Pyr1,6TFSA and Pyr1,401 TFSA exhibit their Tm after
their Tg and cold crystallization temperatures (Tc), whereas
Pyr1,104aTFSA and Pyr1,10201 TFSA exhibited only a Tg. This result
indicates that Pyr16TFSA and Pyr1.401TFSA more readily adopt a
packing structure in the lower temperature range compared to
Pyr1104aTFSA and Pyr1,10201TFSA. The structural differences
between these RTILs relate to the position of the ether oxygen
atom, wherein a greater structural flexibility can be expected when
the ether oxygen atom is located close to the nitrogen atom of the
pyrrolidinium ring.

Figure 2 shows the temperature dependence of the densities (p
(g cm™)) of the four pyrrolidinium-based RTILs, wherein a linear
dependence was observed for all RTILs. The density was fitted
by the following equation:

p=a +bT (1)

The parameters fitted by the least-square method are
summarized in Table S1 along with the coefficient of
determination (R?) for the fitting. As can be seen from the obtained
data, the density decreased in the order of Pyri,10201TFSA >
Pyr1401TFSA > Pyr1,104TFSA > Pyr16TFSA. This result indicates
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that the introduction of ether oxygen atoms into the side chain
increased the density. Comparing Pyr1,401TFSA and Pyr1,104TFSA,
which have the same molecular weight and are structural isomers,
the density was higher when the ether oxygen atom was located
further from the pyrrolidinium ring. This may reflect the differences
in the possible stable cation structures depending on the position
of the ether oxygen atom in the side chain,?® 22 31 a5 will be
discussed in detail later based on the results of MD calculations.

Table 1. Physicochemical properties of the pyrrolidinium-based RTILs
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Figure 2. Temperature dependence of the density for the four pyrrolidinium-
based RTILs.

RTILs Fwial Tg/ KW Tm/ KO plgcm3d Cwm/mol L' n/mPasf  o/mScm'@ x/ S cm? mol ' N
Pyr16TFSA 450.5 190.5 2759 1.336 297 107 1.4 0.47
Pyr1,104TFSA 452.4 173.8 1.372 3.03 49.9 2.9 0.96
Pyr1401TFSA 452.4 191.0 250.9 1.400 3.09 81.3 1.9 0.61
Pyri10201TFSA  454.4 183.0 1.440 3.17 44.4 3.8 1.2

[a] Formula weight. [b] Glass transition temperature. [c] Melting temperature. [d] Density at 298 K. [e] Molar concentration as calculated from the formula weight and
density at 298 K. [f] Viscosity at 298 K. [g] Conductivity at 298 K. [h] Molar conductivity at 298 K.

Figure 3a shows the temperature dependence of the viscosity (7
(mPa s)) for the RTILs. Since the plot exhibited a concave profile,
Arrhenius equation cannot be used for the fitting. Therefore, the
data were fitted by the Vogel-Tamman-Fulcher (VTF) equation
shown below:F7!

n =noT"?exp [B/(T — Tp)] )

where B (K) is a constant related to the Arrhenius activation
energy for the viscous behavior, To (K) is the ideal glass transition
temperature, and 7o is a scaling factor. The fitted parameters are
summarized in Table S2. It was found that Pyr1,104aTFSA and
Pyr1,10201 TFSA showed lower viscosities compared to the other
two RTILs. This result, i.e., the fact that the RTIL with a smaller
number of methylene groups between the ether oxygen and
nitrogen atoms showed a lower viscosity, is consistent with
previous reports.??l The lower viscosity of Pyr,10201TFSA, which
contained two ether oxygen atoms was attributed to the higher
structural flexibility of its side chain compared to the systems with
only one ether oxygen atom.

Figure 3b shows the temperature dependence of the ionic
conductivity (o (mS cm™)) for the RTILs. The VTF equation for the
conductivity is:

o =0yT?exp [-B/(T = T,)] 3)
where oo is a scaling factor. The fitted parameters are

summarized in Table S3. As indicated, the ionic conductivity was
consistent with the order of viscosity, with Pyr1,10201TFSA, which

had the lowest viscosity, showing the highest ionic conductivity.
This result indicates that the ionic conductivity is mainly influenced
by the viscosity, as expected according to Walden’s rule.B® The
molar ionic conductivities are also listed in Table 1, and these
values were found to follow the same order as the ionic
conductivity.
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Figure 3. Temperature dependence of (a) the viscosity, and (b) the ionic
conductivity for the four pyrrolidinium-based RTILs.

2.2 Ab initio quantum mechanics (QM) calculations

To understand the differences in the physicochemical properties
evoked by the position and number of ether oxygen atoms in the
cation side chain, the optimized structures of the pyrrolidinium
cation conformers were calculated by ab initio quantum
mechanics (QM) calculations. It is well known that the pseudo
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rotation of the pyrrolidine ring gives many conformers, including
envelope and twist structures.’¥ Thus, the calculation was
performed using the initial structure with the methyl group in the
axial position of the plane composed of the nitrogen atom and four
carbon atoms. Figure 4 shows the most stable local structure
obtained by the calculation at the MP2/aug-cc-pVTZ//IMP2/6-
31G(d,p) level of theory. The values of the dihedral angles of the
various cations are listed in Table S4, and the dihedral angles (&
to @) are defined as depicted in Fig. S2. Pyr16*, which contains
no ether oxygen atom in its side chain, exhibited the all-trans
conformation in its alkyl chain. In contrast, the other three cations,
which contained ether oxygen atom, exhibited the folded form,
with the oxygen atom facing the pyrrolidinium ring. More
specifically, Pyri401™ and Pyr1,10201" were considered to exhibit
the folded form due to hydrogen bonding between the ether
oxygen atom and the pyrrolidinium ring.l"™ In contrast, Pyr1 104"
showed a different conformational behavior to Pyr16*, despite the
fact that it appears to contain no intramolecular hydrogen bonds.

(h—;,
.

b

xgede

Pyr,¢*

Pyri401* Pyri10201"

Figure 4. Optimized structures of the pyrrolidinium cations calculated at the
MP2/6-31G(d,p) level theory. The most stable structures obtained from the
conformational analyses are shown.

The calculated torsional potentials for @ to @ (defined in Fig.
S2) are shown in Fig. 5, where the potential energy was defined
as the difference in potential energy relative to the minimum
energy value. Pyri6" and Pyr1 401" showed minimal energies when
@ was 180°, and in the gauche conformation when @1 was close
to £60°. Pyr1,104* and Pyr1,10201", which possess an ether oxygen
atom close to the pyrrolidinium ring, were most stable at @1 values
of 180 and 90°, respectively. In these cations, we confirmed that
the potential barrier of @& was low between 180 and +90°,
indicating that the dihedral angle of @ can easily transform the
conformation when the ether oxygen atom is located close to the
pyrrolidinium ring. In @, the potential barrier was lower compared
to those of the other dihedral angles. For Pyr1 401" and Pyr1,10201%,
which possess oxygen atoms located far from the pyrrolidinium
ring, the energy minimum points were confirmed at the dihedral
angle corresponding to an eclipsed conformation (i.e., @ = +60,
+120, and *135°). In the most stable cation structure with an
exhaustive variation of the @ to @4 values shown in Fig. 4, these
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two cations exhibited the eclipsed conformation at @ and @,
respectively. The bending of the cation side chain was considered
to contribute to stabilization of the intramolecular interactions with
the pyrrolidinium ring. In @3, each cation showed a minimum
energy point at approximately +60°. In @, each cation showed a
minimum energy point at approximately +180°. Pyris" and
Pyr1,104* exhibited the gauche conformation close to +60°. The
biggest difference in the potential energy barrier of the dihedral
angle was observed at @&, which corresponds to the root of the
cation side chain. From this result, we can conclude that the
potential energy barrier of @ is one of the factors that causes
Pyr1,104aTFSA and Pyri,10201TFSA to exhibit low viscosities and
high ionic conductivities. The above results suggest that
Pyr1,10201 TFSA showed the best transport properties among the
four RTILs due to the fact that Pyr1,10201TFSA allows the eclipsed
conformation (+90°) at @1, and gives a wider range of
conformations than Pyr1,104aTESA. Moreover, Pyr1401TFSA, which
showed the same bending structure as Pyr1,10201 TFSA, exhibited
the characteristic energy profiles of @2 and ®3. However, @1 was
more restricted than in the case of Pyri,104TFSA, and so it is
reasonable to assume that the transport properties of
Pyr1401TFSA are inferior to those of Pyr1,104aTFSA. Focusing on
@+, similar potential profiles were obtained in Pyr16* and Pyr1,401%,
but Pyr1,401TFSA was more likely to give the gauche configuration.
As pointed out in our previous study,?? the introduction of ether
oxygen atoms to improve the transport properties could be
explained in terms of the flexibility of the steric conformation. We
also reported that the most stable structures of Pyr1,101TFSA and
Pyr1,102TFSA were the all-frans conformations of the side chains,
whereas Pyr1,104TFSA showed the gauche conformation of @s in
the most stable structure, despite the fact that it showed no side
chain bending. This may be due to the contribution of the
stereoelectronic effect,“?! suggesting that the length of the alkoxy
chain also influences the physicochemical properties.
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Figure 5. Potential energy surfaces for the dihedral angles (@1, @2, @3, and @
4) of the four cations. The potential energy is defined as the difference between
the potential energy and the minimal energy value obtained by QM calculations
at the MP2/aug-cc-pVTZ//IMP2/6-31G(d,p) level of theory.
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2.3 Molecular dynamics (MD) simulations

The potential energy surfaces for the dihedral angles of the
cation side chains were then evaluated by QM calculations, and
the physicochemical properties were discussed in terms of the
conformational flexibility. Furthermore, MD calculations were
performed to analyze the dynamic behaviors of the pyrrolidinium-
based RTILs in the condensed systems at 300 K. Figure S3
displays the probability distribution of the dihedral angles (@1—@,
D—@3, and @s—ay) for the four cations based on MD trajectories
of 1 us. As indicated, the @1—z profiles of Pyri1,104* and Pyr1,10201*
were widely distributed, indicating that various conformations
were present even in their condensed systems, and this result
supports those obtained by QM calculations. On the other hand,
the @&—a@» profiles of Pyris* and Pyriso1* showed a narrow
distribution range. In addition, the @>—@s and @;—a&x profiles gave
different distributions among the four types of RTILs. Pyr1,10201"
took only the gauche conformation for the @3 angle in its bending
form. Figure 6 shows a histogram representation the variation in
the length between the cation center and the side chain end for
the four RTILs in terms of the tail length. The tail length profile of
Pyr1,10201* showed a wide distribution due to the flexibility of the
conformation, and some distributions within 0.5 nm were reflected
by the bent morphology. The various morphologies of the cation
side chain in Pyr1,10201TFSA were also observed, as shown in the
MD snapshot (Fig. S4). Although Pyr1,104*, which possesses a
flexible @& angle, also gave a slightly wider distribution, the side
chain did not bend (Fig. S4). Moreover, the tail length profiles of
Pyri6* and Pyri401* showed well-defined peaks, reflecting rigid
side chain morphologies in both cases.

8 T T T
@ Pyr, ¢*
6L [ 4 Pyr1,1o4: A
Pyri 401 i
® Pyr; 10201 Ffom ?i
[ [

Population / %

0.4 0.5 0.6 0.7 0.8
Distance / nm

Figure 6. Distribution profiles of the intramolecular center-to-end distances for
the four cations as obtained from MD trajectories of 1 ps.

The experimental data obtained for the densities of the four
RTILs could be qualitatively reproduced by the MD calculations,
which confirms the validity of the revised force field parameters
(Fig. S5). In the case of Pyr1,10201TFSA, which showed the highest
density among the four RTILs, a bent morphology was observed
for the cation side chain, in addition to the approach between the
cations (Fig. S4). Therefore, the radial distribution function (RDF)
was analyzed to evaluate the ion-ion interactions. PyrigTFSA
displayed the largest peak in the RDF profile between the cation
center (nitrogen atom) and the anion (oxygen atom), indicating
the strongest cation-anion interaction (Fig. 7a). There was little
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difference in the RDF profiles for the interactions between the
cation side chain and the anion (Fig. 7b), and the RDF profiles
between the cation—cation pairs (Figs. 7c and 7d) showed that the
Pyri1,10201*—Pyr1,10201* distance was the shortest among the RTILs,
thereby resulting in weakened cation-anion interactions in the
case of Pyr110201TFSA. For the RTILs possessing an ether
oxygen atom in the side chain, the cation—anion repulsion may
also affect the physical properties (Fig. 7a). Furthermore, the
introduction of an ether oxygen atom on the side chain could
improve the accessibility between cations due to interactions
between the cation center and the side chain end (Fig. S4). The
order of approach distance ranked by the RDF profiles between
the cations was found to correspond to the densities of RTILs
(Figs. 7c and 7d), and the liquid densities of the pyrrolidinium-
based RTILs could be explained by the cation—cation interactions,
as proposed in our previous study. Since the density of
Pyr1,10201 TFSAis relatively higher compared to the corresponding
values for the other RTILs, it was considered that the contribution
of the excluded volume derived from the bent morphology of the
cation side chain also affected the liquid density of Pyr1 10201 TFSA.
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Figure 7. Radial distribution function g(r) involving the cation-anion (top) and
the cation-cation (bottom) interactions between the highlighted parts of the four
RTILs, as determined by MD trajectories of 1 ps.

Pyr1401TFSA gave the second closest distance between cations
among the four RTILs, but the cation-anion interaction was
stronger than in the case of Pyr1,104TFSA, and this is expected to
be related to the transport characteristics. Figure 8 shows the
mean square displacement (MSD) profiles of the RTILs, which is
an index of the transport properties. The self-diffusion coefficients
are determined by the slopes of the MSD plots obtained from the
Einstein relationship. As indicated, Pyr16TFSA and Pyr1401TFSA
exhibited lower diffusivities than the other RTILs, as in the case of
their viscosities and ionic conductivities. On the other hand,
Pyr1,104aTFSA and Pyr1,10201TFSA, which contain ether oxygen
atoms in their cation side chains, exhibited good transport
properties, thereby suggesting that their dynamic properties are
strongly affected by the position of the ether oxygen atom. To
evaluate the transport properties in terms of the ion arrangement,
the distributions of the ions around the cation in the 3D space
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were determined, as shown in Fig. 9. These results suggest that
the transport properties of the RTILs corresponded to the space
occupancies in the high-density regions of ions. Pyr1sTFSA and
Pyri1401TFSA showed regular and uniform ion distributions,
resulting in high melting points. The phase transitions for
Pyr16TFSA and Pyri401TFSA were also observed, and these
reflected the ordered structure of the ion arrangement in the DSC
measurements (Fig. S1). Moreover, it was found that the transport
properties of Pyri401TFSA were affected by the regular
arrangement of ions derived from cation-cation and cation-anion
interactions, as shown by the RDF profiles. On the other hand, it
was suggested that Pyr1104TFSA and Pyr1,10201TFSA possess
narrow anion distributions, and disturb the regularity of the ion
arrangement due to the flexibility of the side chain. The present
study is focused on the TFSA~, but of course, the ion distribution
is expected to change depending on the type of anion.*! This is
an important point for the design of the electrolyte and a subject
for the future study.
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Figure 8. Mean square displacements (MSDs) of the cations and anions in the
four RTIL systems calculated using MD trajectories of 500 ns.
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Figure 9. Isocounter surfaces of the cation and anion densities relative to the
structures of the pyrrolidinium-based cations, calculated from MD trajectories of
1 ps. Blue and cyan surfaces indicate the high-density distributions of the anions
corresponding to 2 times the bulk densities of oxygen and fluorine, respectively.
Green and red surfaces indicate the high-density distributions of the cations
corresponding to 1.5 times the bulk densities of the cation-center and the side
chain, respectively. The density was calculated for a 0.05 x 0.05 x 0.05 nm grid
as the number of hits in 2,000,000 frames.

2.4 Physicochemical properties of the RTILs in the presence
of LiTFSA, and evaluation of the coordination environment of
the lithium ion

Considering the application of RTILs for the electrolytes of Li ion
batteries, it is necessary to understand the transport properties of
RTILs containing Li ions. It has been also suggested that the Li
ion coordination environment in each RTIL depends on the
structure of the cation, and the effect of the solvation state on the
electrochemical reaction has been investigated.?® 32 3% Thus, the
physicochemical properties of the RTILs in the presence of Li ions
were measured by dissolving 0.2, 0.4, 0.6, 0.8, and 1.0 M LiTFSA
in each RTIL. Figure 10 shows the densities, viscosities, and ionic
conductivities of the RTILs with each concentration of Li. More
specifically, the densities of all RTILs increased as the Li
concentration increased, and the viscosity showed a similar trend.
Interestingly, when Pyr1,104TFSA and Pyr110201TFSA were
compared, the viscosity of Pyri10201TFSA, which contains two
ether oxygen atoms in the side chain, became larger as the Li
concentration increased. This was considered to affect the
coordination environment of the Li ions in Pyr1 10201 TFSA. It was
also found that the ionic conductivity decreased as the Li
concentration increased, as confirmed by the change in viscosity.

This article is protected by copyright. All rights reserved.



ChemPhysChem
(a) T T T T T ;
1.50F e 3
L ] -2
L]
Te 1.5 ° o 1 e
E ot ° .
o . 4 b
~ 1.40F e L4 " L ]
‘2\ L]
D ° °
& 1.35F o
o 2 e Pyr;¢TFSA
® Pyr;104TFSA
1.30F o Pyri4s0iTFSA 1
® Pyr; 10201 TFSA
1 1 1 1 1 1
00 02 04 06 08 1.0
Concentration of Li(l) / M
(b) 800 T T T T T T
o PyrigTFSA
700} o Py, (0 TFSA o]
o Pyry401TFSA ° |
3600 ® Pyry 10001 TFSA
o L ° n
€ 500
~ o
> 400 . -
172}
g 300f 3 $
2 L
S 200f 5 . ]
. o
L o L ]
100 : % °
0 1 1 1 1

00 02 04 06 08 1.0
Concentration of Li(l) / M

(C) T T T T T T
Pyry s TFSA

°
T 41 ® Pyr104TFSA 4
£ 4 e Pyri401TFSA
$ ® Pyri10201TFSA
2 S g '
z ° °
= o} .
g ° .
k] ° L4 e
CC) 1 . ° * = -
(&) ° ° ® $
b ]
1 1

0 1 1 1
00 02 04 06 08 1.0
Concentration of Li(l) / M

Figure 10. Dependence of the (a) density, (b) viscosity, and (c) ionic
conductivity on concentration of Li* in the four pyrrolidinium-based RTILs.

It is well known that when LiTFSA is dissolved in TFSA-based
RTILs, the Li ion coordinates to the oxygen atom derived from
TFSA™ to form the [Li(TFSA)]'™ complex.?-?°! The solvation
number (n) of the Liion in 1-butyl-3-methylimidazolium TFSA has
been reported to be 2, and this value varied in the presence of
different metal ions.?® 42l The coordination environment of the Li
ion has been also investigated in pyrrolidinium-based RTILs, and
it was pointed out that the aggregation of cations with longer alkyl
side chains affected the solvation state of the Liion.['® 14343 The
coordination environment of the Li ion in a number of RTILs
bearing ether oxygen atoms in their side chains has also been
analyzed, although its dependence on the position and number of
the ether oxygen atoms has yet to be discussed sufficiently.['® 1%
25,31, 481 Thus, Figs. 11(a)=11(d) show the Raman spectra of the
four prepared RTILs containing 1.0 M LiTFSA, wherein the two
peaks can be fitted using the Voigt function. More specifically, the
peak at ~742 cm™', which was assigned to the CF3 bending
vibration, combined with that of the S-N stretching vibration of
TFSA'. It is also well known that the peak observed at a higher
wavenumber can be assigned to the anion bound to the metal
cation when the corresponding metal TFSA salt is dissolved in
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RTIL.27:28 Upon comparison of the four RTILs with 1.0 M LiTFSA
added, the intensity of the peak corresponding to TFSA™ solvated
with Li was greater than that corresponding to the free TFSA™ for
Pyr16TFSA and Pyr1,104TFSA, while the opposite behavior was
observed for Pyr1,401TFSA and Pyr1,10201TFSA. This difference
was considered to be due to structural differences in the side
chains of the cations. Subsequently, the peak intensities of the
free TFSA™ (liee) and the TFSA™ solvated with Li ions (lsove) Were
calculated from the fitting of the Raman spectra of each RTIL with
added 0.2, 0.4, 0.6, 0.8, and 1.0 M LiTFSA and plotting against
the molar fraction of lithium ions in the RTILs (Fig. 11(e)).1> 47
Lines with slopes of n = 1 and 2 were drawn for comparison,
where n denotes the solvation number of TFSA™. This analysis
was conducted under the assumption of an unchanged Raman
activity for both liree @and lsove. Thus, Pyri6TFSA and Pyr1,10aTFSA
showed a solvation number close to 2, whereas the slopes of the
plots for Pyr1401TFSA and Pyri,10201TFSA were less steep, and
the solvation number was close to 1. This result indicates that the
ether oxygen atom in the side chain was involved in the solvation
of the Li ion, and that the number and position of ether oxygen
atoms was significant for the solvation state. The coordination
environment of the Li ion in piperidinium-based RTILs containing
ether oxygen atoms has been previously discussed in the
literature,® wherein the opposite trend was observed, i.e., the
solvation number was small when the oxygen atom was close to
the piperidinium ring. This difference suggests that the difference
in the ring structure of the cation alters the coordination
environment of the Liions in RTILs.

2 | (a) Pyr; 6 TFSA 2| (b) Pyri 104 TFSA
5 5
ksl g
© ©
> >
= 2
c c
2 2
= =
755 750 745 740 735 730 755 750 745 740 735 730
Raman shift / cm”’ Raman shift / cm’'
£1(0) PyriaorTFSA | £ | (d) Pyrs 10201 TFSA
3
g 8
© ©
= .
2 2
c [ -4
2 2
£ £
755 750 745 740 735 730 755 750 745 740 735 730
Raman shift / cm”' Raman shift / cm™'
0.6 T T w
(e)
051 ot A
’E R4 S/
= o04f A
5 0.3F L n=1
2 o02f .
£ o Pyr,¢TFSA
o o Pyry104TFSA
0.1 o Pyr4oTFSA 7
Y .
e 1

Pyr1,10201 TFSA
0,8 L L
.0 0.1 0.2 0.3 0.4

Molar fraction of Li(l)

Figure 11. Raman spectra of (a) Pyr16TFSA, (b) Pyr1,104TFSA, (c) Pyr1401TFSA,
and (d) Pyr1,10201TFSA in the presence of 1.0 M LiTFSA. The spectra were
recorded between 725 and 760 cm'. The black circle and the black, red, and
blue lines correspond to the observed spectrum, the fitted spectrum, and the
deconvoluted components of the free and solvated TFSA", respectively. (e) Plot
of lsowve/(lsoivetliree) @against the molar fraction of Li(I). The molar fraction of Li(l)
was calculated from the density at 298 K.
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To further understand the coordination environment of the Li ions
in the RTILs containing ether oxygen atoms, MD calculations
were conducted using 700 pyrrolidinium cations, 300 lithium ions,
and 1,000 TFSA™ ions. Figure 12 shows the RDF profiles of the
cation (side chain)-Li ion interactions for the four RTILs based on
MD trajectories of 1 us, where a clear peak at ~0.8 nm can be
observed in each case. This suggests that the majority of Li ions
in the RTILs are considered to be in a similar coordination
environment regardless of the type of cation. Interestingly, the
RDF profiles at shorter distances were found to be dependent on
the type of cation. More specifically, the profiles of Pyr1401TFSA
and Pyr1,10201TFSA showed a peak at ~0.2 nm, while Pyri1gTFSA
and Pyr1,104TFSA did not. This is consistent with the result of the
solvation number analysis obtained by Raman spectroscopy. An
MD  snapshot obtained from the calculation for
(Pyr1,10201)07LiosTFSA is given in Fig. 12, which shows the
interaction between the Li ion and the ether oxygen atom in the
side chain (see also Fig. S6). From both the Raman
measurements and the MD calculations, it was clarified that the
coordination environment of Li ion was likely to be affected by the
ether oxygen atom located away from the pyrrolidinium ring. In
the case of Pyr1,104TFSA, the ether oxygen atom did not affect the
coordination environment of the Li ion due to the fact that the
oxygen is located close to the pyrrolidinium ring, thereby
rendering it sterically inaccessible to the Li ions. Compared with
Pyr1.401TFSA, Pyr1,10201TFSA possesses a higher conformational
flexibility and a larger negative charge on the oxygen atom, which
may facilitate the interaction with Li ions (Fig. S7).
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Figure 12. Radial distribution function g(r) involving the cation (side chain)-Li*
interaction between the highlighted segments for the four RTILs, as determined
from MD trajectories of 1 ps.

3. Conclusion

The physicochemical properties of ether-functionalized
pyrrolidinium-based room temperature ionic liquids (RTILs) were
investigated via both experimental and computational chemistry
approaches. The introduction of ether oxygen atoms into the side
chains of the RTILs resulted in a decreased viscosity and an
enhanced ionic conductivity. For example, Pyr1,10201 TFSA, which
contains two oxygen atoms in its side chain, exhibited the lowest
viscosity among the four RTILs examined herein. In the cases of
Pyri104TFSA and Pyr1401TFSA, which possess the same
molecular weight but where the oxygen atom is present at a
different position in each, a lower viscosity and higher ionic
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conductivity were obtained for Pyr1,104aTFSA. Ab initio calculations
revealed that the biggest difference in the potential energy barrier
of the dihedral angle was observed at @&, which corresponds to
the root of the cation side chain. When the ether oxygen atom is
located close to the pyrrolidinium ring, i.e., in Pyr1,104aTFSA and
Pyr1,10201TFSA, the potential barrier of @ is smaller, which may
account for their good transport properties. Furthermore, radial
distribution function (RDF) analysis obtained from molecular
dynamics (MD) calculations at 300 K indicated that a regular
arrangement of ions was found in Pyr1,6TFSA and Pyr1401TFSA,
while this regularity was disturbed in Pyri104TFSA and
Pyr1,10201 TFSA due to the flexibility of the side chain. This may
also be a factor in determining the transport properties. These
results therefore confirmed that the introduction of ether oxygen
atoms into the position close to the pyrrolidinium ring is important
in the design of RTILs with lower viscosities. Disrupting the ion
arrangement is also essential to improving the transport
properties, and systematic investigations into the effects of
various substituents will be necessary in the future. The
coordination _environment of the Li ion in each RTIL was then
investigated by Raman spectroscopy, and it was found that the
coordination environment changed upon interaction with the ether
oxygen atom when this ether oxygen was present far from the
pyrrolidinium ring. MD calculations with 1000 ion pairs confirmed
the interaction between the ether oxygen atom and the Li ion in
Pyr1,401TFSA and Pyr1,10201 TFSA. Due to the interaction between
the cation with ether oxygen atoms in the side chain and the Li
ion, the transport behavior of the Li ion under an electric field may
be different from that of [Li(TFSA)2]", as has been reported.”e!
This point is very interesting from the viewpoint of physical
chemistry, and we plan to work on the analysis. Also, since it is
well known that the coordination environment of the metal ion in
the electrolyte alters the electrochemical reaction, understanding
this interaction is important in the context of electrolyte design.
We therefore believe that the knowledge obtained during this
study will be useful in the design of ionic liquids for a variety of
applications. The application of these RTILs in the area of
electrochemistry is currently under investigation in our group, and
the results will be reported in due course.

Experimental Section
Preparation of the RTILs

1-Methylpyrroridine (>98%) 1-chlorohexane (>95%), and
chlorotrimethylsilane (>98%) were purchased from Tokyo Chemical
Industry Co., Ltd. 1-butanol (>99%), calcium chloride (>99%),
paraformaldehyde (>90%), 2-methoxyethoxymethyl chloride (>97%), and
activated carbon (Darco® G-60) were purchased from FUJIFILM Wako
Pure Chemicals Co., Ltd. 1-Bromo-4-methoxybutane (>99%) was
purchased from Oakwood Products. Lithium
bis(trifluoromethylsulfonyl)amide (LiTFSA) was obtained from Kanto
Chemical Co., Ltd. Activated alumina (neutral, Brockmann ) was
purchased from Sigma-Aldrich.
The RTILs were prepared following a previously described literature
method with some modifications.?? 491 Characterization of the obtained
products was performed using NMR spectroscopy (JHM-ECS series,
JEOL, 'H) = 400 MHz) with tetramethylsilane as an internal reference.
Obtained NMR spectra were shown in Figs. S8-11. The water contents of
the RTILs were <20 ppm, as determined by Karl Fisher titrations (Kyoto
Electronics Manufacturing, MKC-610). After preparation, all RTILs were
stored and handled in an argon-filled glove box equipped with a continuous
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gas purification system (MDB-1NKPS, Miwa MFG Co. Ltd., H20 and Oz <1
ppm). The details of the synthesis procedure are described below, and the
schemes are shown in Scheme S1 to S4.

1-Hexyl-1-methylpyrrolidinium
(Pyr1,6TFSA)

1-Chlorohexane and 1-methylpyrroridine were added to acetonitrile and
the resulting mixture was stirred for 12 h at 80 °C. After cooling to room
temperature, ethyl acetate was added to form a precipitate, which was
recrystallized 3 times with acetonitrile and ethyl acetate. The obtained 1-
hexyl-1-methylpyrrolidinium chloride (Pyr1,6Cl) was dried under vacuum at
100 °C, then mixed with LITFSA in distilled water at room temperature to
yield Pyr16TFSA. Pyr16TFSA was then extracted into dichloromethane and
washed with distilled water several times. After drying of the organic phase
under vacuum at 100 °C for 24 h, Pyr16TFSA was obtained as a colorless
liquid. "H NMR (400 MHz, CDClI3) § 0.90 (t, 3H), 1.33 (m, 6H), 1.75 (m, 2H),
2.26 (m, 4H), 3.04 (m, 3H), 3.30 (m, 2H), 3.51 (m, 4H); '*C NMR (100 MHz,
CDCls) 8 13.8, 21.5, 22.3, 23.7, 25.8, 31.0, 48.3, 64.6, 77.1, 119.8 (q).
Elemental analysis calculated (%) for C13H24FsN204S2: C 34.66, H5.37, N
6.22; found: C 34.49, H 5.35, N 6.26.

bis(trifluoromethylsulfonyl)amide

1-(Butoxymethyl)-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)amide (Pyr1,104TFSA)
1-Butanol, calcium chloride, and paraformaldehyde were added to
anhydrous dichloromethane under a nitrogen atmosphere at 0 °C and
stirred for 15 min. After this time, chlorotrimethylsilane was added slowly
to the mixture using a dropping funnel at 0 °C. After stirring for 30 min, the
reaction mixture was filtered, and the solvent was removed under a
vacuum. The resulting crude solution was distilled to obtain 1-
(chloromethoxy)butane. Subsequently, 1-methylpyrrolidine was added
slowly to a dichloromethane solution of 1-(chloromethoxy)butane at 0 °C
under a nitrogen atmosphere with constant stirring. After stirring for 1.5 h,
the solvent was removed under vacuum. The crude product was then
washed with diethyl ether and mixed with methanol and activated carbon.
After stirring for 1.5 h at room temperature, the activated carbon was
removed by filtration, and methanol was distilled off. The obtained 1-
(butoxymethyl)-1-methylpyrrolidinium chloride (Pyr1,104Cl) was dried under
vacuum, then mixed with LiTFSA in distilled water at room temperature to
yield Pyr1,104TFSA. Thus Pyr1104TFSA was then extracted into
dichloromethane and washed with distilled water several times. The
resulting Pyr1104TFSA was dissolved in ethyl acetate, treated with
activated carbon, and filtered. Pyr1,104TFSA was finally obtained as a
colorless liquid after drying under vacuum at 80 °C for 24 h. '"H NMR (400
MHz, CDCIz) § 0.93 (t, 3H), 1.38 (m, 2H), 1.62 (m, 2H), 2.23 (m, 4H), 3.07
(s, 3H), 3.40 (m, 2H), 3.60 (m, 2H), 3.77 (t, 2H), 4.56 (s, 2H); *C NMR
(100 MHz, CDClz) & 13.5, 18.8, 22.1, 31.3, 47.5, 61.1, 72.8, 77.3, 89.5,
119.8 (q). Elemental analysis calculated (%) for C12H22FeéN20sS2: C 31.86,
H4.90, N 6.19; found: C 31.71, H 4.88, N 6.22.

1-(4-Methoxybutyl)-1-methyl pyrrolidinium

bis(trifluoromethylsulfonyl)amide (Pyr1,401TFSA) and 1-((2-
methoxyethoxy)methyl)-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)amide (Pyr1,10201TFSA)

1-Bromo-4-methoxybutane or 2-methoxyethoxymethyl chloride was added
slowly to an acetonitrile solution of 1-methylpyrrolidine at 0 °C under a
nitrogen atmosphere with constant stirring. After stirring for 12 h at ambient
temperature, the solvent in the reaction mixture was removed under
vacuum. The crude product was then washed with ethyl acetate several
times, and the obtained 1-(4-methoxybutyl)-1-methyl pyrrolidinium
bromide (Pyr1,401Br) or 1-((2-methoxyethoxy)methyl)-1-
methylpyrrolidinium chloride (Pyr1,10201Cl) was dried under vacuum at
100 °C for 24 h. After this time, reaction with LITFSA in distilled water at
25 °C yielded Pyr1401TFSA or Pyri10201TFSA. Pyr1401TFSA or
Pyr1,10201 TFSA was then extracted into dichloromethane and washed with
distilled water several times. The resulting liquid was dissolved in ethyl
acetate, treated with the activated carbon, and filtered. Following treatment
with activated alumina and filtration, the excess ethyl acetate was removed
using a rotary evaporator. Pyri401TFSA or Pyri10201TFSA was finally
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obtained as a colorless liquid after drying the residue under vacuum at
80 °C for 24 h. 'TH NMR (400 MHz, CDCl3) of Pyr1,401TFSA : § 1.64 (m, 2H),
1.86 (m, 2H), 2.26 (m, 4H), 3.04 (s, 3H), 3.32-3.37 (m, 5H), 3.42 (t, 2H),
3.51 (m, 4H); '8C NMR (100 MHz, CDClI3) of Pyr1401TFSA : § 21.0, 21.4,
26.0, 48.4,58.5,64.5,71.3, 77.1, 119.8 (q). Elemental analysis calculated
(%) for C12H22FsN205S2: C 31.86, H4.90, N 6.19; found: C 31.66, H 4.96,
N 6.06. "H NMR (400 MHz, CDCl3) of Pyr1,10201TFSA : § 2.23 (m, 4H), 3.09
(s, 3H), 3.36-3.46 (m, 5H), 3.54-3.70 (m, 4H), 3.94 (m, 2H), 4.65 (m, 2H);
8C NMR (100 MHz, CDCls) of Pyr1,10201TFSA : § 22.0, 47.5, 58.9, 61.2,
715, 72.4, 77.1, 89.8, 119.8 (q). Elemental analysis calculated (%) for
C11H20FeN206S2: C 29.08, H4.44, N 6.17; found: C 28.92, H 4.48, N 6.07.

Measurement of the physicochemical properties

The melting and glass transition temperatures were measured by
differential scanning calorimetry (SIl nanotechnology, DSC6220) in a
sealed-aluminum ampoule at a rate of 5 K min™'. A series of viscosity
measurements were carried out using a viscometer (Kyoto Electronics,
EMS-1000S), and the densities were measured using a vibrating-type
densitometer (Anton Paar, DMA™ 4500). The ionic conductivity was
measured using an airtight four-probe conductivity cell consisting of two
inner platinum wire electrodes (1.0 mm diameter) to monitor the potential
difference, and two outer platinum disk-electrodes (13.0 mm diameter) for
feeding an alternating current amplitude of 10 mV wusing a
potentiostat/galvanostat (Hokuto, HZ-7000) after cell calibration using a
standard KCl aqueous solution (Kishida Chemical, 7 mS cm™ at 25 °C). A
Raman spectroscopy system (InVia Raman Spectrometer, Renishaw Pic.)
equipped with a 532 nm Nd:YAG laser was used to analyze the
coordination environments of the Li ions in the RTILs. The samples for
measurement were prepared in an argon-filed glove box, and the
measurements were carried out without exposing the samples to air.

Computational methods

The pyrrolidinium cations were investigated by ab initio quantum
mechanics (QM) calculations to evaluate the three-dimensional structures
of the side chains. Conformational analysis was performed on the dihedral
angles (@1, @, @3, and @) as shown in Fig. S2. The cation structures
were optimized using the MP2/6-31G(d,p) level of theory while increasing
the dihedral angle @ from -180 to 180° in 15° steps and with three
conformations (60, —60, and 180°) for the remaining dihedral angles.
Taking into account the two conformations for C-N-C-X (60 and -60°),
5,400 structures were finally generated. Structure optimization was then
performed with a fixed dihedral angle @ to estimate the torsional potential
energy. The profiles of the potential energy surfaces were obtained by
single-point calculations at the MP2/aug-cc-pVTZ level of theory for the
optimized structures.

The molecular dynamics (MD) calculations were performed on the four
pyrrolidinium-based RTILs (Fig. 1) at a constant temperature (300 K) and
pressure (1 bar). The MD systems of the pyrrolidinium-based RTILs
consist of 1,000 or 5,000 ion pairs in a rectangular periodic box. MD
simulation of the 1,000 ion pairs was performed for 1 us, and the MD
trajectory was used to analyze the structural geometry and ion distribution.
In contrast, the MD simulation of the 5,000 ion pairs was carried out to
evaluate the mean-square-displacements (MSDs), which required
sufficient sampling. In our previous study, the parameter set of
pyrrolidinium-based RTILs was developed by modifying the general
AMBER force field (GAFF).22 50 The AMBER potential is described in
terms of the following equation: 5]
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The atomic charge parameters (q) for the pyrrolidinium-based RTILs were
assigned based on the restrained electrostatic potential (RESP)%2 53], and
they were adjusted to 80% scale to reproduce the physical properties.[®-
561 Tables X1-X4 list the non-bonded interaction parameters of the
pyrrolidinium-based cations. The parameters of the dihedral angle for the
pyrrolidinium-based cations were set to those previously developed (Table
X5). The remainder of the parameters were taken from the original GAFF
force field. The detailed conditions for the MD simulation followed those
reported in a previous study.?2

The MD simulation for the mixed system of pyrrolidinium-based RTILs
and LiTFSA was also performed for 1 pys under a constant temperature
(300 K) and pressure (1 bar). The mixed system consists of 700
pyrrolidinium cations, 300 lithium ions, and 1,000 TFSA". As in the case of
the non-bonded interaction parameter of the Li ion, the atomic charge was
set to 0.8, and the 12-6 ion-oxygen distance (IOD) set was assigned to the
van der Waals parameters.[57:58]
The QM calculations were performed using Gaussian 09 Rev. CO1
software.®® The MD calculations were carried out using the
PMEMD.CUDA module of the Amber 18 package with the NVIDIA®
Pascal GPU system.[0-62 The MD system of the pyrrolidinium-based
RTILs was generated using the Packmol 16.103 package.!®3] The MD
trajectory analysis was performed using the CPPTRAJ modulel®4 of
AmberTools 19. The molecular graphics software, PyMOL 1.7.1
(Schrédinger LLC)% was employed to display the QM and MD structures.
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Ether-Functionalized
Pyrrolidinium-based RTILs

The physicochemical properties of ether-functionalized pyrrolidinium-based room temperature ionic liquids were investigated using
both experimental and computational approaches. The position and number of the ether oxygen atom had an impact on the
physicochemical properties, as discussed in detail using molecular dynamics calculations and careful comparison with experimental
results. The coordination environments of the Li ions in the ionic liquids were also investigated.
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