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@ As a probe of local structure, the vibrational properties of the 1-butyl-3-methylimidazolium tetrafluorobo-
rate [bmim][BF,] ionic liquid were studied by infrared (IR), Raman spectroscopy, and ab initio calculations.
The coexistence of at least four [bmim]* conformers (GG, GA, TA, and AA) at room temperature was
established through unique spectral responses. The Raman modes characteristic of the two most stable
[bmim]* conformers, GA and AA, according to the ab initio calculations, increase in intensity with
decreasing temperature. To assess the total spectral behavior of the ionic liquid both the contributions
of different [bmim]* conformers and the [bmim]*— [BF,]~ interactions to the vibrational spectra are
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INTRODUCTION

Ionic liquids (ILs) composed of organic cations and inor-
ganic anions is a class of salts that remain liquid at room
temperature.! Several unique physicochemical properties in
combination such as nonvolatility, inflammability, thermal
stability, recyclability, and good solvating capabilities indi-
cate that ILs can be useful materials for applications in
separation,® catalysis,’ electrochemistry,* etc. The wide lig-
uidus range, high heat capacity, and density allow them to
be used as thermal and heat transfer media.® In addition, the
high ionic conductivity and electrochemical stability make
ILs excellent candidates for electrolytes avoiding corrosion,
leakage, volatility, and flammability.>”

Investigations of fundamental physicochemical prop-
erties of ILs composed by different cations and anions
should provide a deeper understanding of structural fea-
tures and the role of molecular interactions in ILs. Over
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the large range of possible cation and anion variations in
ILs, the imidazolium-based ILs are the most studied today
both experimentally and computationally. Especially, the
molecular level structure has been in focus in many of the
studies. For example, by using ab initio methods Turner
et al.® have found two local energy minima for the 1-ethyl-3-
methylimidazolium cation, emim™ a.k.a. EMI, corresponding
to the more stable nonplanar (1p) and less stable planar (p)
forms. Similarly, through combining Raman spectroscopy of
different [emim]* salts and ab initio calculations, Umebayashi
etal® showed the presence of these [emim]™ conformers
and evaluated their population in the [emim][BF,] IL to
be 0.61 and 0.39 for np and p [emim]* forms, respec-
tively. In a recent study, the population of np [emim]*
cations in the [emim][TFSI] IL was found to be 87% at room
temperature.l’ By using X-ray crystallographic and Raman
studies, Hayashi ef al.!! found two polymorphs of crystalline
1-butyl-3-methylimidazolium chloride, [bmim][Cl], with the
local structures both existing also in the liquid state. Holbrey
et al.'? reported similarity between the structure of [bmim]*
in [bmim][Br] and in one of the [bmim][C]] polymorphs.
The longer alkyl chain length compared to [emim]*
allows [bmim]* to have additional conformation states:
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Figure 1. The chemical structures of the cation and anion components of [omim][BF4].

combinations of gauche (G)and anti (A). For [emim]*,
the conformers (p and np) are obtained by rotation about
the N,—C; bond (Fig. 1). For [bmim]* these states can be
combined with rotations around both C;-Cg and Cg—C,
bonds. While all such conformers have not yet been found
in the crystalline state, their presence in the liquid state of
ILs can obviously be reasoned and measured spectroscopi-
cally. Ozawa et al. were the first to show the contributions
of different [bmim]* conformers to the Raman spectra of
the [bmim][BF4] ionic liquid.!'® In addition, Berg et al.!
found that the Raman bands characteristic for the GA
and AA [bmim]* conformers are also characteristic for
the 1-hexyl-3-methylimidazolium cation, [hmim]*. The dif-
ferences in concentration of G and A (C;-Cg) [bmim]*
conformers in molten [bmim][Cl], [bmim][Br], and liquid
[bmim][I] were clearly detected by Raman spectroscopy.’®
A larger contribution of A conformations in [bmim][I]
compared to molten [bmim][Cl], [bmim][Br], and the coex-
istence of two conformers of [bmim]* were suggested to be
responsible for the low melting point of [bmim][I]. How-
ever, using ab initio calculations of different cation—anion
pairs Heimer et al.!® have detected only a minimal effect
of alkyl chain conformations on the vibrational spectra
of several methyl-imidazolium based ILs, [C,_smim][BF,].
In a recent study, Katsyuba etall” have shown that the
concentration of different conformers may depend on the
type and position of the anion and, therefore, the vibra-
tions of the cations depend both on the conformations
and on the cation—anion association. Katsyuba et al. also
proposed a model considering isolated ion pairs as anhar-
monic oscillators to correlate with the melting points
of ILs.

However, none of these studies have made any definite
statements about all the [bmim]* cation conformers possibly
present and how to unambiguously detect them, including
the role of Coulombic and hydrogen bond interactions. We
believe that the combined usage of spectroscopic studies and
ab initio calculations is the most powerful tool to resolve this
issue in detail. As mentioned the conformers of [emim]*
have already been analyzed and identified.*!® [bmim]*,
on the other hand, has many more possible conformers,
allowing more statistical significant results, while still being
small enough to allow the IR and Raman spectra of all
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conformers to be calculated ab initio with some appreciable
accuracy. It will therefore serve as an excellent probe for the
viability of the approach in general. Therefore, this article
is aimed at ab initio studies of the vibrational properties
of [bmim]* conformers and [bmim]* — [BF,]~ pair models.
The computational results are subsequently compared with
IR and Raman spectroscopy data. From the data, a picture is
created of the local structure of the [bmim][BF,] ionic liquid,
a picture that should be partly transferable to imidazolium-
based ILs in general.

MATERIALS AND METHODS

The [emim][BF;] and [bmim][BF,] ILs were purchased
from Merck.!® The liquidus range and the glass transition
temperature (Tg) of [bmim][BF,] was determined by calori-
metric measurements performed on a differential scanning
calorimeter (Mettler DSC30) with a TC10A/TC15 control
system and STARe Software version 8.10. The sample was
sealed in an aluminum crucible under inert atmosphere. The
sample was scanned in three steps; first upwards to 363 K,
then down to 123K, and finally upwards to 363 K again,
with a scanning rate of 10 K/min.

Room temperature attenuated total reflectance (ATR)-
IR spectra were measured in an Ar-filled dry box using a
Bruker Vector 22 Fourier transform infrared (FTIR) spec-
trometer and a Golden Gate Mk II single reflection dia-
mond ATR unit (Specac). The ATR FTIR spectra presented
here has not been corrected for the penetration depth
and the dispersion functions. For the Raman measure-
ments, quartz cuvettes were sealed under Ar inside the
dry box. Room temperature FT-Raman spectra were mea-
sured in back-scattering geometry using a Bruker IFS 66
interferometer with a liquid nitrogen cooled Ge-detector
coupled to a Bruker FRA 106 Raman module. A near-
IR Nd:YAG laser with a wavelength of 1064 nm was
used as the excitation source. The temperature-dependent
Raman spectra of [bmim][BF;] were measured using a
Dilor-XY800 spectrometer with a CCD camera cooled by
liquid nitrogen. An Ar/Kr laser with a wavelength of
514.5 nm was used as the excitation source. For the low-
temperature studies the sample was placed inside a cryo-
stat. For each measurement temperature, the sample was
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equilibrated for at least 30 min before the spectra were
measured. The spectral resolution of all measurements was
~2cm™L

The computational part of the studies consisted of first-
principle calculations of geometries, total energies, atomic
charges, and vibrational properties of the [BF,]
the [bmim]* cation conformers, and [bmim]* — [BF,]~ pair
models. In order to further study the influence of the ion-
pair interaction on the anion structure, a Cz, symmetry
[Li]t — [BF4]~ pair was used. The initial structures of the
[bmim]* cation conformers were obtained by combined
rotations of the CH, groups of the C;—Cs and Cg-Cy
bonds. This way, the G*/~G"~, G"*A, AG"™, and AA
conformers were obtained and thereafter denoted as GG,
GA, AG, and AA (Fig. 2(a)—(d)). Several of these conformers
are structurally and spectroscopically very similar, but at
least five different [bmim]* conformers converge to different
local energy minima. However, only four of them are
important for modeling the real ionic liquid; the totally
planar AA [bmim]* conformer (similar to the p form of
[emim]* and not presented here) was excluded from further
analysis as long chain planarity hardly can be observed
in the liquid state, a clear difference between gas phase
(calculated) versus liquid phase (expected) preference. This
is supported by that, in spite of being a low energy
conformer, the simulated IR and Raman spectra of this

anion,

conformer strongly disagree with the experimental spectra
of [bmim][BF,].

In order to study the influence of [bmim]" —anion
interactions on the vibrational spectra, simple cation—anion
pair models based on the GA conformer were used. The
two ‘closed” and ‘open’ cation—anion pair models differ
in the position of [BF4]~ and in the direction of the alkyl
chain (Fig. 2(e)-(f)). In the ‘open’ model, the anion is placed
on the opposite side of the imidazolium ring plane with
respect to the alkyl chain. This allows the anion to interact
predominantly with the cation ring, whereas in the ‘closed’
model the alkyl chain is closer and anion interaction both
with the ring and chain is obtained.

All calculations were performed using the Gaussian-03
quantum-chemical package.!”” The DFT method using the
hybrid B3LYP functional consisting of a linear combination
of the pure corrected exchange functional by Becke® and the
three-parameter gradient-corrected correlation functional
by Lee etal? was applied for geometry optimizations
and IR and Raman spectra calculations. The triple zeta
valence (TZV) Pople 6-311+G* basis set was used for all
atoms.”? The Breneman and Wiberg CHELPG scheme®*
was used to determine atomic charges from electrostatic
potentials. To simulate spectra from the computed IR and
Raman data, Lorentz functions were applied for each of the
computed modes using full width at half-height (FWHH)
parameters of 20 and 10 cm™! for the IR and Raman spectra,
respectively.

Copyright © 2008 John Wiley & Sons, Ltd.
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RESULTS AND DISCUSSION

Basic structural aspects

Structural models and overall vibrational properties of
[bmim][BF4]

Structural properties are the basis for understanding the
vibrational, thermodynamic, and other properties of ILs.
Coulombic, van der Waals, and hydrogen bonding effects
can all take place in ILs and determine the ILs structural and
physicochemical properties and can also influence and thus
be detected in their vibrational spectra. As an example, the
existence of hydrogen bonds has been found computationally
and spectroscopically in different ILs.3%-% At the same time,
experimental and computational results together show the
considerable influence of cation and anion conformations
on the vibrational spectra of imidazolium-based ILs.’~1
It is thus necessary to elucidate the unique effect of all
possible mechanisms on the resulting IL spectra. While
the cation-cation interactions are important with respect
to the creation of extended local structures in ILs, increasing
with increasing alkyl chain length,'>* the nature of these
interactions are still unclear and not likely to significantly
affect the intermolecular vibrations of the cations. Therefore,
we find a single cation model to be appropriate for the
conformational isomerism.

Measured room temperature IR spectra of the [bmim]
[BE,] and [emim][BF,] ILs are shown in Fig. 3(a). The C-H
stretching vibrations of the methyl and methylene groups
occur below ~3050cm™! and the ring C-H stretching
vibrations occur above ~3050 cm~!. Consequently, the IR
profiles of both ILs are very similar above ~3050 cm™,
but they differ below as expected from the presence of
two additional methylene groups in [bmim]*. The other
significant difference found in the IR spectra is at ca 700 cm™.
This band originates from alkyl groups connected to the ring
N atoms in both p and np [emim]* conformers.

Figure 3(b) shows the corresponding Raman spectra
and the observed differences in the C—H stretching region
remain. Other interesting features are found in the spectral
region 200-1200 cm™!. These differing features are presum-
ably related with the two additional methylene groups of the
[bmim]* cation and can therefore be used to identify different
[bmim]* conformers. Especially, in the region most sensitive
to conformational changes, 800-1000 cm ™, at least four new
modes with peak positions at 808, 825, 883, and 905 cm ™! are
observable in the Raman spectra of [bmim][BF,] —in a spec-
tral region almost empty for [emim][BF,]. In addition, new
features are observed at 325, 623, 976, 1055, and 1116 cm ™.

Thus, while IR spectroscopy is almost insensitive
to [bmim]* conformational changes, Raman spectroscopy
can be extremely useful for identification of different
[bmim]* conformers.

Geometries and energies
The optimized geometries of the [bmim]* cation conformers,
the [bmim]* — [BF;]~ ion pair models and the values of
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(e)

Figure 2. Optimized geometry of GG (a), GA (b), AG (c), AA (d) [omim]* conformers and [bmim(GA)]™ — [BF4]~ ‘closed’ (e) and
‘open’ (f) pair models. H-bond distances (A) (e) 1.95 (Fgg—H11), 2.08 (F28—H15), 2.37 (Fgg—H1g), 2.54 (F30—H11); (f) 2.01 (F27—H11),
2.27 (Fog—H47), 2.38 (Fog—H11), 2.45 (F27—H1s). This figure is available in colour online at www.interscience.wiley.com/journal/jrs.

Table 1. Total energies (E™!) and dipole moments (|l5|) of [BF4]~ anion, [omim]* conformers, and [bmim(GA)]* — [BF4]~
cation-anion pairs. The binding energies of [bmim(GA)]™ — [BF4]~ ion pairs relative to free [BF4]~ anion and [omim(GA)]* cation are

i ; . _ ptot tot tot

shown in the last string (AEping = EE§mim(GA)]*—[BF4]’ — {E[l‘)’mim(GA)]+ + E[§F4]’])

Structure [BF4]~ . . _
Property [bmim]* conformers (T4 symmetry) ([[Z III;:;((?Q)]L _[[];315 4]],)

—[BF4
AA GA AG GG ‘open’ ‘closed’

E®™t a. u. —423.2667 —423.2658 —423.2655 —423.2645 —424.6797 —848.0771 —848.0773
AE®™t, k] mol ™ 0.00 2.36 3.15 5.78 -
B, Debye 5.76 496 5.30 478 - 13.06 13.09
AEping, kJ mol ™! (:gig:g) (:%%8:8)

the shortest F- - -H distances (i.e. H-bonds) are schematically
shown in Fig. 2.

The total energies and energy differences between
[bmim]* conformers and their dipole moments are found
in Table 1. According to the calculations, the AA conformer
has the lowest energy. The next three [bmim]* conformers
are +2.36, +3.15, and +5.78 k] mol~* for GA, AG, and GG,

Copyright © 2008 John Wiley & Sons, Ltd.

respectively. For comparison, using the same computational
level, the energy difference between the p and np [emim]*
conformers was +2.12 k] mol ™. It is important to note that
the difference in energy between cation conformers is only
on the order of the thermal energy (kT = 2.48 kJ mol™) at
room temperature. Therefore, all of these conformers are
likely to coexist in the liquid state.

J. Raman Spectrosc. 2008; 39: 793-805
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Figure 3. IR (a) and Raman (b) spectra of
1-butyl-3-methyl-imidazolium (curves 1) and
1-ethyl-3-methyl-imidazolium (curves 2) tetrafluoroborate ionic
liquids. Selected spectral regions in the Raman spectra of
[bmim][BF4] show the main differences compared to the
spectra of [emim][BF4] (The Raman intensities of high
frequency C—H stretching vibrations are divided by a factor 2).
This figure is available in colour online at
www.interscience.wiley.com/journal/jrs.

The ion-pair calculations indicate that the binding
energies of ‘closed” and ‘open’ models are quite large, very
similar, and somewhat lower than for the [emim]* — [BF,]~
pairs, indicating the lower ion pairing probability for an
increasing alkyl chain length of the imidazolium cation.
However, as shown in3%3! both the position and type of
anion have a significant influence. The optimal geometry of
[BF,]~ anions in pair models differs both from the gas phase
(T4q) and from the Cs, symmetry found in a [Li]* — [BF,]~
pair. For the gas phase Ty geometry, B-F bond distances
of 1.42 A were obtained. For the [Li]* — [BF;]~ model, the
optimized B-F distances were 1.34 and 1.45 A and the F~-B-F
angles were 102.3 and 116.0°. The B-F bond distances in
‘open” and “closed’ pair models ranged from 1.37 to 1.44 A

Copyright © 2008 John Wiley & Sons, Ltd.
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and from 1.38 to 1.44 A, respectively. The corresponding
F-B-F angles are in the ranges of 107.0-112.1° and
106.6-112.3° for ‘open’ and ‘closed’ pairs, respectively.

Atomic charge distribution

Atomic charges of the [bmim]™ cation conformers and
[bmim(GA)]* — [BF4]~ ion pairs are compiled in Table 2.
The positive charge of the imidazolium ring indicates a
predominant anion interaction site. A further analysis of
the atomic charges explains why the anion is located around
C;Hj; rather than C3Hj, or C4Hj3; most of the positive charge
is concentrated on the N,C;(H;1)N5 subgroup.®? The main
differences in atomic charge distribution between conformers
are observed between the GG, GA, and AG conformers
and the AA conformer. The more positive charge of the
imidazolium ring in AA is entirely due to the increased
positive charge on the N, atom. The first methylene group
of AA is approximately uncharged, due to the negative
charge of the C; atom, while positive for all other [bmim]*
conformers. On the contrary, the second CH, group of AA
is positively charged (due to the positive charge of Cg) while
a total charge closer to neutral was calculated for this group
in GG, GA, and AG conformers. These charge differences
may have profound effects on the vibrational spectra of
the different conformers and the anion arrangement in the
cation—anion pairs.

The atomic charge distribution of the [bmim(GA)]* —
[BF,]~ ion pairs and the [bmim(GA)]* cation differs both in
the imidazolium ring part and in all methylene groups. The
largest differences for the ring were observed for ‘open’ pair
model where the positive charge of both N atoms increases.
There are also large differences in the charges of the second
CH, groups: charge differences of —0.09 and +0.20 were
calculated for the Cg atom of ‘open’ and ‘closed” models,
respectively. Also these charge differences may be important
when elucidating the role of the different ion pairs to the
observed vibrational spectra.

Detailed IR spectroscopy study

The 400-1600 cm™" region

The calculated wavenumbers of [BF;]~ in Tq symmetry
together with the IR and Raman intensities are compiled in
Table 3. The calculated vibrational modes of the Cs, [Li]" —
[BF;]~ pair with a strong and directional interaction and
nonsymmetric [BF;]” in [bmim(GA)]" — [BF4]~ pairs are
also shown for comparison. The calculated IR spectra of
all four [bmim]* conformers are shown together with the
experimental spectrum of the [bmim][BF,] IL in Fig. 4(a). The
calculated IR spectrum for each of the [bmim]* conformers
agrees well with the experimental spectrum and only very
small differences among the [bmim]* conformers are found.
The main difference is the redistribution of mode intensities
at 624 and 653 cm~!. The band at 624 cm™~! can be assigned to
a mixture of out-of-plane ring bending and in-phase CH, (IN)
and CH;3(N) CN stretching vibrations (Table 4). This band is,
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Table 2. Atomic charges of the [omim]™ conformers calculated using CHELPG scheme. Values in brackets indicate the total

charges of the groups

[bmim]* [bmim(GA)]* — [BF4]™
Group/Atom GG AG AA GA ‘open’ ‘closed’
CH; (at ring) Cs —0.25 -0.22 —-0.19 -0.21 —0.24 —-0.20
Hiy 0.15 0.14 0.13 0.14 0.09 0.12
His 0.14 0.13 0.13 0.13 0.16 0.18
Hie 0.15 0.14 0.13 0.14 0.16 0.08
(Tot.) (0.19) (0.19) (0.20) (0.20) (0.16) (0.18)
Imidazolium ring Cr* —0.08 —0.08 -0.11 —0.05 —0.14 0.01
Hi 0.22 0.21 0.22 0.21 0.24 0.19
N, 0.07 0.08 0.21 0.09 0.27 0.12
Cs —-0.10 -0.13 -0.21 -0.13 -0.22 -0.23
Hi, 0.20 0.22 0.24 0.20 0.19 0.20
Cy —0.14 —0.14 —-0.10 -0.11 —-0.13 —-0.10
His 0.20 0.20 0.20 0.20 0.17 0.17
Ns 0.17 0.17 0.14 0.13 0.20 0.13
(Tot.) (0.53) (0.53) (0.60) (0.54) (0.58) (0.48)
CH, (I*) Cy 0.03 —0.01 —-0.23 —0.08 —-0.15 —0.14
Hiy 0.06 0.07 0.12 0.09 0.14 0.08
His 0.06 0.08 0.11 0.09 0.08 0.07
(Tot.) (0.15) (0.14) (—0.01) (0.10) (0.07) (0.01)
CH, (II"?) Cs 0.03 0.06 0.15 0.08 —0.01 0.28
Hio 0.04 —0.01 —-0.02 0.03 0.01 —0.02
Hyo —0.02 0.00 —0.02 —0.01 0.04 —0.05
(Tot.) (0.05) (0.05) (0.11) (0.09) (0.04) (0.20)
CH, (111¢) Co 0.19 0.14 0.19 0.20 0.26 0.13
Hy, —0.06 —0.01 —0.02 —0.05 —0.05 —0.06
Hy 0.00 0.00 —0.02 —0.02 —-0.10 0.00
(Tot.) (0.13) (0.13) (0.15) (0.12) (0.12) (0.07)
CH; (end) Cuo ~025 021 ~028 029 023 024
Has 0.08 0.05 0.09 0.07 0.06 0.06
Hosy 0.05 0.08 0.07 0.09 0.06 0.07
Hys 0.07 0.04 0.07 0.08 0.04 0.04
(Tot.) (—0.05) (—0.04) (—0.05) (—0.05) (—0.07) (—0.06)
BF, B 1.10 1.10
Foy —0.51 —0.47
Fog —0.47 —0.51
Foo —0.51 —0.49
F3o —0.51 —0.50
(Tot.) (—0.90) (—0.87)

from the calculations, found to be more intense for AG and
AA conformers. The band at 653 cm™! represents a mixture
of out-of-plane ring bending and CH3;(N) CN stretching
vibrations. A small feature at ~697 cm~! can be assigned
to the GG and GA conformers and a mix of out-of-phase
CH,(N) and CH;3(IN) CN stretching.

The most intense broad band with split peak positions at
~1015, ~1033, and ~1045cm™! is due to B-F stretching
vibrations of [BF4]~ anions. Only one asymmetric B—F

Copyright © 2008 John Wiley & Sons, Ltd.

stretching (T> mode) at 1031 cm™! exists for the tetrahedral
(T4q) anion (Table 3), indicating that interactions in the IL
result in distorted symmetry of [BF4]~ or a symmetric [BF4]~
in several environments. The former can be evaluated by use
of the cation—anion pair models. Using the [Li]* — [BF,]~
model, the degeneracy is partially removed and hence
two asymmetric B-F stretches (E + A; modes) are found
at924 and 1312 cm™! (Table 3). Therefore, the large deviation
in wavenumbers of asymmetric B-F stretching vibrations

J. Raman Spectrosc. 2008; 39: 793-805
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Table 3. The computed mode wavenumbers and the
corresponding IR and Raman intensities of [BF4]~ (T4
symmetry), [BF4]~ in [Li]T — [BF4]~ (C3y symmetry), and
nonsymmetric [BF4]~ in ion pairs

v, cm™t IR Km/Mole IR, A'/amu
[BE4]™ (Ta)
337 (E) v - 0.5
498 (T>) " 2.8 0.8
734 (Al) V1 - 3.2
1031 (T») vs 466.5 03
[Li]* — [BF4]™ (Csp)
347 (E) vy 02 04
503 (E) " 24 0.7
554 (A1) " 122 0.8
740 (A1) i 8.2 45
924 (E) vs 447.5 0.1
1312 (A1) Vs 417 0.1
[bmim(GA)]* — [BF4]~ (‘open’)
343 (A) vy 02 03
345 (A) v 0.1 0.3
497 (A) va 16 0.5
499 (A) va 34 0.6
508 (A) " 206 0.8
735 (A) " 95 34
954 (A) Vs 252.2 0.3
995 (A) Vs 281.3 0.6
1156 (A) vs 425.9 14
[bmim(GA)]* — [BF4]™ (‘closed’)
343 (A) vy 0.1 03
350 (A) vy 1.1 04
497 (A) " 1.7 0.4
500 (A) va 22 0.7
509 (A) " 145 04
737 (A) " 8.4 34
961 (A) Vs 155.1 0.4
1002 (A) Vs 302.1 0.3
1151 (A) vs 482.1 0.6

around 1031 cm™! can be a useful indicator of ion pairing in
ILs. Furthermore, the complex atomic charge distribution in
[bmim]* and H-bond interactions result in nonsymmetrical
geometry (all degeneracy is removed) of [BF,]~ anions in
[bmim]* — [BF4]~ pair models. However, the 3D-probability
distribution of C;* atoms in [bmim]* cations around a
[PF¢]~ anion obtained from molecular dynamics (MD)
simulations show a symmetrical character.® If it is also
true for our system, the symmetrical surrounding of anions
in [bmim][BF;] can keep most [BF]~ in T4 symmetry.
Figure 4(b) shows the calculated IR spectra of ‘open” and
‘closed’ [bmim(GA)]* — [BF,]~ pairs. The strong interactions
in these models (Table 1) should result in significant shifts of
the asymmetric B—F stretching vibrational modes. A similar
effect was found by Katsyuba et al.** for [emim]* — [BF4]~

Copyright © 2008 John Wiley & Sons, Ltd.
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ion pairs. Three IR modes at 954, 995, and 1156 cm~! and
at 961, 1002, and 1151 cm~! were calculated for ‘open” and
‘closed’ pairs, respectively. The modes at 954 and 961 cm™!
are assigned to mixtures of B-F stretching and out-of-
plane NC(H)N CH bending vibrations. The broad most
intense split band and the shoulders at 950 and 1115 cm™!
observed in the IR spectrum is thus in accordance with the
existence of a small amount of at least one type of strong
[bmim]* — [BF4]~ pair. However, the shoulder at 1115 cm™!
can also be related to the cation in-plane HCCH bending
mode (calculated ~1130 cm™!) (Fig. 4(a)). Thus, this IR region
cannot discriminate between ‘open’ and ‘closed” ion pairs,
but can predict that most [BF4]™ in ILs exist in a symmetry
lower than Ty.

One additional feature found in the calculated IR
spectra of cation—anion pairs is the blue shift of the mode
characteristic of out-of-plane ring NC(H)N CH bending
vibrations. The IR mode at ~824 cm™! calculated for the
[bmim(GA)]* cation and corresponding to the experimental
band at 848 cm ! is shifted to ~916 and ~913 cm™! for ‘open’
and ‘closed’” [bmim(GA)]* — [BF4]~ ion pairs, respectively
(Fig. 4(b)). Also, the IR mode at ~748 cm™! calculated for
[bmim(GA)]* and corresponding to the experimental band at
754 cm™! is red shifted to ~725 and ~730 cm™! for ‘open’ and
‘closed’ [bmim(GA)]* — [BF4]~ pairs, respectively. This band
is assigned to a mixture of out-of-plane HCCH and NC(H)N
CH bending vibrations. Both of these features are probably
related mainly to the F- - -H hydrogen bonds observed in the
pair models. However, our experimental results indicate no
similarly shifted bands.

High-wavenumber vibrations

Figure 5 shows the IR spectrum of [bmim][BF;] and the
computed spectra of [bmim(GA)]* and the [bmim(GA)]* —
[BF4]~ pair models. The vibrational modes above 3100 cm ™!
are assigned to ring C—H stretching vibrations, while modes
lower than 3000 cm™! originate from the alkyl chain. In the
spectrum of [bmim][BF,] there are two most intense bands
at ~3120 and 3160 cm ™!, the former with a low wavenumber
shoulder. However, the three computed IR modes character-
istic of ring C—H stretching vibrations of [bmim(GA)]* cation
are overlapping and only one broad band at 3185 cm™! in
the simulated spectrum is visible (Table 5, Fig. 5). For the ion
pairs, the C;—Hj; force constant is reduced and the NC(H)N
C-H stretching vibration is red-shifted yielding modes at
3162 and 3116 cm™! for ‘open’ and ‘closed’” [bmim(GA)]* —
[BF,]™ pairs, respectively. Also, it is important to note that
the IR intensities of such modes in cation—-anion pairs are
at least 6 times stronger for the ‘open” model (and 9 times
for ‘closed” model) compared to the corresponding band in
the cation (Table 5). Therefore, the experimental IR modes
at 3120 and 3160 cm™! can be interpreted as quasi-diatomic
NC(H)N C-H stretching vibrations of ‘closed” and ‘open’
pairs, respectively. In addition, the low frequency shoulder at
~3100 cm™! observed in the IR spectrum of [bmim][BF,] can
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Figure 4. IR spectra of [bmim][BF,4] together with the computed IR spectra of [lomim]* conformers (a) and [bmim(GA)]™ — [BF4]~ ion
pairs (b) # indicates anion contribution. This figure is available in colour online at www.interscience.wiley.com/journal/jrs.

indicate the presence of an additional type of cation—anion
pair (e.g. with opposite HCCH site for [BF4] ).

Detailed Raman spectroscopy study
Identification of bmim cation conformers
The calculated Raman spectra of different [bmim]*
conformers and the experimental Raman spectrum of
[bmim][BF,] are shown in Fig. 6. As evident from Fig. 3(b)
the region of 200-1200 cm™! should be useful for identifying
different [bmim]* conformers. Our tentative assignments of
the calculated modes of [bmim]* conformers and their corre-
lation with the experimental Raman spectrum of [bmim][BF,]
are found in Table 4. Earlier studies by Ozawa et al.!®> show
that the Raman spectra of [bmim][Cl] and [bmim][Br] crys-
tals can be very well reproduced by the calculated spectra
of AA and GA [bmim]* conformers. They found two char-
acteristic Raman bands of the [bmim][C]] crystal at 625 and
730 cm™! and three characteristic bands of the [bmim][Br]
crystal at 500, 603, and 701 cm™! to originate from the AA
and GA forms, respectively. Also, it was suggested that the
AA and GA cation conformers coexist in [bmim][BF,].
According to our calculated and experimental Raman
spectra inthe 200-1200 cm ™! region atleast four GG, GA, AG,
and AA [bmim]* conformers exist in [bmim][BF,] at room
temperature. The calculated Raman spectra show that all of
these conformers can contribute to the very intense 1023 cm ™!
mode characteristic of ring CH,(N) and CH3(N) CN stretch-
ing vibrations, but that most other modes are not found for all
conformers. As an example, the band observed at 325 cm™!
can be assigned to CH,(N), CH3(N) bending and CCCC
deformational vibrations of both GA (calculated 325 cm™!)

Copyright © 2008 John Wiley & Sons, Ltd.
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Figure 5. C—H stretching region of the IR spectrum of
[bmim][BF4] together with the computed spectra of ‘closed’
and ‘open’ [omim(GA)]* — [BF4]~ ion pairs and the
[omim(GA)]+ cation. The frequencies were corrected by an
empirical scale factor 0.97.
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Table 4. The correlation between experimental Raman modes of [bmim][BF4] and the calculated Raman active modes of different
[bmim]* conformers in the region 200-1200 cm~!

Ionic liquid structure

[bmim]* conformers: Tentative assignments Exp. Raman?

GG GA AG AA
325 316 b(CH3(N), CH,(N)), §(CCCC) 325 m
340 b(CH3(N), CH>(N)), b(CCCC) 352 w
416 b(CH;3(N), CH,(N), CHz) ~413 w
594 592 b(ring 0.0.pl.), viph. (CH2(N), CH3(N)) 600 m
627 626 b(ring 0.0.pl.), viph. (CH2(N), CH3(N)) 624 m
660 658 665 665 b(ring 0.0.pl.), v(CH3(N)) ~655 w
699 699 Vo.o.ph. (CH2(N), CH3(N)) 700 w
734 Vo.0.ph. (CH2(N), CH3(N)) ~735 vw
804 Vsym(chain CC), b; ph. (ring HCCH, NC(H)N o.0.pl.) 808 w
822 b ph.(ring HCCH, NC(H)N o.0.pl.), vsym(chain CC)
828 b . (ring HCCH, NC(H)N o.0.pl.), vsym(chain CC) 825 m
886 Vsym (CH2—CH,~CHj3 CCC) 883 m
919 Vsym (CHz—CH,-CHj; CCC) 905 m
949 Vo.o.ph. (N)CH2-CH,, CH,-CHj; CC) ~945 w
983 983 v((N)CH,-CH, CC) 975 m
1035 1037 v(ring CN i.pl. i.ph., CH>(N), CH,-CHj; CC) 1023 s
1038 1038 v(ring CN i.pl. i.ph., CH3(N))
1039 v(ring CN i.pl. 0.0.ph., CH3(N))
1039 v(ring CN i.pl. 0.0.ph., CH,(N), CH3(N)), v(CH,-CH3 CC)
1043 1044 v(ring CN i.pl. 0.0.ph., CH2(N)), vi ph. (N)CH>, CH,, CH3 CC)
1079 1062 1073 1057 Vasym (chain CCC) 1055 m
1104 1104 1104 1105 b((N)CHj3 CH), vasym(ring CN) 1092 m
1130 1128 v(CH=CH CQC)
1133 Vsym(chain CCC), v(CH=CH CC)
1133 Vsym(chain CCC) 1117 m
1152 1155 v(chain CC), b(butyl CH) 1130 m (sh)

b, bending; §, deformational; v, stretching; sym and asym, symmetric and asymmetric vibrations, respectively; i.pl., in-plane; 0.0.pl.,
out-of-plane; i.ph. and o0.0.ph., in-phase and out-of-phase vibrations, respectively.

2 Experimental Raman intensities (s: 0.5-1.0, m: 0.1-0.5, w: 0.05-0.1, vw: <0.05) were obtained from a spectrum normalized to the
most intense band (1023 cm™1).

Table 5. Calculated high-wavenumber C—-H vibrational modes (v, cm—"), IR ('R, km/mol) and Raman (IR, A*/a.m.u.) intensities of
[omim(GA)]*, and [bmim(GA)]™ — [BF4]~ ‘closed’ and ‘open’ ion pairs. The vibrational wavenumbers were corrected by an empirical
scale factor 0.97

v (GA) IR R Assignments v ‘open’ IR R v ‘closed’ IR R Assignments
3182 123 412 o.0.ph. HCCH 3162 1493 435 3116 2133  56.1 NCH)N

3186 228 242 NCH)N 3180 4.0 46.2 3181 41 46.7 o.0.ph. HCCH
3199 62 964 iph. HCCH + NCH)N 3198 0.5 101.8 3199 0.9 98.8 iph. HCCH + NC(H)N

i.ph. and 0.0.ph., in-phase and out-of-phase vibrations, respectively

and AA (calculated 316 cm™!) conformers (Table 4). The cor-
responding mode of AG is shifted to 340 cm~! and may
be related with the band observed at 352 cm™'. The GG
conformer does not contribute in this region.

The 600-700 cm™!
modes — each of them represents a group of two conformers.
There are two (GG and GA) contributors to the bands at

region has four vibrational

Copyright © 2008 John Wiley & Sons, Ltd.

600 and 700 cm™! and two (AG and AA) contributors to the
bands at 624 and 655 cm~!. A simple conclusion is that the
bands at 600 and 700 cm™! are indicative of G conformers
of C;—Cg and those at 624 and 655 cm™! indicative of A
conformers of C;—-Csg.

The presence of all the mentioned [bmim]* conformers
in [bmim][BF4] is first supported in the 800-950 cm ™ region.
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Figure 6. The Raman spectrum of [obmim][BF4] and computed
Raman spectra of [omim]* conformers. # and * indicate anion
bands and possible anion contribution, respectively. This figure
is available in colour online at
www.interscience.wiley.com/journal/jrs.

Here, four unique Raman bands are observed at 808, 825,
883, and 905 cm™!, characteristic of combinations of ring
HCCH, NC(H)N bending and alkyl chain CC stretching
vibrations of GG (calculated 804 cm™'), GA (822, 828 cm™),
AG (886 cm™!), and AA (919 cm™!), respectively. Moving to
higher wavenumbers, the band observed at 975 cm™! can be
correlated with the calculated modes at 983 cm™! for both GG
and AG, and thus the band is a sign of Cs—Cy G conformer.
The band at 1055 cm™! correlates with the calculated modes
at 1062 and 1057 cm™! for GA and AA, respectively, and is
thus a sign of Cs—Cq A conformer. The asymmetry at the high
wavenumber side of this peak may indicate a contribution
from the AG conformer (calculated 1073 cm™!) and in such
a case, the 1055 cm™~! band is a sign of an A conformer in
general. Finally, the intensity and sharpness of the band at
1117 em™ can be reproduced mainly by the AA conformer
(calculated 1133 cm™1), while all conformers can contribute
to the broad base of this band.

Apart from the intense bands, even the small features
observed in the 200-1200 cm™"! region can be explained using
the [bmim]* conformers. Thus, the experimental features at
413, 735, and 945 cm™! can be related with AG (calculated

Copyright © 2008 John Wiley & Sons, Ltd.
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416 cm™!), AA (calculated 734 cm™') and GG (calculated
949 cm™), respectively.

Population of bmim cation conformers

Using the four characteristic modes in the experimental
Raman spectrum and theoretical Raman spectra of different
[bmim]* conformers, it is possible to estimate the population
of each conformer.!®®® By a Gaussian multipeak fitting
procedure applied to the 780-920 cm™! spectral region in
the Raman spectrum of [bmim][BF,] (Fig. 6) the relative
amplitudes of the four vibrational modes were estimated.
The ratios between these peak amplitudes (Aj;, i, j = A,G)
were then corrected by the Raman cross-sections (oj;) using
ab initio calculations and by the multiplicity m; to obtain
the ratios between the populations of different [bmim]*

conformers, 1;;/n;;, and the relative fractions, n;;:
@:ﬂﬂ@, ij=A,G;
ni Ay o M
D _mj=naa+nGa+nagtigg =1 O

i\j

The calculated ratios and estimated fractions (1;) of
different [bmim]* conformers in IL at room temperature
have been collected in Table 6. It is known, however, that the
approach has some shortcomings; e.g. the Raman intensities
are for each selected conformer in vacuo (i.e. condensed
phase effects are neglected). But even if only approximate,
the obtained results show that almost half of the cations
in [bmim][BF,] occupy a GA conformation state (fraction
0.48). However, there are some differences compared with
the data presented in literature.® The fraction of anti (first
anti in our terminology) was there estimated to be 0.58
or 0.65 (Raman peak-area or peak-height). By summarizing

Table 6. Relative populations (nj) of different [omim]*
conformers in [bmim][BF,4] estimated using Raman
spectroscopy and ab initio calculations

A/ Aii 1/ i 1jj
AGA/AAA 1.83 VLGA/I’lAA 1.67 nga 0.48
AA(;/AAA 1.74 HAG/TZAA 0.61 NAG 0.17
AGG/AAA 1.03 I’IGG/I’IAA 0.23 nGcG 0.07

naa 0.28

Ajj, Aji—the amplitudes of peaks characteristic of different
[bmim]* conformers (GG — 808 cm™, GA —825cm™!, AG —
883 cm~!, AA — 905 cm™);

n;i/n;; — the ratios between the populations of different con-
formers: the following multiplicities of [bmim]* conform-
ers: AA—1, GA—2 (GMA,GTA), AG-2 (AG™, AG™),
GG -4 (G(+)G(+), G(_)G(_), G(+)G(_), G(—)G(+)) and Raman
mode intensities calculated ab initio (supporting informa-
tion): GG — 804.4 cm™!, GA - averaged of 821.5 and 828.3 cm™!
modes, AG — 886.4cm™~!, AA —918.8 cm™!, were used.

J. Raman Spectrosc. 2008; 39: 793-805
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populations of [bmim]* conformers (1144 + 1ag) our fraction
isonly 0.45. However, this is closer to the A fraction estimated
by Canongia Lopes et al.*® from the distribution of dihedral
angles of cations in [bmim][BF,] (040 and 0.38 for the
small and large MD simulation boxes, respectively). The
population of AG and GG conformers was found to be
0.17 and 0.08, respectively, consistent with the calculated
energies — both the AG and GG are high-energy conformers.

Identification of cation—anion pairs

As can be seen from Fig.7(a) the calculated Raman
spectra of the [bmim(GA)]* cation and the [bmim(GA)]* —
[BF,]~ ion pairs are very similar in the 400-1200 cm™!
region (apart from the [BF,;]- modes). However, in the
1200-1600 cm™! region, small differences in mode intensities
between the various models can be observed. Also in the
high wavenumber region of alkyl chain C-H stretching
vibrations (below 3100 cm™'), minor differences connected
mainly with red shifts of modes due to cation—anion pairs can
be observed (Fig. 7(b)). Alarger red shift of these modes in the
‘open’ cation—anion model compared with the ‘closed’ model
may be connected with increased cation—anion interactions.
However, clear assignments (i.e. ‘open” and ‘closed” models)
of the Raman modes in this spectral region cannot be
made. Additionally, a similar red shift as was detected by
IR spectroscopy for the modes characteristic of ring C-H
stretches (above 3100 cm ™) is here found for the broad band
at 3112 cm™!, probably shifted from the likewise broad band
centerd at 3174 cm™!. The calculated modes corresponding to

Ionic liquid structure

the 3174 cm~! experimental peak are found as doublets, very
similar for cation and cation—anion pairs (Table 5), while
the lower very broad band with maximum at ~3112 cm™~! is
probably due to the calculated modes at 3162 and 3116 cm ™!
of ‘open’ and ‘closed’ ion pairs, respectively. The latter two
bands are also found to have a strong IR intensity.

DSC and temperature-dependent Raman spectroscopy
studies

In order to determine the most stable [bmim]* conformer, a
Raman temperature study was undertaken. However, first a
calorimetric study must be made to ensure thata temperature
interval can be chosen such that no phase transition
disturbs the measurement. A melting point of 198.2 K and
a degradation temperature of 680 K have previously been
reported for [bmim][BF;].5 No features characteristic of
the formation of crystalline domains in [bmim][BF,] were
found in the entire DSC trace (Fig. 8). The glass transition
temperature (T,;) was found to be 189.7 K (—83.5°C). Thus,
we could safely perform a Raman temperature study in the
interval 210-650 K. However, an upper limit of 448 K was
chosen for practical reasons.

As discussed above in the Raman section, the
800-950 cm ™! region contains four bands at 808, 825, 883,
and 905 cm™! characteristic of the GG, GA, AG, and AA
[bmim]* conformers, respectively. Using these unique bands
temperature-dependent Raman spectroscopy was used to
probe the concentration changes of the [bmim]* conformers
in [bmim][BF,].

[bmim][BF,]

"closed"

Raman intensity

[bmim(GA)]*

]

[oo]
] (b)
3\

[bmim][BF,]

3112
3174

2905

"closed"

2922

[bmim(GA)]*

400 600 800 1000 1200 1400

1600

2800 3000
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Figure 7. Selected 400-1600 cm~" (a) and high frequency (b) regions in the Raman spectrum of the [bmim][BF4] ionic liquid, and the
computed spectra of ‘closed’ and ‘open’ [omim(GA)]* — [BF4]~ ion pairs, and the [omim(GA)]* cation. In 7(b), frequencies were

corrected by an empirical scale factor 0.97.
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Figure 9. Temperature-dependent Raman spectra of

[bmim][BF4]. The spectra have been normalized to the
1023 cm~" mode.

No significant changes were possible to detect on heating
the sample from ~295 (room temperature) to 348 K, and
on increasing the temperature further to 448 K, only a
negligibly small decrease in the intensity of the 825 cm™!
band was detected (not shown). However, when decreasing
the temperature from ~295 to 210K, differences in the
Raman spectra were clearly observed (Fig. 9). The intensity,
normalized using the 1023 cm™! band, of the modes at 825,
905, and 1055 cm™! characteristic of the two most stable
conformers of [bmim]*: GA and AA, clearly increase in the
low temperature spectrum. Thus, the computed stability of
these conformers is further supported experimentally.

CONCLUSIONS

We have shown that the conformational isomerism of
[bmim]* in the [bmim][BF,] IL can be studied in detail using
a combination of vibrational spectroscopy and first-principle

Copyright © 2008 John Wiley & Sons, Ltd.

JRS

calculations. Especially, Raman spectroscopy has proven the
existence of unique [bmim]* conformers.

The presence of four [bmim]* conformers at room-
temperature was firmly established by four unique Raman
modes at 808, 825, 883, 905 cm~! characteristic of the GG,
GA, AG, and AA conformers, respectively. The estimated
fractions of conformers were found to be 0.48, 0.28, 0.17, and
0.07 for GA, AA, AG, and GG, respectively. Furthermore, the
temperature-dependent Raman studies result in increasing
intensities with decreasing temperature for modes due to
the computationally most stable conformers, AA (0) and GA
(+2.36 k] mol ™).

Taking also the cation—anion interactions into account
via [bmim]* — [BF4]~ ion pairs, it is possible to explain
the structural origin of the broad B-F stretching vibrations
and the features in the high-wavenumber region of ring
C-H stretching vibrations observed in the IR and Raman
spectra. Thus the IL is considered to be a mix of cation
conformers as well as a mix of ion pairs. The ion pairs do
bring a strong improvement compared to the use of only
the free ions as models but, in future, it will be important to
consider more realistic models involving ionic clusters for a
better representation of the IL local electric field and H-bond
network.

Supplementary material

Supplementary electronic material for this paper is available
in Wiley InterScience at: http://www.interscience.wiley.
com/jpages/0377-0486/suppmat/
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