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Abstract

An overview of recent structural studies on alkylimidazolium-based salts containing fluoroanions is presented. Alkylimidazolium cations have
been most extensively used for syntheses of ionic liquids (room temperature molten salts) because they usually exhibit low melting points, low
viscosities and high conductivities. This review mainly focuses on structures of alkylimidazolium-based salts combined with a fluorocomplex
anion ((FH),,F~, BF,, PFs~, AsF¢ ™, SbF¢, NbFs~, TaFs ), N(SO,CF;),™ (TFSI ™) and OSO,CF; . The first part describes crystal structures of
these salts and the second part describes computational, spectroscopic and diffraction studies on their liquid structures. Related studies on ionic
liquids of non-alkylimidazolium cation and non-fluoroanion are also briefly summarized.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

More than 10 years have passed since the term of ionic
liquid was widely accepted. The initial report in this field, the
discovery of ethylammonium nitrate (mp 285 K) by Walden
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in 1914, did not attract much attention [1]. In the 1970s and
80s, halogenoaluminate ionic liquids were studied mainly for
electrochemistry [2-5]. In the 1990s, a number of moisture-
stable ionic liquids, most containing fluorine, were synthesized
and characterized [2,6—15]. Since ionic liquids are nonvolatile
at ambient conditions, nonflammable and ionically conductive
in wide temperature range, the use of ionic liquids immediately
spread into various fields in electrochemistry [6,7,16],
synthetic and catalytic chemistry [2,8—15]. Today, the term
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Fig. 1. Structure of alkylimidazolium cation.

“ionic liquid” is analogous to the terms ‘‘room temperature
molten salt” or “ambient temperature molten salt” usually
containing an organic cation. However, previously ‘“ionic
liquid” meant ‘“liquid made of only ions regardless of
temperatures’ [17,18].

Among the organic cations known to form ionic liquids,
alkylimidazolium cations have been studied the most in detail.
This is because alkylimidazolium-based salts usually exhibit
low melting points and low viscosities that normally lead to
high conductivities. These excellent properties of alkylimida-
zolium-based salts are often explained by charge delocalization
on the aromatic five-membered ring (Fig. 1).

Various ionic liquids containing fluoroanions are compre-
hensively reviewed in a recent paper by Xue et al. [8]. The
higher stability of fluoroanion-based ionic liquids in air enables
their use in various fields. The partial structures of ionic liquids,
often discussed in terms of “ion pair” or ‘“‘aggregate” of
molecular level, give plausible explanations for physical
properties, electrochemical processes and various reactions
that take place in ionic liquids. The invention of the ionic liquid
containing a fluoroanion, EMImBF, (EMIm = I-ethyl-3-
methylimidazolium), was made in 1992 [19] and therefore
their structural characteristics have been rapidly reported for
the recent 10 years. This review is focused on structural
characteristics of alkylimidazolium-based salts especially
containing fluoroanions.

2. Crystal structures of alkylimidazolium-based salts
containing fluoroanions

One of the common approaches to study the structure of an
ionic liquid is to start from its solid-state structure. Table 1 gives
selected crystallographic data and melting points of fluoroa-
nion-containing alkylimidazolium salts. Abbreviations for the
names of the ion used in the present review are also summarized
in the footnote of Table 1.

2.1. Fluorocomplex salts

As is found in some literature, alkylimidazolium salts of
naked fluoride ion, F~, have been reported to be unstable at
ambient conditions [20-22]. The monohydrate salt,
BMImF-H,O (BMIm = 1-butyl-3-methylimidazolium), was
obtained as a crystalline decomposition product from the

hydrolytic degradation of BMImPF¢ [23]. In BMImF-H,O0,
BMIm* cations associate as dimers via overlapping alkyl tails,
making up parallel sides of a box. Hydrogen bonds are observed
between the hydrogen atoms of the cation or HO and F.

For the salt DMImPFg (DMIm = 1,3-dimethylimidazolium),
the DMIm cations form a weakly hydrogen bonded zigzag
chain motif via methyl hydrogen atoms and m-electron [24].
Hexafluorophosphate anions are located between these chains
with closest contacts to the methyl hydrogen atoms. The
structure of DMImPF4-0.5C¢Hg (benzene) isolated on cooling
the molten 1:2 DMImPFgs—benzene liquid contains a three-
dimensional hydrogen bonding network in which isolated
benzene molecules are contained [24]. The structure of
DMImPF¢-benzene mixtures in the liquid state was studied
by neutron diffraction based on this result [25].

Structures of a series of EMIm fluorocomplex salts have
been successively reported after the initial structural report on
EMImPF¢ [26]. Fig. 2 shows the layered structure of
EMImFHF which contains the smallest fluorocomplex anion
FHF ™ in the series [27], and was studied as a structural model of
a series of highly conductive ionic liquids, RMIm(FH), ;F
(RMIm: 1-alkyl-3-methylimidazolium) [28-32]. The flat
imidazolium rings are stacked and arranged in parallel with
the interlayer distance of 3.376 A which is close to the van der
Waals layer separation found in the graphite structure (3.35 A).
In each layer, very short hydrogen bond distances between the
H atom of the cation ring and the F atoms of the anion (1.951,
2.166 and 2.226 A) are observed. They are comparable to those
observed in BMImF-H,0 (1.96, 2.07, 2.31 and 2.44 A) [23]. A
similar layered structure with an interlayer distance of 3.381 A
was reported for EMImNO, that contains slightly bigger
and bent ONO™ anion [19]. In the EMImBEF, structure,
EMIm cations form a pillar with the 3-carbon of the ethyl
group sticking out of the imidazolium-ring plane [33,34].
The H(methylene)- - -7 interaction sustains the cation—cation
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Fig. 2. Layered structure of EMImFHF viewed perpendicular to the b-axis [27],
reproduced by permission of Elsevier.
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Table 1
Structural parameters and melting points of alkylimidazolium salts containing fluoroanions
Salt® Cell parametersb T, (K)° References
S.G. V (A% z D, (gem™>) T (K)
DMIm*PF,~ Pbca 1894 8 1.698 173 - [24]
DMIm*PFs-0.5C¢H P2,/c 1176.2 4 1.588 150 - [24]
DMIm*TFSI™ P-1 1417.0 4 1.769 173 295 [55]
EMIm*FHF~ P2,/m 395.09 2 1.262 298 324 [27]
EMIm*BF,~ P2i/c 906.8 4 1.450 100 288 [33]
P2,/n 929.68 4 1.41 173 271.7 [34]
EMIm*PFs~ P2/c 1092.02 4 1.558 283-303 333 [26]
EMIm*AsFg~ P2,/c 1123.04 4 1.775 298 326 [21]
EMIm*SbF,~ P2,/c 1138.8 4 2.024 200 283 [21]
EMIm*NbFg~ P2,2,2, 1124 4 1.880 200 272 [33]
EMIm*TaFs P2,2,2, 1124.9 4 2.398 200 275 [33]
EMIm*Li*, (TFSI); P2,/c 3561.2 4 1.801 298 - [59]
EMImTFSI-CgHg P2,/n 1989.6 4 1.567 110 288 [57]
BMIm*F~-H,0 P2,2,2, 995.7 4 1.176 173 - [23]
BMIm*PF,~ P-1 610.2 2 1.55 180 274.9 [34]
P-1 604.96 2 1.560 173 284 [36]
BMIm*OSO,CF;~ P2,/n 2883.2 8 1.33 200 279.7 [34]
BMIm"BARF~ P2,/n 8625.3 8 1.544 200 375-377 [61]
PNMIm*PF4~ P-1 597.1 2 1.642 140 348 [41]
PNDMIm*PFg~ P-1 650.7 2 1.578 140 358 [41]
BDMIm*BF,~ P2,/c 2491.79 8 1.307 213 312.8 [37]
BDMIm*PF4~ Cc 1310.4 4 1.512 213 313.0 [37]
BDMIm*SbFs~ P2,/n 1457.27 4 1.773 293 317.5 [37]
TEIm*TFSI™ P2,/n 1803 4 1.597 173 330 [55]
DBIm*OSO,CF;~ Pbca 3240.9 8 1.354 150 - [60]
Me;NBH,MIm™TFSI™ P-1 922.0 2 1.564 173 333.2 [54]
EtOC(O)CEtIm*TFSI~ P2,/c 1871.91 4 1.644 223 318 [58]
EMBzIm*TFSI~ P2,/n 2061 4 1.552 295 323 [53]
(DMImMCp),Fe**(PFg ), P-1 641.6 1 1.797 84 Dec. [42]
DisoPDMIm*BF,~ P452,2 1416.9 4 1.257 293 410 [186]
(MBz),Im*BF,~ P2,2,2, 1801.85 4 1.343 150 383 [39]
(MBz),Im*PF¢~ P2,2,2, 1916.40 4 1.464 100 381 [39]
C,MIm*PFs~ P2,/a 2000.7 4 1.32 123 333 [43]
C4MIm*PF4~ P2/a 2204.84 4 1.279 175 348¢ [44]

* DMIm: 1,3-dimethylimidazolium, EMIm: 1-ethyl-3-methylimidazolium, BMIm: 1-butyl-3-methylimidazolium, PNMIm: 1-methyl-3-propylnitrileimidazolium,
PNDMIm: 1,2-dimethyl-3-propylnitrileimidazolium, BDMIm: 1-butyl-2,3-dimethylimidazolium, TEMIm: 1,2,3-triethylimidazolium, DBIm: 1,3-di-fert-butylimi-
dazolium, Me;NBH,MIm: (N-methylimidazole)(trimethylamine)boronium, EtOC(O)CEtIm: 1-(1-(R)-ethoxycarbonyl-ethyl)-3-methyl-imidazolium, EMBzIm: 1-
ethyl-2-methy-3-benzyl-imidazolium, (DMImMCp),Fe: 1,1’-bis{[1-(2,3-dimethyl)imidazolium]methyl}ferrocene, DisoPDMIm: 1,3-di-iso-propyl-4,5-dimethyl-
imidazolium, (MBz),Im: 1,3-di-R-(+)-methylbenzyl-imidazolium, C;,MIm: 1-dodecyl-3-methylimidazolium, C;4MIm: 1-methyl-3-tetradecylimidazolium, TFSI:
bis(trifluoromethylsulfonyl)amide and BARF: tetrakis(3,5-bis(trifluoromethyl)phenyl)borate.

® S.G.: space group, V: cell volume, Z: number of formula units in the unit cell, D.: density calculated from cell parameters, T: data collection temperature and Ty,

melting point.
¢ Dec.: decomposition without melting.
4 Crystalline to smectic phase transition.

interactions with a contact distance of 2.86 A between the H
atom in methylene group and the imidazolium ring centroid. A
similar H(methylene)- - -7 contact (2.86 10\) was also found in
the (EMIm),PtClg structure [35]. Tetrafluoroborate anions also
form a pillar along the b-axis. For EMIm salts of hexafluor-
ocomplex anions, EMImASsF¢ and EMImSbFg are isostructural
with EMImPFg [21,26], whereas EMImNbFs and EMImTaF
exhibit a different structure [33]. Fig. 3 shows the ion packings in
EMImAsFs and EMImNbFg. In the EMImASsFg structure,
EMIm* and AsFs~ stack alternately along the b-axis to form
pillars. On the other hand, in the EMImNDbFg structure, the anion
appears in a zigzag arrangement along the a-axis where the
nearest fluorine atoms have a distance of 3.441 A (for F5- - -F2)
and the cations adopt a pillar-like stacking along the same axis.

Hydrogen bonds often play an important role in melting points of
organic compounds. For the EMIm salts of fluorocomplex anions
above, in spite of closer H---F contacts in EMImNbFg and
EMImTaFg than those in EMImPF,, EMImAsFs and
EMImSbFg, the melting points of the former two compounds
are much lower than those of the latter three compounds.
EMImBF, also exhibits a low melting point despite relatively
strong hydrogen bonds in its lattice. These observations suggest
that the strength of hydrogen bonding is not always a decisive
factor in their melting points.

Currently, only one crystal structure of a BMIm fluor-
ocomplex salt is known [34,36]. The compound BMImPFj,
whose structure has been most extensively studied by various
methods, contains two types of interplanar arrangements of
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Fig. 3. Molecular packing in the structures of: (a) EMImNbFg and (b) EMImASsFg [33], reproduced by permission of Elsevier.

imidazolium cations. In one set, the butyl groups point into the
space between the imidazolium rings, and in the other they
point outwards. These pairs propagate continuously in the
BMImPFg structure. There are no close m—m interactions
between the imidazolium rings. The PFg anions are positioned
close to the imidazolium rings and lie in the channels between
the imidazolium rings and butyl chains. Existence of some
hydrogen bonding was confirmed between H atoms of the
cation and F atom of the anion in the lattice.

Crystal structures of a series of BDMIm (BDMIm = 1-
butyl-2,3-dimethylimidazolium) salts combined with BF, ",
PFs~ and SbFg  were determined as structural models for
ionic liquids [37]. In BDMIm®*, a methyl group is substituted
for the most acidic C2 hydrogen atom. All three salts have
significantly different structures and BDMIm™ adopts differ-
ent conformations in the different compounds with respect to
the butyl chain that sticks out of the plane of the imidazolium
ring. In BDMImBF,, both the two crystallographically
independent BF, anions are disordered at 213 K. This
structure is composed of two different types of double layers.
The anionic parts of these two layers are very similar, whereas
the cationic part is markedly different. None of the hydrogen
atoms within the imidazolium ring shows an orientation,
which would suggest hydrogen bonding to the F atom of BF, .
The crystal structure of BDMImPFg is composed of
alternating layers of cations and anions along the crystal-
lographic (0 11) plane. All imidazolium ring planes are
coplanar and all butyl chains aligned in one direction; both
roughly parallel to the a-axis. The PF¢ ™ is ordered at 213 K but
disordered at 298 K. In its ordered state, it is surrounded by six
cations with the centers forming a distorted trigonal prism. No
disorder is observed for the BDMImSbF¢ structure even at
ambient temperature. The cation and anion arrangement in
BDMImSDbF is reminiscent of NiAs-type structure, with the
SbFg anions surrounded by six nearest neighbor cations in a
distorted trigonal prismatic coordination and the cations
surrounded by six SbFg anions in a distorted octahedral
arrangement. There are no short contacts between carbon

atoms of the butyl chains, and thus short-range repulsive
interactions between the cations are further diminished with
respect to the PFg salt. The structures of BDMIm salts of other
non-fluoroanions, as well as their hydrogen bonding proper-
ties, has been discussed previously [38].

Solid-state structural models for ionic liquids containing
fluorocomplex anions have also been reported for (MBz),Im
(MBz),Im = 1,3-di-R-(+)-methylbenzyl-imidazolium)  salts
[39]. Crystallographic structures of the two salts (MBz),ImBF,
and (MBz),ImPF¢ are similar, where the cation is surrounded
by six anions in both the salts. These structures resemble the
BMImBPh, (BPh, = tetraphenylborate) structure [40]. As
shown in Fig. 4, the cations form a network structure in the
lattice, and the anions align as chains along the a-axis for
(MBz),ImBF, and along the b-axis for (MBz),ImPFg. The BF,4
salts has slightly longer C-H- - -F bonds with respect to the
PF¢, while in the PFg salt the C—H donors are directed more
linearly toward the F atoms. There are hydrogen bonds between
the methyl group of the benzylic moiety and the F atoms in both
salts. It was suggested that the general structural organization of
the dialkylimidazolium salts in the solid state can be
represented as {[(DAI)3(X)]2+[(DAI)(X)3]27}n, where DAI is
the dialkylimidazolium cation and X is the anion.

A series of alkylimidazolium salts with a nitrile functional
group added to the alkyl side-chain were reported, where crystal
structures of two PF¢ salts, PNMImPFs (PNMIm = 1-methyl-3-
propylnitrileimidazolium) and PNDMImPFg (PNDMIm = 1,2-
dimethyl-3-propylnitrileimidazolium) were determined [41].
The compound PNMImPFg contains a short H---F contact
of 243 A at C2 and some other weaker hydrogen bonds.
The PNDMImPFg salt also contains a short H- - -F contact of
249 AatC5 although PNDMImPF¢ does not have the acidic C2
hydrogen atom.

Among a series of ferrocene-containing ionic liquids, the
crystal structure of (DMImMCp)2Fe2+(PF6_)2 (DMImMCp),
Fe’* =1, 1’-bis{[1-(2,3-dimethyl)imidazolium]methyl } ferro-
cene) was determined as a structural model of them [42]. In
(DMImMCp)zFezJ'(PF{)z, the Cp-Fe—Cp angle is 180° and
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Fig. 4. View of the crystal structure of: (a) (MBz),ImBF, along the b-axis and
(b) (MBz),ImPFg along the c-axis [39], reproduced by permission of American
Chemical Society. Hydrogen atoms are omitted for clarity; BF, and PFq are
shown as tetrahedra and octahedra, respectively.

the substituents on the Cp ring have a trans-arrangement. The
PF¢ ™ is separated from the ferrocenyl cation in the lattice.
One of the interesting applications of ionic liquids is their
use as liquid crystalline materials [43—47]. Crystal structures of
dialkylimidazolium salts with long alkyl side-chains provide
structural models for ionic liquid crystals. The crystal structure
of C,MImPF¢ (C;,MIm = 1-dodecyl-3-methylimidazolium),
which was reported in the study on a series of alkylimidazolium
and alkylpyridinium-based ionic liquid crystalline materials,
consists of discrete cations and anions separated by at least van
der Waals distances [43]. The straight chain of the alkyl group is
disrupted close to the ring where it adopts a bent conformation
and exhibits a ‘“‘spoon-shaped” structure. The chain config-
uration and the lack of any disorder in the structure appear to be
consequences of the interdigitated molecular packing. As is
often found for liquid crystalline salts, sheets of imidazolium
rings and PFg anions are separated by alkyl chains parallel to
each other (Fig. 5) with a spacing of 22.197(4) A between the
layers. According to X-ray powder diffraction studies for
RMImPF¢ (R =Cy,, Cy4, Ci¢ and C;g, where the subscript
number represents the number of carbon atoms in the alkyl
chain), a layered structure dominates them and the interlayer
distance increases regularly with increasing length of the alkyl
chain. Subsequent studies have revealed that C;,MImPF¢ has a

Fig. 5. Overall structure of C;,MImPF¢ showing the interdigitation and the
tilted alkyl chains [43], reproduced by permission of The Royal Society of
Chemistry.

similar structure to C;,MImPF¢ and a phase transition occurs at
278 K [44]. The phase transition does not involve a major
structural change but is largely marked by an increase in the
degree of motion in the anion and the alkyl chain on the cation.
Studies on ionic liquid crystals were summarized in a recent
review [47].

2.2. N(SO,CF3),~, OSO>CF;~ and BARF~ salts

Anions containing trifluoromethyl groups, N(SO,CF3),,
OSO,CF;~ and BARF~ (BARF = tetrakis(3,5-bis(trifluoro-
methyl)phenyl)borate), have been used to synthesize ionic
liquids and this section summarizes the crystal structures of
alkylimidazolium salts containing these anions. The bis(trifluor-
omethylsulfonyl)amide anion (N(SO,CF3), ™ or TFSI ™) has been
used as a counter ion of lithium salt, LiTFSI [48], an electrolyte of
lithium (ion) batteries. It is one of the most popular anions for
syntheses of ionic liquids that gives hydrophobic salts with low
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melting points, low viscosities and high electrical conductivities.
The hydrophobicity is one of the important properties for non-
distillable ionic liquids, which makes purifying and drying easier
by solvent extraction. A series of alkylimidazolium salts
combined with TESI™ were first reported in 1996 [49], followed
by various TFSI™ -based ionic liquids [50-52].

The compound, EMBzImTFSI (EMBzIm = 1-ethyl-2-
methyl-3-benzyl-imidazolium), is the first TFSI salt, which
is related to ionic liquids whose structure has been determined
by single-crystal X-ray diffraction [53]. In the EMBzImTFSI
structure, TFSI™ takes a frans-conformation and no strong
hydrogen bonds between the cation and anion are observed.
The S-N bond lengths of the anion in EMBzImTFSI (1.56—
1.57 A) are significantly shorter than typical S—N single bonds
(~1.75 A) as a result of the S—-N-S charge delocalization.
The key feature of this anion in promoting a low melting
point in its compounds, concomitant with high fluidity, seems
to be this charge delocalization coupled with the lack of
hydrogen bonding. As in the case of EMBzImTFSI, the
Me;NBH,MImTFSI (Me;NBH,MIm = (N-methylimidazole)
(trimethylamine)boronium) contains disordered TFSI anions
in the frans-conformation and only weak intermolecular
contacts in the lattice [54]. This is the first structural model of
(N-alkylimidazole)(amine)boronium-based ionic liquids.

In DMImTEFSI, both the two crystallographically distinct
TFESI anions adopt a cis-conformation [55]. The crystal lattice
of DMImTFSI consists of alternating two-dimensional sheets
with an —AA-B—AA- pattern. These sheets are comprised of
charge-bearing double layers of cations and anions separated by
fluorous regions formed by the CF3 groups on the anions. In the
charged planes, the TFSI™ is hydrogen-bonded to three
equatorially arrayed 1,3-dimethylimidazolium cations through
C-H-- -0 and C-H- - -N contacts (Fig. 6) and to an additional
imidazolium cation below each anion. Another structural
model for TFSI-based salts is TEImTFSI (TEIm=1,2,3-

¢

Fig. 6. Cation- - -anion hydrogen bonding in DMImTFSI, showing the three in-
plane cations surrounding each anion resulting in the cis-anion conformation
with all the CF; groups in each hydrogen-bonded sheet projecting from the
same side of the layer [55], reproduced by permission of The Royal Society of
Chemistry.

triethylimidazolium). The TEImTESI structure consists of
alternating layers of TEIm* cations and trans-TFSI anions with
only weak cation—anion interactions [55]. The cis-conforma-
tion of TFSI™ has a higher energy than the frans-conformation
and therefore observed only in compounds where strong
interaction between the cation and anion forces this conforma-
tion [55,56]. In DMImTFSI, hydrogen bond between ring
hydrogen atoms of the cation and O atoms of the anion
stabilizes the cis-conformation of the anion. The compound
TEIMTFSI contains fewer hydrogen bonds than DMImTFSI
and the cation adopts a trans-conformation.

An equimolar inclusion compound obtained from the
mixture of EMImTFSI and benzene, EMIMTFSI-C¢Hg, was
characterized by single-crystal X-ray diffraction [57]. The
interactions between the anion and the benzene molecule occur
mainly between the hydrogen atoms of benzene and the oxygen
atoms of the sulfonyl groups of the TFSI ™. Interactions with the
fluorine atoms of the anion are also present at a lesser extent. As
in the case of DMImPFg, the anions cluster around the benzene
molecule mainly in the plane of the aromatic ring and the
interactions between the anion and benzene occur in that plane.
The interactions between the imidazolium cations and benzene
are mainly w—m interactions between aromatic rings. The
interactions between the acidic hydrogen atoms in the cation
and the m-electrons of benzene also exist, i.e. the cations
occupy positions above and below the plane of the benzene
aromatic ring. Some parts of this crystal structure resemble the
structure of DMImTFSI shown above. However, the ionic
network is more expanded in the case of the inclusion
compound (it has to accommodate benzene molecules).
Nevertheless, it manages to preserve a significant amount of
its ion pair interactions.

The TFSI salt, EtOC(O)CEtImTFSI (EtOC(O)CEtIm = 1-
(1-(R)-ethoxycarbonyl-ethyl)-3-methyl-imidazolium), is the
first structural model of chiral ionic liquids [58]. Interestingly,
a complete racemisation was observed for this compound. The
TESI™ adopts a cis-conformation and two [3-carbon atoms of
the cation stick out of the imidazolium plane. Cations are
surrounded by three TFSI anions and interact to the anions
through some strong hydrogen bonds between hydrogen atoms
of the cation and O or N atoms of the anion.

The crystal structure of Li,(EMIm)(TFSI); was determined
as a structural model for ionic liquid electrolytes for lithium
(ion) batteries [59]. Two of the three TFSI anions have cis-
conformations and the third anion shows a trans-conformation.
Both the crystallographically independent Li cations are
trigonal-bipyramidally coordinated by five oxygen atoms of
the anions, and no coordination by other atoms, such as
nitrogen, is observed. The complicated Li: - -O local interac-
tions form a two-dimensional network and EMIm™ occupies a
space in the network structure, weakly interacting with the
anion. As a result of Li'—TFSI ™~ interactions, fluorine atoms on
the CF; group form a so-called fluorous region.

Two examples of the crystal structures of alkylimidazolium
salts containing the triflate anion (OSO,CF3 ™) were reported. In
the layered structure of BMImOSO,CF; [34], the imidazolium
ring of the cation and the SO3-group of the anion are connected
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by hydrogen bonds to form a two-dimensional NaCl-like
arrangement in each layer. The butyl group of the cation and the
CF; group of the anion protrude out of the layer to the same
direction. The butyl and CF; groups of the adjacent layer stick
out to the opposite direction. Therefore, this structure contains a
hydrophobic layer of the butyl and CF; group sandwiched
between the two layers. The structure of DBImOSO,CF;5 (1,3-
di-tert-butylimidazolium) obtained by the reaction of [Zn(z-
BuNCHCHN-#-Bu),](OSO,CF3), and methanol was also
reported [60].

The BMImBAREF is a dialkylimidazolium salt containing
tetraarylborate anion [61]. There is a typical disorder in the
trifluoromethyl groups in the BARF . The n-butyl chain of the
imidazolium cation is also disordered. There appears to be no
hydrogen bond interactions between the H atom of cation and
the m-electron of BARF™. Unlike BMImBPh,, the bulky
trifluoromethyl moieties prevent the anion and cation from
coming into close enough proximity for such interactions to
occur [40].

2.3. Related studies

Structural studies of alkylimidazolium salts containing non-
fluoroanions are briefly summarized here. Crystal structures of
some halide salts, often used as starting materials to synthesize
ionic liquids, have been determined [38,62—71]. Structures of
alkylimidazolium chlorocomplex and oxychlorocomplex salts in
the solid state are known; AICl,~ [72] C0C1427, NiCl42* [73],
PtCl,>~, PtClg> ™, IrCls> ™ [35], PACl,>~ [74], PACL*~-H,O [75],
[SnCl; J[CI7] [76], AuCl,~ [77], LaClg>~ [78], [FeCl,*"]
[FeCl, 1, [38], CusCls~ [79], BiCl,~ [80], VOCl,> [81],
UCls*~ and UO,Cl,>" [82]. Structural data of the alkylimida-
zolium salts of the following anions, AlBr,~ [65], RuzBr93_ [83],
Ag(CN), [84], NO;,NO, [19], CH3SO,  [85], HSO;™ [38]
RB;X,,H,  (R: alkyl, X: Br or I) [86], SO,* -H,0 [19], S,
O, [87], BPhy~ [39,40], UO(NOs),>~, [{UO5(NO3),}a(p-
C0)17",  [{UOx(NO3):}2(p-C20.)° NO;~  and  [{UO,
(NO3)2}Z(M—C204)]2_-(ethanenitrile) [88] are also available.

Nonaromatic heterocyclic cations, such as alkylpyrroli-
dinium and alkylpiperidinium as well as linear tetra-
alkylammonium, have attracted attention due to the needs
of more chemically and electrochemically stable compounds
[16,89-91]. Compared to the cases of aromatic cations,
nonaromatic cation-based salts generally exhibit higher
melting points. However, room temperature ionic liquids
are obtained when they are combined with some suitable
anions such as TFSI". Some nonaromatic cation-based salts
of PF¢™ [92], TFSI™ [93,94], N(SO,CHj3),  [95] and SCN™
[96] related to ionic liquids are characterized by single
crystal X-ray diffraction.

3. Computational, spectroscopic and diffraction studies
on liquid structures of alkylimidazolium-based salts
containing fluoroanions

In order to gain insight into liquid structures of ionic liquids,
the solid-state structures of related compounds are studied. A

number of computational, spectroscopic and diffraction studies
have also been conducted on ionic liquids by many groups.
Since an ionic liquid usually contains a large organic cation,
which is not in a simple spherical shape, local ion-ion
interactions in the liquid state are not straightforward. Table 2
summarizes the computational, spectroscopic and diffraction
studies on ion—ion interactions and liquid structures of
alkylimidazolium-based ionic liquids containing fluoroanions.
Abbreviations for the names of ions, which do not appear in
Table 1 are given in the footnote of Table 2.

3.1. Computational approaches

Molecular dynamics (MD) and Monte-Carlo simulations
are popular methods to study the structures of ionic liquids.
Although these studies usually include important computa-
tional details necessary for the simulations such as a force
field [97-99], only the results of ion—ion interactions
obtained from the simulations are summarized in this
section. The results of MD simulations on EMImBF, and
BMImBEF, as well as EMImAICl,; and BMImAICI, suggest
that the local structural features are strongly affected by the
nature of the anion [100,101]. The cation—anion radial
distribution functions (RDF) show a more defined first
solvation sphere of anions around the cations and vice versa
in the BMIm™*-based ionic liquids than that in EMIm*-based
ionic liquids.

BMImPFg is the most experimentally studied and simulated
ionic liquid to date. Monte-Carlo simulation for BMImPFg
using a united atom force field combined with ab initio
calculation suggests that the cation—anion pairs tend to order in
a first solvation shell at a separation of about 4 A [102].
Subsequent cation—anion solvation shells occur at 10 and 17 A.
Long range order persists even beyond 20 A, as evidenced by
the fact that the RDF still shows oscillations. Such a long range
order is not observed for non-polar liquids, but is expected here,
due to the strong Coulombic interactions in the system. The
anion tends to associate with the C2 hydrogen atom of the
cation. A similar distribution of anion was observed in the MD
simulation of DMImPF¢ [103]. Radial distribution function
obtained by MD simulations of BMImPF¢ shows the presence
of a long spatial correlation of more than 20 A [104]. The
cation—anion correlation has a sharp peak around 4.2 A (C2-P
distance) and appears to be stronger than cation—cation and
anion-anion correlations. Another report on the same system
using MD simulations gives similar RDFs [105,106]. In
addition, comparison of the results of simulations using two
united atom force fields and one all atom force-field shows that
the RDFs based on each force-field differ from each other
(Fig. 7) [107]. All the three force fields show a strong
localization of the anion about the C2 carbon, whereas the
localization states of the anion about the other two ring
hydrogen atoms, C4 and CS5, depend on the choice of the force-
field. Another simulation for BMImPF, which gives similar
RDFs to those above suggest that a ring —1r stacking exists and
the conformation of the butyl chain has three minima in the
potential energy function at the N1-C7-C8-C9 dihedral angle
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Table 2

Computational, spectroscopic and diffraction studies on ion—ion interactions
and liquid structures of alkylimidazolium-based room temperature ionic liquids
containing fluoroanions

Method Salt® References®
Calculation DMIm*BF,~ (MO-DFT) [111]
DMIm*PFs~ (MD) [103,110,151];
(MO-DFT)
[103,110,111,151]
EMIm*(HF), sF~ (MD) [115];
(MO-DFT) [127]
EMIm*BF,~ (MD) [101,110,142];
(MO-DFT)
[101,110,111,
114,136,137]
EMIm*PFs~ (MD) [142]; (MO-DFT)
[111,114,138]
EMIm*OCOCF;~ (MO-DFT) [114]
EMIm*0SO,CF; (MD) [142];
(MO-DFT) [114]
EMIm*TFSI™ (MD) [142];
(MO-DFT) [114]
EDMIm*BF, ™ (MO-DFT) [114]
MPIm*BF,~ (MO-DFT) [111,137]
MPIm*PF,~ (MD) [142]:
(MO-DFT) [111,138]
BMIm*BF,~ (MD) [110,142];
(MO-DFT) [111,137]
BMIm*PF,~ (MD) [104-106,108-110,
142,151];
(MC) [102,107]
(MO-DFT)
[101,102,104-108,
110-113,138,139,151]
BMIm*OCOCF;~ (MO-DFT) [109]
BMIm*OCOC3F;~ (MO-DFT) [109]
BMIm*OSO,CF;~ (MO-DFT) [109]
BMIm*OSO2C4F,~ (MO-DFT) [109]
BMIm*TFSI™ (MD) [142]
HMIm*PF,~ (MD) [142];
(MO-DFT) [139]
C>MIm*PFq~ (MD) [142]
NMR DMIm*(HF), ;F~ [127]
DMIm*TFSI™ [124]
EMIm*(HF), ;F [127]
EMIm*BF,~ [118,119,122,130]
EMIm*PF,~ [130]
EMIm*TFSI™ [122,124]
MPIm*(HF), 3F [127]
BMIm*(HF), sF~ [127]
BMIm*BF,~ [120,123,128-131]
BMIm*PFs~ [120,121,123,126,128-130]
BMIm*OCOCF;~ [123]
BMIm*OSO2CF;~ [123]
BMIm*TFSI™ [123,124,128]
BMIm*N(SO,C,Fs),~ [123]
MPeIm*(HF), ;F~ [127]
HMIm*(HF), ;F [127]
HMIm*TFSI— [124]
MOIm*BF,~ [130]
MOIm*PF,~ [130]
MOIm*TFSI™ [124]
(MBz),Im*BF,~ [39]
(MBz),Im*PFs~ [39]
IR Raman EMIm*BF,~ [136,137,140]
EMIm*PFs~ [138,140]

Table 2 (Continued)

Method Salt® References®
EMIm*OSO,CF;~ [140]
EMIm*TFSI™ [140,141]
MPIm*™BF4~ [137]
MPIm*PF6~ [138]
BMIm*™BF4~ [66,135,137]
BMIm*PF6~ [138,139]
HMIm*PF6~ [139]

X-ray EMIm*FHF [146]

diffraction MIm*(HF), sF~ [147]
EMIm*(HF), ;F~ [146,147]
BMIm*(HF), F [147]
HMIm*(HF), sF~ [147]

Neutron DMIm*PFy~ [149]

diffraction DMIm*TFSI™~ [150]

 MIm: 1-methylimidazolium, MPIm: 1-methyl-3-propylimidazolium,
MPeIm: 1-methyl-3-pentylimidazolium, HMIm: 1-hexyl-3-methylimidazolium
and MOIm: 1-methyl-3-octylimidazolium.

® MD: molecular dynamics simulation, (MC): Monte-Carlo simulation and
(MO-DFT) ab initio molecular orbital and DFT calculations.

of 180, —60, and +60, corresponding to one trans and two
equivalent gauche conformers [108].

Ionic conductivities of a series of BMIm-based ionic liquids
combined with fluorinated organic anions (CF;COO™,
C3F,COO ™, OSO,CF; ™, and C4FoSO57) as well as PFg~ were
investigated by MD simulations [109]. The result shows that the
self-diffusion coefficient is an important factor in determining
the conductivity of ionic liquid. The RDF for BMImPFg shows
that two solvation shells are located at 4.4 and 10.8 A. On the
other hand, for the other ionic liquids containing fluorinated
organic anions, the first solvation shell was located at a greater
distance and the second solvation shell was located at 10-12 A.

Geometries of the isolated ions and ion pairs for ionic liquids
composed of alkylimidazolium cations (DMIm*, EMIm™ and
BMIm™) and fluorocomplex anions (BF,~ and PFg~) were
calculated by molecular mechanics and ab initio methods
[110]. The geometry of DMIm'-PFs;~ ion pair has an
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Fig. 7. Center of mass radial distribution functions for the cation and anion
obtained from the three force fields at 298 K [107], reproduced by permission of
Elsevier. AA: all atom force-field [105], UA1: united atom force-field 1 [102]
and UA2 united atom force-field 2 [107].
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asymmetric structure with the H- - -F interaction via both H
atoms of the imidazolium ring and the alkyl side-chain. Similar
geometries are also obtained for EMIm™-BF,  and
BMIm™PF~ ion pairs. This kind of model was also observed
in other ab initio or DFT calculations [111-113]. Molecular
mechanics based on the proposed force-field gives similar
results to those from the ab initio calculations by the adjustment
of some parameters. Molecular dynamics simulation for
BMImPF¢ using the same force field results in a little
difference in the cation—anion RDF from those described
above, giving the two solvation cell located at 4.8 and 11.0 A
which are longer than those in the other reports above. The
RDFs for F atom of PF¢~ and H atoms of BMIm* indicate that
the order of hydrogen bonding activities of the different H
atoms on the C atoms in the cation is H2 > H4,
HS5 > H6 > HC, where H6 denotes H atoms in the butyl chain
bound to N atom and HC denotes the other H atoms in the butyl
chain. Comparison of the results for various anions reveals that
the interaction between the C2 hydrogen atom and X (X =Cl™
or F atom in BF,  and PFg ) decreases in the order
Cl™ > BF,” > PFs . According to the visualized pictures of
the special distribution functions (SDFs), which show
intuitively the three-dimensional probability distribution of
the atoms of interest around a central ion, there are mainly three
regions of the anion distributed around the cation in the first
solvation shell.

Ab initio calculation of a series of EMIm-based salts
reveals that the magnitude of the interaction energies of the ion
pair follows the trend OCOCF;~ > BF, > OSO,CF;™ >
(CF5S0,),N™ > PF¢~ [114]. Most of the stable models for
the ion pairs containing EMIm™ have an interaction via the C2
hydrogen atom, whereas BF,” in the EDMIm*-BF,~
(EDMIm = 1-ethyl-2,3-dimethyimidazolium) ion pair is
located at a position closer to the center of the imidazolium
ring. The small difference in the interaction energies
between EMIm* and EDMIm* shows that hydrogen bonding
via the C2 hydrogen atom of the imidazolium ring is not
essential for the attraction between the ring and anion.
Comparing the experimental ion conductivities shows that
the magnitude and directionality of the interaction energy
between ions play a crucial role in determining the ionic
dissociation/association dynamics in these ionic liquids (see
Section 3.2).

The structure of EMIm(FH),3F was simulated by MD
[115]. As shown above and below, this system has been
studied by single-crystal X-ray diffraction in the solid state
(for EMImFHEF, see Section 2.1 and Fig. 2), pulsed-gradient
spin-echo NMR (see Section 3.2) and high energy X-ray
diffraction (see Section 3.4). The MD simulation confirmed
that short-range stacking of the cations does exist but there is
no evidence of layer formation. The experimental X-ray
diffraction spectra are quite well reproduced by this model. A
similar imidazole-HF system was also investigated by ab
initio molecular orbital and density functional theory
methods [116].

Some other computational studies combined with experi-
mental vibrational spectroscopy are summarized in Section 3.3.

3.2. NMR spectroscopy

NMR spectroscopy is an effective method for studying the
ion—ion interactions in liquids, including ionic liquids. In
some earlier work on alkylimidazolium chloroaluminate
salts, the ring hydrogen atoms, especially the one at the C2
position, shift upfield in the '"H NMR spectra, as CI~ is
replaced by AICl, . This means that the hydrogen atoms are
more shielded by stronger hydrogen bonds to the anion and
the chemical shift moves accordingly [4,117]. On the other
hand, two magnetically shielded cones above and below the
imidazolium ring influences the chemical shift of the
hydrogen atoms that penetrate into these cones and shifts
it to the upfield [117]. The effects of these two phenomena
were compared in 'H NMR spectra of acetone solutions of
some EMIm salts at different concentrations [49]. For the
salts containing more basic anions such as acetate, the
chemical shift of the most acidic C2 hydrogen atom sharply
increases with an increase in concentration. This is because
an increase of salt concentration results in stronger hydrogen
bonds to the anion and the effect of the negatively charged
atom in the anion on the chemical shift is stronger than that of
the neighboring imidazolium ring. In the cases with less basic
anions such as TFSI™, the chemical shift decreases when the
concentration increases, because the hydrogen bonds to the
anion are weaker and the effect of the neighboring
imidazolium ring is enhanced.

The diffusion coefficients of EMIm* measured by pulsed
field gradient NMR for EMImBF, indicates that a structural
change occurs at around 335 K, which is supported by ''B
quadrupolar relaxation rates [118,119]. This structural change
was ascribed to the transformation of the diffusion particle from
‘discrete ion-pair’ to ‘individual ion’. The mean radii for
diffusing spheres in the two phases, calculated using the
Stokes—Einstein equation, are 2.79 A in the region of ion pair
and 1.90 A in the region of individual ion. A similar observation
was reported for BMImBF, and BMImPFg [120]. Analysis of
13C dipole—dipole relaxation rates by NMR spectroscopy
identified the formation of hydrogen bond (C2-H- - -F) between
BMIm* and BF, . According to the NMR measurements
combined with results of some physical property and IR
spectroscopy measurements, the BMImBF, exists in an ion-
pair (quasi-molecular) state below 279 K and BMImPF, does
between 273 and 353 K. The authors also state that those ionic
liquids form ‘extended hydrogen bonding network’ at higher
temperature regions. In another report [121], the reorientational
dynamics of BMImPF were studied by the measurement of '*C
spin-lattice relaxation rates and nuclear overhauser effect
(NOE) factors by NMR. Discontinuities in the relaxation curves
were not observed for the neat BMImPF¢ sample. The presence
of a hydrogen bond between the C2 hydrogen atom and F atom
was confirmed by the dynamic method.

The cation—anion association in a number of ionic liquids
was also studied by using the pulsed-field gradient spin-echo
NMR (PGSE-NMR) technique [122-125]. The molar con-
ductivities of ionic liquids calculated from the diffusion
coefficients obtained by the PGSE-NMR technique via the
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Nernst-Einstein equation, Anvgr, are larger than those
obtained by AC impedance measurements, Ajn, This
phenomenon is explained by ion-pairing between the cation
and anion, which reduces the charge carrier concentration in
the liquid and hence, the ionic conductivity. For a series of
BMIm-based ionic liquids, the Ajy,/Axmr Tatio follows
the order BMImPFg > BMImBF, > BMIm(C,F5S0,),N >
BMImTFSI > BMImOSO,CF; > BMImOCOCF; at 30 °C.
Since the cationic structure is the same for this series of salts,
the change in ratio depends merely on the anionic species. In
addition, a study of a series of 1-alky-3-methyllimidazolium
TFSI salts shows that the Ajp,,/Anmr ratio decreases with an
increasing number of carbon atoms in the alkyl chain. For
BMImPFg, the hydrodynamic volumes, Vp (=NA4nr3/3),
observed for both the cation and anion by PGSE-NMR were
much smaller than the van der Waals’ molar volumes, V,qw
[126], which indicates the smaller friction. There is a lot of free
space in BMImPFg, as evident in a comparison of calculated
molar volumes. The molar volume (V,,, = M/p) calculated by
dividing the molar mass by the density is 0.205 cm® mol ! at
293 K, which is much larger than the total van der Waals’ molar
volume (0.122 cm® mol ) of the cationic and anionic species.
The free space could make a negative contribution to the
effective friction and this negative effect is observed more
remarkably for the cation than for the anion in view of Vp/V,qw.

For a highly conductive ionic liquid, RMIm(FH), 3F [28-
32], the existence of cation—anion associations was also
suggested by PGSE-NMR. The aggregates of ordered ions,
A(AX),,Y and (AX),X~ (A =cation and X =anion) can
frequently change their form and size by inserting and
extracting some mono-ions at the surface [127]. A similar
model was proposed for (MBz),ImBF,, PFs and BPh, by 'H
NMR, combined with conductivity and microcalorimetric
measurements [39]. Recent {'H}'’F-HOESY (heteronuclear
overhauser effect spectroscopy) studies on BMImBF,,
BMImTFSI and BMImPF¢ revealed that the anion does not
occupy a specific position in these salt [128]. Moreover, in
dichloromethane where the PGSE data show almost complete
ion pairing, there are strong, non-selective NOE contacts
between the cation and anion. This eliminates hydrogen
bonding as the primary source of interaction between the cation
and anion, as this would lead to selectivity in the HOESY
contacts. A structural motif for BMImBEF,, in which the BF,~
straddles the imidazolium plane was proposed. On the other
hand, in methanol solution, the solvent surrounds the ions and
the cation—anion contacts are reduced.

The chemical shifts in '"H NMR spectra of BMImBF, and
BMImPFg were determined in various deuterated solvents
[129]. The results show that the chemical shifts of the ring
hydrogen atoms of BMImPF¢ are more sensitive to solvation
than those of BMImBF,. The interaction of ring hydrogen
atoms with relatively small and basic BF, ™ is closer than the
larger and less basic PFs . For both cases, the C2 hydrogen
atom has a stronger interaction to the anion than the others. The
chemical shifts in both 'H and '*C NMR spectra were also
reported for a series of 1-alkyl-3-methylimidazolium salts
containing BF,~ and PF¢™ in various solvents [130]. Cation-

cation, cation-water and cation—anion interactions in the
BMImBF,-H,O mixture were studied by NMR spectroscopy
through the NOE [131]. The homonuclear NOE experiments
indicated that the structure of pure BMImBF, changes upon
hydration to a different form with a lower degree of ring
stacking (or other types of piling). In other words, the presence
of water makes the imidazolium—imidazolium associations
weaker and the methyl group shifts progressively towards the
most hydrophobic part of the imidazolium ion, namely the n-
butyl chain, as the water content rises. At very low water
concentrations, the water—cation hydrogen bonding interac-
tions are very specific and localized at ring hydrogen atoms. At
higher water content, the interaction of water with other
hydrogen atoms in the side chains increases and no preference
is shown. The heteronuclear NOE experiments indicate the
existence of tight ion pairs in the pure liquid, even in the
presence of small amounts of water, and in DMSO solution
[132].

3.3. Vibrational spectroscopy

Vibrational spectroscopy has been employed to obtain
information about inter-molecular interaction in ionic liquids.
The C-H stretching bands of ring hydrogen atoms in the
region between 3050 and 3100 cm™' have conventionally
been used as a criterion for strong hydrogen bonding
[21,26,65,133-136].

Hydrogen bonded structures of BMImPFg as well as
DMImCH;SO, were studied by high pressure IR spectroscopy
[135]. The results indicate that the peak frequencies of the alkyl
and imidazolium C-H stretching bands have a non-monotonic
pressure dependence. They blue-shift initially, then undergo no
change, and blue-shift again upon increasing the pressure. This
discontinuity in frequency shift is similar to the trend observed
for a DMImCH3SO4/D>O mixture. The BMImPFg results
indicate the existence of C—H- - -F interactions between the F
atoms of the PFs~ and the ring H atoms of the cation.
Additional hydrogen bond-like interactions were also observed
between PFs~ and the H atoms on the alkyl side-chains.

Recent reports on intermolecular interactions in ionic liquids
using vibrational spectroscopy are usually combined with
computational techniques. The structure of the ion pair in
EMImBF, was described by ab initio and DFT calculations
[136]. Only one final structure was obtained, independent of the
method used. Unlike the chloride systems, where C1™ is found
in the plane of the imidazolium ring of the cation, the BF, ™ is
positioned over the ring and has short contacts not only with the
C2 hydrogen atom of the cation, but also with a hydrogen atom
of the methyl group. The computations reveal that normal
modes of the EMIm*-BF,~ ion pair rather closely resemble
those of the isolated ions. There are a few exceptions, notably
the antisymmetric B—F stretching vibrations of the anion, and
out-of-plane and stretching vibrations of the C2—H moiety of
the cation. The drastic increase of the C2-H out-of-plane
frequency of EMIm™ in the course of ion-pair formation is
strongly indicative of hydrogen bonding. However, the
experimental IR spectra of neat and CD,H, solution of
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EMImBF, were almost identical. In all likelihood, the cation
and anion are held together mainly by powerful Coulombic
attractions and hydrogen bonding plays only a minor role. In
another paper [137], DFT and RHF calculations reproduced
Raman and IR spectra of EMImBF,, MPImBF, and BMImBF,,
using appropriate correction factors. Theoretical (DFT) alkyl
side-chain conformational changes in the three ionic liquids
have only a limited effect on the theoretical gas phase
vibrations. The ion pair models suggest hydrogen bonds not
only between the F atoms of the anion and the C2 hydrogen
atom on the imidazolium ring, but also between the F atoms of
the anion and H atoms on the adjacent alkyl side chains in all
polymorphic structures (Fig. 8). Investigations of the vibra-
tional spectra of EMImPFs, MPImPFg and BMImPF, were
made in the same manner [138]. Raman spectra of BMImPFq

Fig. 8. (a) Molecular structure of EMImBF, (B3LYP/6-311 + G(2d,p))—con-
former 1. Hydrogen bonds include: F17-H12 =2.214 A; F17-H8 =2.199 A;
F16-H8 = 2.610 A; F16-H21 =2.353 A; F18-H8 = 2.003 A and F18- H23 =
2381 A. (b) Molecular structure of EMImBF, (B3LYP/6-311 + G(2d,p))—
conformer 2. Hydrogen bonds include: F16-H8 =2.697 A; F17-HI12=
2.355 A; F17-H8 =1.952 A; FI8-H8=2.321 A; FI8-H20=2.580 A and
F18-H23 = 2.477 A [137], reproduced by permission of Elsevier.

and HMImPFg were also assigned using ab initio calculation in
another report [139]. The results indicate that almost equal
amounts of two conformers are observed. Two polymorphs of
BMImCI, one which contains all anti conformers for the butyl
chain, and the other which contains one gauche, exist in
BMImPFg, as proposed in a previous study [66]. Similar results
were obtained for the analogous two conformers in HMImPFg.
The analysis of the HMImCI-HMImPFg binary system shows
that neither the changes in hydrogen bonding to the ring
hydrogen atoms nor the change in Coulombic environment
have a detectable effect upon the essentially 50:50 distribution
of the two conformers. This conformational equilibrium of
EMIm* in EMImBF,, EMImPF,, EMImOSO,CF; and
EMImTFSI was also studied through a combination of Raman
spectroscopy and theoretical calculations [140]. According to
this report, the EMIm* exists as either a nonplanar (C2-N1-C6-
C7 =110°) or planar (C2-N1-C6-C7 =0°) conformer in the
ionic liquids and that the anionic environment hardly influences
the equilibrium. On the other hand, the conformational
equilibrium of TFSI™ in EMImTEFSI that was investigated in
the same way suggests that two conformers with two C—S-N-S
dihedral angles of (90.9°, 90.9°) and (—81.2°, 120.2°) exist in
the ionic liquid [141]. In another paper, dihedral distribution
functions obtained by MD simulation for alkyl side-chains of
various 1-alkyl-3-methylimidazolium salts combined with
BF,, PFs~ and TFSI™ [142] also indicated the existence of
some conformers for the alkyl side-chains in the liquid states.

The molecular state of water in various alkylimidazolium-
based ionic liquids was also investigated by means of IR
spectroscopy [143,144] and near infra-red spectroscopy [145].

3.4. X-ray and neutron diffraction

Since X-ray and neutron diffraction provide a direct picture
of the average structure of liquid, they are powerful techniques
to elucidate the liquid structures of ionic liquids. However, X-
ray and neutron diffraction data on the structures of ionic
liquids are limited thus far most likely due to the experimental
difficulties. Structures of EMImFHF and RMIm(FH), ;Fs were
studied by high energy X-ray diffraction [146,147]. The X-ray
diffraction patterns of liquid EMImFHF and EMIm(HF), ;F
were similar to each other with a first sharp diffraction peak at
0 =1.85A"" This peak does not correspond to the ones in the
calculated intra-molecular form factors for isolated EMIm* and
(HF),,F~ (n =2 and 3). However, the peak position coincides
with the (0 0 2) diffraction peak in the powder X-ray pattern of
solid EMImFHF, which corresponds to the layered structure
(see Section 2.1 and Fig. 2), which suggests that such a layered
structure may be partially preserved in the liquid state. All other
RMIm(FH), 5F (R = hydrogen, butyl and hexyl) ionic liquids
showed similar diffraction patterns, but the value of this first
sharp diffraction peak shifts to lower diffraction angle with
increasing alkyl side-chain length. This shift corresponds to a
concomitant increase in inter-molecular distances in the ionic
liquids.

The liquid structures of DMImPF; and DMImTFSI
were analyzed by neutron diffraction and the results were
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compared to DMImCI [148-150]. The cation—cation contacts
become larger as the size of the anion is increased:
Cl” < PFs~ < TFSI". A similar trend is also seen for the
cation—anion interactions. Although the anion shell is at a
shorter distance from the central cation compared with the
cation shells, the long-range alternating structure of cations and
anions found in the DMImCI] and DMImPF¢ does not exist in
DMImTFSI. The probability distributions of the cation and
anion around the cation shows the anion density axial to the
ring decreases (C1~ > PFs~ > TFSI™) whereas the opposite is
true for the facial anion density (Cl~ < PFg~ < TFSI"). The
DMIm™ occupies the space where the anion does not exist: in
other words, the cations and the anions occupy mutually
exclusive positions. This is more pronounced in the liquid
structure of DMImMTFSI than in DMImPFq. The crystal
structure and the liquid structure of DMImPFg are very similar.
For example, the large “holes’ in the cation—cation distribution
are found in both the liquid and solid states. Moreover, in both
states, short cation—cation contacts are found between the
methyl hydrogen atoms and the anion, which predominantly
interacts with the ring and not the ring H atoms. On the other
hand, comparison of the crystal structure and the liquid
structure of DMImTESI (see Section 2.2 and Fig. 6) indicates
little correlation between the two. For example, the TFSI™
adopts a trans-orientation predominantly in the liquid whereas
a cis-orientation is found in the solid phase. The results for
DMImCI1 and DMImPFg were corroborated by MD simulations
[151].

3.5. Related studies

Many computational studies have been made on ionic
liquids containing non-alkylimidazolium cations or non-
fluoroanions and on mixtures of ionic liquids and solutes
[22,152-175]. A number of experimental (NMR spectroscopy
[176-179], vibrational spectroscopy [160,173,174,180-182]
and neutron diffraction [148,161,183]) studies have also been
employed for investigating structures of ionic liquids, except
those mentioned above. Results of another interesting
characterization method, electronspray ionization mass spec-
troscopy, have recently revealed that an ionic liquid can form
aggregates and their size depends on the solvent used and the
ionic liquid concentration [184,185].

4. Summary

This review summarizes structural studies of alkylimida-
zolium-based salts containing fluoroanions from the viewpoint
of crystallographic, computational, spectroscopic and diffrac-
tion techniques. Crystallographic studies for various fluor-
ocomplex salts show that hydrogen bonding is not always a
decisive factor in melting points of ionic liquids. However,
another factor such as lattice energy, related to the packing of
ions, also influences melting points. In addition to cation—anion
interactions, cation—cation interactions are often observed in
some crystal structures. Structural determination of TFSI™ salts
reveals that TFSI™ weakly interacts with the cations but there

are still some strong interactions via O or N atoms. Most
computational and diffraction approaches to liquid structures of
alkylimidazolium-based salts focuses on the coordination
environment around an ion with varying quality of agreement
with crystallographic studies. Ab initio MO and DFT
calculations give a stable state of each ion or ion pair and
are used to obtain initial states of MD and Monte Carlo
simulations. Molecular dynamics and Monte Carlo simulations
are widely used to simulate the structures of ionic liquids on a
large scale. Depending on a computational method or a force-
field used, slightly different RDFs are obtained for the same
ionic liquid. There is a limitation to describe structures of ionic
liquids by MD and Monte Carlo simulations at this stage and
further progress is strongly expected in this field to design more
excellent ionic liquids. The results of vibrational spectroscopy
combined with computations suggest the existence of local
hydrogen bonding and some preferable conformations of
alkylimidazolium cations. According to some NMR spectro-
scopic studies, ion—ion association occurs in ionic liquids. This
association is probably related to local hydrogen bonding,
which is also indicated by the other techniques. A possible
association state is the neutral ion pair composed of one cation
and one anion or the larger charged or neutral ion aggregate
composed of more than three ions since ionic liquids do not
contain any solvent.
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