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ABSTRACT: We performed terahertz time-domain spectroscopy and infrared spectros- [‘ The hreefold degenerate mode ofthe aion [, is very sensive o ]

copy of imidazolium-based, pyridinium-based, and tetraalkylammonium-based tetrafluor- g ==
oborate ionic liquids to study their characteristic intermolecular and intramolecular
vibrational modes to clarify interactions between various cations and the tetrafluoroborate
anion. It was found that the central frequency of the intermolecular vibrational band for
these ionic liquids has a relatively high frequency, ranging from 90 to 100 cm™. In the
900—1150 cm™' range, the intramolecular vibrational absorption band of the 3-fold
degenerate mode of tetrafluoroborate anions in the ionic liquids was observed. Although  ojerrers 10{IDEDMIBF.):
the tetrafluoroborate anion is attributable to one of the weakly coordinated anions, the ]
spectroscopic splitting behavior of the 3-fold degenerate mode differs depending on the
cation species. It was revealed that the degenerate mode is very sensitive to local o PN ozt
interactions between the tetrafluoroborate anion and each cation.

B INTRODUCTION

Ionic liquids have unique characteristics such as a wide liquid
temperature range, extremely low vapor pressure, high
electrical conductivity, and excellent thermal stability. Ionic
liquids also have excellent solvent properties in catalytic
reactions and the dissolving of biopolymers, they are a
lubricating liquid, and they are a nonvolatile refractive index
matching medium.'~

It is expected that the characteristics of ionic liquids will
enable a wide range of scientific and industrial applications.”~”
Understanding the noncovalent interactions of ionic liquids
and the structures of ionic liquids is extremely important in
understanding the unique properties of ionic liquids.'”"!
Therefore, various spectroscopic methods such as dielectric
spectroscopy, ' infrared (IR) and Raman spectroscopy, *~>*
NMR spectroscopy,””*® X-ray diffraction,”"** far-infrared
(FIR) spectroscog)y,“_% terahertz time-domain spectroscopy
(THz-TDS),””~* and various kinds of nonlinear optical
spectroscopy’** have been apglied to ionic liquids together
with computer simulations.** ™

We have so far performed IR spectroscopy, FIR spectros-
copy, and THz-TDS for a wide range of aprotic 1-methyl-3-
alkylmethylimidazolium ionic liquids to systematically inves-
tigate their physical properties.”””>>*”* Intermolecular
vibrations at low frequencies mainly originate from the
interaction between cations and anions due to pure Coulomb
interaction and local, directional hydrogen-bonding interac-
tions. It was found that the central frequency @ of the
intermolecular vibration based on the simple harmonic
oscillator model (@ = (k/u)'?) is determined based on the
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P 1"~ local interactions between [BF,] and each cation.
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essential contribution of the reduced mass y calculated from
the masses of the methylimidazolium cation [mim*] and the
anion [A7] as well as the force constant k. Thus, the central
frequency @ of the intermolecular vibrational band was
determined based on the properties of Coulomb liquids,
although the strength of the cation—anion interaction is
modified by local and directional hydrogen-bonding inter-
actions. It has also been pointed out that electrostatic
(Coulombic) interaction rather than hydrogen-bond-type
interaction plays an important role in far-infrared spectral
response due to inter-ionic vibrations.”® On the other hand,
the absorption frequencies of the *C(2)—H stretching
vibrational mode of the methylimidazolium cation observed
in the frequency range of 3000—3200 cm™' and the out-of-
plane bending vibrational mode of *C(2)—H the methyl-
imidazolium cation observed in the frequency range of 700—
950 cm™' changes significantly depending on the strength of
the anions’ basicity or the strength of the hydrogen-bond-type
interaction.'*'®™'%?*** The tendencies of the absorption
frequency changes in the *C(2)—H vibrational modes of the
methylimidazolium cation due to hydrogen-bond-type inter-
actions with anions showed a good correlation with the
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tendencies of the chemical shift of the *C(2)—H protons in
'"H-NMR and COSMO-RS (conductor-like screening model
for realistic solvents) calculations.”"*°

In this study, THz-TDS and IR spectroscopy were used to
examine aprotic imidazolium tetrafluoroborate ionic liquid,
aprotic pyridinium tetrafluoroborate ionic liquid, and aprotic
tetraalkylammonium ionic liquid. We investigated the inter-
molecular vibrational absorption band and the characteristic
intramolecular vibrational absorption band of these ionic
liquids to clarify the interactions between various cations and
the tetrafluoroborate anion. It is generally known that the 1-
alkyl-3-methylimidazolium cation, the pyridinium cation, and
the tetraalkylammonium cation have strong (Lewis) acidity in
this order.”” It is expected that I-alkyl-2,3-dimethylimidazo-
lium cation without *C(2)—H will be less acidic than the 1-
alkyl-3-methylimidazolium cation. We discuss how the
interactions between various cations and tetrafluoroborate
anion appear in the IR and THz-TDS spectra. We found that
the peak frequency in the intermolecular vibrational band for
all of the ionic liquids studied was relatively high, ranging from
90 to 100 cm™’, although it is generally known that the
tetrafluoroborate anion is a weakly coordinating molecular
anion."”"®** It was found that the peak frequency of the
intermolecular vibration band is essentially determined based
on the characteristics as a Coulomb liquid, that is, based on the
Coulomb cation—anion interaction with the minor role played
by the local and directional hydrogen-bond-type interaction.
We also studied the characteristic intramolecular vibration
modes related to the intramolecular interaction of each ionic
liquid. In particular, the peak splitting behavior of the three-
hold degenerated vibrational mode of tetrafluoroborate anion
observed at 900—1150 cm ™" differed depending on the cation
species, although the tetrafluoroborate anion is weakly
coordinated with each cation. Thus, the vibrational mode
was found to be sensitive to local interactions between the
tetrafluoroborate anion and each cation. As an extension of our
previous work, we also studied ionic liquid systems in which a
small amount of water was added to each ionic liquid.”® It was
revealed that the symmetric and antisymmetric stretching
vibrations of water molecules observed at 3300—3800 cm™
have the same frequency regardless of the cation species
(interaction with each cation).

B EXPERIMENTAL SECTION

IL samples such as 1-butyl-3-methylimidazolium tetrafluor-
oborate, 1-butyl-2,3-dimethylimidazolium tetrafluoroborate, 1-
butylpyridinium tetrafluoroborate, 1-butyl-3-methylpyridinium
tetrafluoroborate, 1-butyl-4-methylpyridinium tetrafluorobo-
rate, and N,N-diethyl-N-methyl-N-(2-methoxyethyl)-ammo-
nium tetrafluoroborate were used, as shown in Figure 1. The
common abbreviations for anions and cations are also shown
in Figure 1. The IL samples studied are aprotic imidazolium-,
pyridinium-, and tetraalkylammonium tetrafluoroborate ionic
liquids, which are in a liquid state at a room temperature of 25
°C. High-purity ionic liquid samples of 98% or higher were
used.

To prepare the IL sample containing a small amount of
water, 10 L of water was added to the 500 yL ionic liquid
sample and stirred for about 3 h before the experiment. The
typical water concentration was 1.5 wt %. The concentration
was the same, which was previously used in the investigation of
the interactions between a small amount of water and ionic
liquids.”*>
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Figure 1. Ionic liquids used in this study.

An FTIR spectroscope (HORIBA, Ltd,, FT-720) with an
attenuated total reflection (ATR) unit (Smiths Detection,
DuraScope) was used to measure the IR spectra of the IL
samples. The THz-TDS apparatus (Advantest, TAS 7500SP)
was used to measure the complex dielectric constant (Re &,
and Im ¢) and absorption coefficient (a) spectra of the IL
samples in the 14—120 cm™' range. The absorption coefficient
spectrum normalized by molar concentration (a/M) was
obtained by measuring the density of the IL sample.”>”"*

In density functional theory (DFT) calculations, geometry
was optimized at the B3LYP/6-311+G(d,p) level of theory
with a charge of +1 (—1) for the cations (anions) of IL samples
and a multiplicity of the singlet. Electrostatic potential,
vibrational mode, and frequency were calculated at the same
level of theory. The electrostatic potentials of [bmim]*,
[bmmim]*, [bpy]*, [b(3-)mpy]*, [b(4-)mpy]*, and
[DEDM]" mapped onto their density surface (iso = 0.02)
are calculated (see Figure S1). For [bmim]*, [bmmim]*,
[bpy]*, [b(3-)mpy]*, and [b(4-)mpy]*, the blue and light blue
parts are localized in (hetero) aromatic rings, and the color of
the butyl group part is lighter. In particular, the *C(2)—H part
of [bmim]* is the deepest blue. The cation becomes electron-
deficient mainly in the (hetero) aromatic ring part (blue and
light blue parts) for [bmim]*, [bmmim]*, [bpy]®,
[b(3-)mpy]*, and [b(4-)mpy]*. Since Coulomb forces are
the main driving structural feature of ILs, an interacting anion
[BF,]™ may favorably reside at the (hetero) aromatic ring part
(blue and light blue parts), especially in the deep (dark) blue
part. For [DEDM]", there are many light blue parts as a whole,
and the color of the methoxy group (—O—CH,) part is lighter.
For [DEDM]*, an interacting anion [BF,]” may favorably
reside at the light blue part.

B RESULTS AND DISCUSSION

Figure 2 shows the complex dielectric constant (Re ¢ and Im
€) spectra and absorption coeficient spectra (a) for
[bmim]*[BF,]”, [bmmim]*[BF,]", [bpy]'[BF,]", [b(3-)-
mpy]*[BF,]”, [b(4-)mpy]*[BF,]”, and [DEDM]*[BF,]” in
the range of 14—120 cm™".

Changes in the curves are seen in the Re ¢ spectra of all IL
samples below 40 cm™ and between 80 and 120 cm™. The
changes in the Re ¢ spectra correspond to the behavior below
40 cm™! and the behavior between 80 and 120 cm ™! in the Im
¢ spectrum. Behavior below 40 cm™ in the Im & spectrum
suggests the existence of a dielectric relaxation mode or a
librational motion of a different cation.">” On the other hand,
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Figure 2. Complex dielectric constant (Re & and Im &) spectra and absorption coefficient spectra (a) for [bmim]*[BF,]” ((a—c)),
[bmmim]*[BF,]™ ((d—f)), [bpy]*[BF,]” ((g—i)), [b(3-)mpy]"[BF,]™ ((j-1)), [b(4-)mpy]*[BE,]” ((m—0)), and [DEDM]'[BE,]” ((p—1)) in
the range of 14—120 cm™.

the behavior of the changes between 80 and 120 cm™" in the [bmmim]*[BF,]”, [bpy]*[BF,]", [b(3-)mpy]*[BF,]”, and

Im & spectrum corresponds to the intermolecular vibrational [b(4-)mpy]*[BF,]”, the (hetero) aromatic ring part of the
mode between cations and anions, which corresponds to the cation is different, while the alkyl chain part, the butyl group
main broad band of the absorption coefficient spectrum (a). (b) (n = 4 in C,), is the same. In the present study, it was
According to our previous study, the same anion’s imidazolium found that there was no significant difference in magnitudes of
cation [C,mim]" tends to exhibit larger magnitudes in Re ¢ Re & below 40 cm™ for the five IL samples, which was
below 40 cm™, where the number of n in C, corresponds to consistent with our previous findings.*> On the other hand,
the alkyl chain length.** For [bmim]*[BF,]”, [DEDM]" is one of the tetraalkylammonium cations without a
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Table 1. Effective Reduced Mass p, 1/u"/%, Central Absorption Frequency [cm™'], and Its Energy [meV] for IL Samples

u
[mim]*[BF,]” 422
[mmim]*[BE,]~ 45.6
[pyl*[BE,]” 41.4
[(3-)mpy]*[BF,]” 44.9
[(4-)mpy]*[BE,]” 449
[(C,Hs),(CH;)(C,H,)N]*[BF,]” 49.5

1/u'? wavenumber [cm™!] energy [meV]
0.153 100 12.4
0.148 90 11.2
0.155 100 12.4
0.149 94 11.7
0.149 98 12.2
0.142 94 11.7

(hetero) aromatic ring moiety, and [DEDM]" is mainly
composed of alkyl chain parts. The magnitudes in Re & below
40 cm™' for [DEDM]*[BF,]™ have larger magnitudes than the
other five IL samples, with a value of approximately 7 at 14
cm™". Thus, it was clarified that the magnitudes in Re ¢ below
40 cm™! have larger magnitudes as the alkyl chain portions
increase, even if the cation species are different. As far as the
absorption coefficient () spectrum is concerned, IR spectros-
copy, FIR spectroscopy, and THz-TDS were systematically
performed on various 1-methyl 3-alkylmethylimidazolium ionic
liquids with a different anion in our previous studies.””*”*’
The main origins of the intermolecular vibration due to the
interaction between the cation and the anion are the Coulomb
interaction and the local and directional hydrogen-bonding
interaction. We phenomenologically found that the central
frequency @ of the intermolecular vibration based on the
harmonic oscillator model (e = (k/u)"/?) is determined by the
essential contribution of reduced mass u calculated from the
masses of the methylimidazolium cation [mim*] and the anion
[A7] as well as the intermolecular force constant k. For various
1-methyl 3-alkylmethylimidazolium ionic liquids with a
different anion, the central frequency @ of intermolecular
vibration depends little on the alkyl chain length of the 1-
methyl 3-alkylmethylimidazolium cation, and therefore [mim]*
as the effective mass of the cation is phenomenologically
assumed. It is also supported that an interacting anion [A]~
may favorably reside at the hetero aromatic ring part [mim]*
from the electrostatic potential map.”° Thus, the central
frequency @ of the intermolecular vibration band is
determined based on the characteristics of the Coulomb
liquid, that is, phenomenologically based on the essential
contribution of the reduced mass y as well as the force
constant k, although the local and directional hydrogen-
bonding interaction may modify the strength of the cation—
anion interaction.” It has been shown that this is systemati-
cally valid for various 1-methyl 3-alkylmethylimidazolium ionic
liquids with a different anion.””*”*’ As can be seen from the
absorption coefficient (a) spectrum in Figure 2,
[bmim]*[BF,]”, [bmmim]*[BF,]", [bpy]*[BF,]7, [b(3-)-
mpy]*[BF,]”, and [b(4-)mpy]*[BF,]” have peaks at 100, 90,
100, 94, 98, and 94 cm™}, respectively. A broad absorption
band due to intermolecular interactions between the cations
and anions was observed at relatively high frequencies. In
previous studies of imidazolium-based ionic liquids, [BF,]™ is
known to be weakly coordinated as a local interaction.'® It is
also known that the tetrafluoroborate anion is weakly
coordinated as a local interaction in the pyridinium-based
ionic liquid, and it is pointed out that the van der Waals effect,
which is weaker than the hydrogen-bonding type interaction,
dominates the interaction between the cation and the anion.”®
Tsuzuki et al. performed MP2/6-311G** level ab initio
calculation for [BF,]” complexes with 1-ethyl-3-metylimida-
zolium cation [emim]”, 1-ethyl-2,3-dimethylimidazolium cati-

29807

on [emmim]*, ethylpyridinium cation [epy]*, and N-ethyl-
N,N,N-trimethylammonium [(C,H;)(CH;);N]*.** The total
interaction energies of the ion pair were —85.2, —81.8, —82.4,
and —85.2 kcal/mol, respectively, and were not very different.
The hydrogen-bonding type interaction with *C,—H of
[emim]* was not essential for the attraction in [emim]*[BF,]”
complex because the total interaction energy of [em-
mim]*[BF,]” complex was only 4% smaller than that of the
[emim]*[BF,]” complex. We discuss the intermolecular
vibration mode from the basic viewpoint of @ = (k/u)"2.
To proceed with the analysis, we consider the effective mass of
the cation (mc,,) for [bmim]*, [bmmim]*, [bpy],
[b(3-)mpy]*, [b(4-)mpy]*, and [DEDM]*. As in our previous
study,””"" we assume the effective mass of [mim]" = 82
without the butyl group for [bmim]* phenomenologically
because the center frequency of the intermolecular oscillation
mode of [C,mim]*[BF,] ILs depends little on the alkyl chain
length of the imidazolium cation, and it is also supported by
the electrostatic potential map of [bmim]* (see Figure S1).
The electrostatic potential maps for [bmmim]*, [bpy],
[b(3-)mpy]*, and [DEDM]" were also used for reference
(see Figure S1). For [bmim]*, [bmmim]*, [bpy]®,
[b(3-)mpy]*, and [b(4-)mpy]*, the cation becomes electron-
deficient mainly in the (hetero)aromatic ring portion (blue and
light blue parts) at which an interacting anion [BF,]” may
favorably reside. Thus, we assume the effective masses of
[mmim]* = 96, [py]* = 79, [(3-)mpy]" = 93, and [(4-)mpy]*
= 93 without the butyl group, for the cations of [bmmim]*,
[bpy]*, [b(3-)mpy]*, and [b(4-)mpy]", respectively. Thus, the
effective mass corresponds to the mass of the (hetero)aromatic
ring portion without the alkyl chain part. For [DEDM]*, which
is one of the tetraalkylammonium cations, we assume the
effective mass of [(C,H;),(CH,;)(C,H,)N]* = 115, excluding
the methoxy (—OCH,) part with reference to the electrostatic
potential map. The effective mass (m,.,) of the anion is
assumed to be [BF,]” = 86.8, as previously. Although the
concept of effective mass for the cations is phenomenological
and somewhat ambiguous, we proceed with the analysis as
described below.

Table 1 shows the effective reduced mass p, 1/u'? the
central absorption frequency [cm™'], and the energy [meV] for
the IL samples studied in this paper. It was found that there is
no significant dispersion in the data in Table 1 when
considering both the data obtained from the present study
(the data in Table 1) and the data obtained from our previous
studies’”*” on various 1-metyl-3-alkyl-imidazolium ILs in the
plot of the central absorption frequency versus (1/u)"? (see
Figure S2). Aprotic ILs having [BF,]” and the different cations
([bmim]*[BF,]”, [bmmim]"[BE,]", [bpy]"[BE,]", [b(3-)-
mpy]*[BE,]", [b(4-)mpy]*[BF,]", or [DEDM]'[BF,]~) have
a small local hydrogen-bonding type interaction, and the total
interaction energy of the ion pair is not so large.*”*” On the
other hand, the central absorption frequencies of the
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intermolecular vibration mode for [bmim]*[BF,]”,
[bmmim]*[BF,]”, [bpy]"[BF,]”, [b(3-)mpy]*[BF,]
[b(4-)mpy]*[BF,]”, and [DEDM]*[BF,]™ are in the 90—100
cm™' range, as summarized in Table 1, and there is no
significant dispersion in the present data in Figure S2,
suggesting the minor role played by the local hydrogen-bond
interaction to the central absorption frequency of the
intermolecular vibration.

We consider the molar concentration-normalized absorption
coefficient (a/M) against the effective molecular weight of an
ion pair (mlyonMyen). Here, @/M is equivalent to the
absorption coefficient normalized by the number of ion pairs.
The effective molecular weight of an jon pair is important
because it is related to the size of the charge distribution of the
ion pair and the physical size of the ion pair such as the average
distance of the ion pair. We have so far reported that /M at
the center frequency of the intermolecular vibration is inversely
proportional to the effective molecular weight (m}o,mzion)
for 1-alkyl-3-methyl-imidazolium ILs with various anions. The
results of adding the corresponding data for IL samples used in
this study to the previous data are shown (see Figure S3).
Although there are some variations, it was clarified that the
effective molecular weight of ILs that have [BF,]™ and different
cations are relatively small, while the /M values are relatively
large. Thus, the results obtained in this study are consistent
with the fact that @/M is inversely proportional to the effective
molecular weight of the ion pair (mf,;onMinion)-

Next, we will discuss the IR spectrum. In several
studies,"*'”"®*'7>* it has been reported that the absorption
band due to the *C(2)—H stretching vibrational mode of 1-
methyl-3-alkyl-imidazolium cation observed in the frequency
range of 3000—3300 cm™" shows significant changes depend-
ing on the strength of the anion’s basicity or the strength of the
hydrogen-bonding type interaction. Figure 3a,b shows the IR
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Figure 3. IR spectra in the range of 3000—3300 cm™' for (a)
[bmim]*[BF,]” and (b) [bmmim]*[BF,] .

spectra in the 3000—3300 cm™" range for [bmim]*[BF,]™ and
[bmmim]*[BF,]”, respectively. In this frequency range for
[bmim]*[BF,]~, *C(2)—H stretching vibrational mode, *C-
(4,5)—H antisymmetric stretching vibrational mode, and *C-
(4,5)—H symmetric stretching vibrational mode exist, and it is
believed that the absorption by the stretching vibrational mode
of *C(2)—H is on the lower frequency side. As can be seen in

Figure 3b, the absorption on the lower vibration side
disappears in [bmmim]*, which does not have *C(2)—H.
[BF,]” and [Tf,N]" are relatively weakly coordinated anions,
and it is known that the absorption of [bmim]*[BF,]™ is very
similar to that of [bmim]*[Tf,N]™ in this frequency range.
Comparing the IR spectrum of [bmmim]*[BF,]” in Figure 3b
with [bmmim]*[T£,N]~ in the literature,'® we recognize that
they display very similar IR spectra.

Figure 4a,b shows the IR spectra of [bmim]*[BF,]” and
[bmmim]*[BF,]” in the 700—900 cm™' range, respectively.
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Figure 4. IR spectra in the frequency range of 700—900 cm™ for (a)
[bmim]*[BF,]” and (b) [bmmim]*[BF,] .

The absorption band with a peak around 850 cm™ in Figure

4a is due to the out-of-plane bending vibrational mode of the
*C(2)—H of the 1-methy-3-alkyl-limidazolium cation; the
absorption band significantly changes depending on the
strength of the anion’s basicity or the strength of the
hydrogen-bonding type interaction.”* On the other hand, the
absorption band with a peak around 750 cm™" in Figure 4a is
due to the out-of-plane bending vibrational mode of the
*C(4,5)—H of the 1-methyl-3-alkyl-imidazolium cation. As can
be seen in Figure 4b, the absorption band around 850 cm™
disappears in [bmmim]*, which does not have *C(2)—H. On
the other hand, the absorption band with a peak around 750
ecm™ in Figure 4b is due to the out-of-plane bending
vibrational mode of *C(4,5)—H of [bmmim]*. The out-of-
plane bending vibrational mode of *C(4,5)—H was observed at
almost the same frequency both for [bmim]* and [bmmim]*.
The above tendency was also well-reproduced in the
calculation of the vibration modes of [bmim]* and
[bmmim]" in the frequency range of 700—900 cm™' (see
Figure S4).

Figure Sa,b shows the IR spectra of [bmim]*[BF,]” and
[bmmim]*[BF,]” in the frequency range of 1100—1200 cm ™,
respectively. The absorption band with a peak around 1170
ecm™' in Figure Sa is due to the in-plane bending vibrational
mode of the *C(2)—H of the 1-methyl-3-alkyl-imidazolium
cation. As we have previously shown, the in-plane bending
vibrational mode of *C(2)—H is significantly insensitive to the
strength of the anion’s basicity or the strength of hydrogen-
bonding type interaction, which are different from the
*C(2)—H stretching vibrational mode and the *C(2)—H out-
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Figure 5. IR spectra in the frequency range of 1100—1200 cm™" for
(2) [bmim]*[BF,]” and (b) [bmmim]*[BF,]".

of-plane bending vibrational mode.”* As can be seen in Figure
Sb, we see that the absorption band around 1170 cm™!
disappears for [bmmim]*, which does not have *C(2)—H. In
Figure Sa,b, the absorption tends to rise toward the low
wavenumber side, which is due to the tail of the very strong
absorption of the vibrational mode of [BF,]” existing on the
lower wavenumber side, which will be discussed later in detail.

Figure 6a—f shows the IR spectra in the range of 900—1150
em™! for [bmim]*[BF,]”, [bmmim]*[BF,]~, [bpy]*[BF,]
[b(3-)mpy]"[BE,]”, [b(4-)mpy]*[BF,]”, and [DEDM]*-

[BF,]”, respectively. Absorption by the vibrational mode of
the tetrafluoroborate anion [BF,]” is observed in this range.
The vibration mode of [BF,]” is a 3-fold degenerate mode and
has a very strong oscillator strength.””*” We previously showed
that the absorption due to the vibrational mode is observed as
three split peaks due to symmetry breaking due to the local
interaction between [BF,]” and 1-aklyl-3-methy-imidazolium
cations.”® Therefore, the vibration mode is expected to be very
sensitive to local interactions. In [bmim]*[BF,]”, as shown in
Figure 6a, the degenerate vibrational mode of [BF,]” was
observed as three split peaks at 1017, 1033, and 1046 cm™". In
[bpy]*[BF,]”, as shown in Figure 6c, the degenerate
vibrational mode was observed as three split peaks at 1022,
1032, and 1044 cm™!, while the degree of splitting in
[bpy]*[BF,]”, as shown in Figure 6¢c, is smaller than in
[bmim]*[BF,]”, as shown in Figure 6a. The three spectra of
[b(3-)mpy]*[BF,] " in Figure 6d, [b(4-)mpy]*[BF,]  in Figure
6e, and [DEDM]*[BF,]” in Figure 6f have a very similar
spectral shape, with a peak at 1026 cm™ and a shoulder
structure at 1045 cm™'. The spectra for [bmmim]*[BF,]” in
Figure 6b have a peak at 1026 cm™" and a shoulder structure at
1044 cm™ and have the smallest absorption bandwidth
compared with the other spectra. Thus, it is presumed that the
order of magnitude of the local interaction between [BF,]”
and each cation is [bmim]*[BF,]” > [bpy]*[BF,]” >
([b(3-)mpy]*[BE,]", [b(4-)mpy]*[BE,]-, and
[DEDM]*[BF,]”) > [bmmim]*[BF,]”. The order is also
consistent with the order of acidity of the cation.”> We were
able to observe the influence of local interactions by focusing
on the 3-fold degenerate mode of [BF,]™, although, as shown
by Tsuzuki et al, """ it is considered that there is no significant
difference between [BF,]” and each cation as the total
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Figure 7. IR spectra in the range of 3300—3800 cm™" of IL samples with a small amount of water for (a) [bmim]*[BF,]”, (b) [bmmim]*[BF,]",
(c) [bpy]*[BE,]", (d) [b(3-)mpy]*[BF,]", (e) [b(4-)mpy]*[BE,]”, and (f) [DEDM]*[BF,] .

interaction energy, and the hydrogen-bonding type interaction
with *C(2)—H of [emim]* is not essential for the attraction in
the [emim]*[BF,]” complex because the total interaction
energy of the [emim]*[BF,]” complex is only 4% smaller than
that of the [emmim]*[BF,]” complex.

Figure 7a—f shows the IR spectra of IL samples with a small
amount of water in the range of 3300—3800 cm™". It is known
that two absorption bands due to symmetric and antisym-
metric stretching vibrational modes of water molecules are
observed in the 3300—3800 cm™" range.”>"” In the ILs with a
small amount of water added consisting of 1-alkyl-3-metyl-
imidazolium cations and various anions, it has been shown that
the frequencies of the absorption bands due to the water
molecule’s vibrational modes are red-shifted by the strength of
the hydrogen-bonding interaction with the anions.”® In the
present study, we investigated the two absorption bands due to
the symmetric and antisymmetric stretching vibrational modes
of water molecules for the ILs with a small amount of water
added consisting of [BF,]” anion and various cations. As
shown in Figure 7a—f, for all IL samples examined in this
study, it was clarified that the two absorption bands due to the
water molecules each have the same frequency, regardless of
the local interaction with each cation or the acidity of each
cation. An infrared predissociation study of the gas phase of
the water-rich 1-metyl-3-butyl-imidazolium ILs was performed,
and absorption bands reflecting the local interaction between
the cation [bmin*] and water molecules were observed for
selected [bmin*](H,0), (n = 1-8) clusters.”” However, for
bulk IL systems with a small amount of water, the absorption
frequencies due to the symmetric and antisymmetric stretching
vibrational mode of water molecules observed in the 3300—

29810

3800 cm ™' range are determined by local interactions with the
anion rather than the cation.

B CONCLUSIONS

The present study investigated intermolecular vibrational
absorption bands and the characteristic intramolecular vibra-
tional absorption bands of ILs such as [bmim]*[BF,],
[bmmim]*[BE,]~, [bpy]*[BE,]", [b(3-)mpy]’[BE,]"
[b(4-)mpy]*[BF,]”, and [DEDM]*[BF,]” using THz-TDS
and FTIR. We discussed how the interaction between the
[BF,]” anion and various cations ([bmim]*, [bmmim],
[bpyl*, [b(3-)mpy]*, [b(4-)mpy]*, and [DEDM]*) appear in
their respective spectra. The peak frequency of the
intermolecular vibrational absorption band for the ILs was
relatively high, ranging from 90 to 100 cm™, although [BF,]”
is one of the weakly coordinating anions. We found that the
central frequency of the intermolecular vibration band is
essentially determined based on the characteristics of a
Coulomb liquid, that is, the Coulomb cation—anion inter-
action with the minor role played by specific hydrogen-bond-
type interactions, regardless of cation species that have the
different (Lewis) acidity. In the comparison of [bmim]*[BF,]~
and [bmmim]*[BF,]”, a *C(2)—H stretching vibrational mode
was observed in the 3000—3300 cm ™' range, a *C(2)—H out-
of-plane bending vibrational mode was observed in the 700—
900 cm™" range, and a *C(2)—H in-plane bending vibrational
mode was observed in the 1100—1200 cm™' range and
characteristic spectra were observed with and without each
*C(2)—H vibrational mode. In the range of 900—1150 cm™,
an absorption band with very strong oscillator strength was
observed due to the 3-fold degenerate vibrational mode of the
[BF,]” anion. The 3-fold degenerate vibrational mode was
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observed as split peaks due to symmetry breaking due to the
local interaction, although [BF,]” is known as a weakly
coordinated anion. It was revealed that the 3-fold degenerate
vibrational mode is very sensitive to local interactions, and the
degree of splitting varies depending on the interacting cation
species. Judging from the spectral shape, the order of
magnitude of the local interaction between [BF,]” and each
cation is [bmim]*[BF,]” > [bpy]*[BF,]” > ([b(3-)-
mpy]*[BE,], [b(4-)mpy]*[BE,]-, [DEDM]‘[BE,]") >
[bmmim]*[BF,]”. Thus, the spectroscopic splitting behavior
of the 3-fold degenerate mode of [BF,”] could be a useful
probe for understanding the local interactions in the ionic
liquids with a weakly coordinated anion and provide insight
into the nature of local interactions, which would promote
experiments on dynamic aspects for the degenerate mode of
[BF,”] and computer simulations. In addition, research was
also conducted on IL samples in which a small amount of
water was added to each IL. It was revealed that the two bands,
due to the symmetric and antisymmetric stretching vibrational
modes of water molecules observed in the 3300—3800 cm™*
range, have the same frequencies, regardless of local interaction
with each cation or the acidity of each cation. Thus, it was
clarified that the two absorption bands of water molecules
observed in the 3300—3800 cm™' range are determined by
local interactions with the anion rather than local interactions
with the cation.
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