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entire Periodic Table and addresses structure and bonding issues associated with all
of the elements. It also focuses attention on new and developing areas of modern
structural and theoretical chemistry such as nanostructures, molecular electronics,
designed molecular solids, surfaces, metal clusters and supramolecular structures.
Physical and spectroscopic techniques used to determine, examine and model
structures fall within the purview of Structure and Bonding to the extent that the
focus is on the scientific results obtained and not on specialist information
concerning the techniques themselves. Issues associated with the development of
bonding models and generalizations that illuminate the reactivity pathways and
rates of chemical processes are also relevant.

The individual volumes in the series are thematic. The goal of each volume is to
give the reader, whether at a university or in industry, a comprehensive overview of
an area where new insights are emerging that are of interest to a larger scientific
audience. Thus each review within the volume critically surveys one aspect of that
topic and places it within the context of the volume as a whole. The most significant
developments of the last 5 to 10 years should be presented using selected examples
to illustrate the principles discussed. A description of the physical basis of the
experimental techniques that have been used to provide the primary data may also
be appropriate, if it has not been covered in detail elsewhere. The coverage need not
be exhaustive in data, but should rather be conceptual, concentrating on the new
principles being developed that will allow the reader, who is not a specialist in the
area covered, to understand the data presented. Discussion of possible future
research directions in the area is welcomed.
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Preface

It is always an honour to be asked to write a Preface to a volume, and doubly so
when the editor is so distinguished. Prof. Suojiang Zhang (Institute of Process
Engineering, Chinese Academy of Sciences, Beijing) is one of the most respected
chemists/chemical engineers in China, and has a long term interest in ionic liquids,
having already published a book (Zhang S, Lu X, Zhou Q, Li X, Zhang X, Li
S. Ionic Liquids: Physicochemical Properties .Elsevier, Amsterdam, 2009) on their
physical properties.

Top four regions for 1400
producing ionic liquid 1200
primary publications

(1998-2011). China (green), 1000
Europe (red), Japan (purple), 5 800
USA (black), the rest of the E 600
world (light blue) =

(M. Deetlefs, M. Fanselow 400
and K.R. Seddon, to be 200

published)
0
1998 2000 2002 2004 2006 2008 2010
Year

In a burgeoning market, with the frequent arrival of new books on ionic liquids
(of variable quality), one has to examine the unique features of each volume. Here
the answer is clear; the numbers of papers from different regions of the world are
illustrated in the figure. In 2000, no papers had ever been published from China on
ionic liquids; by 2011, more papers were being published from China than from any
other geographical region. This book, with five of the six chapters being authored
from within China, gives the rest of the world a chance to see, appreciate, and
evaluate the Chinese contribution to this remarkable field, with special emphasis on
the structure of ionic liquids and the influence of hydrogen bonding and aggregation
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upon their physicochemical properties, thermodynamics, and spectroscopy. This is
a book that no practitioner of the science, engineering, and art of ionic liquids

should fail to have on their shelves. / , :

—rn

Belfast, UK Kenneth R. Seddon
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Structure, Interaction and Hydrogen Bond

Kun Dong, Qian Wang, Xingmei Lu, Qing Zhou, and Suojiang Zhang

Abstract Ionic liquids (ILs), as green solvents, have attracted amazing interest and
their potential applications have prompted a large amount of research and invest-
ment, and some of the results have been inspiring. In recent years, in combination
with cations and anions, some new ILs have been synthesized in the laboratory.
However, compared with simple solid salts, the structures of ILs are complicated
and their properties vary considerably. It is thus very time consuming to explore ILs
experimentally when facing the huge number of ionic combinations. A molecular-
based understanding can reveal the quantitative correlation between structures and
properties, and is thus an important subject in the study of ILs. The unusual
complexity of ionic interactions renders molecular-based interpretations difficult
and gives rise to controversies about the structure of the ILs. Herein we discuss the
ion-pair, cluster and X-ray crystals structures and their relationship with the
properties of many typical ILs, especially imidazolium-based. In the ILs, apart
from the strong electrostatic forces, non-covalent H-bonds and van der Waals
(dispersion, induce forces) are examined and are shown to have a decisive effect
on the properties of ILs.

Keywords Ionic liquid « Structure « Interaction ¢ Property  Application
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2 K. Dong et al.

1 Short Review of Ionic Liquids (ILs)

1.1 Synthesized ILs

Room temperature ionic liquids (RTILs) have been paid close attention by
academia and the industries due to their environment-friendly properties, and
particularly their potential in green chemistry. It is nearly 100 years since an IL,
[EtNH3][NOs], which has a melting point of 12°C, was first reported in 1914
[1]. Then research on RTILs renewed with the discovery of alkylpyridinium or
1,3-dialkylimidazolium haloaluminate salts by groups at the Air Force Academy
in the mid-1970s. These salts were formed by mixing aluminum halides with the
corresponding imidazolium or pyridinium halides [2]. Unfortunately, these
haloaluminate ILs are highly sensitive to atmospheric moisture. In the 1990s,
these salts with imidazolium-based cations incorporated with tetrafluoroborate or
hexafluorophosphate anions were stable in the atmosphere and were regarded as a
significant milestone in the development of ILs [3, 4]. By careful choice of the
combination of these cations and anions it was possible to synthesize a large
variety of ILs. Since 2000, more than 6,000 papers related to ILs have been
published, with more than 1,000 in 2004, 1,300 in 2005, and nearly 1,900 in
2006 [5].

Non-haloaluminate RTILs share a common general structure of a bulky
unsymmetrical “onium” organic cation associated with a weakly coordinating
inorganic anion. So far, the most popular cations are 1,3-dialkylimidazolium-,
N,N-dialkylpyrrolidinium-, N,N,N,N-tetraalkylammonium-, and N-alkylpyridinium-
based. Concerning their anionic counterparts, tetrafluoroborate ([BF,4] ), hexafluor-
ophosphate ([PF¢] ), bis(trifluoromethylsulfonyl)amide ([NTf,]7), and triflate
([OTA] ") are the most common. Figure 1 shows some cations and anions commonly
used for the preparation of RTILs [6, 7].

RTILs have been attracting interest because of the many unique properties they
are supposed to have. RTILs have negligible vapor pressure and are thus nonflam-
mable and nonvolatile, largely decreasing the chance for fugitive emissions. They
show high thermal stability, with decomposition temperatures around 300-500°C.
They are able to solvate a large variety of organic and inorganic compounds, either
polar or nonpolar. They are generally regarded as polar yet noncoordinating
solvents. They display a good intrinsic conductivity and are extremely redox-
robust. Actually, as a result of the intense research dealing with their physicochem-
ical properties, it has become clear that the above-mentioned properties cannot be
considered as generic properties for these media. For instance, it has been shown
that many ILs decompose above 80-90°C.
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Fig. 1 Cations and anions studied: (a) cations; (b) anions

1.2  Relationship between Properties and Structures of ILs

Melting Points (T,,). Many properties of ILs are special and show prospects for
applications. ILs are completely composed of ions, but the unusually low melting
points exceed expectations. Melting points of many ILs are lower than 0°C; even
the melting point of [Emim][N(SO,CF3),] is —16°C [8]. The low melting points are
related to the structures and molecular packing of ions. An increase in size,
anisotropy, and internal flexibility of the ions should lower the melting point, as
shown in Table 1. The symmetry and length of alkyl chain of cations also influence
the melting point, and the short N-alkyl chains and higher molecular symmetry can
frequently increase the melting point. The melting point of [Mmim]Cl IL is
124.5°C and of [Bmim]Cl is 65°C. A simple rule is that cations with short
N-alkyl chains (C,, < 3) form crystalline phases with high melting points, and ILs
with 4 ~ 10 N-alkyl chains exhibit a broad liquid range with low melting points and
a remarkable tendency to supercool. When the n in C, is larger than 10, the salts
show a complex phase behavior [10].

Viscosity (). RTILs are viscous liquids, their viscosities being one to three
orders of magnitude higher than those of conventional solvents [11]; obviously that
is not very helpful for some applications and it may exert a strong effect on the rate
of mass transport within solution and on the conductivity of the salts. The viscosity
of the RTILs strongly depends on the nature of the anion [12—14]. ILs containing
[NTF,]™ anion present the lower viscosity, for instance, the viscosity of [Emim]
[NTf,] IL is 25 mPa-S as shown in Table 1, but viscosity is higher for RTILs
containing [PFg]™ nonplanar symmetric anions, and the viscosity of [Bmim][PFg]
IL is 308 mPa-S [15]. It has been suggested that the size, shape, and molar mass of
the anion contribute to the viscosity with smaller, lighter, and more symmetric
anions leading to more viscous RTILs [16]. Additionally, the relative basicity of the
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Table 1 Properties of the typical 1-ethyl-3-methylimidazolium-based ILs

Melting point Viscosity Conductivity Enthalpy of Vap.
Anion ) (mPa-S) (Sm™" (298.15K, kJ-mol ")
Cl™ 87 196.1 (363.15 K) [9]
[BF4]™ 11 37-66.5 1.58-1.38 182.2
[PFq]™ 62 0.52 189.0
[TfO]™ -9 45 0.86
[NTf,]™ —16 25-34 0.91 135.0

anions and their ability to form H-bonds or to allow van der Waals attractions also
have a pronounced effect on viscosity. The fluorinated anions such as [BF4]™,
[PF¢]~, or [BETI]™ form ILs with higher viscosity due to the formation of
H-bonds or stronger van der Waals forces, but salts with [N(CN),]” and
[C(CN)s] ™ anions exhibit low viscosity. Compared to anions, cations have second-
ary effects on the viscosities of ILs. For any of the cation types, increasing the
length of alkyl chains results in higher viscosities because of stronger van der Waals
interactions between larger cations [17, 18].

Temperature has a remarkable effect on the viscosity of ILs. Okoturo et al. found
that the viscosity decreases when the temperature increases. The correlation can be
described by the Vogel-Tammann-Fulchers equation:

E,
IHU*IH%OJFRT @))
where 7 is the viscosity of infinite high temperature E, is the energetic barrier of
ionic motion.

Conductivity (A). Conductivity is a property of primary importance and most
electrochemical processes are related to the conductivity of the ILs. Being com-
posed of ions, ILs are supposed to be among the most concentrated electrolytes with
many charge carriers per unit volume. Some ILs exhibit higher conductivity, and
the order of 10 mS-cm™! can be found in the imidazolium family (Table 1).
However, quaternary ammonium ILs exhibit lower conductivity, and the highest
conductivity is 2 mS-cm !, found in N, N-dialkylpyrrolidinium bis(trifluoromethyl-
sulfonyl)amide.

As mentioned previously, the high viscosity of RTILs has a major impact on the
conductivity because the conductivity is inversely linked to the viscosity [16, 18,
19]. The less viscous [NTf,] " salts usually exhibit among the highest conductivities
[20]. However, quantitative correlations have not been observed between viscosity
and conductivity in most ILs. For instance, [Emim][TfO] and [BMIm][NTf,]
display similar viscosities and densities, but the conductivity of [Emim][TfO] is
0.29 mS-cm~ ! and [Bmim][NTf,] is 0.91 mS-cm !, and their conductivities differ
by a factor of 2. Many others factors also influence the conductivity, such as ion size
and aggregation, anionic charge delocalization, and correlated ionic motions
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[13, 16, 21]. The Nernst-Einstein equation relates the molar conductivity to the self-
diffusion coefficients of ions. However, the values predicted by

F2
A= ﬁ (Dcalion + Danion) (2)

are not in good agreement with experimental measurements, and experimental
values are smaller than the theoretical values, which can be rationalized by a
coupled and clustered aggregation motion of cations and anions in electrically
neutral configuration, but the neutral species cannot contribute to the ionic conduc-
tivity. On the other hand, increasing the length of the N-alkyl chains of cation
results in a higher viscosity and a lower conductivity.

Enthalpy of Vaporization (AH). An important property of ILs is nonvolatility
such that the ILs are green and able to substitute for environmentally contaminating
volatile organic chemicals (VOCs). However, Earle et al. [22] found that many
RTILs can be distilled and not decomposed at higher temperature and lower
pressure. Owing to the strong ionic interactions, the molar enthalpies of vaporiza-
tion of the ILs are by almost an order of magnitude higher than for typical
molecular liquids, as shown in Table 1. The anionic symmetry has the obvious
effect on the vaporization of IL, and the ILs with more symmetric anions, C1™,
[BF,] ", and [PF¢]™, have higher enthalpy of vaporization than [NTf,]  salt.
However, these ILs can decompose in the gas phase, for example, [Emim]Cl
thermally decomposes when heated to 190°C in vacuum. The volatile decomposi-
tion products are 1-methylimidazole, 1-ethylimidazole, chloromethane,
chloroethane, ethane, and hydrogen chloride species, but the [NTf,]” anionic
salts are thermally stable and may be heated to 600 K. Thus most vapor
measurements have been carried out on ILs by different methods (isothermo-
gravimetry, Knudsen-type effusion, surface tension, etc.). In such studies it was
found that increasing the length of alkyl chains of cation leads to a larger enthalpy
of vaporization, the enthalpy values being 135, 155, 173, and 192 kJ -mol ™! for
[Comim][NTf,], [Cymim][NTf,], [Cemim][NTf,], and [Cgmim][NTf,], which
indicates the long alkyl chain leads to stronger interactions between cations and
anions [23, 24].

1.3 Hydrophilic and Hydrophobic

The presence of water in ILs can greatly influence the quality of ILs, including
viscosity, polarity, and conductivity, and can also influence the solubility of other
substance in RTILs. For example, the presence of water in [Bmim][PFg] IL has
resulted in the underestimation of the solubility of CO, in the ionic liquid
[25]. These imidazolium-based ILs present different hydrophilicities. Anions such
as halide, pseudo-halide, [BF4]", methyl sulfate, [NOs], and [ClO4]” are
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hydrophilic, which significantly limits their usages, while ionic liquids with anions
such as [PFg] ™, [SbFs] ~, [OSO,CFs]~, [OCOCF;] ", etc. are hydrophobic and have
potential in some industrial applications. However, it is also clear that the com-
monly called “hydrophobic” ILs are actually hygroscopic and can absorb a certain
amount of water from the air [17].

T. Welton et al. have investigated the state of water in many imidazolium-based
ILs by ATR and transmission IR spectroscopy [26]. They found that anions are
mainly responsible for the solubility of water. In these ILs, the water is not
associated together but bound by H-bonds with anions with concentrations of
dissolved water in the range 0.2 + 0.1 mol - dm~'. The water molecules at these
concentrations exist in symmetric 1:2 type H-bonded complexes:
anion. . .H-O-H. . .anion. Additional evidence can be seen from Table 2 that the
shifts of antisymmetric v; and symmetric v, bands of water molecules in the listed
ILs roughly follow the relationship of Av; = 1.17Av; — 0.60. The strength of
H-bonds between the H,O molecule and anions can be estimated from the wave
number shift (Av) between v3 of water in vapor phase and that dissolved in ionic
liquids by Eq. 3 [27]:

AH = _80(y3vapor _ USIL)/y3vapor (3)

(where AH is the enthalpy of H-bond, KJ/mol). It can be seen that the different
anion can interact with water by the different strength of H-bonds as listed in
Table 2. In addition, the water contents absorbed from the open air have a consistent
trend with the strength of the H-bonds; for example, the contents of water in
[Bmim][PF¢], [Bmim][BF,], and [Bmim][(CF3SO3),N] increase by the order of
2,640, 19,500, and 33,090 ppm by Karl-Fischer at relative humidity 59 % [26]. It
implies that the H-bond play an important role for the solubility of water in ILs.

Although the cation plays a secondary role for the solubility of water in bulk ILs,
at the vapor-liquid surface the water mainly interacts with the imidazolium cations.
The hydrophobic ILs display a dramatic reorientation at the gas-liquid interface as
water contacts the surface. It had been shown by sum frequency generation (SFG)
of the C—H stretching mode that C—H groups, especially the C,—H group in ring
contact with water by C-H. . .O H-bond interaction, produces a tilting of the cation
on the surface. Where the plane of the ring will be, either parallel or perpendicular
to the alkyl chain, is dependent on the protonation or methylation of the C, position
[28, 29].

Generally speaking, the properties presented are important for the application of
ILs, especially basic scientific data; however some data are difficult to measure
directly. However, the properties of ILs strongly depend on the structures and
anion—cation combination styles, and understanding of the structures and the
ionic interaction will provide a more convenient way to estimate thermodynamic
data prior to practical process design.
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Table 2 The shifts of the 3
and v1 (cm™ ') of water in
different ionic liquids (with

Anion AV3 Avl —AH (kJ-mol™ 1)
[PFq]™ 84 62 7.5

[Bmim]* cation) compared [SbFq] - 93 71 8.3
with the corresponding water  [BFa]™ 116 97 9.6
bands in vapor and the [(CF5S05),N]~ 119 97 10.5
enthalpies of H-bonding [26] [ClO4]™ 143 117 12.5
[(CF3S0,),N]~ 151 113 13.4
[CF5S0O5]™ 181 151 15.9
[NOs]™ 236 207 20.1

2 Structures of ILs

In recent years, some new ILs were synthesized in the laboratory, and the number of
possible cation and anion combinations has increased significantly such that
researchers believe the one trillion RTIL could possibly be prepared [30]. The
synthetic problem of being able to design RTILs rationally through variation of the
anion and cation still remains to be thoroughly investigated, despite attempts to
correlate structures with properties. It is thus essential to develop a systematic
method of selectively choosing a given ion pair to be used as a predictive tool in the
rational design of new ILs.

A structurally based understanding is a great challenge because the molecular
and electronic structure, charge distribution, and orbital overlap of ions, give rise to
complex interactions and forces involved in the electrostatic, hydrogen bonds, and
van de Waals interactions. Currently there has been substantial growth in the
number of theoretical investigations pertaining to ILs, whereby scientists are
attempting to predict many of the physical properties and have produced results
agreeing with experimental values. Many quantitative correlations have also been
established to help predict physic-chemical properties and accelerate the explora-
tion for new ILs [31].

2.1 Dialkylimidazolium-Based Halides ILs

Unlike ionic solid materials, for example NaCl, in which the molecules and ions
can be packed close to each other, leading to high lattice energy, the halide anionic
ILs are liquid state at ambient temperature, although the strong electrostatic
interaction — the bulkiness of both the cation and anion — prevents such packing,
thereby lowering the lattice energy.

Halide anionic ILs have already been studied and the anions were found mainly
to involve chloride, bromide, and iodide. However, a fatal defect of the class of ILs
is their moisture problems in the atmosphere; thus their applications are very
limited. In recent years, ILs (1-ethyl-3-methylimidazolium halides ([Emim]X,
X = C1 or Br)) have been mixed with the corresponding aluminum(III) halide
(AlX3, X = C1 or Br) to produce the halogenoaluminate ILs, in which the anions
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Table 3 Crystallographic ILs [Emim]Cl [Emim|Br  [Emim]I
data of 1-ethyl-3-

methylimidazoium halides Chemical formula CgH;;CIN, Ce¢H 1BrN,  CgH;(IN,

ILs [32, 33] M 146.62 191.1 238.07
Space group P2,2,2, P2,/c P2,/c
Crystal system Orthorhombic  Monoclinic  Monoclinic
a/nm 1.0087 0.8749 0.8789
b/nm 1.1179 0.7999 0.8130
c/nm 2.8733 1.2662 1.3364
V/nm® 3.240 0.8332 0.9117
D/g - cm 1.204 1.520 1.730

a b c

Fig.2 The packing of ions in solid [Emim]Br (a) and [Emim]I (b), and the local ionic structure (c)
[32]. The dashed lines showed the H-bonded interactions

exist as [AIX4]™ and [Al,X;]". Halogenoaluminate(IIl)-based ionic liquids, which
may be used to investigate a wide range of industrially important chemistry, have
been of particular interest [32].

The ILs are solid at ambient temperature and their crystallographic data are
collected in Table 3. The [Emim]Cl IL is an orthorhombic crystal system, but
similar solid structures were found in [Emim]Br and [Emim]I. Starting with the
coordinates from the iodide structure, refinement by full-matrix least squares, with
non-hydrogen anisotropic atoms and hydrogen isotropic atoms, was used to solve
the structure.

Figure 2 shows the packing of ions and local structures in the crystals of [Emim]
Br and [Emim]I. The structures consist of different layers of anions and cations
which are interconnected by the extensive H-bonds (Fig. 2a, b). Each cation is
hydrogen bonded to three anions and each anion is hydrogen bonded to three
cations (Fig. 2c). The local structure around the cation is superficially similar to
that observed for [Emim]Cl, but the overall morphology of the crystals is somewhat
different.

Figure 3 shows the pairwise molecular structures of 1-ethyl-3-methylimi-
dazolium and 1-butyl-3-methylimidazolium halides salts from ab initio calculations
with the lowest interactive energies [34]. [Emim]Cl has four different ionic
structures (Fig. 3), and the chloride ion with coplanar structures is more stable.
Chloride ion, found in the plane of the ring, is associated with the hydrogen of C2 of
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Fig. 3 1-Ethyl-3-methylimidazolium (a) and 1-butyl-3-methylimidazolium (b) halide ion pair
structures with lowest interactive energies by ab initio calculations [34]

the ring, positioned closer to the methyl substituent as opposed to the ethyl
substituent, which is agreeable with crystal structure. [Emim]Br has three different
ionic structures (Fig. 3). The first (Emim Br 1 in Fig. 3) was found to be the most
stable structure, and the third (Emim Br 3 in Fig. 3) coalesced with the first at the
MP2 levels. Unlike the chloride system, where the chloride was found to be
coplanar with the ring, the bromide of the most stable structure was found to be
above the ring plane, which was a significant difference with respect to the position
of the bromide in the crystal structure and the crystal structure indicates that the
bromide resides in the ring plane (Fig. 3). The [Emim]I have two different
structures, wherein the anion is within the plane of the ring. The first is the most
stable structure (Emim I 1 in Fig. 3), agreeing with the crystal structure. The
H-bond distance in the calculated structure (0.285 nm) was found to agree with
the literature (0.293 nm).

Gross trends relating interaction energies and melting points were found within
the chloride, bromide, and iodide series (see Fig. 4). From the figure it can be seen
that the iodide series with the different chain lengths exhibit a “linear” trend, in
which the melting points were found to decrease with increasing chain length, and
this was associated with a decrease in the magnitude of interaction energy. In the
cases of the chloride and bromide anions, the melting points of the [Pmim]*
analogue were significantly lower than those of the [Emim]* and [Bmim]
analogues, although the interaction was found to increase in magnitude with
increasing alkyl chain length. For the bromides, the structures were different,
which introduces some scatter in the results. A trend was also found to exist in
the [Bmim]* halide series, where the melting point increase between [Bmim]Cl and
[Bmim]Br was associated with an increase in magnitude of the interaction. The
melting point was then found to decrease significantly between [Bmim]Br and
[Bmim]I, and this was associated with a significant decrease in magnitude of the
interaction.

The preliminary investigation of a series of three imidazolium-based cations
paired with three halide anions provides some initial hints as to the relationship

+



K. Dong et al.

10
400
‘ :chloride emim
I
350 & - o
'
]
300 '
'n
I
I
250 | | ' ~ :
| | ;iodide
| ;
| | !
200 i i i i —
150 -
-410 -390 -370 -350 -330 -310

Fig. 4 Correlation between melting points and the binding energies for halide-based ionic liquids:
[Emim]* ( filled diamonds); [Pmim]* ( filled squares); [Bmim]* ( filled triangles) [34]

between the interaction energies and the melting points. The result suggests that
there is more than one factor contributing to the melting point behavior of ILs. It is
possible that for certain systems the melting point is governed more strongly by the
cation than the anion and vice versa, with a balance between Coulombic attractions
of oppositely charged ions and Van der Waals repulsions of the alkyl chains on the

imidazolium cation.

2.2 Fluoro-Anion-Based ILs

The main defect of these halide ILs is that they are very sensitive to the water in air,
which prohibits development of further applications. The fluoro-anion ILs (e.g.,
anion = [BF,]™, [PFs] ™, [(FH),F]~, [AsFs]~, [OCOCF;], [OSO,CF;], etc.) are
typically air-stable and have a greater potential in many chemical processes.

2.2.1 X-ray Diffraction Single-Crystal Structures

1. ILs with Cations of Different Alkyl Lengths

ILs have shifted the conventional view on ionic molten salts because of their
liquid state at room temperature. Coulombic attractive forces in ILs must be diffuse
to inhibit or suppress crystallization. Varying the length or degree of branching of
the alkyl chains of imidazolium cations can dramatically change their melting
points. This has attributed to variations in the rotational freedom of the alkyl chains
of the cations and the ability of the cations to pack efficiently (or not) within the
crystalline cell. Branching in alkyl substituents can similarly lead to increases in
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melting point through restriction of rotational freedom, but can also, conversely,
reduce melting points when branching results in enantiomeric mixtures.

Reichert et al. have examined the structure of the solid state imidazonium
hexafluorophosphate ([Dmim][PF¢]) ILs with different N-alkyl chains by X-ray
crystallographic analyses [35]. Figure 5 presents the local structures and ion
packing in the crystal structures, in which [PFs] ™ anions contact with imidazolium
cation via the H-bonds; however, the length of the N-alkyl chains have a remarkable
effect on the packing of the ions. When the N-alkyl chains are short, C,, < 4, the
[PF¢] ™ anions contact not only with the heads (ring) of the cation, but also with the
tails (alkyl chains), as shown in Fig. 4a—i. As shown in Fig. 4j—1, [PF¢]™ anions
make contact with only the heads of the cation when the chains are longer (C,, > 4).
From the side views of the cations presented in Fig. 5, it is found that there were
several locations of the [PF¢]™ anions above and below the imidazolium heads and
in close contact with the C and N atoms of the rings. The direct interactions between
the delocalized positive charge of the imidazolium ring and the anion is further
indication of the Coulombic nature of ILs based on these ions. Although the
electrostatic forces are dominant between cations and anions, the close contacts
with a wide angular distribution indicates the C—H...F H-bonded interaction.
However, as Reichert et al. said, the H-bonded interactions were weak and more
Coulombic in nature. Thus, the interactions that are present in the crystal structures
of the short chained salts suggest that the forces responsible for packing in a
crystalline lattice are predominantly electrostatic or Coulombic in origin. This
also suggests that lattice energies can be described by Eq. 4:

o
Uy :ZIL*/\_/H}} @)

[ is the ionic strength (=1), V is the molecular volume (in nm3) of the lattice,
which is equal to the sum of the individualcation (V4) and anion (V—) volumes,
and o and B are empirically derived parameters.

2. ILs with different anions

The ILs containing fluoroanions are air-stable, with a consequent greater poten-
tial application in chemical processes. Except for the common ILs with [BF4]™ or
[PF¢]~, some other ILs containing fluoroanions have been reviewed in recent
papers by Matsumoto and Xue et al. [36, 37]. The melting points of these
fluoroanionic ILs are around freezing point, and thus the solid state structures are
important to the understanding of the ILs’ behavior. Table 4 lists the crystal
structural parameters for the fluoro-containing ILs with typical 1-ethyl-3-
methylimidazolium ([Emim]") cation.

In the crystal, the [Emim][FHF] is layered and it contains the smallest
fluorocomplex anion [FHF] ™ in the series. The flat imidazolium rings are stacked
and arranged in parallel with the interlayer distance of 3.376 A.In each layer, very
short hydrogen bond distances between the H atom of the cation ring and the F


http://dx.doi.org/10.1007/978-3-642-38619-0_2
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Fig. 5 Local structures and ions packing diagrams of (a) [Cymim][PF¢], (b)[Comim][PF¢],
(¢) [Codmim][PF¢], (d)[Cotmim][PF], () [C4ymim][PF¢], (f) [secC4ymim][PF¢], (g) [fertCymim]
[PFe], (h) [C4dmim][PF¢], (i) [(isoC3),mim][PFs], (j) [Ciomim][PF¢], (k) [Ciomim][PF¢], and
(1) [C14mim][PF¢]. The dashed lines show the close contacts and H-bonded interactions [35]
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Table 4 Cell parameters and melting points of 1-ethyl-3-methylimidazolium ILs with
fluoroanions [36]

ILs Space group V(nm?) 4 D(g-cm™) T(K)
[Emim][BE,] P2,lc 0.9068 4 1.450 288
[Emim][FHF] P2,/m 0.3951 2 1.262 298
[Emim][PF] P2,/c 1.0920 4 1.558 333
[Emim][AsF] P2,lc 1.1234 4 1.775 326
[Emim][SbFg] P2,lc 1.1388 4 2.024 283
[Emim][NbF] P2,2,2, 1.1240 4 1.880 272
[Emim][TFSI]-C¢Hg P2,/n 1.9896 4 1.567 288

atoms of the anion (1.951, 2.166, and 2.226 A ) are observed [38]. In the [Emim)]
[BF,4] IL, [Emim]* cations form a pillar with the B-carbon of the ethyl group
sticking out of the imidazolium-ring plane [39, 40]. The H(methylene)-x interaction
sustains the cation—cation interactions with a distance of about 2.86 A between the
H atom in methylene group and the imidazolium ring centroid. [Emim][AsFg] and
[Emim][SbFg] are isostructural with [Emim][PFg], whereas [Emim][NbFg] exhibit
a different structure [3, 41]. Figure 6 shows the ion packings in [Emim][AsF] and
[Emim][NbFg]. In the [Emim][AsFg] structure, [Emim]* cations and [AsFg]~
anions stack alternately along the pB-axis to form pillars. On the other hand, in the
[Emim][NbF¢] structure, the anion appears in a zigzag arrangement along the
o-axis where the nearest fluorine atoms have a distance of 3.441 A and the cations
adopt a pillar-like stacking along the same axis. H-bonds often play an important
role in the melting points of ionic compounds. For salts with fluorocomplex anions,
in spite of closer H...F contacts in [Emim][NbFg] than those in [EMIm][PF],
[EMIm][AsFg], and [EMIm][SbF¢], the melting points of the former two
compounds are much lower than those of the latter three compounds. [Emim]
[BF,] also exhibits a low melting point despite relatively strong H-bonds in its
lattice. These observations suggest that the strength of hydrogen-bonding is not
always a decisive factor in their melting points.

2.2.2 The Structures of Ion Pair and Ion Cluster

1. The Structure of the Ion Pair

It has been verified experimentally that the ions are pairwise in the gas phase
[43, 44]. Although in liquid state, the ions are not strictly composed of ion pairs;
cations and anions can contact closely due to strong electrostatic attraction. Theo-
retical calculations have been performed in an attempt to understand the structure of
ion pairs and interaction between cation and anion [10, 45].

We have investigated in detail the ion-pair structures of the two typical ILs,
[Emim][BF,] and [Bmim][PF¢], by ab initio DFT calculations [46]. In the [Emim]
[BF,] ion pair, [BF,] ™ anion can locate at five positions of cation as shown in Fig. 7.
Then the five structures of ethyl-front, methyl-back, back, methyl-front and ethyl-back
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Fig. 6 Ions packing in solid
(a) [Emim][NbFg] and
(b) [Emim][AsF] ILs [42]

as initial configurations were optimized at B3LYP/6-31++G** theory level.
Finally, the three lowest energy geometries were obtained. The [Emim][BF,]
(I) was obtained from the ethyl-front, methyl-back, and back configurations, in
which [BF,;]” anion moved to the upper part of the ring from the lateral part
and located near to the C,—H group. The [Emim][BF4](II) was obtained from
the methyl-front configuration and [BF4]™ anion also moved to the upper part of
the ring. [Emim][BF4](III) was obtained from the ethyl-back conformer, but
[BF4]™ anion did not move and only localized near to the Cs—H group.
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Fig. 7 The optimized structures of [Emim][BF,] ion-pair when anions are located at five different
positions of cation. The arrows indicate the initial locations of the anion. The dashed lines indicate
the H-bonds in these ion pairs

A shallow potential energy well was present when the [BF,] ™ anion localized at
the back and the methyl-front of imidazolium ring and experienced the minimal
electrostatic attraction to the significant stronger electrostatic attraction due to the
essential neutral charge distribution on the C,4/s atoms and the positive charge on the
C, atom. However, when localizing at the ethyl back of imidazolium ring as shown
in Fig. 7, it is difficult for the [BF4] anion to move due to steric exclusion derived
from the ethyl side chain and the electron repulsion derived from the m-bond
between the C4 and Cs atoms.

To date, many researchers have discussed the possible interactions between
cation and anion and proposed that H-bonds also widely exist in ILs and represent
the most explicit interaction besides electrostatic attraction [47-51]. According to
the criterion for forming an H-bond — that the distance between H on donor atom
and basic acceptor atom, Ry A, is less than the sum of their respective van der
Waals radii — herein the van der Waals distance is 2.670 A [36]. There are four
F...H H-Bonds to form in [Emim][BF4](I) as drawn by dashed lines in the right of
Fig. 4. Two H-bonds form between the F atoms labeled F, and H(C,) atoms of the
ring, and H(Cg) atom of the alkyl chain. The distances are 2.02 and 2.54 ;\,
respectively. The other two occur between the F3 atom and H(C,) atom of the
ring, and H(Cg) atom of the alkyl chain. The distances are 2.29 and 2.21 A
respectively. A very similar H-bonded structure can be found in [Emim][BF,](II),
but there is no H-bond between F; atom and H(C,) atom. When [BF4]™ anion
locates at the ethyl back of imidazolium ring as [Emim][BF,](III), shown in Fig. 4,
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only two H-bonds form, and one is between the F, atom and H(C,) atom of the ring,
and another is between the F; atom and H(Cg) atom of the alkyl chain. Their
distances are 1.91 and 2.05 A, respectively.

For the [Bmim][PFg] ion pair, the similar five initial configurations, butyl-front,
methyl-back, back, methyl-front and butyl-back, were optimized at the B3LYP/6-
31++G** level. The three lowest energy structures were obtained as shown in
Fig. 8. [Bmim][PFs](I) was obtained from the butyl-front and the methyl-front
configurations. [Bmim][PFg](II) and [Bmim][PF¢](III) were obtained from the back
and the butyl-back conformers, respectively. However, no stable point was found at
the potential energy surface for the methyl-back configuration. For the back con-
figuration, the [PFg]™ anion moves above the imidazolium ring and the steric
exclusion of the long butyl chain is responsible for the location compared with
the shorter ethyl chain on the [Emim]* cation.

There are five H-bonds in the [Bmim][PFg](I) ion-pair. One is between the F
atom labeled as F, of [PFg] ™ anion and the H(C,) atom of imidazolium ring and the
distance is 2.49 A. Two are between the F; atoms and the H(C,) atom, and the H
(C¢) atom of alkyl chain. The distances are 2.12 and 2.52 A, respectively. The other
two are between the F4 and H(C,) atoms, and the H(C10) atom of the alkyl chain.
The distances are 2.14 and 2.26 10%, respectively. When the [PF¢] ™ anion locates at
butyl-back, there are four H-bonds as [Bmim][PF](III) in Fig. 8. One H-bond can
form between the F, atom and the H(Cs) of ring, and the distance of 1.97 A is the
shortest. The other three are between two F atoms and H(Cs) and H(Cy) of the alkyl
chain, and the distances are 2.47, 2.30, and 2.32 A, respectively. However, when the
[PF¢] ™ anion locates at the back of imidazolium ring, the [PF¢]™ anion moves above
imidazolium ring to form the [Bmim][PFg](II) and there is no H-bond to form.
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Fig. 9 The orbitals and energies diagram for [Emim][BF,] ion-pairs. (Due to the same orbital
diagram with [Emim][BF,](I) ion-pair, the [Emim][BF,](II) ion-pair were not drawn)

2. Understanding the Interaction at Electronic Level

By NBO analysis it was found that in [Emim][BF,] ion-pairs the occupation on
the N3 orbital always increases, while the occupations on the zcr—n; and zcg—cs
orbitals vary with the positions of anion. In [Emim][BF4](I) and [Emim][BF,]
(II) ion pairs, the occupation on the zc,—n orbital decreases, but on the 7c4—cs
the orbital increases. In [Emim][BF,4](III) ion-pair, the occupation of the zc4—cs
orbital decreases, and the occupation on the z,_y; orbital exhibits no significant
change. Furthermore, the molecular orbitals provide an essential insight into the ion
pairs. Figure 9 shows the orbitals and energies for both [Emim][BF,](I) and [Emim]
[BF4](IIT) ion-pairs. The HOMO of the isolated anion is degradation p orbitals
(energy E = —0.256), and the LUMO of the cation is the anti-x (n*) bond orbital
(energy E = —0.189). However, in the ion pairs there are not the expected p-n
orbital interactions, but the HOMO of the [Emim][BF,](I) is the highest occupied
p orbital of anion and the lowest empty n* >_p, orbital of cation, and the LUMO of
[Emim][BF,](I) exhibits an anti-c (6*) bond orbital (energy E = —0.0522). In the
[Emim][BF,](III) ion pair, the effective orbital overlap also occurs and the HOMO
(energy E = —0.304) and the degradation HOMO-1 (energy E = —0.302) are the
highest occupied p orbitals of anion and the lowest empty 6*5_py and 6% ce_m)
orbitals of cation. The o-type interaction rather than p-m overlap indicates a
covalent bonding feature, but the formation requires a stronger intermolecular
attraction. The electrostatic attraction drives anion to approach cation, and finally
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locates at the largest positive charge position of the cation. Although the repulsion
of the electron between anion and cation increases the total energy, the orbital
effective overlap and the partial electrons transfer result in an energetic reduction,
and further stabilize the ion pairs.

Obviously from the two classes of ion-pairs with multiple atomic fluoro-anions,
we find that more than one H-bonds can form between cation and anion, which is
different from ionic liquids with a single atomic anion, like the dialkyimidazolium
chloride ([Emim]Cl), and with only one H-bond between cation and anion [45—47].

3. The Structure of Ion Cluster

As reported [52-54], the ions clustering by ionic close contacts reflects the
structural arrangement in the bulk phase of RTILs [55]. The clusters may become
microscopic models to describe the structures of the bulk ionic liquids or their
aqueous solutions. Figure 10 shows an experimental FTIR spectrum of [Emim]
[BF,] IL and the calculated IR vibrational frequencies for the ([Emim][BF,]), ion
clusters with different number, n = 2, 3, 4, 5 at B3LYP/6-31 + G** level.
The strong agreement on major bands provided the possibility to explore the
detailed structural information of [Emim][BF,] IL, and these experimental
vibrations can also be assigned rationally by the structures of these ion clusters.

The band at 3,000-3,500 cm ™! is assigned to the symmetric stretches of three
C-H bonds of the imidazolium ring. Two weaker peaks around 1,600 and
1,500 cm ™! are assigned to the breadths of the rings and the scissors of the alkyl
chains, respectively. The peaks around 1,208 cm ™' are assigned to the interplanar
wagging vibrations of the C—H bonds on rings. The strongest peak occurs around
1,136 cm ™! and is assigned to the stretches of B—F bonds of [BF,] ™ anion, while
these weak peaks around 750-880 cm ™' are the out-of-planar wagging vibrations of
the rings.

Structural investigation into the clusters has found that the ion arrangements are
ordered and similar to the crystal structure shown by X-ray [40, 42]. The structures
of clusters are shown in Fig. 11. It was found that these ions are connected by the
H-bonds (dashed lines) together to form a three-dimensional network [47]. In the
network, the ion packing is influenced very little by the intramolecular bonding
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Fig. 11 The ion clusters of ([Emim][BF,]), with n = 2, 3, 4, 5 by tube fashion. The dashed lines
denote the forming H-bonds

Fig. 12 The nano-clusters observed [C,mim][PFg](n = 2,4,6,8,10,12) by molecular dynamic
simulation [3]

structures, and the imidazolium cations are arranged in alternative layers and the
[BF4] anions are sandwiched between two cations but do not locate above the
rings and prefer to be near the C-H groups of rings in the clusters. The cation—cation
distance is around 5.10 A between H(C,) atom and the imidazolium ring center. No
strong interaction between the ring proton and z-electron cloud of the imidazolium
ring is observed and the ethyl groups stick out of the imidazolium ring planes
(C,—N—C4—C; torsion angle around 74°). [BF,] ™ anions form a pillar with a B. . .B
distance of 5.7 A in two different anions. Neutron diffraction studies on some
RTILs indicated that charge ordering endured in the liquid phase.

Larger nano-clusters have been observed in imidazolium-based ILs with alkyl
chain length more than 4. Based small-wide-angle X-ray (SWAXS), Hardacre et al.
have found low-Q peaks in [C,mim][PFg] (n = 4, 6, 8) ILs,which are correlated
with the heads (imidazolium rings) of cations and indicate the heads aggregate
together [56, 57]. These observations have been supported by molecular dynamic
simulation. Figure 12 shows the ion packings of [C,mim][PF¢] (n = 2, 4, 6, 8, 10, 12)
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ILs observed by molecular dynamic simulation [58]. It can be seen that the ions do
not aggregate when connected with short chains (n = 2). When the lengths of the
alkyl chains are increased (n = 4, 6, 8), the ions start to aggregate, and the polar
domains (red color, the charged anions and imidazolium ring parts) and the non-
polar domains (green color, the non-charged alkyl chains) are obvious. When the
lengths of the alkyl chains were increased to n = 12, the aggregation is very
obvious, and the larger clusters form. In the clusters, the anions and imidazolium
rings aggregate together to form the polar domains by charged attraction, and the
non-charged long alkyl chains “twist” together to form non-polar domains.

Except for the structural factors, the nano-clusters can be influenced by the
temperature, pressure, and concentration in binary systems. Triolo et al. found
that the low-Q peaks decrease with increasing temperatures in solid ILs, but the
low-Q peaks increase with increasing temperatures in liquid ILs [59]. Figure 13
shows the low-Q peak curve of the [Cgmim]Br and [C;omim]Br ILs with increasing
temperatures [60]. It can be seen that the low-Q peaks of [C;omim]Br decrease with
increasing temperatures in the —100~—50 °C range, but the low-Q peaks increase
linearly with increasing temperature in the —50~150°C range. Nevertheless, over
the complete temperature ranges the low-Q peaks are very low, indicating that the
nano-clusters exist throughout, even at a temperature as high as 150 °C, as shown
by the Q values obtained at different temperatures. For [Csmim]Br the situation is
not the same. The low-Q peaks increase linearly with temperature, increasing over
the 0~150 °C range, but the change is not obvious.

In general, the ions in the bulk phase are not randomly packed and the electro-
static force, van der Waals, and H-bonds rationalize the preferable arrangement.
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3 Non-covalent Interaction in ILs

3.1 Binding Energy of Ion Pair

S. Zahn et al. compared the binding energies of one [Mmim]Cl with the NaCl ion
pair by the symmetry-adapted perturbation theory (SAPT) method, considering
different contributions in analogy to a multipole expansion (Fig. 14) [61]. For the
NaCl (red diamonds in Fig. 14a) the dispersion term is negligible, whereas this
contribution is comparable in magnitude to the induction term for the two
conformers of the ionic liquid pair [Mmim]Cl (blue and green diamonds). The
total energy of NaCl consists of only electrostatic, exchange, and induction
contributions (see Fig. 14b; the curve with red squares almost exactly matches
the curve with diamonds). We can make another interesting observation concerning
the minima. Whereas the NaCl features the minima for all curves exactly at the
equilibrium distance (at zero, see black dotted vertical line), this is, surprisingly, not
the case for the [Mmim]Cl pairs (see black arrows). This means that the equilibrium
distance is not exclusively determined by the most important attractive force,
namely, the electrostatic interaction.

This finding demonstrated that the ions interact in the repulsive region of
electrostatic potential only if one considers that the hypothetical potential consists
of electrostatic and exchange terms. This implies that ILs are not as ionic as one
may naively imagine. Different contributions partly compensate each other,
resulting in a very shallow potential energy curve. Consequently the system is
highly flexible and liquid like, and is also able to adjust easily to different situations,
which might also explain the good solvating properties of ILs.

Table 5 also lists the binding energies of [Emim]*-based complexes with differ-
ent counter-anions. The binding energies follow the trend [CF;CO,]™ > [BF4]™ >
[CF3S03]™ > [Tf,N]™ ~ [PFg] . However, the experimental properties (melting
point, density, self-diffusion coefficient, and molar conductivity) have no defined
correlation with these binding energies, which indicates that many properties of
RTILs are not determined just by interaction energy.

Melting point is the basic property of ILs and reflects the molecular packing and
interactions of cations and anions. A rough correlation of melting points (7},,, K) and
binding energies (E, kJ - mol ') for dialkylimidazolium chloride, bromide, dialkyli-
midazolium tetrafluoroborate, and dialkylimidazolium hexafluorophosphate ILs is
shown in Fig. 17 [47]. A linear relationship was assumed for these ILs and their
melting point decrease when the sizes of the N-alkyl side chains increase. Seven
species of the CI™ and Br~ series, except for [Pmim]Br, were correlated and the
linear relationship is very pronounced. The melting points range from 300 to 400 K
while the interaction energies lie between —375 and —320 kJ - mol™'. A similar
trend was observed for four species of the [PFg] ™ series, but the linear relationship is
very gross. For four species of [BF,] ", the linear relationship between melting points
and interaction energies is also pronounced, but the difference between successive
melting points is much greater than the difference between successive energies:
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Fig. 14 (a) Contributions of different interactions to the total attractive (electrostatic + induc-
tion + dispersion) interaction energy. (b) Plot of the interaction energy versus distance [61]

Table 5 Binding energies and properties of ILs

E* Mpb p° D’ Aimpe ANMRf Aimp/ANMRg
[Emim][CF5CO,] —89.8 —14 1.22 3.23 0.63 1.25 0.51
[Emim][BF,] —85.2 11 1.20 272 0.69 1.04 0.66
[Emim][CF3S0s3] —82.6 -9 1.30 3.02 0.64 1.10 0.58
[Emim][Tf,N] —78.8 —15 144 475 1.10 1.82 0.60
[Emim][PFg] —78.4 62 1.37 1.21 0.31 0.46 0.68
[Py][BF4] —82.8 26 1.44 391 0.94 1.44 0.66
[(C,H5)(CH3)3N][BF,4] —84.6 19 1.39 234 0.61 0.91 0.67

“Energies in kcal/mol

"Melting points (°C)

“Density (g-cm™>)

9Self-diffusion coefficient (cation + anion) at 298 K (1077 ecm?s™ )

“Molar conductivity obtained from impedance measurement (S-cm?mol ') at 298 K

"Molar conductivity obtained from ion diffusivity measurement by NMR (S-cm?mol ") at 298 K
#Ratio of Aimp/ANMR

the melting points are in a range 400-200 K while the interaction energies are
between —350 and —340 kJ - mol™". Therefore, it is indicated that the more
atoms the anions include, the more complicated are the interactions between cations
and anions.

Molar conductivity is an important property of RTILs for their application as
electrolytes for electrochemical devices. S. Tsuzuki et al. [18] reported the mea-
surement of the molar conductivity of RTILs composed of [Bmim]* cation. They
found that the molar conductivity obtained from impedance measurement (Ajy,) is
smaller than that obtained from ion diffusivity measurement by NMR (Anwur)-
They pointed out that the Ajpp/Anmr value provides useful information on the ionic
dissociation/association dynamics in the ionic liquid (Table 6). They reported that
the Ajmp/Anmr values of RTILs composed of [Bmim]" follow the order [PFg]~ >
[BE,]™ > [TrN]™ > [CF3S03]” > [CF3CO,] . A small Ajpp/Anmr value shows
that an ion prefers to move with a counterion. Ajy,p/Anmr 18 an important parameter



24 K. Dong et al.

Table 6 Experimental spectroscopic studies on interactions and H-bonds in some typical ILs

HBDA(a)° AE¢

Tonic liquid®  Spectra H-Bond® [65-67] [18,471 Mp®  Td°
[Dim]Cl X-Ray, IR[68],NMR  C-H---CI(Br,I) 0.44% 378.03 84 285
[69],Neutron[70]
[Dim][BF,]  X-Ray, IR[71] C-H:-F 0.61 356.47 11 412
[Dim][PF] X-Ray[72], Neutron C-H--F 0.64 319.00 10 375
[70, 73],IR
[Dim] X-Ray[74], NMR[13], C-H-:--O, 0.60 345.60 -9 140
[OSO,CF5] IR[75] C-H---F
[Dim] X-Ray, NMR[13] C-H- - -0, 0.56 37572 —14 150
[OCOCF;] C-H--F
[Dim][Tf,N]  X-Ray[76], THz, IR  C-H---N, 0.66 313.60 —15 455
[77], Neutron C-H- - F,
C-H---0
[Pyr][Tf,N] X-Ray, Raman[78] - 0.48 - 26 -
[(C4Hy) - 0.47 - 19 -
(CH;)3N]
[THN]

[Dim]* represents the 1,3-dialkylimidazolium cation, [Pyr]" represents the pyridinium cation
®Possible H-bonds between cation and anion in crystal and liquid phase

“H-bonded donation abilities (only for [Bmim]* cation)

9Average binding energies were calculated by the DFT and MP, methods (only for [Emim]*
cation)

“Melting points (°C)

fMeasured thermal decomposed temperature (°C) (for [Emim]™* cation)

#Measured in supercooled state

for designing highly conductive ionic liquids. The RTILs composed of round-
shaped anions ([PFe]™ and [BF4]") have larger Ainp,/Anmr values than those
composed of the other rod-shaped anions. The round-shaped anions dissociate
and associate with cations more easily in the RTILs. The interaction energy of
the [Emim]* complex with [PFg] ™ anion(—78.4 kcal - molfl) is smaller than that of
the [BF4]™ complex (—85.2 kcal - molfl). The [BF4]~ binds with [Emim]* more
strongly than the [PF¢]~, which well explains the smaller Ajnp/Anmr value for
[Bmim][BF,] than that for [Bmim][PFg]. The interaction energy of complexes with
[TfrN], [CF3SO3] 7, and [CF;CO,]™ are ~78.8, ~82.6, and —89.8 kcal - mol !,
respectively. The order of Ajpnp/Anmr Of three RTILs composed of [Bmim]* and the
rod-shaped anions coincides with the reverse order of the magnitudes of the
interaction energies of the [Emim]* complexes.

Comparison of the calculated interaction energies of the ion pairs and experi-
mental Ajmp/Anmr Values of RTILs suggests that three factors play important roles
in determining the Ajpp/Anmr value: (1) RTILs have large Ajmp/Anmr values if the
interaction between cation and anion is small; (2) RTILs that consist of round-
shaped ions have large Ajmp/Anmr Values — probably the round shape of the ions
enables a high mobility of the ions in RTILs; (3) RTILs have large Ajnp/Anmr
values if the orientation dependence of the interaction is small. A large anisotropy
of the interaction would probably decrease the mobility of the ions.
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3.2 Hydrogen Bonds

3.2.1 Structural Characteristic of H-Bonds

The particular resonance structure and high = electronic delocalization of the
imidazolium cation result in large positive charges on the C,—H, C4—H and Cs—H
groups that are the main interactive positions with anion [45, 62]. As discussed
previously, H-bonds are explicit non-covalent interactions in ILs, but are not the
same with different anions. For the anions with one atom, like the [Emim]CI ion
pair as shown in Fig. 15a, only one C-H...Cl H-bond forms between cation and
anion. For anions with multiple atoms, like [Emim][BF,] in Fig. 15b, more than one
C-H. . .F H-bond forms between cation and anion [47].

The electronic structure investigation found that the HOMO of Cl™ can interact
with the LUMO of the cation to form a o-type orbital overlap such that the Cl1™
anion can localize near to the C,—H group as shown in the [Emim]Cl ion pair
[47, 63]. A similar o-type orbital overlap can also be found in the [Emim][BF,] ion
pair. Therefore the orbital overlap results in the significant energy reduction, further
rationalizing the preferable location of the anion.

3.2.2 Evidence of H-Bonds in ILs

Many ILs have been studied by experimental spectroscopy (IR, Raman, NMR,
neutron scattering, etc.) and results have indicated that the ions can array orderly
over a larger range of temperatures [36]. The earliest X-ray studies found that there
existed a discrete H-bond in halide-based ILs (anions = C1™, Br™, and ") [64]. The
evidence from X-ray and IR spectra from [Emim]Cl IL have demonstrated unam-
biguously that the H-bond not only exists but the is also most explicit interaction
between the ions (Table 6). The CI™ anions are located with the cation by H-bonds
rather than at random.

For the fluoro-anion-based ILs (e.g., anion = [BF4]™, [PF¢]™, [(FH),F],
[AsFg], [OCOCF;], [OSO,CF3], etc.), X-ray studies have indicated that F
atoms of the anions can form C-H...F H-bonds with the imidazolium cation, in
particular C—H,, C-H,4 and C—Hjs groups on the ring as listed in Table 6 [36]. NMR
studies have also provided structural depictions for [Mmim][PF¢] IL [72], in which
the asymmetric unit contains one ion-pair, and the imidazolium cations form a
weakly C-H...n hydrogen-bonded zigzag chain along the (0 O 1) direction. The
[PFg]™ anions are located between these chains and make closest contacts with the
hydrogen atoms of the cation. The liquid phase of the [Dim][PFg] shows a similar
structure to the crystal state by neutron diffraction [79].

In crystal structures of dialkylimidazolium salts containing [OSO,CF;]™ or
[OCOCF;] ™ anions, for example [Bmim][OSO,CF;] IL, the imidazolium ring
and the -SO; group of the anion are connected by the C-H...O H-bonds to form
a two-dimensional NaCl-like arrangement in each layer, and the butyl chain of the
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Fig. 15 The H-bond denoted by a dashed line in imidazolium-based ionic liquids. (a) The
optimized geometry and molecular orbital of [Emim]Cl ion pair by DFT method. (b) The
optimized geometry and molecular orbital of [Emim][BF,] ion pair

cation and the -CF; group of the anion protrude out of the layer in the same
direction. Therefore, this structure contains a layer of butyl and -CF3 groups
sandwiched between the two layers. In the liquid state this more ordered structure
is not obvious, but except for the C—H...O H-bonds between the cation and the
-SO;5 group of the anion, the -CF; group of the anion can connect with the other
cation by C-H. . .F H-bonds [39]. For [Dim][Tf,N] ILs, both crystallographically
distinct [Tf,N] ™ anions adopt a cis-conformation [80]. The crystal lattice of [Dim]
[Tf,N] consists of alternating two-dimensional sheets with an —AA-B—-AA-
pattern.

Neutron diffraction studies on some RTILs have indicated that charge ordering
endures in the liquid phase. In the [Mmim]Cl and [Mmim][PF] salts, the molecular
packing in the first two or three solvation shells are similar both in the crystal and in
the liquid, although the atomic distances are altered in the liquid [70, 73]. In
comparison, the [Mmim][Tf,N] salt showed smaller charge ordering [79] because
of the diffuse charge density and larger size of the [Tf,N]  anion. Moreover, its
liquid structure is poorly correlated to its crystal structure [80]. This was attributed
to the conformational flexibility of the [Tf,N]  anion [79, 80]. Nevertheless, it
remains clear that ILs form “quasimolecular” structures through three-dimensional
H-bonded networks. The network is maintained to a great extent even in solutions
having low dielectric media, making the RTILs highly organized media.

Further evidences have demonstrated that by substituting a hydrogen atom for a
-CH; group, which is incapable of H-bond formation, the bands associated with
stretches or bends of H-bonds disappear completely. R. Ludwig et al. [48, 76, 77]
had demonstrated that the bands that relate to H-bonds disappeared in [Emim]
[Tf,N] IL when the proton atoms on the imidazolium-ring were replaced by -CHj;
groups. With the increased abilities and strengths of H-bonds, the [Tf,N]™ anion
was found in the cis conformation. Switching off these local interactions leads to
the energetically favored frans conformation. These structural effects caused by
H-bonds should have significant influence on IL properties, such as melting points
and viscosities, as discussed later. Moreover, the vibrational frequencies of
H-bonds themselves can be observed directly by far-IR spectrum even for the
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Fig. 16 The ion clusters and the local H-bonded network in ILs. (a) The ion cluster of
dimethylammonium nitrate (DMAN) and the measured low-frequency vibrational FTIR spectrum
of at 353 K compared to the vibrational modes of the corresponding PIL clusters [(DMA)(NO;)]x
with x =1, 2, 3, 4, and 6 calculated by DFT at the B3LYP/6-31 + G* level of theory
[77]. (b) Schematic representation of H-bond network IN [Emim]CI IL. All of the H-bonds were
are denoted by dashed lines [85]

complicated [Dmim][Tf,N] IL as listed in Table 6. Wavenumbers above 150 cm !
were assigned to intramolecular bending modes of cations and anions in the ILs,
and the wavenumbers below 150 cm ™' were assigned to the bending and stretching
vibrational modes of H-bonds [81].

The solvent properties of these ILs have also been investigated using chro-
matographic techniques [82, 83]. It is generally found that the ILs may be consid-
ered to be polar phases with the solvent properties being largely determined by the
ability of the salt to act as an H-bond donor and/or acceptor. Table 1 lists the
H-bonded donation abilities (HBDA, @) to denote qualitatively the acidity of ionic
liquids. The a of the pyridinium-based and the quaternary amino ILs are obviously
smaller than that of the imidazolium cation, which indicates that the interactions of
H-bonds are not remarkable in these ILs.

3.2.3 Local H-Bonded Network

As previously described, involved in the interactions of many ions in bulk ILs, the
forming H-bonds can be extended to form a three-dimensional network as in liquid
water [84]. The network can even be observed on a smaller nanometer scale domain
or in an ionic cluster in which non-homogeneity of local structure is found in ionic
liquids. A network of ammonium nitrate IL (ANILs) is shown in Fig. 16, in which
cations and anions are connected together by H-bonds (O atom as acceptor on anion
and N-H as donor on cation) [48].

Crystallographic studies had also found that the H-bonded networks exist below
melting points or at glass state temperatures in many ILs [35, 36, 86]. A remarkable
three-dimensional H-bonded network of the [Emim]Cl [86] from X-ray and DFT
calculations is shown in Fig. 16b, in which the asymmetric unit contains four
Emim*...Cl~ ion pairs. The [Emim]* ions cluster in four distinct layers
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Fig. 17 The correlation of melting points and interaction energies for dialkylimidazolium ionic
liquids: CI and Br salts series ( filled triangles); [BF,] salts series ( filled circles); and [PFg] salts
series ( filled diamonds) [62]

perpendicular to the ¢ axis. Similarly, the arrangement of Cl™ anions is a layered
one. Each CI™ interacts with three Emim* cations and each [Emim]" is associated
with the three nearest Cl~ ions. The distance from Cl™ to a ring carbon atom
averages 3.55 A. The CI~ anions are situated in H-bonded positions rather than
randomly. In the [Bmim][PF¢] IL, the cations form an H-bonded zigzag chain motif
via methyl hydrogen atoms and n-electrons, and [PFg] ™ anions are located between
these chains with closest contacts with the methyl hydrogen atoms. Such connec-
tion results in the formation of an H-bonded network [72, 87].

Furthermore, molecular dynamical calculations have proved that ions clusters,
when viewed over the course of a typical simulation (generally several
nanoseconds), remain locked in a local place and the cations and anions cease to
behave as discrete units but act rather as larger supermolecules, H-bonds being
responsible for the spatial heterogeneity [52, 88, 89]. Experimental optical Kerr
effect spectroscopy [90] also demonstrated the occurrence of heterogeneous
domains in 1,3-dialkyl imidazolium salts. The translational and rotational motion
of these larger units and their interactions with neighboring molecules explain the
high experimental viscosities [91].

4 Effect of Structure on Application of ILs

4.1 Extraction and Separation

Some ILs have been used as solvents in separation processes due to their recovery
and recycling properties. Rogers et al. [92] have reported the partition of substituted-
benzene derivatives between water and the hydrophobic [Bmim][PFg]. Their studies
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Fig. 18 Soybean isoflavone aglycone homologues

have included the removal of sulfides [93] and nitrides [94] from diesel and gasoline,
the separation of aromatics from aliphatics [95], and the removal of pollutants
(e.g., phenols, dyes, organic acids) from water, and they have demonstrated the
abilities of ILs [94, 96, 97].

Some natural bioactive homologues with high structural similarity have been
effectively separated by ILs. Cao et al. [97] have shown that ILs can be used to
separate the soybean isoflavone aglycones, known as genistein, daidzein, and
glycitein, as shown in Fig. 18. Furthermore, we investigated the interactive mecha-
nism and found that ILs can form H-bonds with the homologues, but the
magnitudes of interactions decrease in the order genistein > daidzein > glycitein,
which was consistent with the distribution coefficients [98].

Another example is to separate the a-tocopherol from the four tocopherol
homologues. The four homologues have different H-bonded acidities resulting
from their structural differences in the number and position of methyl groups on
the chromanol head. [Bmim]Cl, [Bmim][CF3SO5], and [Bmim][BF,] ILs can
extract a-tocopherol successfully from biphasic material in the order [Bmim]
[BF;] < [Bmim][CF3SO3] < [Bmim]Cl under the same conditions [96]. This
order is consistent with the that of these ILs’ hydrogen-bond basicity strength
[99]. This phenomenon further disclosed that the selectivity was based on the
hydrogen-bonding interaction between ILs’ anion and the -OH group on the
tocopherols.

4.2 Dissolution of Cellulose

Biocompatible composites generated from renewable biomasses are regarded as
promising materials that could replace traditional polymers and reduce global
dependence on fossil fuels [100-102]. Rogers et al. applied ILs as green solvents
to dissolving cellulose, which has opened up a new area for application of ILs in
bio-energy [103]. The experiments have proved that many ILs, such as [Bmim]Cl,
[Amim]Cl, [Emim]Cl, [BMPy]Cl, [Bmim][OAc], [Amim][OAc], [Emim][OAc],
[Emim][XS], and [N;;;C,H4OH][OACc], can effectively dissolve the biomass from
wood, bagasse, wool, silk, chitin, etc. [100, 103-106]. Experiments and
calculations have both proved that the formation of H-bonds between ILs and
biomolecules play crucial roles in the dissolving process [107—-109]. By means of
3¢ and **’C1 NMR relaxation measurements, R. C. Remsing et al. demonstrated
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Fig. 19 A proposed mechanism of dissolution of cellulose in ionic liquids. Dashed lines show the
hydrogen bonds

conclusively that the solvation of carbohydrates by [C;mim]Cl involves stoichio-
metric H-bonding between the hydroxyl protons of the cellulose and the chloride
ions of the IL. There may be two steps for the dissolution; the first is to break the
H-bonds between anions and cations, then the active chloride anions interact with
the hydroxyl groups of cellulose by forming H-bonds. It is also thought that
[Cymim]* cations may possibly form H-bonds with cellulose and play a
non-negligible role in the dissolution process.

Figure 19 showed the proposed dissolution mechanism of cellulose in ILs, and
how the oxygen atoms and hydrogen atoms of the —OH groups on cellulose form
electron donor-acceptor complexes. The anion can combine with hydrogen atoms
of cellulose by H-bonds, whilst the imidazolium cation interacts with the oxygen
atoms by hydrogen bonding. Comparing with water, we found that the binding
energies of the H-bonds between cellulose and ILs are three times stronger than that
between cellulose and water, indicating that cellulose is more easily dissolved in
[Emim][OAc] [109]. The presence of water in the IL was shown to decrease
significantly the solubility of cellulose, presumably through competitive
hydrogen-bonding to the cellulose microfibrils which inhibits solubilization. This
phenomenon can also corroborate that hydrogen bonding is a key interaction in the
dissolving process of cellulose in ILs.

The increasing basicity of the anion resulting in the higher solubility of biomass
is also in agreement with the H-bonding mechanism. C. S. Pereira recently
reported that a class of biocompatible and biodegradable cholinium-based ILs,
the cholinium alkanoates, showed a highly efficient and specific dissolution of the
suberin domains from cork biopolymers. They found that the cholinium alkanoates
of increasing alkyl chain length (ethanoate, butanoate, hexanoate) showed
augmented dissolution efficiency since the basicity of the anion increases with
chain length [110]. It indicates clearly that the H-bond basicity of the solvent
system is essential for the dissolution of cellulose.
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4.3 As Catalyst

Diels-Alder cycloaddition reactions have been explored using various ILs
substituting for water. The reaction of cyclopentadiene with methyl acrylate and
methyl vinyl ketone in IL is shown in Fig. 20 [111]. The studies have found that
many ILs can influence the selectivity of the endo/exo. The theoretical investigation
had demonstrated that the ability of the imidazolium cation to act as H-bond donor
is responsible for the selectivity. The formation of H-bonds from the cation to
dienophile is a Lewis acid—base interaction, as it is well known that Lewis acid
catalysts can have a dramatic effect on both the rates and selectivities of
Diels—Alder reactions [112].

4.4 Gas Absorption

Studies have shown that many environmental pollution gases, such as CO,, SO,,
and NH;, can dissolve freely in ILs [25, 113-115]. The absorption of CO, in
[Bmim][PFg] reaches a mole fraction of 0.6 at 25°C and 8.0 MPa [116], and
[Bmim][BF,] and [TMG][BF,] ILs can absorb 1-2 mole SO, per mole of IL
reversibly at the ambient pressure and temperature [117].

Figure 21 shows a physico-absorptive mechanics of CO, in [Bmim][PF¢]
IL. When CO, molecules enter the bulk phase of the IL, the O atoms of CO,
form H-bonds with C-H groups of the imidazolium-ring, and C atoms (with
positive charges) can be attracted by anions due to electrostatic interaction.
The line-like nonpolar structure of CO, is thus changed to give a polar molecule
(the angles of the «O—C-O are distributed between 175 ~ 178° according to ab
initio molecular dynamic calculations, so the change of CO, structure results in
easier absorption in ILs. The theoretical studies have also indicated that the
“spontaneously forming cavities” by H-bonds are vital to accommodate CO, and
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Fig. 21 Proposed mechanics of CO, absorption in ILs. The relative positions and the H-bonds
change when CO, accommodates into the IL physically. Red dashed lines show the relative
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SO, molecules when they enter the bulk of ILs [118, 119]. However, particularly
Ludwig et al. reveal that the experimentally observed “anomalous” temperature
dependence of CO, in ILs is not due to cavity effects but is caused by attractive
solute—solvent interactions. The contribution of the van der Waals interactions is
found to dominate [120, 121].

S Perspective

In the past two decades, explorations of ILs have experienced a fast development
and the knowledge base of interdisciplinary data is rapidly being generated for ILs.
This will fuel innovative ideas to take these liquids far beyond the realm of mere
solvent. However, due to the complications and diversities in ILs’ family, it is very
difficult to clarify all of the structural factors exerting effects on their properties.

The molecular interactions between ions depend on their geometry and charge
distribution. Unlike in simple salts, the interactions are controlled by long-range
Coulombic forces between the net charges of the ions. As for ILs with molecular
ions, their bulky size and asymmetric charge distribution softens the Coulombic
forces and generates highly directional interactions of shorter range. Therefore,
almost all studies on the structures of ILs have involved the non-covalent interactions
between cations and anions. In most ILs, in particular imidazolium-based ILs, the
H-bonds present the structural characteristics and form the three-dimensional local
network to connect the discrete ions. The melting points, viscosity, hydrophilic and
hydrophobic properties, gas absorption, dissolution of cellulose, etc, are closely
related to the interaction energy and H-bonds.

As for other chemistries, for example nano science and biotechnology, ILs give
people the potential to deal with some unresolved problems and fulfill a task in



Structure, Interaction and Hydrogen Bond 33

green chemical processes. Structural investigations can further provide a deep
understanding of the unique properties of ILs and valuable hints for the design of
new ILs. Based on this, we believe the following aspects are the most important for
future research on ILs. First is to know the quantitative relationship between the
structures and the properties of ILs, which will point us in the direction of how we
may design efficient ionic liquids for a special application. Another aspect is to
study how to scale up the systems with ILs for the chemical engineering processes.
Additionally, with the development of materials science and engineering, ILs have
found a new stage on which to play a role.
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Aggregation in Systems of Ionic Liquids

Jianji Wang and Huiyong Wang

Abstract Material preparation in ionic liquids and environmental pollution control
by ionic liquids are often closely dependent on the aggregation behavior of ionic
liquids in solution. Therefore, understanding the aggregation behavior of ionic
liquids in solution is very important from both fundamental and applied aspects.
In this chapter, our aim is to provide a summary of our current state of knowledge of
the aggregation of ionic liquids in solutions modulated by alkyl chain length,
cationic structure, and anionic type of ionic liquids, and by addition of inorganic
salts, organic solvents, and surfactants. The possible mechanism for the effect of
these factors on the aggregation behavior of ionic liquids has been analyzed, and the
potential applications of ionic liquids aggregation in membrane separation of ionic
liquids wastewater, controlled drug release, breakage of oil/water emulsions, and
selective separation of protein (BSA) from aqueous saccharides has also been
illustrated. In addition, the challenges in this field have been addressed and some
suggestions are made for future work.

Keywords Ionic liquids « Aggregation in solution ¢ Aggregate microstructure
« Potential applications

1 Introduction

1.1 Ionic Liquids

Room temperature ionic liquids (ILs) are a special class of molten salts composed
of organic cations and inorganic or organic anions, melting at temperatures below
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Fig. 1 Cationic structures of ILs commonly used

373 K. Usually, the most used cations include alkylimidazolium [RR'IM]J',
alkylpyridinium [RPy]*, tetraalkylammonium [NR,4]*, and tetraalkylphosphonium
[PR,]" (see Fig. 1). Anions consist of chloride Cl~, bromide Br—, iodide I~,
hexafluorophosphate [PFg] ™, tetrafluoroborate [BF4]™, nitrate [NOs]~, methane
sulfonate (mesylate) [CH3SOs5] ™, trifluoromethane sulfonate (triflate) [CF;SO5] ™,
bis-(trifluoromethanesulfonyl)amide [Tf,N], among others [1]. The number of
potential ion combinations available reputedly equates to 10,

Compared with the traditional volatile organic compounds (VOCs), ILs have
many unique physical and chemical properties. These properties can be
summarized as follows [1]: (1) immeasurable vapor pressure and nonflammability
under normal conditions; (2) thermal decomposition temperatures higher than
300°C, and a large liquid range from —200 to 300°C; (3) excellent dissolution
performance for organic, inorganic, and polymer materials; (4) wide electrochemi-
cal window of 2 ~ 5 V; and (5) designable structures and properties for various
practical applications.

Among these properties, negligible vapor pressure avoids atmospheric pollution
and enhances their recycling, which are the main reason why ionic liquids are often
called “green solvents.” However, recent studies have shown that some ionic
liquids have a wide range of toxicity and, as a result, the use of the term “green
solvents” has been questioned [2, 3].

Even so, the above properties have made ILs applicable to myriads of
applications that include chemical synthesis [4], biocatalytic transformations
[5, 6], electrochemistry [7, 8], and analytical and separation science [9, 10]. In
addition, the opportunity of cation modification and anion selection as well as the
enormous number of possible combinations allows us to fulfill technological
demands, and provides novel task-specific media for the chemical and biochemical
industries [11, 12].

In their applications, ILs exhibit many unique properties and much abnormal
behavior. For example, ILs have the ability to dissolve inorganic compounds; at the
same time, they can also dissolve organic and polymeric materials over a wide
temperature range. It seems likely that the old rule of thumb that “like dissolves
like” is not valid for ionic liquids. When CO; is added to ILs, the electric conduc-
tivity of the systems increases, although CO, is a nonpolar compound [13]. Ionic
liquids dissolve very large amounts of CO,, while the solubility of neat ionic liquids
in supercritical CO, is very low [14]. Tonic liquids can be used as stationary phases
in gas-liquid chromatography, but they show “dual-nature” behavior: they are
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capable of separating polar compounds as if they were polar stationary phases and
can also separate nonpolar compounds as if they were nonpolar stationary phases
[15]. These unique properties are ascribed not only to the nature of cations and
anions but also to the interaction of ionic liquids with other components and the
microstructure of ionic liquids in the systems. Therefore, aggregation of ionic
liquids in solutions has been the focus of much research [16—19].

1.2 Significance of Ionic Liquids Aggregation

Many applications of ILs would be closely related to their aggregate formation. It
may be expected from the amphiphilicity of ILs that interfacial phenomena play a
major role in the behavior of such IL-containing systems. For example, the transfer
of a compound through an interface is an important part of the extraction process
which is controlled by molecules adsorbed at the interface. The presence of IL
aggregates could reduce the efficiency of these processes because of partial extrac-
tion of the product into micelles. The formation of aggregation structure may also
have consequences in a number of areas including synthesis and purification of bulk
ILs, material preparation, environmental pollution control, formation of dispersed
or phase-separated systems, distribution of ILs in the environmental [12, 20],
among others.

The transport and distribution of ILs through soil is also mainly dependent on
their aggregation. The size and structure of an aggregate would affect the transport
parameters of ILs. It was shown that ILs were adsorbed onto soils initially with
electrostatic interaction with clay surface [21], and the aggregates of ILs can also be
adsorbed onto mineral surfaces to form hemi-micelles on the surface. The
aggregates have the ability to dissolve highly lipophilic substances and promote
their distribution as part of a colloid-facilitated transport. This would influence the
chemical fate of ILs and eventual possibilities of soils remediation.

Aggregation behavior is obviously very important for the future use and envi-
ronmental fate analysis of ILs. Also, the knowledge of the aggregation behavior of
ILs plays a vital part in understanding how these ionic compounds participate as
components in a complex system. Therefore, in this chapter we will analyze and
summarize the state-of-the-art on the studies of the formation, microstructure and
possible applications of ILs aggregation in solutions in order to provide a better
understanding of the progress in this field.
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2 Aggregation of Ionic Liquids in Aqueous Solutions

2.1 Formation of lonic Liquids Aggregates

Many research publications suggest that ILs form aggregates in aqueous solutions.
It should be noted that different terminologies have been used in the literature for
the aggregate/micelle formation of ionic liquids. The reason may lie in the fact that,
sometimes, aggregates of ionic liquids could be formed, but the attractive interac-
tion between the alkyl chains was not strong enough to form micelles, especially for
ILs with shorter alkyl chains. Therefore, the terms “aggregate” and “critical aggre-
gation concentration (CAC)” have been frequently used in this book.

A significant amount of research has been published on the determination of
CAC of ILs in aqueous solution. The data available in the literature [16-39] are
collected in Tables 1 and 2. It can be seen that the results from different laboratories
are not always consistent. The main reason is that a large variety of experimental
techniques, including conductivity, surface tension, molar volume, fluorescence
quenching, small angle neutron scattering, isothermal titration calorimetry (ITC),
nuclear magnetic resonance (NMR), sound speed, turbidity, etc., has been used to
determine the CAC values. However, not all methodologies have been carried out
with the same care and rigor, and therefore some uncertainties exist in the results of
a number of ILs.

Aggregation behavior of 1-butyl-3-methylimidazolium tetrafluoroborate
([C4smim][BF4]) and 1-methyl-3-octylimidazoliumchloride and iodide ([Cgmim]
Cl and [Cgmim]I) in aqueous solution has been investigated by Bowers et al. with
surface tension, conductivity, and small angle neutron scattering (SANS)
measurements [16]. The results showed that these ILs act as short chain cationic
surfactants in aqueous solution and form aggregates above their CAC values. The
conductivity data for [Cgmim]CI and [Cgmim]I indicated the possible presence of
aggregates at concentrations below the CACs. From analysis of the SANS data, the
[C4mim][BF,] system was found to be best modeled as a dispersion of polydisperse
spherical aggregates, whereas [Cgmim]I can be modeled as a system of regularly
sized near-spherical charged micelles at concentrations above their critical aggre-
gation concentration. A solution of [Cgmim]Cl displays weak long-range ordering
of possibly disklike particles, culminating in the formation of structures with
distinct long-range order at higher concentrations.

Miskolczy et al. [17] investigated the aggregation of 1-butyl-3-methyl-
imidazolium octyl-sulfate ([C,;mim][OctSO,4]) and [Cgmim]Cl in aqueous solutions
by conductivity, turbidity, and 2-hydroxy-substituted Nile Red solvatochromic
probe measurements. [C,mim][OctSO4] was found to form micelles above
0.031 M which were within one’s expectation, because a long-chained anion such
as the octyl-sulfate has previously been shown to form micelles in its own right. On
the other hand, [Cgmim]Cl produced inhomogeneous solution of larger aggregates.
As a continuation of research, these authors investigated the association of 1-alkyl-
3-methyl-imidazolium bromide ([C,,mim]Br) ionic liquids in aqueous solution at
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Table 2 Comparison of critical aggregate concentration (mM) of ionic liquids determined by
various methods at 298 K

IL Surface tension Conductivity Fluorescence Other method
[C4mim][BF,] 800[16] 820[16] 960[31]* 800 (SANS) [16]
729[39] 710 (volume) [31]*
705 (speed of sound) [39]
[C4mim][OctSO,4] 40.5[16] 31[17] 31[17]
[Cgmim]I 100[16] 150[16]
[Cgmim][BF,] 28[39] 25 (speed of sound) [39]
[Ciomim][NTf,]  N[19] N[22]
[C1omim][PFg] N[19]
[C{,mim][BF,] 9.2[29] 7.6[29]
[C1emim][BF4] 1.37[251°
“mmol/kg
PAt313 K

298 K by conductivity measurements [18]. A similar study was conducted by
Sirieix-Plénet and coworkers [27]. They examined the properties of mixtures of
1-decyl-3-methylimidazolium bromide ([C;omim]Br) with water by conductimetry
and electromotive forces (EMF) measurements with bromide- or cationic
surfactant-selective electrodes. It was shown that, at low concentrations, this
ionic liquid behaves like a classical cationic amphiphile. As the concentration of
[Ciomim]Br increased above the CAC, the association between the cationic aggre-
gate and its counterion was enhanced.

Interfacial tension, fluorescence, and '"H NMR measurements were used by
Blesic et al. [19] to monitor the aggregation behavior of ionic liquids with
1-alkyl-3-methyl-imidazolium cations [C,mim]* (n =2-14) and different
counterions, Cl~, [PFs]™ and bis(trifluoromethylsulfonyl)imide anion ([NTf;]")
in aqueous solutions. It was found that [Csmim]CI showed no noticeable aggrega-
tion in water, and aggregates formation was detected for the ILs possessing at least
eight carbon atoms in an imidazolium cation with CI anion. When the C1™ anion in
[Ciomim]Cl was replaced by [NTf,]” or [PF¢]", no micelle formation was
observed, because the low solubility of these ILs induced phase separation before
their bulk aggregation.

Goodchild et al. [26] used conductivity, surface tension, and SANS to investi-
gate the surface, phase, and aggregation behavior of 1-alkyl-3-methyl-imidazolium
bromides in water. Aggregation for the ILs with alkyl chain length greater than six
carbon atoms was observed, and their CACs were reported.

An investigation on the aggregation of [C4mim][PFg], [Comim]Cl, [C;,mim]CI
and 1-butyl-3-methylimidazolium methylsulfate; [C4mim][CH3SO,4] in aqueous
solutions was completed by Modaressi et al. [23]. The methods used were electrical
conductivity, density, and surface tension. The authors found that the ILs with a
butyl chain do not favor an aggregate self-assembly.

Inoue et al. [30] used conductivity technology to study the aggregation behavior
of long-chain imidazolium ionic liquids of 1-alkyl-3-methylimidazolium bromides
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Table 3 Aggregation
numbers (N,g,) of
[C,mim]Br in aqueous
solutions at 298 K

Table 4 Aggregation
numbers (N,ge) of
[C,mim]Cl in aqueous
solutions at 298 K

J. Wang and H. Wang

ne Nagg Method C,TAB
8 22[26] SANS
53[31] Fluorescence quenching
22[31] Molecular geometry
25(32] NMR
9 45[18] Fluorescence quenching
10 40[26] SANS
42[18] Fluorescence quenching
40[24] Fluorescence quenching
48[24] Molecular geometry
35[31] Fluorescence quenching
33[31] Molecular geometry
27[32] NMR
12 44[18] Fluorescence quenching 55[33]
43[30] Electrical conductivity
58[24] Fluorescence quenching
67[24] Molecular geometry
44[31] Fluorescence quenching
49[31] Molecular geometry
46[32] NMR
14 59[18] Fluorescence quenching 70[33]
61[30] Electrical conductivity
79[24] Fluorescence quenching
89[24] Molecular geometry
16 66[18] Fluorescence quenching 89[33]
76[30] Electrical conductivity
99[24] Fluorescence quenching
114[24] Molecular geometry
ne Nage Method C,TAB
8
9
10 23[36] Electrical conductivity
12 37[36] Electrical conductivity 55[33]
14 46[36] Electrical conductivity 70[33]
16 89[33]

with C,—C¢ alkyl chains in water. Based on the mixed electrolyte model of
micellar solution, the aggregation number and the degree of counterion binding,
p, were estimated. The results clearly demonstrate that the general behavior of
aggregation of long-chain imidazolium ILs is analogous to the case of traditional
surfactants. However, the CAC values of these ILs are lower by about 30 %
compared to those of the typical cationic surfactants C,TAB with the same hydro-
carbon chain, and their aggregation number (Tables 3 and 4) is 10-15 times smaller
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than those of the C,, TAB surfactants. This may be attributed to the difference in the
head group size.

Jungnickel et al. [22] reported a study on the aggregates formation of a homolo-
gous series of 1-alkyl-3-methylimidazolium derivatives with alkyl chain lengths
n = 4-18. The CACs of these ILs were reproducibly determined by conductivity
and surface tension. From these data, the degree of ionization and the standard
Gibbs energy of aggregation were calculated as a function of alkyl chain length of
the imidazolium cations. A significant correlation between retention times in
reversed phase gradient high performance liquid chromatography (HPLC) and the
CACs of the ILs was observed. It was also shown that the CACs were directly
related to the lipophilicity of cations of the ionic liquids.

Wang et al. [31, 32] studied the aggregation behavior of [C,,mim]Br (n = 4, 6, 8,
10, 12) and [C4mim][BF,] in aqueous solutions by conductivity, volume, fluores-
cence probe, and NMR technologies. The critical aggregation concentrations of the
ionic liquids, the ionization degree of the aggregates, and the standard Gibbs energy
of aggregation were obtained. It was shown that no aggregation occurs for [C4mim]
Br in aqueous solutions, [Csmim]Br and [Cymim][BF,] form weak aggregates
above the critical aggregation concentration, while the aggregation of [Cgmim]
Br, [Comim]Br, and [C;,mim]Br is strong enough to form micelles above their
CACs. The alkyl chain length of a cation can then be tailored to switch the
aggregation behavior of ILs in aqueous solutions.

The adsorption and aggregation behavior of a chiral long-chain ionic liquid, S-3-
hexadecyl-1-(1-hydroxy-propan-2-yl)-imidazolium bromide ([C;¢hpim]Br) in
aqueous solution were described by Li et al. [34]. The CAC value obtained for
this IL is similar to 1-cetyl-3-methylimidazolium bromide ([C;¢mim]Br), but lower
than the conventional ionic surfactants, demonstrating that long-chain imidazolium
ILs have superior capability for the formation of aggregates. The maximum surface
excess concentration of [C;chpim]Br is lower than [C;smim]Br due to the larger
head group size of [Cghpim]Br. This relatively large headgroup size of [C;chpim]
Br and higher electrostatic repulsion between these headgroups also result in a
looser packing of the resulting aggregates. Thus, a higher micropolarity and smaller
aggregation number are observed compared with the conventional cationic
surfactants with the same length of hydrophobic chain.

Zhang et al. [35] reported the results on the aggregation of 1-alkyl-3-
methylimidazolium-based ionic liquids ([C,mim]Br, n = 8, 10, 12, and 16) in
aqueous solutions using UV spectrum, electrical conductivity, and resonance light
scattering. This investigation reveals the aggregation differences between the
surface active [C,mim]Br and the traditional surfactants. Hydrogen bonds were
suggested to play a dominant role in the aggregation of ILs in addition to coulombic
and hydrophobic interactions. Compared with the traditional cationic surfactants,
these ILs display a stronger aggregation due to the formation of the hydrogen
bonded network. Such hydrogen bonded network also results in the loose
arrangements of imidazolium rings in the subaggregates of [C,mim]Br (n < 10).

Eighteen mono- and di-cationic imidazolium bromide ILs were investigated by
Baltazar et al. [28]. Surface tension measurements were used to determine the CAC
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values of these ILs, and a correlation between the substituted alkyl chain length and
the CAC values was reported. A comparison of the mono-cationic and di-cationic
imidazolium ILs indicates that the mono-cationic imidazolium ILs generally have
higher CACs than the di-cationic imidazolium ILs. The CAC values for different
classes of di-cationic ionic liquids were found to decrease with increasing length of
the linkage chain connecting the two imidazolium rings, and also to depend on the
nature of the free alkyl side chain.

3 Thermodynamics of Aggregates Formation

Thermodynamic analysis on the aggregation behavior of ILs by using Gibbs
energy, enthalpy and entropy of aggregate formation, is important for a deeper
understanding of the driving forces and some molecular details involved in the
aggregation processes [36]. The effect of the structure of ILs, in particular the alkyl
chain length of the cations, can be reflected by thermodynamic parameters. Often
these thermodynamic properties can be derived from measurements of the variation
of the critical aggregation concentration of ILs with temperature by applying the
mixed electrolyte model and phase separation model reported in the literatures
[30, 40].

Using electrical conductivity methods [30, 40], CAC values of imidazolium ILs
with alkyl chains length n = C;,—C,¢ in aqueous solutions were determined at
different temperatures. It is known that, for aqueous solutions of conventional ionic
surfactant, the critical micelle concentration first decreases to a certain point and
then increases with increasing temperature, which creates a U-shape dependence
with a minimum temperature (7,,;,) close to room temperature [41-44]. It can be
seen from Fig. 2 that the curves of CACs vs temperature for ionic liquids have a
similar shape. The effect of temperature on the CACs of surfactants in aqueous
solution is usually a result of two opposing factors. It may be assumed that similar
behavior could be observed in the case of aqueous IL solutions. First, when the
temperature increases, the degree of hydration of the ionic imidazolium head
domain decreases, leading to the increase of hydrophobicity of cations of the
ionic liquids. This favors the aggregation process, and aggregation can take place
at a lower concentration. On the other hand, with the increase of temperature, the
structured water around the hydrophobic domain would be partially broken. This is
unfavorable to the aggregation, as the low entropy of the structured water is a key
driving force for the self-association process [45, 46]. Thus it is possible for us to
assume that at lower temperatures the first effect is predominant, and after passing
Tmin the second effect becomes evident. Values of T, depend on the
hydrophobicity of the alkyl chain and the counterions. More hydrophobic
amphiphiles have lower T},;, values [47].

The mixed electrolyte model [30] and phase separation model [40] have been
used to estimate the thermodynamic parameters for the formation of ILs aggregates.
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Fig. 2 Plots of CAC against temperature for the ILs: (a) [C;;mim]Br; (b) [C;4mim]Br; (c)
[C1¢mim]Br (Reprinted from [30])

The standard Gibbs energy of aggregation (Ang) can be calculated from the
following equation:

AG® = (2 — a)RTlnycac (1)

where ycac is the critical aggregation concentration expressed in mole fraction

scale and « is the ionization degree of the aggregates. The standard enthalpy of

aggregation (AHS,) can be derived from the AG,% values as a function of temperature
by applying the Gibbs—Helmholtz equation:

I(AGY /T)

AH) = |———mi = 2

- [P ?

and the standard entropy of aggregation AS? can be obtained from

AH — AGY,

T 3)

AS) =
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Fig. 3 Linear plot between AG?n of [C,mim]Br at 298.15 K and the number of carbons in the

alkyl chains (Reprinted from [31])
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Figure 3 shows the standard Gibbs energy of aggregation of imidazolium ILs at
298.15 K as a function of the alkyl chain length of cations. This figure provides the
following information: (1) the Gibbs energy change was found to be negative,
implying as expected that aggregation of ionic liquids occurs spontaneously once
the CAC is reached; (2) the longer the alkyl chain of ILs, the more negative the
standard Gibbs energy of aggregation, indicating that the aggregation comes more
easily with the increase of the alkyl chain length of ILs; (3) the aggregation is driven
by alkyl chain-ion inductive and hydrocarbon-hydrocarbon interactions [31].

Figure 4 shows the thermodynamic parameters thus obtained for aggregate
formation of long-chain imidazolium ILs as a function of temperature. As can be
seen, first, AH% decreases with the increase in temperature, and then it changes its
sign from positive to negative at 20-25°C. This means that the aggregate formation
process is endothermic at lower temperature and exothermic at higher temperature,
and this is the origin of the appearance of a minimum in CAC at 20-25°C. Second,
fTASgn increases with the increase in temperature, and intersects with AH?n at
25-30°C. This indicates that the entropy term (—7TASY ) plays a dominant role in
negative AG?n below the crossing temperature, while the contribution from an
enthalpy term becomes dominant above this temperature. In other words, the
process for aggregate formation of long-chain imidazolium ILs is driven by entropy
at lower temperature, while driven by enthalpy at higher temperature.

Zhao et al. [48] also investigated the aggregation behavior of the ionic liquid N-
alkyl-N-methylpyrrolidinium bromide (C,MPB, n = 12, 14 and 16) in aqueous
solutions by surface tension, electrical conductivity, and static luminescence
quenching measurements. The critical aggregation concentrations at different
temperatures and a series of thermodynamic parameters (AGY, AHY, and AS?)
for the ILs aggregation were evaluated from electrical conductivity measurements
in the temperature range 25-45°C. Their thermodynamic parameters also show that
the aggregate formation is an entropy-driven process at low temperature and an
enthalpy-driven process at high temperature.

Because the enthalpy and entropy parameters have been derived indirectly from
measurements of the variation of the critical aggregation concentration with tem-
perature, these parameters have an intrinsic large uncertainty. Nowadays, more and
more studies show that calorimetry is the most sensitive technique for the direct and
precise measurements of the thermodynamic properties involving ILs aggregation
[36, 37].

The thermodynamic parameters for the aggregation of [C,mim]Cl (n = 8,
10, 12, and 14) in aqueous solution have been reported by Bai et al. [36] using
isothermal titration calorimetry and conductivity. It was shown that the increase in
alkyl chain length of the ILs causes a decrease in all thermodynamic parameters,
AG®, AH?, and TAS?. The large negative values of the Gibbs energy are primarily
due to an entropic contribution, an effect common in aggregation processes driven
by hydrophobicity. Nevertheless, the percentage of the Gibbs energy change that is
due to the enthalpic term increases with increasing alkyl chain length. Further it was
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found that the aggregation process was mainly driven by entropy, as is common in
aggregation processes induced by hydrophobicity.

Geng et al. [37] also used isothermal titration microcalorimetry and surface
tension measurements to study the aggregation of three long-chain imidazolium
ionic liquids, [C{,mim]Br, [C;4mim]Br, and [C;¢mim]Br, in aqueous solutions. It
was found that the process of aggregation is also driven by entropy. An
enthalpy—entropy compensation study reveals the effect of alkyl chain length on
the aggregation: the longer the alkyl chain, the easier it is to form aggregates. Their
results showed that [Ci4mim]Br and [C;¢gmim]Br act as ideal surfactants in the
aggregation process because there are no aggregate—aggregate interactions,
whereas [Ci,mim]Br does not behave ideally because of aggregate—aggregate
interactions in the high concentration solutions.

3.1 Effect of Cationic Structure on the Aggregation of Ionic
Liquids

With the possibility of fine-tuning hydrophobicity of ILs by changing the alkyl
chain length, the type of headgroup, and the nature of the anions, one can modulate
the structure of these aggregates. This leads to the modification of some major
characteristics such as the critical aggregate concentration, the average aggregation
number (NV,,), and the physicochemical properties in the aggregation processes of
ionic liquids. Therefore, a number of research projects have been focused on the
effect of cationic structure on the self-aggregation of ILs in aqueous solutions.

For a homologous series of linear single-chain amphiphiles, the CACs follow the
empirical Stauff-Klevens rule [49], which suggests a logarithmic relationship
between CAC and the number of carbon atoms in the alkyl chain as shown in the
following equation:

log(CAC) = A — Bn, “)

where A and B are constants for a given homologous series at a given temperature,
and n. is the number of carbon atoms in the alkyl chain. The constant A changes
with the nature of the hydrophilic groups, while B is a constant which measures the
effect of each additional methylene group on the CAC. It can be seen from Table 5
that the B value is approximately 0.5, 0.28-0.30, and 0.25 for nonionic amphiphiles,
paraffin chain salts with a single ionic head group, and divalent ionic surfactants,
respectively [50]. For different homologues, the A values are considerably variable,
whereas B is close to log 2, which indicates that addition of each -CH, group to a
hydrocarbon chain reduces the CAC of these compounds by about a factor of
2. Based on this rule, the CAC values can be estimated for surfactants with various
chain lengths [51].
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Table 5 Values of A and B from Stauff-Klevens equation for various surfactants and ILs

Compound T/K A B
Typical surfactant [49]

Na carboxylates 293 241 0.341
K carboxylates 298 1.92 0.290
K carboxylates 318 2.03 0.292
Alkane sulfonates 313 1.59 0.294
Alkane sulfonates 323 1.63 0.294
Alkyl sulfates 318 1.42 0.295
Alkylammonium chlorides 298 1.25 0.265
Alkylammonium chlorides 318 1.79 0.296
Alkyltrioxyethylene glycol monoether 298 2.32 0.554
Alkydimethylamine oxide 300 33 0.5
Alkyltrimethylammonium bromides 333 1.77 0.292
ITonic liquid

Alkyl-methyl-imidazolium bromides [28] 298 0.29 4.29
Alkyl-methyl-imidazolium bromides [18] 298 0.30 4.6
Alkyl-methyl-imidazolium bromides [31] 298 0.325 1.845
Alkyl-methyl-imidazolium bromides [46] 298 0.32 1.78
Alkyl-methyl-imidazolium chlorides [19] 298 0.29 4.7
Alkyl-methyl-imidazolium chlorides [22] 298 0.28 4.51
Alkyl-butyl-imidazolium bromides[28] 298 0.34 4.41
Alkyl-bis-butyl-imidazolium bromides [28] 298 0.16 3.77
N-alkyl-N-Methylpyrrolidinium bromides [28] 298 0.30 4.72
1-alkylpyridnium bromides [46] 298 0.31 1.71

It is known that CAC values of single alkyl chain amphiphiles decrease with
addition of —CH, groups to the alkyl chain, resulting from elongation of the
hydrophobic part of the surfactant molecules, which favors aggregate formation.
The CAC is also dependent on the relative sizes of their hydrophilic and hydropho-
bic domains. A larger hydrophobic domain would result in a lower CAC, and a
more hydrophilic domain area would result in a higher CAC [50].

As far as ILs are concerned, the results indicate that elongation of the alkyl chain
decreases the CAC values of ILs as shown in Table 1. This implies that an increase
of hydrophobic alkyl chain of the cations favors the formation of ionic liquid
aggregates as has been shown above for surfactants. For homologous series of
ILs, the linear relationship described by Eq. 4 has been proved to be valid. The
B value is comparable to that established for ionic surfactants, such as
alkylpyridinum bromides, alkyltrimethylammonium chlorides, alkylpyridinum
chlorides, and alkyltrimethylammonium bromides.

The introduction of the second alkyl substituent on the imidazolium cations may
also play a dominant role in CAC values of ionic liquids. For example, the lower
CAC values have been observed for the ILs with butyl substituents instead of
methyl in the imidazolium ring [28].
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Fig. 5 CAC dependence on 1000
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In order to compare the critical aggregation properties of ILs with some typical
cationic surfactants, the CAC values of trimethylammonium chloride (C,TACI),
bromide (C,, TAB), and sodium alkyl sulfate (SAS) were collected. It is shown that
the CAC values of [C,,mim]Br ionic liquids lay between those of C,TAB and SAS
containing the same number of carbon atoms in the alkyl moiety. An analogical
relationship was found for [C,,mim]Cl, C,TACI and SAS, as shown in Fig. 5. This
might be ascribed to the special structure of the imidazolium head group which
allows the possible formation of a hydrogen bond with water, but the same is not
true for the head group of C,TAB. This may also be the result of interactions
between anion and aromatic ring in imidazolium derivatives which did not occur in
the case of typical surfactants.

The influence of the type of ring in the cations on the aggregation behavior was
also investigated. The underlying reason for this effect is very complex because
head groups have two opposing effects: (1) repulsive interaction related with
electrostatic repulsion, hydration and steric hindrance and (2) attraction interaction
arising from a need to minimize hydrocarbon-water contacts. The stronger
hydrophobicity of the cations favors the aggregation of the ILs in aqueous solutions,
and the stronger binding strength of the cation with a given anion can decrease the
repulsive interaction between the head groups and then the CAC values. In contrast,
the bigger steric hindrance of the cations causes an increase in the CAC values of
the ILs. For example, Wang et al. [53] reported that the CAC values of 1-octyl-
methylimidazolium bromide ([Cgmim]Br), 1-octyl-4-methylpyridinium bromide
(4 m-[Cgpyr]Br), and 1-methyl-1-octylpyrrolidinium ([Cgmpyrr]Br) increase in
the order 4 m-[Cgpyr]Br < [Cgmim]Br < [Cgmpyrr]Br. This indicates that the
ability of the cations to form aggregates follows the order [Cgmpyrr]* < [Cgmim]*
< 4 m-[Cgpyr]™. It was reported that there was an increase in hydrophobic tendency
for the cations in the order [C,mim] + < [C,mpyr]" < [C,mpyrr]” [54]. On the
basis of this observation, the CAC values of the investigated ILs should increase in
the order [Cgmpyrr]Br < 4 m-[Cgpyr]Br < [Cgmim]Br. Obviously, the experi-
mental result is not the case. However, the order of van der Waals volumes of the
cations was found to be [Cympyrr]* (167 A%) > [Cymim]* (150 A%) > [Cypyr]*
(144 A%) [55], and the qualitative order of [C4ymim]* > [C,pyr]" > [Cqmpyrr]* has
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been observed for the intrinsic binding strength of the cations with Br~ [56]. From
this information it seems likely that the aggregation is controlled mainly by the
balance among the factors of hydrophobicity of the cations, binding strength of the
cations with a given anion, and the steric repulsion between the cations. The
aggregates of [Cgmpyrr]Br were formed unfavorably due to probably its biggest
van der Waals volume, that is, the biggest steric hindrance and the weakest
interaction with Br~. On the other hand, it is clear that the difference in steric
hindrance between [Cgmim]* and 4 m-[Cgpyr]" is small. Therefore, compared with
[Csmim]*, the stronger aggregation of 4 m-[Cgpyr]® is driven by its stronger
hydrophobicity.

Blesic et al. [57] found that 1-dodecyl-3-methylpyridinium bromide ([C;,mpy]
Br) and 1-methyl-1-doedecylpiperidinium bromide ([C;,mpip]Br) have almost the
same CAC values in water. Probably, in the case of [C;,mpip]Br, the two effects
compensate each other. On the one hand, the higher hydrophobicity of the
[Ciompip]” cation and stronger bound anion, Br~, in comparison with the
[C,mpy]™ cation, where the positive charge is delocalized, would give a lower
CAC. On the other hand, because these two cations have a different geometry and
volume, we can expect that, compared with the boat and/or chair structures of a
cyclic six-membered ring of a planar aromatic molecule, the more space-
demanding [C,,mpip]* cation has a higher CAC because of the steric hindrance
effect.

In the case of gemini ILs, the CAC values depend on the length of the alkyl
linkage chain connecting the two cations, and on the length of the free alkyl
substituents on three positions of the imidazolium head group. Increasing the
lengths of the linking chains results in a linear decrease of the CACs. Analogically
elongation of the free alkyl chain causes the same effect [28]. The partitioning
behavior of such gemini IL aggregates in water is comparable to mono cationic
aggregates, and it has been found that the size of the alkyl chain influences the
partitioning of nonpolar solvents inside the aggregates. However, gemini ILs were
found to have a lower portioning to nonpolar solvents. It was theorized that the
gemini IL aggregates, even though they have a lower CAC, form less well defined
aggregates [58].

The degree of ionization () is also an important characteristic parameter for ILs
aggregation in water. The degree of ionization is the fraction of charges of amphi-
phile ions in the aggregates neutralized by aggregate-bound counterions. Monomer
amphiphiles are entirely dissociated in solution, but in their aggregates they are
partially associated with the counterions. The degree of ionization of the aggregate
was calculated from the ratio of the slopes of the two linear fragments of the
experimental conductivity curves [59]. A lower « value indicates a better packed
aggregate. Usually, slightly decreased a values are observed for conventional ionic
surfactants with elongation of the alkyl chain. A similar trend is also found for
ILs [28].
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3.2 Effect of Anionic Type on the Aggregation of Ionic
Liquids

For the ionic liquids of imidazolium salts, the nature of their anions determines the
water solubility of ionic liquids and cation—anion interactions. Consequently, the
aggregation of ILs in water is also affected by the nature of ILs anions. The role of
anions in the aggregation of imidazolium ILs in water has been systemically studied
by us [53]. It is found that, for a given [Csmim]™ cation, there is a pronounced effect
of the anions on the values of CAC and «a of the ILs. These values increase in the
sequence: [CF;COO]™ < [NOs;]” < Br™ < CI™ < [CH3COO]". In other words,
the ability of these anions to promote aggregation of the ILs follows the order
[CF3CO0]™ > [NO3]” > Br™ > ClI" > [CH3COO]". This anionic effect
correlates well with the Hofmeister series of the anions for cationic surfactants
[60]. In general, the formation of IL aggregates in water is dictated by a balance
between the repulsive headgroup interactions and the attractive forces arising from
a need to minimize the exposure of the hydrophobic core to water. The anions act
by altering both of these forces. Adsorption of the anions onto the surface of
aggregates can reduce the repulsive headgroup interactions, thereby lowering the
CAC values of the ILs. So the position of an anion in this series is considered to
depend on its hydrated radius/polarizability, hydrophobicity, and bulkiness of the
anions. A decreased hydration radius of the anions is usually accompanied by an
increased polarizability. A high polarizability should enhance the binding of the
anions at the aggregates surface and decrease the electrostatic repulsion between
the head groups of the ILs, thus increasing the tendency towards aggregation and
lowering both values of @ and CAC. However, no formation of the aggregates was
detected for the ILs with [CF3SO3]™ and [ClO4]™ as anions, because the systems
broken down into two phases before any bulk aggregation occurred. This ascribed
to the much weaker hydration of the anions and then low solubility of the ILs in
aqueous solutions. Rebelo et al. [19] also found that, when the Cl~ anion in
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[C1omim]Cl was replaced by [NTf,]™ or [PF¢]™ anion, no micelle formation was
detected because the low water solubility of these ILs induced phase separation
before their bulk aggregation.

The anions also markedly affect the standard Gibbs energy of aggregation of ILs,
and the effect follows the Hofmeister series. The ILs with the larger anions show
the stronger effect, while those with smaller hydrophilic anions, which have higher
values of hydration Gibbs energy, are only weakly incorporated in the aggregation
phases. It can be seen from Fig. 6 that the AG? values correlate reasonably well with
Gibbs energies of hydration of the anions [61], indicating that the Hofmeister series
is strongly related to the nature of the hydration shell of the anions. Interaction of
anions with cationic moiety of the headgroup of these ILs is stronger for readily
dehydrated ions than for those with tight hydration shells. The decreased values of
AG? indicate that the aggregation becomes much easier with increasing hydropho-
bicities of the anions. One possible explanation is that the increased hydrophobicity
enhanced anionic penetration of the interface and the electrostatic interactions with
the ILs headgroup accordingly decreased the repulsive headgroup interactions.
These results are similar to those reported by Bunton et al. [62] for the interactions
between cetyltrialkylammonium bromides and methyl naphthalene 2-sulfonate.

Aggregation number is a major parameter for the structure of IL aggregates. It
was found that the average aggregation number generally increases with increasing
hydrophobicity of the anions, indicating that the growth of aggregates is favored by
the increased hydrophobicity. This result was similar to the counterionic effect of
some typical surfactants [63]. Thus, it is appropriate to conclude that the anions
with stronger hydrophobicity can bind the cations more strongly and reduce the
repulsive interaction between head groups, and thus enhance the growth of the
aggregates.

3.3 Effect of Added Salts on the Aggregation of Ionic Liquids

Aggregation behavior of ILs could be easily modulated by the addition of inorganic
salts. It is well known that for typical ionic surfactants, the addition of an electrolyte
reduces the repulsion between charged groups at the surface of the micelle by the
screening effect. This phenomenon can be observed in the case of the CAC
lowering. For ionic compounds this effect is more significant than for nonionic
ones because the interaction is stronger in the case of the former. Presence of salts
usually influences water structure and then hydration of the head groups, leading to
salting-in and salting-out effects. When the monomers are salted-out by an electro-
lyte, the CAC would be reduced, and if the monomers are salted-in, the reverse
takes place [60, 64]. For nonionic surfactants, the influence of salts is weaker but
nevertheless significant.

The effect of salts on the formation of IL aggregates depends on the nature of
anions and cations of the salts and the ionic liquids. For example, the addition of
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NaCl, Na,SO,, and tetrabutylammonium bromide to aqueous IL solutions was
investigated by Blesic et al. [19]. All these electrolytes diminish the CACs of the
ILs; moreover, addition of the short chain IL of [Comim]Cl into aqueous solution of
the long-chain IL of [C;ymim]Cl also causes the same effect. In this case, the short
chain IL behaves as a simple electrolyte throughout the interaction with Stern layer of
the micelle, and screens the ionic charge of that surface [19]. Zheng et al. [29, 65]
studied the effect of sodium halides (NaCl, NaBr, and Nal) on the aggregation
behavior of [C,mim]Br (n = 10, 12, 16) in water. It was found that the addition of
salts significantly decreases the CACs of the ILs, and the anion dependence of the salt
effect is analogous to the case of conventional ionic surfactants: CI~ < Br~ < I". It
is known that the hydration of these anions decreases in the order CI~ > Br~ > I,
suggesting that the anion being less hydrated is more effective in neutralizing
the charges on the micelle surface. The influence of NaCl and Na,SO4 on the
surface chemical and aggregation characteristics of ionic liquids [Cgmim]Cl,
[Cgmim]Br, and [Cgmim]l in water was monitored through surface tension and
small angle neutron scattering measurements [66]. It was shown that the addition of
salts also drastically decreased the CAC values and increased the area per adsorbed
IL molecule. The co-ions of salts modify the surface of ILs and prefer to form
aggregates through various interactions such as charge neutralization, specific
interactions, and dehydration.

In recent work we systematically investigated the influence of 15 kinds of salts
on the aggregation behavior of [C;omim]Br in aqueous solutions by conductivity,
fluorescence, and dynamic light scattering [67]. It was shown that NaCl, NaBr, Nal,
CH3C02Na, NaSCN, NaNO3, NaBrO3, NaClO3, C6H5COONa, N3.2CO3, Na2804,
Na,C4H4O4, and Naz;CHs0O; have salting-out effects on the aggregation of
[Ciomim]Br and, at a given salt concentration, the effect of anions of the added
salts on the CAC value of the IL increases in the sequence SCN™ < I <
C¢HsCOO™ < ClO;~ < NO;y~, C4H406>~ < C¢HsO,°~ < Br~ < SO, <
CO;*~ < CI” < BrO;~ < CH5COO™. This specific effect correlates well with
the Hofmeister series of the anions, and can be explained by the hydrophobicity
of these anions. For a given salt, the logarithm of CAC values of the IL decreases
linearly with increasing concentration of the salt, which can be described by the
empirical equation of salt effect for the conventional surfactants:

log(CAC/CAC,) = a — km, (5)

where CAC and CAC|, are the critical aggregation concentrations with and without
salt, m; is molality of the added salt, and a and k are adjusted parameters.

The effect of the added salts on the degree of anions binding at the aggregates
surface, the standard Gibbs energy of aggregation, and the aggregation number of
[Ciomim]Br also basically follow the Hofmeister series of the anions. Values in the
degree of anion binding and aggregation number of the IL increase with increasing
salt concentrations to a different extent for a given salt. It was also found that the
size of aggregates increases with increasing hydrophobicity of anions of the salts.
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The results suggest that hydrophobicity of the anions plays an important role in the
salt effect on the aggregation of [C;omim]Br in aqueous solutions. The possible
reason is that the stronger hydrophobicity of anions enhances their binding on the
aggregate surface and decreases the electrostatic repulsion between the ionic head
groups of the IL, thus promoting the IL aggregation, increasing the aggregation
number, and lowering the CAC value of the ionic liquid.

However, FeBr; and AlBr; were found to have salting-in effects on the aggre-
gation of [C;omim]Br in aqueous solutions. The possible reason is that tetrahedral
complex FeBr, ™~ (or AlBr, ) was formed from Br™ and FeBr; (or AlBr3) in aqueous
solutions. FeBr,~ and AlBr,  anions have larger radius and less charge density
compared with Br~. They cannot decrease effectively the electrostatic repulsion
between the ionic head groups of the IL, but can interact with the hydrophobic
moiety of the cation of the IL, thus decreasing the tendency of the IL aggregation
and then increasing its CAC.

Based on the binding mechanisms of anions on the aggregates surface of
cetyltrimethylammonium bromide (CTAB) [68] and cetyltrimethylammonium
chloride (CTAC) [69], SCN~, 17, ClO;~, NO;~, C4H,04>", C¢HsO,>~, Br,
S0,>~, CO3>~, CI™, BrO;~, and CH;COO~ can be considered to be adsorbed on
the surface of the aggregates due to their weak or moderate association with the IL
cation, whereas the aromatic anions, like CgHsCOO™, penetrate inside the
aggregates with their hydrophilic groups staying in the IL head group region and
the hydrophobic groups partially embedded into the hydrophobic core of the
aggregates.

3.4 Effect of Organic Additives on the Aggregation of Ionic
Liquids

Studies on the influence of organic solvents on the aggregation behavior of ILs are
of great importance, not only in the field of colloid and interface science but also in
the development of potential chromatographic applications of IL aggregates. Micel-
lar liquid chromatography (MLC) is a chromatographic technique using surfactants
in the mobile phase at concentrations above the CAC [70-72]. Most applications of
MLC require the utilization of hybrid micellar mobile phases which contain
surfactants at concentrations above the CAC and form ternary systems upon
addition of organic solvents [71, 73, 74]. Few traditional surfactant systems have
successfully been used in MLC [72, 75]. In this sense, it is important to understand
the effect of organic solvents in aqueous solutions on the ILs aggregates when
intending to expand the applicability of MLC with these designer surfactants.

It was reported that a few organic compounds can influence the CACs and other
properties of micellar solutions. The presence of a small amount of surface active
organic impurities may create a characteristic minimum in the area of CAC in the
curves of surface tension against concentration. These impurities are usually



60 J. Wang and H. Wang

present in commercial materials and originate from the synthesis of surfactants.
Such minima were also observed in the commercial ILs. The impurities may be
adsorbed onto the interface at concentrations below CAC and then solubilized in the
aggregates at concentrations above the CAC. Generally, CAC values may be
affected by the compounds which can be incorporated in the outer region of the
aggregates.

The addition of methanol, 1-propanol, 1-butanol, 1-pentanol, and acetonitrile to
the aqueous solutions of ILs 1-hexadecyl-3-butylimidazolium bromide and
1,3-didodecylimidazolium bromide was investigated by Pino et al. [76]. Similar
to the traditional ionic surfactants, increases in the CAC values have been observed
for both ILs when concentration of the organic solvents increases in aqueous
solutions, with the largest increase achieved with 1-pentanol, and being more
significant for 1,3-didodecylimidazolium bromide. The authors suggest that when
organic solvent content increases in water, the dielectric constant of the mixtures is
lowered, producing an increase in the electrostatic forces of the ionic head groups in
the ILs micelle. At the same time, the interactions between the hydrophobic groups
of the ILs are gradually reduced. Both effects justify the higher CAC values
observed as the content of organic solvent increases.

Recently we carried out a systematic study [77] on the influence of ethylene
glycol, dimethylsulfoxide, diethylene glycol, triethylene glycol, formamide, aceto-
nitrile, methanol, ethanol, 1-propanol, and acetone on the aggregation behavior of
[Ci,mim]Br in water. It was found that the critical aggregation concentration, the
ionization degree of the aggregates, and the standard Gibbs energy of aggregation
of the ionic liquid increase, while its aggregation number and aggregates size
decrease with increasing concentration of organic additives in water. These
observations were explained through the solvophobic effect of alkyl chain of the
ionic liquid for the water-organic solvents. In a simple physical picture, aqueous
organic solvents can better dissolve the alkyl chain of the IL than water, resulting in
the decrease of aggregation ability of the IL, thus increasing the CAC values and
decreasing the aggregation number and the aggregate size of the ionic liquid.
Interestingly, a linear relationship between the logarithm of CAC of the IL and
the solvophobic parameter (S;,) of hydrocarbon in the studied water-organic mixed
solvents is found, and this linear relationship can be described by the equation

log(CAC) = m+n S, (6)

Therefore, we can modulate the aggregation behavior of ILs by choosing the
right S, value for a particular application.
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3.5 Effect of Surfactant on the Aggregation of Ionic Liquids

Modification of the surfactant CACs may also be completed by the addition of the
second surfactant in the way of synergism, which may result in the desired
properties and performance. For example, mixtures of ionic and nonionic
surfactants are commonly used in many practical applications because the solution
behavior of these surfactants can be complementary. Mixed micelles formed are
considered to be more versatile than the micelles formed by single surfactant.
Examples of such applications are detergency and enhanced oil recovery. As far
as more complex systems are concerned, mixtures of ionic and nonionic surfactants
and mixtures of surfactants with different alkyl chain lengths or different head
group structures have been examined in some detail [78].

To date only the influence of SDS on the aggregation behavior of imidazolium
ILs with variable alkyl chain lengths has been evaluated in aqueous solutions
[17, 79]. It was shown that with the increase of SDS concentrations, [Cgmim]Cl
can be dissolved in water. This phenomenon can be linked to the formation of
mixed micelles. The results obtained indicate the possibility of using ionic liquids
to modify the properties of conventional micelles in a controlled way, which is
important in many applications. Ionic liquid cosurfactants may play important roles
if micelles themselves cannot provide the desired properties, such as surface
tension, viscosity, and dispersion stability [17]. It was also observed that short
chain ILs increase the CAC values of SDS probably as a result of hindering ion pair
formation, whereas in the case of long-chain ILs, synergism was observed as a
decreased CAC [19].

4 Self-Aggregation of Ionic Liquids in Nonaqueous
Solutions

It is well known that, unlike in aqueous solution, the aggregation behavior of
traditional surfactants is very complex in nonaqueous solutions. Surfactants also
forms micelles in polar organic solvents and invert micelles in nonpolar organic
solvents. Sometimes, dimer, triplet, and micelles simultaneously exist in surfactant
solutions. Therefore, studies on the aggregation of surfactant in nonaqueous
solutions are limited, and the related aggregation behavior is poorly understood.
It was reported that polarity, dielectric constant, and other physicochemical
properties of the solvents affect the extent and the nature of self-assembly of
surfactants in nonaqueous solutions. However, can the ionic liquids form
aggregates in nonaqueous solution, and how do the solvent properties affect their
aggregation behavior in nonaqueous solvents? Answers to these fundamental
questions are not very clear at present.

Dorbritz et al. [80] studied the aggregation behavior of [Cymim][BF,] ionic
liquid in methanol, 2-propanol, and ethyl acetate by electrospray ionization mass
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spectrometry. They observed the formation of aggregates [Cymim],[BF,], | and
[C4mim],[BF4],41, and found that with increasing polarity of the solvent and
decreasing concentration of the IL, the size of the formed aggregates decreased.
Han and his coworkers [81] investigated the aggregation behavior of [C,mim][BF,]
and [C,;mim][PFg] in some organic solvents by UV—vis spectroscopy and conduc-
tivity measurements. It was demonstrated that the aggregation of these ILs
depended strongly on the dielectric constant of the solvents. Dupont and coworkers
[82] suggested that the ILs with 1,3-dialkylimidazolium as cation and
tetrafluoroborate, hexafluorophosphate and tetraphenylborate as anions could
form supramolecular aggregates in CHCI;. In our recent work, aggregation behav-
ior of [Cy,mim]Br in acetonitrile, ethylene glycol, N,N-dimethylformamide,
formamide, and dimethylsulfoxide solvents was investigated by conductivity and
volume measurements [83]. Solvophobic parameters have been introduced to
account for the interaction between alkyl chains of the IL and the solvents. It is
shown that solvophobic effects and the hydrogen-bonding interaction between the
IL anion and the solvents are the main factors affecting the aggregation of ILs in
nonaqueous solvents.

5 Microscopic Structure of Ionic Liquids Aggregates

The unique properties and abnormal behavior exhibited in chemical synthesis and
material preparation in ionic liquids are closely dependent on the microstructure of
ILs in solutions. Thus study of the microstructure of IL aggregates has received
increasing attention, and many methods such as small angle neutron scattering
(SANS), transmission electron microscopy (TEM), nuclear magnetic resonance
(NMR), and molecular dynamics simulations (MD) have been used in this field.
In this context, Bowers and coworkers [16] investigated microstructure of the
aggregates of [Cgmim]Cl, [Cgmim]I, and [C4mim][BF,] in aqueous solutions by
SANS. It was found that the [Cymim][BF,] formed polydisperse spherical
aggregates above its CAC, [Cgmim]I behaved as regularly sized near-spherical
charged micelles, while [Cgmim]Cl displayed weak long-range ordering of possibly
disklike particles. In addition, Goodchild et al. [26] also used SANS to study
aggregate structure of [C,mim]X (n = 2, 4, 6, 8, 10; X = Cl, Br) in water. It was
reported that at the concentration just above the CAC, [Cgmim]*- and [C;omim]*-
based ILs formed small near-spherical aggregates, which, after initial growth,
possess core radii of 10.5 + 0.5 Aand 132 + 0.5 A, respectively, at the interme-
diate concentrations. Towards higher concentrations, the aggregates appear to
grow, with the aggregates in the [C;omim]Br system becoming increasingly elon-
gated (prolate) with increasing concentration. No evident aggregates are formed in
the systems with [C,mim]* and [C4mim]™. In the [Cemim]* system, it appears that
oblate aggregates with radius ~9 A are formed at the CAC and that the radius
increases with increasing concentration of the ionic liquid.
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Fig. 7 TEM images of the aggregates of ILs: (a) [Cgmim][CF;COO]; (b) [Cgmim][NOs]; (c)
[Csmim][CH3COO]; (d) [Csmim]Br; (e) [Csmim]Cl; (f) [Csmpyrr]Br; (g) 4m-[Cgpyr]Br at the ILs
concentration of 0.45 mol/L (Reprinted from [53])

The morphologies and sizes of [Cgmim]X (X = Cl, Br, NO3;, CH;COO and
CF;COO), [Cgmpyrr]Br, and 4 m-[Cgpyr]Br aggregates in water were examined by
TEM and dynamic light scattering [53]. The investigated ILs were found to form
spherical aggregates (Fig. 7). Structures of the anions and cations have a very weak
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effect on the morphology, but they do affect the aggregate sizes. The size of the
spherical aggregates of the ILs with different anions increased with increasing
hydrophobicity of the anions (Fig. 8).

Based on the chemical shift of various protons of [Csmim]Cl, [C4ymim][BF,],
[Cgmim]Cl, and [C4mpy]Cl in water as a function of IL concentrations, the sche-
matic models of aggregates of these ILs were proposed by Singh et al. [84] as
shown in Fig. 9. It can be seen that the imidazolium and pyridinium rings of
[C4mim][BF,] and [C,mpy]Cl are positioned at the aggregate surface in a configu-
ration favorable for ring stacking through II-II interactions as evidenced by the
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Fig. 9 Schematic models of the aggregates of different ILs: (a) [Cymim][BF,]; (b) [C4smim]Cl;
(¢) [C4mpy]Cl; (d) [Csmim]Cl (with N, = 23); (e) [Csmim]Cl (with N,,, = 10) (Reprinted
from [84])

NMR measurements, whereas the imidazolium ring of [C4mim]Cl and [Cgmim]Cl
is shown in a configuration not favorable for ring stacking.

The microenvironment of different protons of cations of [C,mim]Br (n = 4,
6, 8, 10, 12) in the aggregated state was probed by the spin lattice relaxation rate for
protons of the ILs [32]. It is suggested that the imidazolium rings of the cation in the
aggregates were exposed to water and that the molecular motion of the aggregates is
more restricted than that of the monomer of the ILs. The methyl group attached to
the imidazolium ring stuck out from the surface of the aggregate into the water.
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Fig. 10 Snapshot of aggregates from various aqueous solutions studied: (a) [C;omim]Br; (b)
[Ci,mim]Br; (¢) [C4mim]Br. In parts (a) and (b) atoms belonging to the alkyl tail are represented
as magenta spheres and those belonging to headgroup are shown in yellow. In part (c) tail group
atoms are shown in green and headgroup atoms in yellow. Hydrogen atoms of the cations are not
shown. Water molecules, anions, and cations not belonging to the shown aggregate are removed
for ease of visualization (Reprinted from [86])

The aggregate structures of [C,mim]Br (n = 10, 12, 14, 16) in water were
conducted by molecular dynamics simulations [85, 86]. It was found that in all
the systems, quasi-spherical polydisperse aggregates were formed by the spontane-
ous self-assembly of the amphiphilic cations. As shown in Figs. 10 and 11, the alkyl
tails of the cations are buried deep inside the aggregates with the polar imidazolium
group exposed to exploit the favorable interactions with water. The aggregation
numbers steadily increase with the chain length. The hexadecyl aggregates have the
most ordered internal structure of the systems studied, and the alkyl chains in these
cations show the least number of gauche defects. Anions and water are not found at
the core of the aggregates, though water molecules are found to penetrate to some
degree. The anions are found to be isotropically distributed throughout the system.



Aggregation in Systems of Ionic Liquids 67

Fig. 11 Snapshot of aggregates from aqueous [C;smim]Br solutions: (a) largest aggregate
observed; (b, ¢) another aggregate from different viewing angles. Tail group atoms are shown in
magenta and headgroup atoms in yellow. Hydrogen atoms of the cations are not shown. Water
molecules, anions, and cations not belonging to the shown aggregate are removed for ease of
visualization (Reprinted from [86])
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Fig. 12 Permeate flux obtained in a two-stage membrane filtration scheme (Reprinted from [87])

6 Application of Ionic Liquids Aggregation

The aggregation behavior of ILs in solutions plays an important role in the
application of ILs in material synthesis, biochemicals separation, disposure of ILs
wastewater, and others. Herein the role played by ILs can be understood through the
following four examples.

Recycling of ILs from water/solutions is an important issue that addresses the
economics of ionic liquid use, and also reduces concerns about disposal, biodegra-
dation and toxicity of ionic liquids. Based on the fact that ionic liquids show a
similar behavior to that of surfactants in membrane filtration and the aggregation
behavior of ILs in water can be controlled and regulated by the addition of
inorganic salt, Fernandez et al. [87] analyzed the potential of aggregation control
to improve the performance of downstream membrane separations by using the
system of [Cgmim]Cl plus iron(IIl) chloride (FeCls). The addition of FeCl; has a
significant salt-in effect on the aggregation of [Cgmim]Cl, and an increase in CAC
value of the IL has consequences regarding the design of the corresponding
membrane filtration system. A two-stage membrane filtration scheme was proposed
and shown in Fig. 12. It can be seen that wastewater with higher ionic liquid
concentration is fed to the first stage and at this moment, the IL aggregates are
formed due to its lower CAC value, and then high permeate flux is obtained. The
retentate stream with low ionic liquid concentration is fed to the second stage after
adding FeCl;. In this case, the permeate flux is located at the point indicated by
arrow (2) in Fig. 12. Obviously, permeate flux after the addition of FeCl; is higher
than the original situation without FeCl; in the second stage.

Systems affording controllable formation and breakage of amphiphilic
aggregates may be of significant value in the areas such as controlled release,
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Fig. 13 Anion exchange to [PF¢] ™ and resulting micelle collapse (Reprinted from [88])
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Fig. 14 Illustration of the dissociation of micelles and the release of encapsulated payload by
adding [PFs]™ (Reprinted from [88])

drug delivery, nanosynthesis, cleaning, and petroleum recovery in oil fields. Niu
et al. [88] succeeded in proposing a simple but efficient, rapid, and quantitative
ion-responsive micelle system based on counter-anion change of an ionic liquid
with [Cj,mim]* as cation. As shown in Fig. 13, upon exchange of Br~ to [PFg] ™,
micelles that [C;,mim]Br formed in aqueous system exhibited progressive, and
ultimately complete disaggregation because [C;,mim][PF¢] is insoluble in water.
To explore the potential application of this system for controlled release of micellar
payloads, different amounts of [PF¢]~ were added to Nile-Red-loaded [C;,mim]Br
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Fig. 15 The photographs of the oil-water emulsions: (a) 2:1 (v/v) cyclohexane/water mixture; (b)
with [C;,mim]Br, shaken 3 min; (¢) [C;,mim]Br -induced emulsion after 1 h; (d) [C;,mim]Br-
induced emulsion after 50 h; (e) approximately 2 min after adding 1 equiv NaPFs to (b) (Reprinted
from [88])

micellar solution. It is interesting to note that the controlled release of the hydro-
phobic dye (Nile-Red) was successfully achieved. Figure 14 shows the procedure of
the dissociation of the micelles and the release of the encapsulated payload by
adding [PF¢] . It can be seen that when ~0.1 equiv of [PF¢] ™ was added, conversion
of [C;,mim]Br to [C;,mim][PFg] (with subsequent extraction from the micelles and
desolubilization) caused little overall micelle disruption. In this case (Stage I), the
micelles remained metastable and minimal Nile Red was transferred to the aqueous
phase from the micelle. However, as the concentration of added [PF¢]™ was in the
range 0.1 to 1 equiv (Stage II), micelle disassociation increased significantly with
corresponding release of the encapsulated Nile Red. In this process, [C;,mim][PFg]
was formed and then precipitated.

The applicability of [C;,mim]Br for stabilizing — and [C;,mim][PF¢] for subse-
quently breaking — oil-water emulsions was also investigated by Niu and coworkers
[88]. Towards this end, 95 mg of [C;,mim]Br was added to a vial containing 6 mL
of 2:1 (v/v) cyclohexane/water. The mixture was shaken thoroughly and a milk-
white emulsion (Fig. 15b) was observed. The resulting emulsion showed little
evidence of separation until after ~1 h, at which point a clear lower liquid phase
began to appear (Fig. 15¢). However, after 50 h, the emulsion still occupied ~80%
of the liquid volume (Fig. 15d). In contrast, adding 1 equiv of Na[PF¢] to a freshly
shaken emulsion resulted in complete separation into two liquid layers within
2 min, with [C;o,mim][PF¢] precipitating (Fig. 15¢). These observations indicate
that the ion-exchange/desolubilization mechanism discussed here might have
promise for practical industrial emulsion forming/separating applications, includ-
ing oil transport.

The IL-based aqueous two-phase systems are novel aqueous two-phase systems.
1-Butyl-3-methylimidazolium dicyanamide ([C4mim][N(CN),]) + K,HPO,
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Fig. 16 TEM images of the aggregates of [C,mim][N(CN),] (2.5 mol-L™1) with and without BSA
(1.23 gL ™Y: (a, b) without BSA; (¢, d) with BSA (Reprinted from [89])

aqueous two-phase system has been used by Wang et al. [89] to separate selectively
bovine serum albumin (BSA) from aqueous saccharides. It was shown that
82.7-100 % BSA could be enriched into the top IL-rich phase and almost quantita-
tive saccharides (arabinose, glucose, sucrose, raffinose or dextran) were preferen-
tially extracted into the bottom phosphate-rich phase in a single-step extraction.
Conductivity, DLS, and TEM studies indicated that the IL aggregates and IL
aggregate-protein complexes were formed in the IL-rich phase (Fig. 16). It was
suggested that the formation of the IL aggregate-protein complexes is the driving
force for the selective separation.
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7 Summary and Outlook

The above discussion has demonstrated that aggregation of ionic liquids takes place
in both aqueous and nonaqueous solutions. Alkyl chain length, cationic structure,
and anionic nature of ionic liquids, and addition of inorganic salts, organic solvents,
and surfactants were found to have a vital effect on the critical aggregation
concentration, the ionization degree of the aggregates, the standard Gibbs energy
of aggregation, the aggregation number, and aggregate size. Therefore, the aggre-
gation behaviors of ILs in solutions can be controlled and regulated by altering
these factors. At the same time, the possible mechanism for the effect of these
factors on the aggregation behavior of ILs in solutions has been analyzed, and the
potential application of IL aggregation in the membrane separation of IL wastewa-
ter, controlled drug release, breakage of oil/water emulsions, and the selective
separation of BSA from aqueous saccharides has been illustrated as well.

In summary, great progress has been made in fundamental and applied aspects
on the aggregation behavior of ILs in solutions over the past decade. It can be
expected that IL aggregation will find more and more applications in the future.
However, research in this field is still in its infancy, and there are a number of issues
which require further investigation. In future work, the following studies are
suggested:

1. A deeper study should be carried out on the microstructure of IL aggregates.
This is a very difficult task, and various experimental methods including macro-
scopic and microcosmic techniques and molecular simulation are needed. The
structural information obtained would be used to establish the relationship
between the structure of ionic liquids and their specific performance, which is
valuable for the design and application of novel ionic liquids.

2. At present, the aggregation behavior of ionic liquids in nonaqueous and water-
organic solutions is poorly understood. In this context, a better understanding of
the interactions of alkyl chains of ionic liquids with various classes of organic
molecules is essential although solvation of cations and anions of ionic liquids in
nonaqueous media is also important.

3. The effect of light, heat, and solution pH on the aggregation behavior of ionic
liquids in solutions should be investigated. Based on this knowledge, we can use
light, heat, and solution pH to modulate the aggregation behavior of ionic
liquids. This is a more advanced concept for the application of ionic liquids.
For this purpose, design and synthesis of these functional ionic liquids are
necessary.

4. Development of more technically relevant ILs is highly desired, and degrada-
tion, toxity and environmental distribution of ILs aggregates ought to be exam-
ined as well.
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Dissolution of Biomass Using Ionic Liquids

Hui Wang, Gabriela Gurau, and Robin D. Rogers

Abstract Ionic liquids (ILs) have been shown to be effective in dissolving cellu-
lose and other biopolymers that are structurally quite different from each other. It
would be quite interesting to figure out the common points of the dissolution of
structurally different biopolymers in various kinds of ILs. In this chapter, the IL
dissolution of pure biopolymers such as cellulose, lignin, hemicellulose, chitin, silk,
wool, etc., is reviewed. By analyzing the structures of the biopolymers and those of
the ILs, it is concluded that the dissolution of most of these biopolymers (except
lignin) in ILs is mainly due to the disruption of the intra- and intermolecular
hydrogen bonding in the polymers by the ILs. Both the cations and anions of the
ILs influence the dissolution process, although current work suggests the anions
have a larger effect.

Keywords Ionic liquids * Biopolymers ¢ Dissolution « Hydrogen Bonding

1 Introduction

Biomass can be considered to be any organic matter that can be used as an energy
source, which includes aquatic or terrestrial vegetation, as well as residues from
forestry or agriculture, animal waste, and municipal waste [1]. Due to a world-
wide emphasis on sustainable development and a sharp increase in the demand for
fuels and chemicals, biomass as a renewable energy source is now considered to
be increasingly important [2]. Many countries have put or are putting great
emphasis on the exploration and utilization of various types of biomass [3] and
several technologies (e.g., combustion, gasification, pyrolysis, etc.) are being
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scaled-up [4]. At the same time, the debate about using food crops continues to
fuel discussion about which biomass crops are appropriate for conversion to
chemicals and energy.

The main components of natural biomass are quite different, depending on the
biomass type. For instance, lignocellulosic biomass mainly contains cellulose,
hemicellulose, and lignin [5], while shrimp shells are composed of chitin, protein,
mineral salts, carotenoids, and lipids [6]. The structures of the most common
natural biopolymers, including cellulose, hemicellulose, lignin, chitin, silk fibroin,
wool keratin, starch, pectin, agarose, and dextrin are shown in Fig. 1.

Conversion of such diverse types of biomass or extraction of the biopolymers,
especially of or from lignocellulosic biomass, is often an energy- and chemical-
intensive process, using large quantities of energy, volatile organic solvents, or
other undesirable chemical solvents [7]. At the same time, the molecular weights of
the biopolymers are significantly reduced during the processing. Thus, there is an
increasing need for new technologies which have lower energy demands and which
can produce the pure natural biopolymers with high molecular weights. Here we
will discuss one such new processing strategy, using ionic liquids (ILs) to extract
and process biomass.

Generally speaking, ILs refers to a specific class of molten salts which are
liquids at temperatures of 100 °C or below [8]. Many ILs have unique physico-
chemical properties such as negligible vapor pressure, high thermal stability, and
wide liquid range [9, 10] which have led to numerous potential applications in a
variety of fields. Furthermore, ILs can be easily modified by changing the structure
of the cations or anions [11], which has broadened their fields of application to such
areas as extraction [12], catalysis [13], electrochemistry [14], and organic synthesis
[15, 16], among others. Here we will discuss the rapidly expanding use of ILs in the
dissolution and processing of biomass and focus on the ability of certain ILs to
dissolve a diverse range of biopolymers.

The first application of ILs in processing biomass was the dissolution of pure
cellulose using imidazolium ILs [17]. Since then, studies on the application of ILs
in biomass chemistry have made great progress and now many ILs have been found
to be able to dissolve cellulose [18-27], to serve as the reaction medium to
functionalize cellulose [22, 28-30], to allow ready formation of cellulose fibers
and films [25, 31, 32], and, importantly, to dissolve many other kinds of
biopolymers, such as lignin [33, 34], hemicellulose [35], chitin [36—38], silk fibroin
[39], wool keratin [40], etc. In addition, the dissolution of raw biomass, including
lignocellulosic biomass [41—44], shrimp shells [38], etc., has also been reported.

ILs have been shown to be efficient solvents for dissolution and processing of
biomass, with no emission of volatile organic solvents and no significant degrada-
tion of the regenerated biopolymers [18, 38]. Importantly from an economic point
of view, ILs can be recycled and reused [45, 46]. Thus, ILs may provide a new and
versatile platform for the wide utilization of biomass resources and preparation of
novel biomass-based materials [35].

Scientifically, it is interesting to note that a given type of IL might dissolve quite
different biopolymers. As an example, 1-butyl-3-methylimidazolium chloride



Dissolution of Biomass Using Ionic Liquids 81

a OH
OH
o
o HO o
HO.
)
OH
n
OH
OH
(¢)
OMe

b o.
Lignin/
HO

O——Lignin
MeO
o
o OMe
HO
OMe
Lignin
OH
c OH
‘\‘O o HO o o
(o} O-.
HO L 1o} o S~
OH OH OH
OH fo)
HO,
OH
HO
HO

-Xylose-beta(1,4)-Mannose-beta(1,4)-Glucose-alpha(1,3)-Galactose

o=—
OH
NH
o
To HO ~
HO o
o
NH
O%( OH

— —Jn

Fig. 1 (continued)



82 H. Wang et al.

e OH
o CHj CH,
N \)J\ N \)L N \)L
N N N
o o
n
Gly Ser Gly Ala Gly Ala

I “H

H\N/C/

A R\c/ (”)

Y
_____ [
N

/SR /H

H \c/ N\

O// C

g OH

~_O (o]
oH on Mo

o o OH

OH e o

HOLo OHM
OH O O HO oH Yo O HO
HO! HO
o) o)
OH 0T OH 07,
n -

OH “OH OH ~O-

HOOC OH HoOoC OH
~~~~~ o o HO o 2 HO o7
o o
HO 19 HO o
OH HooC OH HooC
. \ OH
i ] i
o) o)

O,
HO HO
HO 2 OH H
o o OH
H ™0
OH OH
n

O----

Fig. 1 Structures of cellulose (a), lignin (b), hemicellulose (c), chitin (d), silk fibroin (e), wool
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([C4mim]Cl) can dissolve cellulose [17], hemicellulose [47], lignin [33], chitin
(to some degree) [38], silk [39], and wool [40]. From the structures of the
biopolymers shown in Fig. 1, it is clear that these biopolymers have quite different
structures. One question to be resolved is what are the key structural features of
each ion or the combination on the ions which are responsible for the dissolution of
such diverse natural polymers? In this chapter, we will review the dissolution
of different biopolymers using various ILs and then analyze the chemical structures
of both the ILs and the polymers to try and find the common features.

2 Dissolution of Pure Biopolymers Using Ionic Liquids

The study of the applications of ILs in the biomass field started with the pure
biopolymer, cellulose, and in this section we will discuss the dissolution of pure
biopolymers in ILs. Table 1 summarizes the different kinds of ILs that have been
used to dissolve cellulose, lignin, hemicellulose, chitin, silk, wool, starch, pectin,
agarose, and dextrin.

2.1 Dissolution of Cellulose

Cellulose is the major carbohydrate produced by plant photosynthesis, and is
therefore the most abundant organic polymer produced on Earth. Cellulose can be
used as a “green” polymer for producing new and attractive materials, by chemical
modification or mixing with other components [27]. Its derivatized products have
many important applications in the fiber, paper, membrane, polymer, and paint
industries [48].

Cellulose consists of B-(1 — 4)-linked glucose repeating units. Because of the stiff
molecules and close chain packing via numerous intermolecular and intramolecular
hydrogen bonds, it is extremely difficult to dissolve cellulose in water and common
organic solvents. Solvent systems including N-methylmorpholine oxide (NMMO),
N,N-dimethylacetamide/lithium chloride (DMAc/LiCl), N,N-dimethylformamide/
nitrous tetroxide (DMF/N,0,4), dimethylsulfoxide (DMSO), tetrabutylammonium
fluoride (TBAF), and LiSCN - 2H,0 [49-53] have been reported to dissolve
cellulose, but these solvent systems have drawbacks such as toxicity, high
cost, difficulty in solvent recovery, or harsh processing conditions [21].

In 2002 we reported that cellulose could be dissolved without derivatization in
high concentrations using ILs such as [C4mim]Cl as the solvent [17], which opened
up the development of a class of new cellulose solvent systems. The effects of ILs
with varying structures of cations and anions on the dissolution properties of
cellulose were studied and these initial results showed that, among the dialkylimi-
dazolium chloride ILs, the longer-chain substituted ILs [Csmim]Cl and [Cgmim]C1
were less efficient at dissolving cellulose. With gentle heating to 100-110°C,
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Table 1 Dissolution of pure biopolymers in different ILs*
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Table 1 (continued)
Biopolymer ILs References
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Table 1 (continued)
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Table 1 (continued)

Biopolymer ILs References
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4C4mim: 1-butyl-3-methylimidazolium, Cgmim: 1-hexyl-3-methylimidazolium, Cgmim: 1-octyl-3-
methylimidazolium, Cympy: 3-methyl-1-butyl-N-pyridinium, amim: 1-allyl-3-methylimidazolium,
BDTAC: benzyldimethyl(tetradecyl)ammonium chloride, C,OHmim: 1-(2-hydroxyethyl)-3-
methylimidazolium, Comim: 1-ethyl-3-methylimidazolium, [(MeO),PO,]: dimethylphosphonate,
[MeO)MePO,]: methyl methylphosphonate CF3SO3: trifluoromethanesulfonate, MeSO,:
methylsulfate, XS: xylenesulfonate, C,C,im: 1-butyl-2,3-dimethylimidazolium, [moemim]:
1-methoxyethyl-3-methylimidazolium, [momim]: 1-methoxymethyl-3-methylimidazolium

cellulose could be dissolved in ILs containing Cl1-, Br~, and [SCN]  anions.
However, cellulose could not be dissolved in ILs containing non-coordinating
anions, such as [BF4]™ or [PFs] . It was also demonstrated that microwave heating
could significantly increase the solubility of cellulose in ILs, for example, the
solubility of cellulose in [C4;mim]Cl increased to 25 wt% with microwave heating,
compared to only 10 wt% with general heating.

Zhang et al. [19, 20] found that the IL [amim]Cl is a powerful and
nonderivatizing solvent to dissolve cellulose. Untreated or alkali activated cellulose
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Table 2 Solubility and DP of Solubility in ILs

cellulose samples in ILs: -

[C4m1m]Cl, [C4mpy]Cl, and Cellulose [C4H111’I’1]C1 [C4mpy]Cl BDTAC

BDTAC [18] Type DP % DP* % DP* 9% DP?*
Avicel 286 18 307 39 172 5 327
Spruce sulfite pulp 593 13 544 37 412 2 527
Cotton linter 1,198 10 812 12 368 1 966

*After regeneration

could be dissolved rapidly in this IL. For example, 5 wt% cellulose with a degree of
polymerization (DP) of 650 could be dissolved in [amim]Cl in only 30 min at 80 °C.
A solution containing up to 14.5 wt% cellulose with a DP as high as 650 in [amim]Cl
could also be readily prepared.

Heinze et al. used three kinds of ILs — [C4ymim]Cl, [C4smpy]Cl, and BDTAC - as
solvents and discussed the change in the degree of polymerization of cellulose in
the dissolution process (Table 2, [18]). It was found that the solubility of cellulose
decreased with increasing degree of polymerization. It was also shown that, in the
case of [Cymim]Cl and BDTAC, no depolymerization of the polysaccharide
occurred for the microcrystalline cellulose Avicel, while spruce sulfite pulp and
cotton linters were slightly degraded. In contrast, the dissolution of cellulose in
[C4mpy]Cl led to a remarkable degradation. Side reactions forming cellulose
derivatives did not occur in the process of dissolution, and thus all three ILs were
direct solvents for cellulose.

Hydroxyl groups were introduced to the imidazolium cation and the hydroxyl-
containing cation ILs, such as 1-(2-hydroxyethyl)-3-methylimidazolium chloride
([C,OHmim]Cl), were synthesized [54]. These ILs have also been reported to
dissolve cellulose, and the solubility is 6.8 % at 70°C. The hydroxyl group in the
cation side chain could also probably form hydrogen bonds with cellulose hydroxyl
groups, leading to the dissolution of the biopolymer.

The dissolution of cellulose can also be achieved by introducing the acetate
anion to the IL. The IL, 1-ethyl-3-methylimidazolium acetate ([Comim][OAc]), has
a very low melting point (—20°C) and viscosity (~140 cP at 25°C) [24], and it
showed a much higher capability to dissolve cellulose. Recent studies showed
that the cellulose concentration in [Comim][OAc] could be as high as 20 wt%
[25]. Moreover, [Comim][OAc] was considered to be less toxic and corrosive than
comparable chlorides [55]. These features make [C,mim][OAc] a promising
solvent for the processing and homogeneous derivatization of cellulose and indeed
lignocellulosic biomass [35, 43, 44].

Fukaya et al. found that a series of 1,3-dialkylimidazolium formate ILs exhibited
superior solubility for a wide range of polysaccharides including cellulose
[26]. These ILs had significantly lower viscosity than previously reported
halogenated imidazolium ILs, for example, [amim][HCOO] has a viscosity of
66 cP at 25°C. Because having a stronger hydrogen bond basicity than chloride
salts, [amim][HCOO] could dissolve cellulose at lower temperatures. To solubilize
10 wt% cellulose, [amim]Cl had to be heated to 100°C, whereas [amim][HCOO]
had to be heated only to 60°C.
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Several alkylimidazolium ILs containing [MeSOs]~, [MeOSO3], [EtOSO3] -,
and [(MeO),PO,]~ were synthesized by a facile, one-pot procedure [27]. These ILs
also have the potential to solubilize cellulose under mild conditions. The IL
[Comim][(MeO),PO,] was used to prepare a 10 wt% cellulose solution by keeping
it at 45°C for 30 min with stirring. It was also found that 2 wt% cellulose could be
completely dissolved in these ILs at room temperature (25°C) within 3 h, and 4 wt%
within 5 h.

Xu et al. [21] synthesized a series of ILs by pairing the [C4mim]* cation with the
Brgnsted basic anions [OAc]™, [HSCH,COO]~, [HCOO], [(C¢Hs5)COO],
[H,NCH,COO] ", [HOCH,COO] ", [CH3;CHOHCOO] ", and [N(CN),]", and the
solubilities of microcrystalline cellulose (MCC) in these ILs were determined. The
structure of the anions significantly affects the solubility of the cellulose. Among
the investigated ILs, [C4ymim][OAc] was the most efficient IL for the dissolution of
cellulose. In contrast, cellulose was insoluble in [C,mim][N(CN),].

The hydrogen bond accepting ability of the anions of the ILs are closely
linked to the solubility of cellulose and the solubility of cellulose increases
almost linearly with increasing hydrogen bond accepting ability of anions
in the ILs. The solubility of cellulose in these ILs decreases in the order [Cymim]
[OAc] > [Cymim][HSCH,COOQO] > [Cymim][HCOO] > [Cymim][(CcH5)COO] >
[C4mim][H,NCH,COO] >[C4mim][HOCH,COO] > [Cymim][CH;CHOHCOO] >

[Csmim][N(CN),].

It has also been reported that cellulose can be dissolved in a series of ammonium
ILs such as N,N,N-triethyl-3,6,9-trioxadecylammonium formate, N,N,N-triethyl-
3,6,9-trioxadecylammonium acetate, and N, N, N-triethyl-3,6-dioxaheptylammonium
acetate [56, 57]. The solubility of cellulose in these ILs could reach 10 wt% at 110°C.
Unlike other ILs, these ammonium ILs are reported not to denature enzymes,
allowing further enzymatic modification of dissolved carbohydrates in ILs [56].

In order to understand further the dissolution process of cellulose in different
solvents, the mechanisms of dissolving cellulose in traditional solvents and ILs were
compared. The solvent system DMAc/LiCl, a good solvent for cellulose, was chosen
as an example of the traditional solvents. It is assumed that the Li* ions interact with
the oxygens of the carbonyl groups of the DMAc, and the [Li(DMAc),]* complex
cation interacts with both the hydroxyl and the ring oxygens in cellulose [58], while
the chloride ions are left unencumbered. In this model, the C1~ would be highly
active as a nucleophilic base and could play a major role in breaking up the inter- and
intramolecular hydrogen bonds [59]. However, the only alkali metal salt which led to
cellulose dissolution was LiCl; other chloride salts, such as sodium, potassium,
barium, and calcium, were found to be ineffective [19]. Thus, both the cation and
anion structures of the solvent affect the dissolution process.

In the case of ILs used as solvents for cellulose, it is assumed that the anions such
as CI7, OAc™, [HCOQ], etc., interact with the hydrogen atoms in the hydroxyl
groups [17, 19]. As the basicity of the acetate anion or formate anion is higher than
Cl, the acetate- or formate-containing ILs are more efficient in disrupting the
inter- and intramolecular hydrogen bonding in this biopolymer [25, 26]. Meanwhile,
it has also been suggested that the hydrogens in the cations of the ILs can interact
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with the oxygens in cellulose [19], although this conclusion seems contrary to other
published results [60, 61]. It is nonetheless quite clear that the chemical structure of
the cations of ILs will affect the cellulose dissolution and the reasons for this need
further delineation.

We found that the solubility of cellulose decreased with increasing size of the
cations, such as lengthy alkyl groups substituted on the imidazolium ring [17]. The
ILs containing [amim]”, a smaller size cation due to the nature of the allyl
substituent, has higher cellulose dissolution ability compared with the
corresponding [C4mim]*-containing ILs [19]. Thus, in both traditional and IL
solvent systems, it is generally recognized that, in order to dissolve cellulose,
disrupting its great number of intra- and intermolecular hydrogen bonds is required,
but other factors do come into play.

2.2 Dissolution of Lignin

Lignin is one of the three major components of lignocellulosic biomass [62]. It is a
three-dimensional amorphous polymer consisting of methoxylated phenylpropane
structures [63]. The biggest structural difference between lignin and cellulose is that
lignin contains aromatics (Fig. 1). Lignin can be regarded as the major aromatic
resource of the bio-based economy [63].

In plant cell walls, lignin fills the spaces between cellulose and hemicellulose,
with a covalent bond between lignin and hemicellulose, and lignin acts like a resin
that holds the lignocellulose matrix together [64]. The growing interest in develop-
ing new lignin-based products is driven by the fact that lignin is a renewable,
low-cost bioresource with unique functionalities, and is an environmentally benign
material [33]. However, many of the technologies currently used in lignin isolation
or processing employ high temperature, pressure, harsh alkaline or acidic
conditions, and organic solvents [65—67]. These processes are far from favorable
and generally not considered green. This has prompted the study of ILs to dissolve
lignin and develop new chemistries for lignin.

The dissolution of lignin has been investigated in several imidazolium ILs
containing methyl-, ethyl-, butyl-, hexyl-, and benzyl groups in the imidazolium
ring with a number of common anions, such as Cl1, Br, [CF5SO3] ", [MeSO4] ",
[BF,] ", and [PFg]™ ([33]; Table 3). Lignin obtained from softwood was observed
to dissolve in [Cymim][MeSO,4] (74 g/L) and [Cymim][MeSO,4] (62 g/L) at
room temperature, but not in [Cgmim][CF;SO3] under ambient conditions. Upon
heating, lignin was rapidly dissolved in [C;mim][MeSO,], [C¢émim][CF3S03], and
[C4mim][MeSO,] to yield viscous mixtures. The greatest lignin solubility was
obtained using [Cimim][MeSO4] and [C;mim][MeSO,] at slightly elevated
temperatures (50°C). For the [Cymim]*-containing ILs, the order of lignin solubility
for varying anions was [MeSQO,4]” > CI” ~ Br~ » [PF4] ", indicating that the solu-
bility of lignin was principally influenced by the nature of the anions. The ILs
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Table 3 Solubility of ILs Temperature (°C Solubilin
residual softwood Kraft P O y (g/L)

pulp lignin in ILs [33] [Cimim][MeSO,] 50 344

25 74.2
[C¢mim][CF3S05] 70 275

50 <10
[C4mim][MeSOy4] 50 312

25 61.8
[C4mim]Cl 75 13.9
[C4mim]Br 75 17.5
[C4mim][PFg] 70-120 Insoluble
[C4Cimim][BF4]* 70-100 14.5
[C4mpy][PFg] 70-120 Insoluble

4[C4Cymim][BF,]: 1-butyl-2,3-dimethylimidazolium tetrafluoroborate

containing large, non-coordinating anions such as [BF4]™ and [PF4]~ exhibited no
or very limited ability to dissolve lignin.

The solubility of Kraft lignin (Indulin AT), as well as wood flour in the ILs
[Cimim][MeSOy,], [Cymim][CF3SO3], [Comim][OAc], [amim]Cl, [C4;mim]Cl, and
1-benzyl-3-methylimidazolium chloride ([bzmim]Cl) was reported by Lee
et al. [34]. The highest lignin solubility was obtained using [C;mim][MeSO,] and
[C4mim][CF;SOs3]. Chloride anions enabled relatively high wood flour solubility
(10-30 g/kg) with lignin solubilities higher than 100 g/kg. Again, [C4mim][BF,]
and [C4mim][PF¢] were ineffective at dissolving either lignin or wood flour.

Another recent interesting trial was reported by Tan et al., in which [C,mim]*
salts with a mixture of alkylbenzene sulfonate (ABS) anions (predominantly xylene
sulfonate (XS)) were used to extract lignin from sugarcane plant waste (bagasse) at
atmospheric pressure and elevated temperatures (170-190°C) [68]. An extraction
yield of over 93 % was reported, and the lignin obtained was of relatively uniform
molecular weight.

Our study shows that Indulin AT could be readily dissolved in [C4;mim]Cl,
[C,mim]Cl, and [C,mim][OAc] at 90°C ([69]; Table 4). We have also dissolved
physical mixtures of cellulose, xylan (the major component of hemicellulose), and
Indulin AT (weight percentage of each component is 33.33 %) in [C,mim][OAc] at
90°C [35]. It was found that all three components can be dissolved in this IL to form
a viscous liquid. The viscous solution was cast as a film on a glass plate and
immersed in water at room temperature. The IL is miscible with water, xylan is
also water soluble; thus [C,mim][OAc] and xylan were the two compounds
expected to be extracted from the film. Lignin was soluble in the mixture of acetone
and water (1:1, v/v), while cellulose is insoluble in this mixture. After washing out
the IL and xylan, the film was immersed in a mixture of acetone and water to
separate cellulose and lignin. By evaporating the acetone in the lignin/acetone-
water solution, lignin could be precipitated and recovered.

Reviewing the available data suggests that the two most powerful solvents for
lignin are [C4mim][CF3SO;] and [Cimim][MeSO,4] [34], followed by several
nearly equally good solvents, such as [Csmim][MeSOy4], [Comim][OAc], and
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Table 4 Solubility (wt%) of Ty ¢ MCC Xylan Indulin AT
standard biopolymers in ILs

at 90°C [69] [C4mim]Cl ~28 ~8 ~ 14
[C,mim]Cl ~35 ~10 ~20
[Comim][OAc] ~ 30 ~ 10 ~25

[amim]Cl [33]. However, direct comparison of the dissolution power is difficult in
some cases, since the dissolution temperatures, the lignin raw materials, and IL
parameters (e.g., viscosity) were all different. Nonetheless, [Cimim][MeSO,4] was
efficient in lignin dissolution at 50 °C.

The ILs [bzmim]CI and [C4;mim]Cl are reported to be relatively poor solvents
for lignin [34]. The former has a benzyl group similar to the aromatic rings in lignin,
linked to the imidazolium ring, which one might presume would help improve the
interactions with lignin, but any such effect was minor. [C,mim]Cl is a good solvent
for cellulose, but appears to be less so for lignin.

In a study by Lee et al. [34], the lignin solubility in ILs was rationalized by
examining their Hildebrand solubility parameters (8y), widely used for predicting
the solubilities of various polymers in solvents. Maximum solubility is observed
when the &y values of the polymer and solvent are identical, since the solubility of
two materials is facilitated when their intermolecular attractive forces are similar
[70]. Thus, the high solubility of lignin in [C4;mim][CF5SO5] is not surprising given
the very close similarity of the 8y values for both the IL and lignin (24.9 and 24.6,
respectively). Conversely, the 8y values for [Cymim][PF¢] and [C4mim][BF,] are
30.2 and 31.6, respectively [71, 72], which are sufficiently distinct from that of
lignin, and hence do not favor high lignin solubility.

2.3 Dissolution of Hemicellulose

Hemicellulose is another abundant natural polysaccharide. Unlike cellulose, which
is a unique molecule differing only in degree of polymerization and crystallinity,
hemicellulose contains many different sugar monomers. For instance, sugar
monomers in hemicellulose contain glucose, xylose, mannose, galactose, etc.
[73]. Hemicellulose can be used in polymeric form for industrial applications
such as in hydrogels, or, once hydrolyzed, it can serve as a source of sugars for
fermentation to fuels [74, 75].

ILs are known to be capable of dissolving complex macromolecules and
polymeric materials with high efficiency [17, 76, 77] and the dissolution or
functionalization of hemicellulose can also be carried out in ILs. We have also
shown that [Cymim]Cl, [Comim]Cl, and [C,mim][OAc] could dissolve xylan
with desirable solubilities ([69]; Table 4). As mentioned above, physical mixtures
of cellulose, xylan, and Indulin AT can also be co-dissolved in [C,mim][OAc] at
90°C [35]. All three components can be dissolved in this IL to form a viscous
liquid. As [Comim][OAc] and xylan are water soluble, the IL. and xylan could be
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separated from the other two components by adding water. Any xylan remaining in
the regenerated cellulose could be removed by adding alkali and the resulting xylan
in the alkali solution could be precipitated by adding ethanol.

It was found that hemicellulose from wheat straw is completely soluble in
[C4mim]Cl on heating to 90°C for 1.5 h, up to a concentration of 2.6 wt% [47]. It
was also demonstrated that ILs could be used as a solvent for the chemical
modification of hemicellulose, such as acetylation with acetic anhydride in
[C4mim]ClI [47]. Since the acetylation of hemicellulose could be carried out in a
homogeneous system, high acetylation yields and degrees of substitution (DS) were
possible. This method has other obvious advantages in that the reaction could be
carried out under mild conditions, is more rapid, and is complete.

The structure of hemicellulose (Fig. 1¢) is similar to that of cellulose, and there
also exist multiple hydrogen bonds. The dissolution of hemicellulose in ILs to a first
approximation can also be attributed to the disruption of the intra- and intermolec-
ular hydrogen bonds in hemicellulose. As with cellulose and most polymers,
however, further studies are needed to clarify the role of each ion. The dissolution
of hemicellulose in ILs has not been widely studied, and there are no reports on the
corresponding dissolution mechanism.

2.4 Dissolution of Chitin

Chitin is a linear polysaccharide and is the second most abundant polysaccharide
[78] after cellulose. Chitin is structurally similar to cellulose, but it is an amino
polysaccharide having acetamide groups at the C-2 positions in place of hydroxyl
groups in cellulose (Fig. 1d) [79]. Due to its low toxicity, biocompatibility, and
biodegradability, chitin and its derivatives have had many applications in the fields
of water purification, food, pharmaceutical and cosmetic formulations, and in the
biomedical fields of drug/gene delivery systems, tissue engineering, as well as in
intelligent biosensors, to name but a few [80].

Chitin exists in three polymorphic forms: a, f, and y [81]. The most abundant
naturally occurring polymorph is a-chitin. a-Chitin, from crab and shrimp shells, is
known to be sparingly soluble and to have poor reactivity due to its rigid crystalline
structure [82]. B-Chitin, usually from squid bone, forms slurries easily when it is
ground with water due to its loose crystalline structure [82], while y-chitin is
reported to be a variant of the a family [83]. Also, the softness and hydrophilicity
of P-chitin is superior to o-chitin, which can be explained by the crystalline
structural differences between them.

In industrial processing, chitin is extracted (e.g., from crustaceans) by acid
treatment to dissolve calcium carbonate followed by alkaline extraction to solubi-
lize proteins. In addition, a decolorization step is often added to remove leftover
pigments and obtain a colorless product [84].

Despite its huge annual production and easy accessibility, chitin still remains
an underutilized biomass resource, primarily because of its intractable bulk
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structure [85]. Although considerable efforts are still being made to extend novel
applications of chitin, lack of solubility of this polysaccharide in water and
common organic solvents causes difficulties in improving the processability and
functionality. The solubility problem is caused by the stiff molecules and close
chain packing via the numerous intra- and intermolecular hydrogen bonds caused
by hydroxyl groups as well as the acetamide groups [37]. Until the use of ILs, only
a limited number of solvent systems for chitin have been found, such as DMAc/
LiCl, concentrated acid, alkaline-ice mixtures, CaCl, 2H,O-saturated methanol,
etc. [86, 87]. Besides other disadvantages of these solvents, such as corrosivity,
toxicity, volatility, and difficulty in recycling, the use of these solvents also tends
to reduce the molecular weight of the chitin, especially in strong acid [88].

Since the structure of chitin is similar to that of cellulose, and cellulose could be
readily dissolved in ILs, ILs should be a potential solvent for chitin. Xie
et al. reported the dissolution of chitin in [C4mim]Cl [36] where they indicated
the preparation of clear, viscous 10 wt% chitin/IL solutions in 5 h by heating at
110°C. (As discussed below, the nature of the chitin is quite important and it is
believed that Xie et al. used ‘pure chitin’.) In order to prove further the degree of
dissolution of chitin in [C4ymim]Cl, the chitin/IL solution was studied by wide-angle
X-ray diffraction (WAXD), and the lack of a diffraction pattern indicated that the
crystalline domains of chitin were completely disrupted. The chitin could be
regenerated in the same manner as cellulose, by coagulation with an antisolvent
such as methanol or water [36].

In other work, the ILs [amim]Br, [Czmim]Br, and [Cymim]Br were also used to
dissolve (presumably pure) chitin [37]. When [amim]Br was used for the dissolu-
tion, clear liquids were formed with the concentration of chitin up to 5 wt%,
whereas the other ILs, [Csmim]Br and [Cymim]Br, did not show an ability to
form clear solutions even at low 1 wt% concentrations of chitin. The X-ray
diffraction (XRD), thermogravimetric analysis (TGA), and infrared spectra
(IR) results of the regenerated chitin, as well as the analysis of derivatives,
confirmed that degradation of chitin did not occur frequently during the experimen-
tal process.

In the work of Wang et al. [87], the dissolving behavior of chitin with different
degrees of deacetylation (DA) and molecular weight were studied in a series of ILs,
[amim]Cl, [Cymim]Cl, [C;,OHmim]|Cl, [Cimim][Me,PO,], [Comim][Me,POy,],
and [amim][OAc] (Table 5). Untreated chitin could be dissolved in [amim]OAc
to 5 wt% at 110°C and could also be dissolved in [amim]Cl, [C;mim][Me,PO,],
and [C,mim][Me,PO4] below 60°C. This study indicated a lack of solubility in
[C4smim]ClI or [C,OHmim]ClI from 10°C to 180°C.

In our own attempts to dissolve chitin and explain results contrary to those
reported by Xie et al., we discovered that the degree of processing used to obtain the
chitin is critical to the ability to dissolve it in certain ILs. Pure chitin has been
doubly processed and has the highest purity but lowest molecular weight. Practical
grade chitin (PG-chitin) has not been subjected to a final methanesulfonic acid
purification and thus is less pure but of higher molecular weight.
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Table 5 Dissolution of ILs Solubility (wt%) Notes

untreated pure chitin in -

different ILs* [87] [C4mim]Cl Insoluble Insoluble
[amim]Cl 0.5 Below 45°C
[C,OHmim]Cl Insoluble Insoluble
[Cimim][Me,POy,] 1.5 Below 60°C
[Comim][Me,>POy4] 1.5 Below 60°C
[amim][OAc] 5 At 110°C

Untreated chitin: MW = 1.23 x 10°, 200 mesh

We tested the ability of [Comim][OAc], [C4mim]Cl, and [C,mim]Cl to dissolve
a given mass of pure chitin vs PG-chitin [38] and found that much more of the pure
chitin sample (80.0 %) could be dissolved in [Comim][OAc] than either [Csmim]Cl
(244 %) or [Comim]Cl (13.9 %). Even at a lower loading of PG-chitin (1 g
PG-chitin to 10 g IL vs 0.5 g pure chitin to 2 g IL), much less (15.2 %) could be
dissolved than pure chitin in [Comim][OAc], presumably because of the higher
mineral content of the PG-chitin. Nonetheless, [Comim][OAc] could dissolve much
more of the PG-chitin samples than either [Comim]Cl (4.2 %) or [C4smim]Cl
(6.8 %). It was even demonstrated that [Comim][OAc] can directly extract high
molecular weight pure chitin from raw shrimp shells which can subsequently be
spun into chitin fibers [38].

It is thus quite important to state the nature and source of the chitin being used in
any dissolution studies. Various kinds of chitin have quite different crystalline
structures, purities, molecular weights, etc., all of which influence the solubility
of chitin in various ILs.

These results suggest that ILs with strong hydrogen bond acceptor abilities, such
as acetate, could dissolve chitin effectively [38, 87]. This also strengthens the
premise that the anion must be able to break the hydrogen bonds between the chitin
chains. The basic acetate anion was strong enough to cleave the hydrogen bond
network of chitin, while the chloride and dimethylphosphate anions were less
efficient and could only dissolve chitin to a limited degree.

2.5 Dissolution of Silk

Silk is a well-known natural fiber produced by the silk worm, Bombyx mori, which
has been used traditionally in the form of threads. It is composed of two kinds of
protein: fibrous fibroin and glue-like sericin. The fibroin forms the thread core,
while the sericin surrounds the fibroin fibers to cement them together [89]. The
fibroin protein consists of layers of antiparallel p-sheets. Its primary structure
mainly consists of the recurrent amino acid sequence (Gly-Ser-Gly-Ala-Gly-Ala),
[89; Fig. le].

Traditionally, silk fibers have been widely used in biomedical applications as a
suture material for repairing wound injuries. Recently, the ability to fabricate silk-
based materials, such as films, sponges, and fibers, from purified silk fibroin
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solution has resulted in the reemergence of silk as a biomaterial [90]. Silk is an
attractive tissue engineering scaffold because of its slow degradation, excellent
mechanical properties, and biocompatibility [91].

Unfortunately, due to its stabilized secondary protein structure, silk fibroin has
limited solubility characteristics, which results in significant limitations regarding
the fabrication of tissue engineering scaffolds. To date, it is reported that silk fibroin
is soluble in certain high ionic-strength aqueous salt solutions, such as DMAc¢/LiCl,
aqueous LiSCN, LiBr, NaSCN, Ca(SCN),, CaCl,, etc. [92, 93]. It is possible to
dissolve silk and produce regenerated silk fibers from such spinning solutions;
however, these solvents are harsh, very difficult to recycle, and will cause environ-
mental problems.

The ability of ILs, such as [C4ymim]Cl, to disrupt hydrogen bonds also makes
them an attractive solvent for silk in which unusual arrangements of hydrogen
bonds play an important role in defining its strength [39]. In the study of Mantz
et al. [39], the suitability of ILs for dissolving and regenerating silkworm (Bombyx
mori) silk was tested. The ILs [Cymim]Cl, [Cymim]Br, [Cymim]I, [Csmim][BF,],
[C4Cimim]Cl, [Co,mim]Cl, [Comim][BF,], and [Cymim][AICl,4] were evaluated to
determine their ability to dissolve silk (Table 6). For most of the experiments,
sericin was extracted from silk prior to solubilizing in the ILs; however, for the
[C4mim]Br, [Cymim]l, and [Cymim][BF,] experiments, the sericin remained in
the fibers, which were dried under vacuum. When [Cymim]Br, [Cymim]l, and
[C,mim][BF,] were used to dissolve both silk and sericin, sericin was soluble in
[C4mim]Br and [C,mim]I but insoluble in [Cymim][BF,]. Silk dissolved in the ILs
could also be regenerated by adding antisolvents such as methanol or acetonitrile.
Regenerated silk fibroin from Bombyx mori silk worms could also be extruded into
fibers from the [Comim]Cl solvent system [94].

The dissolution of the silk fibroin in [C4mim]CI was examined with wide-angle
X-ray scattering (WAXS) [39]. The data from a 12.24 wt% silk solution shows a
broad amorphous halo centered near 20° 20, indicating that the silk is amorphous,
which is contrasted with the diffractogram of crystalline cocoon silk which shows
several peaks that can be indexed to an antiparallel B-sheet structure. As with
cellulose and chitin, the available evidence suggests true dissolution of these
biopolymers with the disruption of the interchain hydrogen bonding, a requirement
for this to occur.

2.6 Dissolution of Wool

Natural wool is another abundant natural material. Wool contains amino acids
linked together in ladder-like polypeptide chains [95]. The insulating and moisture
absorbing properties of wool make it a desirable fiber for textiles. Every year large
amounts of wool are wasted during wool shearing and weaving, but it is economi-
cally and environmentally quite challenging to develop a simple, inexpensive
process to use and reuse wool resources.
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Table 6 Solubility of silk in ILs [39]

Anion
Cation Cl™ Br— I [BE4]™ [AICl,4]™
[C,mim]* 13.2% 0.7%" 0.2%" 0.0%" —c
[C4Cymim]* 8.3% —c —e —c —c
[Comim]* 23.3% —c - 0.0% 0.0%"

“Both sericin and fibroin were added to the solvent; only the sericin was soluble
bSolvent was the [Comim]Cl/[Comim][AlICl,] mixture with a 1.0:0.7 molar ratio
“System not tested

Wool has a stable three-dimensional conformation maintained by a range of
noncovalent and covalent interactions [40]. Thus, it is also difficult to process wool
by directly dissolving it into common solvents, although some solvent systems such
as urea/H,0,/H,0 and urea/2-mercaptoethanol have been used for the processing
of wool [96]. The volatility and flammability of these solvents with the associated
human health and environmental problems has led to increasing pressure for
minimizing their use.

A study of ILs to dissolve wool keratin fibers, which occupy about 50 wt% of the
cortical cells in wool, was reported by Xie et al. [40]. In this study, [C4mim]Cl,
[C4ymim]Br, [Cymim][BF,], [Csmim][PFg], and [amim]Cl were used (Table 7) to
investigate the relationship between the solubility of wool keratin and the structure
of the ILs. It is clear from the results that ILs containing the chloride anion are better
solvents for wool keratin fibers than those with Br~ or non-coordinating anions
such as [BF4]™ and [PF¢] .

Regenerated keratin fibers could be obtained by adding methanol, ethanol, or
water into the wool/IL solution. The regenerated wool keratin exhibited a p-sheet
structure with the disappearance of the original a-helix structure. It was reported
that the thermal stability of the regenerated wool keratin was slightly superior to
that of the natural wool keratin fibers.

Blends of wool and cellulose were prepared in [C;mim]Cl by co-dissolution
followed by coagulation [40, 96]. One study showed that the wool/cellulose blend
films show significant improvement in thermal stability compared with the
coagulated wool or cellulose. FT-IR analysis of the blends revealed the hydrogen
bonding interactions between the hydroxyl groups of the wool and the cellulose
[96]. Moreover, the blend films exhibited increasing tensile strength with increasing
cellulose content. This work suggested the use of ILs for the development of wool-
based materials with improved mechanical properties.

The dyeing behavior of [C4;mim]Cl treated wool was also reported [97]. Charac-
terization of the IL-treated wool indicated that eroded marks were observed on
treated wool fiber surfaces, and the tensile strength of treated wool fibers was
slightly decreased compared with that of untreated wool fibers. Dyeing kinetics
experiments revealed that the IL treatments greatly increased the initial dyeing rate
and shortened half-dyeing time and time to reach dyeing equilibrium. The final
exhaustion and color depth of IL-treated wool were also increased, accompanied by
slightly decreased color fastness.
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Table 7 Solubility of wool ¢

Temperature (°C) Time (h) Solubility (wt%
keratin fibers in ILs [40] P Q) ® y (wit)

[C4mim]Cl 100 10 4

130 10 11
[C4smim]Br 130 10 2
[amim]Cl 130 10 8
[Cymim][BF,] 130 24 Insoluble
[Cymim][PFg] 130 24 Insoluble

It is clear from the structure of wool keratin (Fig. 1f) that there are multiple
hydrogen bonds in wool. The dissolution of wool in ILs might also be attributed to
the disruption of the intra- and intermolecular hydrogen bonds. However, there is
no report on this mechanism, and further study on the mechanism of the dissolution
of wool in ILs should be carried out.

2.7 Dissolution of Other Biopolymers

In addition to the above-mentioned six biopolymers, other polysaccharides, such as
starch [98, 99], pectin [26], agarose [100], and dextrin [26], have also been
dissolved in a variety of ILs (Table 1). (For example, starch can be dissolved in
[Cymim]Cl up to 15 wt% at 80°C [99].) From the structures of these
polysaccharides (Fig. 1g—j), it is clear that these biopolymers contain multiple
hydrogen bonds in common with the biopolymers already discussed above. It is
perhaps no longer surprising that ILs with strong hydrogen bond acceptor anions
have been identified as solvents for these biomacromolecules [26].

The dissolution temperature of pectin is higher than that of dextrin or amylose,
which might be attributed to the difference in hydrophilicity of these
polysaccharides [26]. Thus, it is reasonable to assume that the dissolution of these
polysaccharides in ILs is also caused by the disruption of the hydrogen bonding by
the ions in ILs.

3 Conclusions

The ability of ILs to dissolve directly biological macromolecules, such as cellulose,
lignin, chitin, etc., has generated intense worldwide academic and industrial interest
in a relatively short period of time. Dissolution of these biological macromolecules
using ILs can now be carried out under mild conditions, with no volatilization of
organic substances, and the ILs can be easily recycled and reused. Moreover, there
is no significant decrease in the degree of polymerization of the regenerated
macromolecules and chemical modifications of the macromolecules can easily be
conducted in the IL solutions. All these advantages make the dissolution of
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macromolecules with ILs a desirable and promising process, and we fully expect
great progress in the use of ILs to untap the tremendous technological potential of
natural biopolymers.

These natural, abundant biopolymers have a key role to play in any sustainable
future. The ready dissolution of these biopolymers using ILs provides new
platforms for their utilization, but perhaps from a different perspective than the
current view that such biopolymers should be chopped up into platform chemicals.
True dissolution without sacrificing molecular weight offers other processing
options, allowing the modification of the architecture (e.g., fibers, membranes,
beads, etc. [31]), rheology (e.g., with additives or blending with other polymers
[96]), and indeed modifying their functions by covalently or noncovalently adding
functional groups for further chemical processing [32].

However, the search for more and better IL solvents for these polymers needs
further insight into the factors which govern solubility. The current published
results seem to indicate a major role for the anion in breaking the many intermo-
lecular hydrogen bonds. It is clear that there is also a role for the cation, since not
every cation for a given anion will work, but it does seem that the effect is lessened.
Some researchers continue to suggest that cations such as dialkylimdazolium are
hydrogen bonding to the biopolymers, while other work suggests they are not. This
point also needs clarification.

In summary, ILs are promising solvents for biomass processing, providing a new
and powerful platform for the biomass industry. Although the technologies related
to IL biomass processing are only at the laboratory stages, they may offer better
pathways, less energy intensive processes, and significantly improved environmen-
tal benefits when compared with traditional processes. Current work is underway
worldwide to demonstrate whether ILs can truly unlock the carbohydrate economy.

4 Prospects

The rapid increase in the number of publications on the use of ILs in the dissolution,
treatment, and functionalization of biomass is a good indicator of the promising
future of ILs in this area. With the significant progress in fundamental research, it is
time to focus more attention on their potential industrial applications. However,
progress in several key aspects is needed in order to industrialize any of the
potential IL processes.

There is a current perception that the cost of ILs is too high to develop an
economic process. This concern needs to be addressed in part by education and in
part by the development of new manufacturing methods, efficient scale-up
technologies, and by developing better ILs. It is hoped that the goals of
sustainability will guide this process rather than just the expense of an ultimate
IL or process. For example, better sources of raw materials, or new and effective
synthetic routes (e.g., atom efficient methods), could be developed. Better and more
complete data on physicochemical properties, toxicity, corrosivity, and



Dissolution of Biomass Using Ionic Liquids 101

biodegradability would help inform better choices for process solvents. Even better
data on such operating constraints as stability of the ILs at relatively high
temperatures over extended periods of time and under shearing conditions would
help promote their adoption.

Finally, from the point of view of environmental protection, as well as econom-
ics of the process, it is essential that effective and energy-saving IL recycling
methods should be developed for each intended process. The current method to
recycle ILs in biomass processing mainly centers on evaporation of the antisolvent,
which would consume a lot of energy, especially in the case of IL/water solutions.
Thus, further efforts to develop effective methods and facilities for IL recycling are
needed.

Yes, the particular ability of some ILs, accompanied by a series of advantages,
does enable the development of improved processing strategies and use for a
plethora of biomass processing. However, this field is still new and it requires a
better fundamental understanding of the mechanisms of dissolution and a wider
exploration of the classes of ILs that can be used for a specific biopolymer. Much of
this work is now underway around the world and we look forward to the fascinating
results which will continue to appear.

Footnote: In our recent review (H. Wang, G. Gurau, R. D. Rogers, Chem. Soc. Rev.,
2012, 41, 1519-1537), we pointed out that the use of more chemical units of solubility,
such as “g cellulose per mole of IL” or “mol hydroxyl in cellulose per mole of IL”
could provide more consistency in data reporting and more insight into the dissolution
mechanism. However, in this chapter, the solubilities of the various biopolymers, often
of unknown structure (e.g., lignin), are provided in terms of “wt%? as reported in the
original literature. We would caution that even the term wt% can be somewhat
confusing based on differing bases for determination of this number; some using
true weight percent (percent of total mass) and some using mass fraction percent
(percent of IL only).
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Structures and Thermodynamic Properties
of Tonic Liquids

Tiancheng Mu and Buxing Han

Abstract This chapter gives a brief review on the structures and thermodynamic
properties of ionic liquids. It is organized as follows. The introduction gives the
definition and application fields of ionic liquids. Following that is the main part
where we present a review on the density, phase behavior, enthalpy of vaporization,
and heat capacity of ionic liquids. The properties of both pure ionic liquids and
mixtures with ionic liquids are discussed. Some experimental pieces of apparatus
for working with these properties are introduced briefly. We then review the
correlations with the experimental data and prediction methods based on MD or
ab initio methods. In the discussion of phase behavior, the vapor-liquid equilibria,
liquid-liquid equilibria, and the activity coefficients at infinite dilution are
presented separately. In the last part, a summary and outlook on this topic are given.
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1-Alkyl-2,3-
dimethylimidazolium

[Ace]

[BETI]

[BF4]

[C(CN)s]
[CH3(OCH,),0S05]
[CH5(OCH,CH,),0S0s]
[DCA]
[EtOSOs]

ILs

[Lac]

[Methide]
[MCSO3]
[MeOSO3;]
[MeOHPO,]
[NR1r2R3R4]
[OcOSO03]
[OTF]

PEG

[PFs]
[PF;(CF,CF3);]
[Py]

[Pyrr]
[Prir2R3R4]
[SCN]

[TMG]

[TFA]

[TfN]

1 Introduction

T. Mu and B. Han

[C.MMIM] with A = M, E, P, B, Pe, H, O, D, as
alkyl = methyl, ethyl, propyl, pentyl, hexyl, octyl,
decyl

Acesulfamate

Bis(perfluoroethanesulfonyl) imide
Tetrafluoroborate

Tricyanomethane

Diethyleneglycol monomethylethersulfate
Diethyleneglycol monomethylether sulfate
Dicyanamide

Ethylsulfate

Ionic liquids

Lactate

Tris(trifluoromethylsulfonyl) methide
Methanesulfonate

Methylsulfate

Methylphosphonate

Quaternary ammonium

Octylsulfate

Trifluoromethanesulfonate or triflate
Polyethylene glycol

Hexafluorophosphate

Tris(pentafluoroethyl) trifluorophosphate
Pyridinium

Pyrrolidinium

Tetraalkylphosphonium

Thiocyanate

1,1,3,3-Tetramethylguanidine

Trifluoroacetate

Bis(trifluoromethanesulfonyl) imide or triflimide

Ionic liquids (ILs) have many unusual properties, such as low melting point, wide
liquid range, excellent thermal stability, wide electrochemical widow, and low
volatilities [1]. They are regarded as green solvents and alternatives for volatile
organic compounds. Furthermore, ILs are referred to as designer solvents because
their properties can be easily tuned by choosing cationic or anionic constituents
which expands their potential applications. The specifically designed properties
include both physical properties such as density, viscosity, electrical and thermal
conductivity, optical activity, and surface tension, and chemical properties such as
electrophilicity, nucleophilicity, acidity, and basicity. Exponential growth is occur-
ring in the research and applications of ILs. Plechkova and Seddon [2] reviewed the
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Table 1 The application fields and examples of ILs

Property Application field  Examples
Electric conductivity Energy conversion Electrolytes in battery and solar cells [4], electrode-
and metallurgy position of reactive metals, electropolishing
High heat capacity [5] Heat storage Medium for storing heat [6], heat transfer liquids [7],
heat carriers for solar installations [8]

Good solvent power, Solvents for Extraction and separation [9], medium for various
low vapor pressure chemical chemical reactions, stationary phases for gas
processes chromatography [10]

Biocompatibility Biotechnology Medium for biocatalysis, biomass conversion, dis-
solution and regeneration of cellulose [11]

Other properties Other applications Inorganic materials [12, 13], microemulsion,
surfactants

applications of ILs in the chemical industry. Short commented that “ILs are starting
to leave academic labs and find their way into a variety of industrial applications”
[3]. Some research and industrial applications of ILs are shown in Table 1 [14, 15].

The unique properties of ILs depend on their special structures. Besides the
non-volatility and good solvent power, ILs are not very corrosive, which makes
them good solvents for many organic and inorganic compounds. With the rapid
development of ILs, large amounts of experimental investigations on the physico-
chemical properties of ILs have been carried out. However, compared to the large
number of possible ILs, the available data are still scarce, which greatly hinders the
applications of ILs. In this chapter we intend to review the structures and thermo-
dynamic properties of IL systems. We focus on the most commonly used ILs and
the latest results. We would like to emphasize that huge number of excellent results
have been reported, and this short chapter merely includes some of these.

2 Density

The density and its temperature and pressure dependence are important
thermophysical properties and are necessary for analyzing isothermal compress-
ibility, thermal expansion, and excess properties, the construction of equations of
state, and so on. They are useful for designing industrial processes such as storage
vessel sizing. The densities of ILs can be tuned by adjusting the structure of anions
or cations. Luckily, the temperature and purity dependency of density is not very
significant. At ambient pressure and temperature, the densities of most ILs are in the
range of 0.9 ~ 1.7 g.cm . The densities of ILs are affected by their structure, such
as anions, cations, and substituents on the cations. Usually the densities of
imidazolium-based ILs are larger than 1, while tert-phosphonium-based ILs have
a density less than 1, so in the imidazolium-based ionic liquid and water binary
systems, the water-rich phase is usually the top phase. Many experimental pieces of
work have been carried out on the measurement of density and its pressure and
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temperature dependence [16, 17] for both pure ILs and solutions [18, 19]. However,
the studies are focused on the commonly used type ILs, such as the imidazolium
and tert-phosphonium-based ILs. The experimental density data of ILs are often
discrepant and poorly consistent with each other. The main reasons are that the
purities of the ILs synthesized by different laboratories vary considerably, and
maybe the determination methods affect the data. So systematic works are still
needed for both theoretical models development and industrial applications.

The experimental data in Table 2 indicate that phosphonium-based ILs have
lower density than imidazolium-based ILs at the same temperature. The densities of
the ILs containing phosphonium cations range from 0.88 to 1.05 g-cm >, while
those containing ammonium cations range from 1.08 to 1.37 g-cm > [21]. System-
atic experiments were carried out by Tokuda et al. to study the effect of anion [28],
cation [29], alkyl chain length of the [C,MIM] cation [30], and temperature on the
physicochemical properties of ILs.

The densities of the ILs formed from [BMIM] with a variety of fluorinated anions
follow the order [BMIM][BETI] > [BMIM][Tf,N] > [BMIM][PF¢] > [BMIM]
[OTF] > [BMIM][TFA] > [BMIM][BF,] at the same temperature. The order of
density of [BMIM]-based ILs approximately follows the decreasing of molecular
weight of the anions [28]. The densities of cationic structures, [BMIM], [BPy],
[BMPyrr], and [(n-C4Ho)(CH3);N] with anion [Tf,N], were measured to investigate
the cationic effect on the densities of the ILs. The results showed that the aromatic
cation-based ILs have higher density than those the aliphatic cations-based ILs. The
densities follow the order [BPy] > [BMIM] > [BMPyrr] > [(n-C4Ho)(CH3)3N]
[29]. The densities of [C,MIM][Tf,N], indicate that for the methyl-imidazolium-
based ILs with a fixed anion, the density follows a linear decrease with the
increasing of the alkyl chain length on the imidazolium cation [30]. In all cases,
density decreases linearly with increasing temperature Eq. 1, but at a rate less than
that for molecular organic compounds (Table 3):

p=b—al (1)

The effects of alkyl chain length on the densities are verified by the investigation
of densities of quaternary ammonium RTILs ([Ny;{][TfoN], [N4113][Tf2N], [Ne111]
[TE2N], [Ne113][T2NI, [Ne222l[TE2N], [Nyo,1111[T2NI, [N1o,1131[Tf2N], and [Nggs]
[Tf,N]) and quaternary phosphonium RTILs ([P14666][TfaN],  [P2444][DEP],
[N14.444][DBS], [Ny4666][DCA], and [Ny4,666/Cl) [21]. The experimental density
data of the ILs consisting of [BMIM] with various perfluorinated anions and the
[Tf,N] anion with pyrrolidinium-, ammonium-, and hydroxyl-containing cations
[31] give similar results with Tokuda’s conclusion [28, 29]. Tariq et al. reported the
densities of the following ILs: [C,MIM][Tf,N] withn = 2, 4, 6, 8, 10, 12, 14, and
[C.MIM][PF¢] withn = 4, 6, 8; [P14,666], combined with the anions [Tf,N], [OAc],
and [OTf{], and [BMIM] combined with the anions [OAc], [OTf], [MeOSOs], and
[BF,] at four different temperatures ranging from 293 to 333 K [32]. The results
show that the density of [C,MIM][Tf,N]-based ILs decrease with the increase of
the alkyl chain length. The density of [P14 666]-based ILs decreases with the order of
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Table 2 Experimental densities of ILs

111

ILs

T (K)

Value/g-cm73

[EMIM][Tf,N]
[BMIM][Tf,N]
[Nyp11][TEN]
[Nggs1][Tf>N]
[EMIM][EtOSO5]
[BMIM][OcOSO3]
[P14,6661C1
[P14.666][DCA]
[P14.666][TE2N]
[P2444][DEP]
[P14.444][DBS]
[Ny113][TEN]
[Ne1131[Tf2N]
[Nio,113][TE:N]
[Nyp11][TEN]
[Ne1111[Tf2N]
[Nio,11:][T£2N]
[Ne222][T£>N]
[N1sgsl[Tf2N]
[EMIM][OTF]
[BMIM][OTF] (Merke KGaA)
[BMIM][OTF] (Solvionic SA)
[HMIM][OTF]
[HMIM][BF,]
[EMIM][PF;(CF,CF3)]
[MIM][BF,]
[BMIM][BF4]
[OMIM][BF,]
[BMPy][BF4]
[BMIM][DCA]
[BMPy][DCA]
[BMPyr][DCA]
[BMPyr][TFA]
[BMIM][SCN]
[BMPy][SCN]
[BMPyr][SCN]
[BMIM][MeOSOs]
[BMPyr][MeOSOs]
[EMIM][EtOSO5]
[EMIM][OTF]
[EMIM][TFA]
[Naaa1][ser]
[N4441][Tau]
[N4441][Lys]
[N4441][Thr]
[P4444][Ser]

278.15-328.15
278.15-328.15
278.15-328.15
278.15-328.15
278.15-328.15
278.15-328.15
298.15-333.15
298.15-333.15
298.15-333.15
298.15-333.15
298.15-333.15
298.15-333.15
298.15-333.15
298.15-333.15
298.15-333.15
298.15-333.15
298.15-333.15
298.15-333.15
298.15-333.15
268.45-355.90
293.37-355.85
292.94-342.95
293.96-355.40
268.65-356.07
283.15-338.15
293.15-363.15
283.15-363.15
283.15-363.15
293.15-363.15
293.15-363.15
293.15-363.15
293.15-363.15
293.15-363.15
293.15-363.15
293.15-363.15
293.15-363.15
293.15-363.15
293.15-363.15
278.15-348.15
278.15-348.15
278.15-348.15
293.15-363.15
293.15-363.15
293.15-363.15
293.15-363.15
293.15-363.15

1.5391-1.4887
1.4561-1.4079
1.4123-1.3673
1.1198-1.0821
1.2551-1.2206
1.0773-1.0443
0.8826-0.8644
0.9209-0.9024
1.0501-1.0296
0.9978-0.9758
0.9384-0.9201
1.3483-1.3215
1.2846-1.2585
1.2007-1.1760
1.3747-1.3439
1.3106-1.2839
1.2263-1.2003
1.2793-1.2530
1.0823-1.0611
1.4115-1.3392
1.3027-1.240
1.3022-1.2611
1.2423-1.1962
1.1666-1.1066
1.72705-1.66221
1.38797-1.33156
1.21309-1.15630
1.11411-1.06071
1.19298-1.14565
1.06205-1.01849
1.05171-1.01026
1.11870-1.07702
1.17574-1.12772
1.07282-1.03225
1.06436-1.02522
1.03287-0.99643
1.21018-1.16470
1.21605-1.17024
1.25112-1.20401
1.40052-1.34230
1.30689-1.25163
1.019-0.976
1.054-1.012
0.983-0.941
1.003-0.960
0.996-0.953

(continued)
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Table 2 (continued)

ILs T (K) Value/g-cm73 Ref
[P4444][Tau] 293.15-363.15 1.030-0.987 [27]
[P4444][Lys] 293.15-363.15 0.971-0.929 [27]
[P4444][Thr] 293.15-363.15 0.983-0.941 [27]
[P4444][Pro] 293.15-363.15 0.996-0.953 [27]
[P4444][Val] 313.15-363.15 0.932-0.902 [27]
[P4444][Cys] 293.15-363.15 1.037-0.993 [27]

Table 3 Molecular weight, density equation parameters, and molar concentration at 303.15 K of
[BMIM]-based, [C,MIM][Tf,N], and [Tf,N]-based ILs [28-30]

ILs MW a/107* g-em 2K ~! b/g-em ™3 M30/10 > mol-cm >
[BMIM][BETI] 519.4 10.3 1.81 291
[BMIM][Tf,N] 4194 9.40 1.72 342
[BMIM][OTF] 288.2  8.00 1.54 4.49
[BMIM][PF¢] 284.2 8.69 1.63 4.80
[BMIM][TFA] 2522 7.54 1.44 4.81
[BMIM][BF,] 226.0 7.26 1.42 5.30
[MMIM][Tf,N] 377.3 10.6 1.87 4.15
[EMIM][Tf,N] 391.3 10.0 1.82 3.87
[HMIM][Tf,N] 4474  10.20 1.67 3.05
[OMIM][Tf,N] 475.5 10.00 1.62 2.71
[BPy][Tf,N] 4164  9.26 1.73 3.47
[BMPro][Tf,N] 4224 9.09 1.67 3.29
[(n-C4Ho)(CH3)sN][TE,N]T - 3964 9.09 1.66 3.50

[OAc] < [OTf] < [Tf,N], while the density of [C,MIM][X]-based ILs increases in
the order [OAc] < [BF,] = [MeOSO;] < [OTf] < [PFq] < [Tf,N] [32].

Similar results have been obtained by the investigation of the effects of cation’s
alkyl chain lengths on the densities of [PMIM][Tf,N] and [PeMIM][Tf,N] in the
temperature range from 298 to 333 K at pressures up to 60 MPa using a vibrating-
tube densimeter [33]. Klomfar et al. measured the densities of [C,MIM]-based ILs at
atmospheric pressure in the temperature range of 268-356 K [22, 34]. The estimated
total standard uncertainty of density average values are less than & 0.4 kg m—>. The
results verify that longer alkyl chains are associated with lower densities of the
corresponding ILs. The densities of the n-alkylsubstituted guanidinium ILs,
containing Cl, [BF,], [Ace], saccharinate, and tosylate as anions, are reported and
considered as a function of the length of the n-alkyl substituent R and the nature of
the anions [35]. Densities of the RTILs decrease slightly with temperature.

Alkyl-phosphonium amino acid ILs have low densities, ranges from 0.886 to
0.945 g-cm ™~ at 25°C [36]. The densities of the amino acid ILs depend mainly on
the number of carbon atoms in the cations, while are almost independent of the
symmetry of the cations.
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The influences of pressure and the anion on properties of phosphonium-based
ILs [(CsH13)3P(C14H20)]Cl, [(CeH13)3P(Ci4H20)][T1>N], and [(CeHy3)3P(Ci4Ho0)]
[Ac] have been studied up to 65 MPa in the temperature range 298333 K. A simple
ideal-volume model was employed for the prediction of the molar volumes of the
phosphonia at ambient condition [37]. The measurements of expansivities and
isothermal compressibilities of [BMIM][PFg], [OMIM][PF;], [OMIM][BF,], and
[BPy][BF,] at pressures up to 206.9 MPa reveal that ILs are less compressible than
organic solvents, and are similar to that of water [38].

Most of the densities of ILs reported are determined by vibrating-tube
densimeter based on a simple physical model of the undamped spring-mass system.
The cost of the vibrating-tube densimeter is relatively low, and the measurement
range is large. However, the viscosity of sample must be considered because most
ILs are highly viscous. Sanmamed [39] et al. investigated viscosity-induced errors
in the density determination of ILs using vibrating tube densitometry. Equation 2
quantified viscosity-induced or damping errors with n, = 30 being a reference
viscosity value and a, b, and c being the fitting coefficients:

(T] - ﬂ0)2
Ap(n) = 2
Py a+b(n—ng)+c(n—n)’ @

Iglesias-Otero et al. [40] designed a densimeter that automatically corrected the
data for the viscosity effect on the vibrating-tube densimeters measurement.
A high-pressure densimeter [41] was used to determine the expansivities and
isothermal compressibilities of [BMIM][PFg], [OMIM][PFs], [OMIM][BF,], and
[BPy][BF,] at pressures to 206.9 MPa [38].

Sometimes it is difficult to obtain a large number of samples, and small-scale
characterization processes are necessary. The product of viscosity-density of
[BMIM][OT{] + water and [BMIM][Tf,N] + methanol obtained using impedance
analysis of a quartz crystal microbalance are consistent with those obtained using a
viscometer and density meter, but only requires a sample volume two orders of
magnitude smaller. The pure ILs have the largest difference to about 10 %
[42, 43]. A dual Quartz Crystal Microbalance setup with one smooth, and one
patterned surface using chemically compatible materials was used to separate
viscosity and density measurements of ILs. The measurement results are consistent
with standard measurement techniques [44].

A large number of models to correlate and predict the density of liquids have
been proposed [45, 46]. Some of the expressions are based on adjustable parameters
for each fluid (correlations), while other expressions are based on group contribu-
tion methods (semiemperical and predictive), or on molecular mechanical or
quantum chemical principles (predictive) [47, 48].

Ye et al. [49] proposed a group contribution model to estimate the density of
ionic liquid. The model was checked by predicting 59 common imidazolium-,
pyridinium-, pyrrolidinium-, tetraalkylammonium-, and phosphonium-based
RTILs. The mean absolute deviation (MAD) of the densities is 0.007 g-cm73,
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while for 35 imidazolium-based ILs, the MAD is 0.020 g-cm_s. A further modified
version [50], Eq. 3, enables the estimation of the densities of ILs in wide ranges of
temperature and pressure using the previously proposed parameter table [49]:

w

NVy(a + bT + cP) )

p:

where p is the density, W is the molar mass, N is the Avogadro constant, V' is the
molecular volume, T is the temperature in K, and P is the pressure in MPa. The
coefficients a, b, and ¢ are estimated by fitting the equation to experimental data.
The new density correlation data are in good agreement with experimental literature
data in a temperature range 273.15-393.15 K and pressure range 0.1-100 MPa. The
mean percent deviation (MPD) for imidazolium-, phosphonium-, pyridinium-, and
pyrrolidinium-based ILs is 0.45 %, 1.49 %, 0.41 %, and 1.57 %, separately. For
imidazolium-based ILs [EMIM][MeOSO;], [EMIM][EtOSO3], [EMIM][Tf,N],
and [DMIM][Tf,N] in pressure (0.10 < P/MPa < 35.00) and temperature
(293.15 < T/K < 393.15) domains, the experimental densities are in good agree-
ment with the predicted densities obtained by Eq. 2 and the correlation using the
Tait equation and Sanchez-Lacombe equation of state [51]. Based on the experi-
mental density of four [BMIM]-based ILs [52] and five [EMIM]-based ILs [53], (3)
was modified to Eq. 4 to calculate the temperature dependence of density:

w
"~ NVy(a; + axT + (b\P + byP?))

p “)

A generalized correlation (Eqgs. 5 and 6) with five parameters (a, b, ¢, d and d)
and four properties (critical temperature, the critical volume, the normal boiling
temperature and the molecular mass) [54, 55]) to predict the density of ionic liquid
at temperatures (270-360 K) was proposed [56]:

SOROICS =T

M c d
A= o B=(—+=).V?
a+b , (C—i-M) C (6)

The parameters a = 0.3411, b = 2.0443, ¢ = 0.5386, d = 0.0393, and
0 = 1.0476 were obtained from fitting the experimental data. The results show
that the new simple correlation gives low deviations and can be used with confi-
dence in thermodynamic and engineering calculations.

Experimental density data and correlation results with the Tait equation for the
ILs [EMIM][OTF], [PMPy][Tf;N], [PMPyrr][Tf,N], [BMPyrr][Tf,N], and
[PMpip][Tf,N] were provided by Gardas et al. over a wide range of pressure and
temperature to help understand the influence of cations on the physicochemical
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properties of the ILs [57]. The AARD is smaller than 0.02%. Gardas [58]
et al. further provided the density of ILs ((BMIM][BF,], [OMIM][BF,], [HMIM]
[PFs]l, [OMIM][PF¢], [BMMIM][PF¢], and [BMIM][OTF]) at pressures up to
10 MPa and temperature range from 293.15 to 393.15 K to investigate the influence
of the cation alkyl chain length, the number of cation substitutions, and the anion on
the properties. They proposed a simple ideal-volume model for the prediction of the
imidazolium molar volumes, which agree well with the experimental results. Guan
et al. [59] presented a group contribution method to predict the molecular volume,
the standard molar entropy, the parachor, the surface tension, and the molar
enthalpy of vaporization, of amino acid ionic liquid [C,MIM][Glu] (n = 1, 2, 3,
4,5, 6), in good agreement with the experimental thermal expansion coefficient for
[PMIM][Glu].

Wang et al. [60] developed a group contribution equation of state based on
electrolyte perturbation theory to predict the densities of ILs at different
temperatures and pressures. An ionic liquid is divided into cation, anion, and
alkyl substituents. A total number of 202 data points of density for 12 ILs and
2 molecular liquids (i.e., 1-methylimidazole and 1-ethylimidazole) were used to
fit the group parameters. The performance of the model was examined by describ-
ing the densities of 29 imidazolium-based ILs at varying temperatures and
pressures. The overall mean relative deviations for correlation is 0.41% and for
prediction is 0.63%, which demonstrates the applicability of the model.

Lazzus et al. combined an artificial neural network and a simple group contribu-
tion method to predict liquid densities of imidazolium-based ILs [61]. The train set
includes 1,736 data points of density at several temperatures and pressures,
corresponding to 131 ILs. The prediction results compared to experimental data
from the literature are within acceptable accuracy (AARD = 0.44; R* = 0.9934),
for a wide range of temperatures and pressures. A similar method was developed to
correlate and predict the densities of ILs with the training set having a total of
399 points and the prediction set 83 points [62]. The average relative percent
deviations and maximum deviations between predicted and experimental densities
are —0.01 % and 2.41 %, respectively. The authors provided the program codes and
the necessary input files to calculate the density for other ILs.

Hu et al. [63] extended the simple equations [64] for predictions of the density,
viscosity, and conductivity of mixed electrolyte solutions to predict the related
properties of mixed ionic liquid solutions.

The above group contribution models are based on parameters derived from
experimental data, so they are not pure predictive methods. Molecular modeling
simulation based on the force field is a powerful tool to predict solvent properties,
which are very useful in case the required parameters are not available. Molecular
dynamics simulation has been used to estimate the densities of ILs. The simulation
results of [C,MIM]I (n = 4, 6, 8) are quite consistent with the experimental data,
with a maximum deviation of 3.0 % due to [OMIM]I at 358 K [65]. Derecskei
et al. [66] investigated the density and two-component solubility parameter of a
variety of ILs using atomistic level molecular modeling and the Materials Studio
software package. It was found that the density of ILs comprised of all possible
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combinations of ethyl, butyl, and hexyl imidazolium cations and anions (Cl,
[DCA], [TFA], and [Tf,N]) can be calculated with satisfactory accuracy with the
exception of systems containing the CI.

The COSMO-RS [67] method based on quantum chemistry calculations was
used to predict the specific density and molar liquid volume of 40 imidazolium-
based ILs [68]. The pure ionic liquid compounds were simulated by the combina-
tion of cation and anion. The cations include [MMIM], [EMIM], [BMIM],
[HMIM], and [OMIM] with the anions Cl, [BF;], [FeCly], [PF¢], [Tf,N],
[MeOSOs], [EtOSOs3], and [OTF]. The calculated and experimental density values
of ILs were fitted by linear regressions with correlation coefficient R > 0.99. Molar
liquid volumes predicted by COSMO-RS are very accurate [68].

Mokhtarani et al. [69] proposed a model with only one adjustable parameter
which was determined by fitting of the experimental data to calculate densities,
viscosities, and refractive indices of RTIL + organic solvent mixtures from pure
component physical properties and their mole fractions. The model has reasonable
accuracy for the physical properties of binary systems. Iglesias-Otero et al. [70]
proposed a model to correlation density of ionic liquid mixtures. More work is still
being done on the model development for density prediction.

3 Phase Behavior

Numerous works have been carried out on the phase equilibria of mixtures with ILs.
We would like to review vapor-liquid equilibria (VLE) and liquid—liquid equilibria
(LLE) separately. With regard to VLE, we put emphasis on the ILs + carbon
dioxide systems [71]. In addition, the phase equilibria of sulfur dioxide-IL systems
are discussed [72]. Regarding LLE, we focus on the phase behavior of ILs plus
commonly used organic solvents and water.

3.1 Vapor-Liquid Equilibria

ILs have potential as solvents to separate gases according to physical or chemical
interactions. In these cases, the phase behaviors of the ILs plus gases are
prerequisite.

The solubilities and the related properties such as Henry’s constants and
enthalpies and entropies of dissolution for CO,, ethylene, ethane, methane, argon,
oxygen, carbon monoxide, hydrogen, and nitrogen in [BMIM][PF¢] up to a gas
pressure of 1.3 MPa at 283.15,298.15, and 323.15 K have been studied [73]. Results
showed that CO, had the highest solubility in [BMIM][PF¢], followed by ethylene
and ethane. Argon and oxygen have very low solubility while the solubility of
carbon monoxide, hydrogen, and nitrogen are below the detection limit. The
limitation of solubilities of hydrogen, oxygen, and carbon monoxide indicates
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that [BMIM][PF¢] is not a very good industrial solvent for reactions involving these
gases, because these reactions would be limited by interphase mass transfer. The
mole fraction-pressure curves of CO, at fixed temperature exhibit a nonlinear trend
and tend to flatten out, indicating pressure-independent capacity for CO, [73]. The
solubilities of all other gases studied in the IL at a fixed temperature are linear with
pressure. Therefore it is sufficient to use Henry’s constants to describe these
behaviors. The enthalpy and entropy of dissolution give information about the
strength of interaction and the level of ordering in the IL/gas mixture, respectively.
CO, exhibits significantly stronger molecular interactions and a higher degree of
ordering than the other gases. The enthalpy and entropy values for ethylene and
ethane indicate that their interactions with the ionic liquid are similar to those with
both polar and nonpolar solvents. Methane shows no interaction or ordering in the
ionic liquid. Argon and oxygen exhibit positive enthalpy and entropy of dissolution,
indicating that the dissolution is entropy driven [73]. The entropy driven process is
not unusual for gases with low solubilities in liquids [74, 75]. The positive enthalpy
and entropy changes for gases in the ionic liquid are much greater than in other
solvents. This may be due to the high Coulombic attraction between the ions. The
study also showed that ILs have good potential to use as gas-separation media [73].

Many research groups have investigated the phase equilibria of the binary or
ternary mixtures containing ILs and supercritical CO, [76]. Brennecke and
coworkers reported that CO, dissolved in ionic liquid, while ionic liquid did not
dissolve in CO, [77]. Therefore, supercritical CO, is a candidate solvent to extract
organic compounds from ILs without cross contamination. For this purpose, an
understanding of the phase behavior of supercritical CO, with ILs is necessary to
design the processes. The high-pressure phase behaviors of CO, with six ILs —
[BMIM][PFs], [OMIM][PF¢], [OMIM][BE,], [BMIM][NOs], [EMIM][EtSO,], and
[BPy][BF,] — show that a large quantity of CO, dissolves in the ionic liquid phase,
but no appreciable amount of ionic liquid is solubilized in the CO, phase. The liquid
phase volume expansion with the introduction of CO, is negligible, in contrast to
the large volume expansion observed for neutral organic liquids [78]. The
solubilities of CO, in different ILs increase with increasing pressure and decrease
with increasing temperature. They are strongly dependent on the properties of the
anions. In particular, CO, solubility is greater in ILs with anions containing
fluoroalkyl groups. An increase in the alkyl chain length on the cation increases
the CO, solubility marginally [79, 80].

Zhang et al. [81] determined the solubilities of CO, in [BMIM][PF] and 1,1,3,3-
tetramethylguanidine lactate ([TMG][Lac]) [82] at temperatures ranging from
297 to 328 K and pressures up to 11 MPa. There is a basic functional group
guanidinium in [TMG][Lac]. Therefore [TMG][Lac] is a potential solvent for
CO, capture. Experimental results show that the solubility of CO, in [TMG][Lac]
is slightly higher than that in [BMIM][PF¢]. Compared with aqueous amine, the
solvency of [TMG][Lac] is limited and cannot be used to capture CO, efficiently in
industry. Bates et al. reported CO, capture with the amino-functionalized ionic
liquid, and the absorption capacity reaches 0.5 mol CO, per mole of the ionic liquid
[83]. For the dual amino-functionalized phosphonium ILs [84, 85] and imidazolium
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ionic liquid [86], the absorption capacities reach about 1 mol CO, per mole of ionic
liquids. The interactions between these amino-functionalized ILs and CO, are
mainly chemical interactions [87, 88].

Liu et al. constructed an apparatus to determine the VLE of CO,/ionic liquid/
organic solvent multisystems and the viscosity of the liquid phase at elevated
pressure [89]. The solubility of CO, in [BMIM][PF¢] and the viscosity of CO,-
saturated [BMIM][PF¢] were determined at three different temperatures and at
pressures up to 12.5 MPa. The viscosity of the systems at 313.15 K decreases
dramatically from 92 to 51 cp as the pressure of CO, changes from 0 to 0.93 MPa,
and under this condition the mole fraction of CO, in the liquid phase just reaches to
0.12 [89]. This demonstrates that compressed CO, may be used as viscosity
reducing reagent of ILs in applications. The phase behavior of CO,/[BMIM]
[PF¢]/methanol ternary mixture and the viscosity of the liquid phases were deter-
mined at 313.15 K and at 7.15 and 10.00 MPa. The partition coefficients and the
fugacity coefficients of the components in the ternary system were calculated
[89]. The mole fraction of methanol in the CO,-rich phase is much lower than
that in the IL-rich phase, indicating that the IL-methanol interaction is stronger than
that of CO,-methanol. The fugacity coefficient of CO, in an IL-rich phase is larger
than that of methanol, which demonstrates that IL-methanol interaction is also
stronger than the IL-CO, interaction [89].

Blanchard reported that the solubility of ionic liquid in pure CO, is negligible
[77]. Tt is well known that organic cosolvents can enhance the solubility of
compounds in supercritical CO, [74, 75]. Wu et al. investigated the cosolvent effect
(ethanol, acetone, n-hexane, methanol, and acetonitrile) on the solubility of ILs in
supercritical CO, [90, 91]. The results show that solubilities of ILs with cosolvents
increase slowly at a cosolvent concentration lower than 10 mol%. However, the
solubilities increase dramatically with polar cosolvents as the concentration of the
cosolvents in supercritical CO, exceeds 10 mol%, while the effect of a nonpolar
cosolvent on the solubility is very limited even when its concentration reaches
30 mol% [90, 91]. The effect of a cosolvent on the solubility of the ILs in CO,
depends mainly on its polarity [91]. The phase behavior of the CO,-water-[BMIM]
[BF,] system was studied at different conditions in the temperature range from
278.15 to 298.15 K and pressures up to 16 MPa [92]. At a fixed temperature or
pressure there can exist four phases. At a fixed temperature, the concentration
difference of the ionic liquid in IL-rich phases and water-rich phases becomes
larger with increasing pressure. At a fixed pressure of 5.0 MPa, IL concentration in
the IL-rich phase decreases as temperature rises, while in the water-rich phase it
increases with increasing temperature. The distribution coefficients of [BMIM]
[BF4] between IL-rich phase and water-rich phase indicate that separation of
ionic liquid and water is possible [92].

The mixture of choline chloride with urea shows a large eutectic effect. Its
melting point is 285 K at the mole ratio of choline chloride to urea 1:2, much lower
than those of pure choline chloride and urea [93]. The solubility of CO, in choline
chloride + urea eutectic mixtures was determined at three different temperatures
and three different mole ratios of choline chloride to urea around 1:2 under
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pressures up to 13 MPa [94]. The solubility of CO, in the mixtures increases with
increasing pressure and decreases with increasing temperature at all the pressures.
The enthalpy of solution calculated based on the solubility data is negative under all
conditions [94]. Polyethylene glycol (PEG) is a well-known green solvent. The
mixture of the PEG200 with green ionic liquid [Choline][Pro], of which both cation
and anion came from renewable materials, was used to absorb the greenhouse gas
CO, [95]. The IL/PEG200 mixture can absorb/desorb CO, effectively. PEG200
enhances the rates of absorption and desorption of CO, significantly. The solubility
of CO, in [Choline][Pro]/PEG200 at different pressures from 0 to 0.11 MPa was
measured, and the enthalpy and entropy of solution of CO, were large negative
values, indicating that the absorption process is exothermic [95].

As discussed above, both ILs and supercritical CO, are green solvents. We have
already discussed the extraction of organics from ILs by CO,. There is another
route to combine them together for a special purpose, the creation of reverse
micelles in supercritical CO, with ionic liquid domains. Although the solubility
of ILs in CO, is negligible, they can be dispersed in supercritical CO,, and the
systems may combine some advantages of the two fluids, and may have some new
features. Liu et al. reported the formation of reverse micelles in supercritical CO,
with [TMG][Ac], [TMG][Lac], and [TMG][TFA] domains. Figure 1 indicates the
effect of temperature and the ionic liquid-to-surfactant molar ratio, w, on cloud-
point pressure for the CO,/N-EtFOSA/[TMG]acetate system [96]. Detailed study
showed that ionic liquid-in-carbon dioxide (IL-in-CO,) microemulsions could form
at suitable conditions.

Chandran et al. elucidated the formation of IL-in-CO, microemulsions via a
computer simulation technique that demonstrated the entire process of self-
aggregation at the atomic level. The results of simulation match very well with
the data of small-angle neutron scattering. The study reveals that the stability of the
microemulsions mainly pertains to the ionic liquid anion—head group interactions.
Understanding all of this is useful in designing new surfactants for improving the
uptake of ionic liquid in CO, [97].

Besides the abundant works carried out on mixtures of ILs + CO,, the capture of
another important acidic gas SO, by ILs is another interesting topic. Wu et al. [98]
investigated the absorption of SO, by [TMG][Lac], and the results indicated that the
IL could adsorb SO, from gases effectively. Yu et al. [99] performed ab initio
calculation of the structure and interionic interaction of the [TMG][Lac] ion pair to
deepen the understanding of cation—anion interaction in the ILs. The intermolecular
-NH,- associated hydrogen bonds can substantially increase the cation—anion
interaction. Wang et al. [100] developed an all-atom force field by using a combi-
nation of density functional theory calculation and force field parameter values for
[TMG][Lac], and then molecular dynamic simulations were conducted to investi-
gate the solubility of the SO, and CO, in [TMG][Lac]. The results of simulation
showed that the organization of SO, around [TMG] and [Lac], especially [Lac],
were relatively stronger than that of CO,, which could explain the selectivity of the
[TMG][Lac] toward the SO, and CO, [100]. Later, they performed quantum
chemical calculations to investigate the interaction between SO, or CO, molecules
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and ions of [TMG][Lac] ionic liquid. The SO, and CO, molecules can interact with
the [TMG] cations forming an N-H. . .O interaction; however, the interaction with
CO, is weaker than that with SO,. The theoretical results indicate that the oxygen
atoms of the [Lac] anion are the main active sites for the absorption of SO,
[101]. Yu et al. [102] investigated the mechanism of capturing SO, by three
guanidinium-based ILs — [TMG][Lac], [TMG][Tf,N], and [TMG][BF,] — by
using molecular dynamic simulation and ab initio calculation. The results of
molecular dynamic simulation for the mixtures of SO, and these three ILs indicate
that SO, favorably organizes around the anions through Lewis acid—base interac-
tion. Gas phase ab initio calculations show that [TMG][Lac] chemically interacts
with SO, while the other two ILs do not. The S atom is bonded to the N atom on
-NH, of [TMG] and aminosulfate or aminosulfinic acid fragment may be
formed [102].

Other investigations on the absorption of industrial wastes include hydrogen
sulfide [103, 104], vinyl chloride [105, 106], dioxin [107], and so on. There are
large numbers of reports on the phase behavior of ILs with gases.

3.2 Liquid-Liquid Equilibria

Experimental measurements and theoretical correlations or predictions on LLE of
mixtures including ILs have been conducted. Most of the research is focused on
conventional ILs such as imidazolium-based ILs with commonly used solvents
including alcohols, ketones, acetonitrile, tetrahydrofuran (THF), dimethylsulfoxide
(DMSO), and water, etc.

Water is another green solvent. The combination of ILs with water may form
interesting systems. Since the water content sometimes greatly affects the
properties of ILs, and many ILs are hygroscopic, the uptake of steam is an important
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issue. The LLE of water/ionic liquid is important in the case of water acting as a
solvent to extract solutes from ILs.

Many experimental [108, 109] and theoretical works [110] on the ILs + water
mixtures have been carried out, such as [HMIM][Tf,N] + water [111] and [EMIM]
[CH3(OCH,CH,),0S03] + methanol + water [112]. Anthony et al. [113] carried
out systematic research on the ILs + water mixtures. They investigated the phase
behavior and associated thermodynamic properties of water with three ILs —
[BMIM][PF¢], [OMIM][PF¢], and [OMIM][BF,]. The Henry’s law constants of
the water in the mixtures range from 0.0033 to 0.045 MPa. The enthalpies and
entropies of absorption indicate that the interactions between water and these ILs
are similar to that between water and alcohols. Chloride impurities from 14 to
1,000 ppm do not have any measurable effect on the water vapor solubility and LLE
of water + ILs. The increasing of the length of alkyl chain on the methyl-
imidazolium ionic liquid induces the reduction of mutual solubility of water and
ionic liquid; [OMIM][BF,] has larger mutual solubility with water than [OMIM]
[PFg] as over 10 wt% water dissolves in [OMIM][BF,] [113]. Rebelo et al. presented
liquid-liquid phase diagram of water + [BMIM][BF,] and the pressure
dependence [114].

Phase equilibria for the binary systems [BMIM][SCN] with an alcohol
(1-octanol, 1-nonanol, 1-decanol, 1-undecanol, or 1-dodecanol) or water were
determined at ambient pressure [115]. All these alcohols are completely miscible
with [BMIM][SCN] in the liquid phase at room temperature, and this indicates that
there are strong interaction between the IL and alcohols [115]. LLE for the binary
systems of [BMIM][SCN] with an alkane (n-hexane, n-heptane, n-octane,
n-nonane, or n-decane), benzene, an alkylbenzenes (toluene or ethylbenzene),
THF, cycloalkanes (cyclohexane or cycloheptane), or ethers, di-n-propyl ether,
di-n-butyl ether, di-n-pentyl ether, n-butylmethyl ether, fert-butylmethyl ether, or
tert-butylethyl ether have been determined at ambient pressure. An upper critical
solution temperature exists in the mixtures IL + alkane, cycloalkane, or ether,
while a lower critical solution temperature exists in the systems of IL + benzene,
alkylbenzene, or THF. In the case of n-alkane with alkyl chain length from C6 to
C10, the solubility of n-alkane in the [BMIM][SCN] decreases with an increase
of the alkyl chain length; the upper critical solution temperature shifts to the
higher temperatures and to the higher ionic liquid mole fraction with the increase
of the chain length of n-alkane. The experimental results show that the effect of
anions on the solubility of n-hexane in the IL is larger than cations [115]. In the
case of ILs with the same cation [BMIM], the solubility increases in the order
[OcSO4] > [CH3SO4] > [PFg] > [MDEGSO,4] > [SCN]. The solubility of
n-hexane in [BMIM][OcSO,] is more than two times larger than that in [BMIM]
[SCN]. [BMIM][SCN] and n-alkanes are nearly completely immiscibility in the
liquid phase. The solubilities of the IL in the above-mentioned solvents are very
small, around 10~ to 10~2 in mole fractions. The mutual (liquid + liquid) solubility
of different solvents with the [BMIM][SCN] increases in the order alcohols > water
> ethers > aromatic hydrocarbons > cycloalkanes > n-alkanes [115]. The exper-
imental data of LLE for ternary mixtures [OMIM]CI + benzene + heptane,
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dodecane, or hexadecane at 298.2 K can be well correlated by the nonrandom two
liquid equation (NRTL). The effectiveness of the extraction of benzene from an
alkane by [OMIM]CI was evaluated by the ratio of solubilities in the two phases. The
selectivity increases with increasing carbon number of the alkanes because heptane
is the most soluble one in the IL-rich phase [116].

The unique properties of the mixtures of ILs + common solvents come from the
structure of the mixtures. Ionic association is essential in the solutions of ILs and
has an important influence on their applications. Many studies have been reported
for the ionic association behavior of ILs in solution. Wang et al. [117] provided
quantitative results based on the conductivities of the ILs [C,MIM]Br (n = 4, 6, 8,
10, 12), [BMIM][BF,], and [BMIM][PF¢] in various molecular solvents (water,
methanol, 1-propanol, 1-pentanol, acetonitrile, and acetone) at 298.15 K as a
function of IL concentration. The Lee-Wheaton conductivity equation was applied
to analyze the conductance data in terms of the ionic association constant and the
limiting molar conductance. The alkyl chain length of the cations and types of
anions affect the ionic association constants and limiting molar conductivities. In
all the molecular solvents, the limiting molar conductance values decrease as the
alkyl chain length of the cations increases for a given anion (Br ™), whereas the ionic
association constant values of the ILs decrease in organic solvents but increase in
water with increasing alkyl chain length of the cations [117]. Similar to the classical
electrolytes, a linear relationship exists between ionic association constants of the
ILs and the dielectric constants of the molecular solvents. It can be expected to
modulate the IL conductance by the alkyl chain length of the cations, types of
anions, and physical properties of the molecular solvents [117].

Other systems studied include [BMIM][SCN] + 1-alcohols [118], [EMIM]
[BETI] + methanol or + acetone [119], [BMIM][PFs] + THF or DMSO [120],
[BMIM][BF,] + ethanol or + nitromethane [121], [BMIM][MeOSOs] + ethanol
or + nitromethane [121], [BMIM][PF¢] + benzyl alcohol or benzaldehyde [122],
[BMIM][PFg] or [BMIM][BF,] + acetonitrile, or + benzene or + 1-propanol [122],
[BMIM][BF,] + benzaldehyde [123], [EMIM][CH;(OCH,),OSO3] or [BMIM]
[CH3(OCH,),0S03] or [OMIM][CH5(OCH,),0S05] + methanol [124], [EMIM]
[CH3(OCH,CH,),0S03] [124], [OMIM][BF,4] or [BMIM] perchlorate + ethanol
[125], [BMIM][PF¢] + methyl methacrylate [126], [BMIM][BF,] + (methanol, or
1,3-dichloropropane, or dimethyl carbonate) [40], and so on.

Domanska et al. [127] measured the LLE of [HMIM][SCN], with water,
alcohols, n-alkanes (n-hexane, n-heptane, n-octane, n-nonane, or n-decane), aro-
matic hydrocarbons (benzene, toluene, or ethylbenzene), and cyclic hydrocarbons
(cyclohexane or cycloheptane) at ambient pressure from 200 to 420 K and
correlated the LLE using the NRTL equation. The average RMSD of the correlation
and experimental data was 0.0021 [127]. They further reported solid liquid
equilibria (SLE) and LLE for [BMIM] tosylate + water, or an alcohol (ethanol, or
1-butanol, or 1-hexanol, or 1-octanol, or 1-decanol), or n-hexane, or an aromatic
hydrocarbons (benzene, or toluene, or ethylbenzene, or propylbenzene, or
thiophene)). UNIQUAC, Wilson, and NRTL equations were used to correlate
experimental data [128, 129]. Several other thermodynamic models such as
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heterosegmented statistical associating fluid theory [130, 131] (SAFT) and
heteronuclear square-well chain fluids [132], and the group-contribution nonran-
dom lattice fluid equation of state [133], represent the density and phase equilibria
of the ionic liquid.

From the above information, we can conclude that, although the research on
phase equilibria is abundant, most of the systems contain common ILs and com-
monly used solvents. More work need to be done on other ILs and solvents.

3.3 Activity Coefficients at Infinite Dilution

Activity coefficients at infinite dilution (y™) are of great practical importance for
the simulation of various industrial processes, environmental protection, etc. They
usually represent the deviation from ideal behavior. y* can be determined by
gas—liquid chromatography(GLC) [134, 135] or dilutor technology [136]. The
GLC technique is the most common. Heintz et al. systemically determined y> of
organic compounds in ILs using GLC, the systems investigated include: alkanes,
alkenes, and alkylbenzenes in [MBPyr]|[BF,] [135]; alkanes, alkenes, and
alkylbenzenes as well as linear and branched C1-C6 alcohols, acetone, acetonitrile,
ethyl acetate, alkyl ethers, and chloromethanes in the ILs [EMIM][Tf,N] and
[EMMIM][Tf,N] [137]; and so on. Recently, more work has been done on the
measurement of ¥ for organic compounds in ILs. Yan et al. determined > by
GLC of both polar and nonpolar solutes in the ILs [C,PY][Tf,N] (n = 2, 4, 5)
[138], [EMIM][FAP] [139], [EMIM][TCB] [140], etc. Domanska afforded y> for
water in ILs 1-butyl-1-methylpiperidinium thiocyanate [141], [CgiQuin][Tf,N]
[142], [EMIM][(CN),] [143], and so on. The y> for water in [BMIM][PF],
[OMIM][PF¢], and [OMIM][BF,] ranging from slight deviations from Raoult’s
law to as high as 8.62 [113]. Marciniak [144] gave a review on the y*° of ILs + other
compounds. He analyzed the structure of the cation and anion of the ionic liquid and
the effect of the temperature on the selectivity and capacity for aliphatics/aromatics
and n-hexane/hex-1-ene separation problems based on Yy [144]. In total, 9,374
experimental activity coefficients at infinite dilution data points were available for
74 1Ls from the published literature at the end of September 2009 [144]. ILs based
on imidazolium, pyridinium, pyrrolidinium, sulfonium, phosphonium, and ammo-
nium cations were taken into consideration. It can be concluded that the majority of
ILs may replace conventional entrainers applied for the separation processes of
aliphatic/aromatic hydrocarbons [144].

Various methods such as modified UNIFAC(Do) [145] and COSMO-RS [67]
have been developed to predict y*° [146]. However, ¥ of systems including ILs are
not abundant. Recently, modified UNIFAC(Do) [147] and COSMO-RS [148, 149]
were extended to predict y*° of the mixtures with ILs. Chen et al. [150] employed
the nonrandom two-liquid segment activity coefficient (NRTL-SAC) model to
correlate values of ¥ for organic compounds in ILs and then to predict the phase
behavior of various mixtures involving these ILs. Four molecular descriptors are
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designed to capture molecular surface interaction characteristics: hydrophobicity,
hydrophilicity, polarity, and solvation strength. The results show that NRTL-SAC
is a qualitative predictive model to predict Y™ for organic compounds in ILs. An
artificial neural network with a multilayer feed-forward network with the
Levenberg-Marquardt optimization algorithm was employed to predict y> for
organic solutes in ILs too [151]. The unavailable input data concerning softness
of organic compounds and dipole moment of ILs were calculated using GAMESS
suites. The validation of the model was tested based on the investigation of up to
24 structurally different organic compounds (alkanes, alkenes, alkynes,
cycloalkanes, aromatics, and alcohols) in 16 common imidazolium-based ILs at
different temperatures within the range 298 to 363 K. The results show a satisfac-
tory agreement between the predicted artificial neural network and experimental
data where the root mean square error of the designed neural network is 0.103 for
training data and 0.128 for testing data, respectively [151].

From the temperature dependence of the y™ values, the partial molar excess
enthalpies at infinite dilution of the solutes in the ILs can be calculated. Other
thermodynamic properties such as the isothermal compressibility, the isobaric
expansivity, and the thermal pressure coefficient can be derived from density and
its pressure-temperature data. One should be cautious when using these data
because the data are very sensitive to the functions used to describe the PVT
relation [152]. The excess molar volumes of most of the above systems come
from experimental density data, and are fitted by the Redlich-Kister equation.
The results show that excess molar volumes decrease slightly when temperature
increases, which is interpreted in terms of ion-dipole interactions and structural
factors of the ILs and the organic molecular liquids [153].

4 Enthalpy of Vaporization

Some of the thermodynamic properties of ILs have been thoroughly investigated,
while systematic studies on the vaporization of ILs have lagged behind the pace of
other research. The vapor pressure, the enthalpy of vaporization (A,,,H), and the
boiling temperature Ty, indicate the relative physical stability of ILs. In fact, the
vapor pressure of ILs is too low to be detected at room temperature and ambient
pressure. However, Earle et al. [154] presented experimental data to demonstrate
that several ILs can be vaporized and recondensed at 200—300°C and low pressure
without significant decomposition. It indicates that low pressure is the answer to the
myth that ILs cannot be distilled, which has shaken the assumption of ILs’ stability
and has led to doubts about ILs restrictions and definitions (Fig. 2).

The vapor pressures and the A,,,H of any particular ionic liquid may not always
be measured easily and accurately. @ye et al. [155] reported the first data
concerning vapor pressure of ILs. Rooney et al. [156] have summarized well the
various methods, including microcalorimetry, TGA, TPD, MD calculations, and
surface tension, to obtain estimated values of enthalpies of vaporization (Table 4).
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Fig. 2 The Kugelrohr oven 7
and distillation apparatus at .
200-300°C and 10 Pa [154]

Table 4 Estimated values of enthalpies of vaporization (A,,,H2g in kJ -mol ') for ILs obtained
using various methods [156]

Surface tension  TPD Microcalorimetry TGA MD calculations

ILs [157] [158] [159] [160] [161]

[EMIM] 136.1 134 1329 120.6 159
[Tf,N]

[BMIM] 134.6 134 137.9 118.5 174
[TEN]

[HMIM] 141.6 139 142.9 124.1 184
[Tf,N]

[OMIM] 149.0 149 147.9 132.3 201
[Tf,N]

[DMIM] 155.5 - - 134 -
[Tf,N]

[BMIM] 122.0 162 160.4 - -
[BF4]

[BMIM] 144.3 169 168.9 - -
[PF¢]

The boiling temperature is inaccessible experimentally, and therefore is usually
avoided as the parameter of stability; thus calculation was introduced to assess
stability with the boiling temperature as a minor standard [162].

In conclusion, the studies on vapor pressure and the boiling point of the ILs are
still scarce. More work need to carry out on in this field.

5 Heat Capacity

The heat capacity of a compound is defined as the enthalpy dependency with
temperature. It is one of the basic pure component properties for any materials.
The knowledge of heat capacity is essential in determining the heat transfer
properties of ILs and for the calculations of enthalpy in process simulation.
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Fig. 3 Ionic liquid heat
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ILs are potential heat transfer fluids [6, 7] for heat exchange in chemical plants and
solar thermal power generation. The heat capacity is an important criterion in
determining the applicability of these liquids. At the same time, the investigations
on heat capacity of ILs are relatively scarce [163]. Paulechka gave a critical review
on the heat capacity of ILs [164].

Holbrey et al. [165] first reported the experimental heat capacity data of five
imidazolium-based ILs. Figure 3 gives the molar mass dependence of heat capacity
of some common ILs [166]. We can conclude that the heat capacity of ILs increases
linearly with increasing molar mass. For the simple compounds that are comprised
of a limited number of different atoms, it makes sense since heat capacity depends
on the number of translational, vibrational, and rotational energy storage modes.

Adiabatic calorimetry was used to measure the low temperature heat capacity
down to 5 K [167]. The heat capacity of [C,MIM][T{,N] (n = 6, 8) was measured
by Tian-Calvet type differential calorimeter from 323 to 573 K at 10 MPa
[168]. Yang et al. [169] compared the thermodynamic properties of [BMIM] bis
(oxalato)borate and [HMIM] bis(oxalato)borate with those of other [BMIM]-based
ILs, and concluded that, for a given cation (or anion) and at a certain temperature,
the more atoms in the anion (or cation), the higher the heat capacity. Ge et al. [170]
determined the impact of impurities (water and chloride content) in the ionic liquid
on the heat capacity and found that water content was more influential than
chloride. A critical analysis of the effect of impurities on the measured thermody-
namic properties was performed [171]. Other work was carried out on the heat
capacity measurement of pure ILs [172-179].

The mixtures’ heat capacity [180, 181] of ILs with water [182—184], methanol
[185], acetonitrile [186], ethanol, and 1-octanol [187], and so on were investigated
too. We only take some important examples to review. In the case of the systems
water + [EMIM][EtSO,], water + [EMIM][OT(], and water + [EMIM][TFA], the
molar heat capacities decrease with water concentration increases, with the molar
heat capacities of the pure ILs being four to five times greater than that of water
[182]. It is due to the molecular weights difference between ILs and water [181],
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while the specific heat capacity of water is much higher than that of the pure
ILs. The molar heat capacities temperature dependence can be well correlated
with a two-parameter empirical equation; a straight line is adequate for the correla-
tion of molar heat capacities with mole fraction. The excess enthalpies for the
system of water + [EMIM][OT(] are positive values; however, for the systems of
water + [EMIM][EtSO,4] and water + [EMIM][TFA] they are negative values [182].

The excess molar heat capacities of systems [HMIM][BF,] + acetonitrile as
well as [OMIM][BF,] + acetonitrile calculated from experimental values of
systems specific heat capacities are negative deviations from the additivity of the
molar heat capacities. This indicates the differences in nonspecific interactions
between the ILs and acetonitrile (negative contribution to the excess molar heat
capacities) are larger than the heteromolecular association (positive contribution to
the excess molar heat capacities) of relatively weak acetonitrile-ILs complexes
[186]. In the case of systems [HMIM][BF,] + methanol as well as [OMIM]
[BF,] + methanol, the excess molar heat capacities show positive deviations
from the additivity of molar heat capacities, which suggests that the main contri-
bution to the excess molar heat capacities is the breaking of the hydrogen-bonded
structure of methanol during mixing [185]. The excess heat capacity provides
information on intermolecular interaction and they are dependent on the inter-
molecular interaction.

Although the heat capacity data for some commonly used ILs are available, we
can find some problems while looking into these data. The data are far from
abundant in that most of the measurements are focused on the most commonly
used ILs. The mixture data are scarce. Moreover, the data are not consistent with
each other. For example, the deviation of heat capacity of [BMIM][Tf,N] reported
by different authors [163, 165, 170, 171, 179] reaches more than 30 %.

Several works on the prediction of heat capacity of ILs have been carried out.
Since the heat capacity of an ionic liquid is closely related to its mole mass [166]
and its atom number [169], it is reasonable to predict heat capacity by group
contribution methods. Gardas and Coutinho [188] proposed a second-order group
additivity method [189] (Eq. 7) for the estimation of the heat capacity of ILs
covering a wide range of temperature (196.36-663.10 K):

C,=R n;a; =+ I’ll‘b,‘ (—) + i’l,‘d,‘ (—) 1 (7)
P P — 100 P 100

where R is the gas constant and T is the absolute temperature, n; is the number of
groups of type i, k is the total number of different types of groups, and a;, b;, and d;
are parameters estimated for ILs. The MPD is 0.36% for ca. 2,400 data points from
19 ILs. Soriano et al. [190] proposed a similar group additivity method for heat
capacity estimation. The overall AAD for all the 3,149 data points of the 32 consid-
ered ILs is 0.69 %.

By the generation of contribution parameters for -SO,-, B, and P groups, Ge
et al. [170] extended the Joback method for predicting the heat capacities of ILs.
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New parameters led to an overall RAD of 2.9 % for 961 data points from 53 kinds
of ILs.

A correlation of heat capacities with molar volumes of the ILs was given by
Paulechka et al. [191] for the estimation of heat capacity at 298.15 K (Eq. 8):

Cp(J-mol " - K™") = (1.937 £ 0.0045)V /em’-mol ! (8)

To apply the above correlation method, the molar volumes of ILs are necessary,
so they are not purely predictive models. Preiss et al. [192] proposed in silico
method COSMO implemented to Turbomole [193] for the molecular volume
calculation, to realize a reliable pure prediction of the heat capacity of ILs.

A correlation scheme (Eq. 9) for estimation of low temperature heat capacity of
ILs in a range from 190 to 370 K was developed [194]:

Cp(J-mol™"-K™') =[771-2.12-10°T — 1.17 - 10 *M

4+2.27 - 1077 + 1.11 - 1075TM +9.77 - 107°M?] - Cy, ®
where Cy;, is the intramolecular vibrational contribution to the heat capacity, which
can be obtained from the quantum chemical calculations by the Gaussian 03 soft-
ware package [195].
Based on the concept of mass connectivity index [196, 197], Valderrama
et al. [198] proposed a predictive model heat capacity prediction:

+

Cp :a+bV+c/H—d(AMT> H{p(T—TOHq(T—To)z} (10)

where a, b, c, d, p, and ¢ are universal constants for any ILs, V is molar volume, A is
the mass connectivity index, T is a reference temperature defined as 298.15 K, and
T is the temperature in Kelvin, and M and M~ are the mass of the cation and that of
the anion, separately. The average absolute deviations are 2.3 % in correlation and
2.1 % in prediction.

As was stated, a number of works have been carried out on the correlation and
prediction of the heat capacity of pure ionic liquid, while less work has been done
on the correlation or prediction on the heat capacity of mixtures with ionic liquids.
The molar heat capacities for aqueous solutions of two [EMIM]-based ILs were
measured by DSC. An excess molar heat capacity expression derived using a
Redlich-Kister type equation (Eqgs. 11 and 12). The correlations gave an overall
average deviation of 0.1% for molar heat capacity [184]:

Cp=Cp+ Y %iCpj (1
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C,,E/(J mol ™' -K™) = xlxzz (bio + bii (T/K)) (x) —x2)" ! (12)

i=1

6 Summary and Outlook

Increasing numbers of researchers have begun to be interested in ILs. Some of them
have been attracted by the possibility of developing new technologies using the
unique features of ILs, while others have been driven by inherent scientific interest.
Investigation of the thermodynamic properties of IL systems is of great importance
from both theoretical and practical points of view. Much research has been carried
out on the synthesis of ILs with different structures and the measurement and
correlation of the thermodynamic properties of IL systems. However, more work
should be carried out on this interesting and important topic. For example, more
accurate pieces of apparatus to determine the thermodynamic properties of IL
systems need to be designed and constructed. The experimental data on the ther-
modynamic properties of multicomponent systems are scarce and more data are
required. The accurate models to predict the thermodynamic properties of IL
systems should be developed, especially for complex systems. The relationship
between the thermodynamic properties and intermolecular interaction of IL
systems needs to be established. Thermodynamic theories for prediction the asso-
ciation of the cations and anions in IL systems should be developed too.
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Effect of the Structures of Ionic Liquids on
Their Physical Chemical Properties

Yufeng Hu and Xiaoming Peng

Abstract ILs are referred to as “designer solvents” [1], and one of their most
important advantages is that their properties can be tuned/controlled by tailoring
their structures. To do this, however, it is crucial to assume that ILs are solvents of
which the local structural (that is, electronic and steric) features may be correlated
with their properties and then deal with the effect of their cation and anion
structures in altering the related properties. This is exactly the subject of this
chapter. The structural factors of the cations are focused on the status of alkylation
of H atoms on the ring and tail groups (the polar/nonpolar character, the chain
length and its flexibility, the cyclic and branched structures, and the functional tail
group). The anion characters include the symmetry, the size, the charge delocaliza-
tion either by large volume of the central atom or by the presence of the
perfluoroalkyl chain, the chain length and its flexibility, and the functional group.
The general patterns through which the examined properties vary on changing the
cation and anion structures are explored and the reasons behind the trends are
briefly discussed on the basis of the structural effect on the interactions between the
counterpart ions.
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1 Effect of Ionic Structures on Ion-Ion Interactions

in Ionic Liquids
For pure IL (denoted by the subscript 1) the hypothetical ideal mixing (the
completely random mixing) process is the process where all particles mix randomly

while the charge neutrality is maintained. Such a process produces an “ideal”
mixture with the following Gibbs energy:

1
Glldeal = nllu(l) —|—1/1n1RTlnm1(y”+‘y”;) /m (1)
with vy = vy +v_ and u{ = vy u,. + v_py., where m and v denote molality and
salt stoichiometric coefficient, and u$,. and uy,- are the chemical potentials of the

cation [X]”" and anion [Y]”" in the hypothetical ideal solution. The real Gibbs
energy of an IL is

G, :n1u7+u1n1RT[lny1 +lnm1(1/ﬁ:v’“_*)l/b'} ()
where y is the activity coefficient. The excess Gibbs energy
G} =G, — G =v;mRT Iny, 3)

is the sum of two contributions, that is

E_ E E
Gl - Gentropic + Genthalpic (4)
where Gfmmpic is the entropic contribution arising from the differences in the sizes

. . E
and shapes of the cation and anion, and Gg,phapic

primarily from intermolecular forces. The typical interactions between the cation
and anion of an IL include Coulombic interactions, van der Waals interactions, and
the specific interactions such as H-bondings and 7 — 7 and n — 7z interactions.

is the enthalpic contribution

Therefore, the Gfmha]pic of an IL can be expressed as
E E E E
Genthalpic = Gion—ion + Gvan + Gsc (5)
where GE, and GE are the excess Gibbs energy resulted from the short-range (the

van der Waals) interactions and the specific interactions. GE_ . is that arising from

the long-range ion—ion interactions. The ion-interaction model of Pitzer [2] has
achieved wide acceptance. The model assumes that the solvent is a dielectric
continuum (due to the lack of the adequate theory for water and other ionizing
solvents) and that the excess Gibbs energy comprises two terms, i.e., a short-range
term that accounts for the physical interactions between ions and a Debye—Hiickel
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term that has its origin in the pressure equation of statistical mechanics for the long-
range ion—ion interactions. The equation has proved to be successful for ionic

systems from dilute ionic solutions to fused salts. GE_ . is given by
Gloion = —A(1/12)In(1+ 1.21%) ©)
withGE .~ — Oas/=m — 0Oand
A= %(vap//w)%(e2 /DkT)% 7)
and
r=m=100 ®)

where p, M, V, and D are the density, molar mass, molar volume, and dielectric
constant of the IL, respectively. N and k are Avogadro’s and Boltzmann’s constants.
e, I, and m are the electronic charge, ionic strength, and molality, respectively. It is
found that the polarity of ILs does not change appreciably as the cation alkyl chain is
elongated, and thus the dielectric constant of [Cymim][PF¢] [3] at 293.15 K along
with the densities and molar masses of various typical ILs are substituted into Egs. 6
and 7 to yield the Gf;m_ion for these ILs, including [C,mim]([PF¢] and [Tf,N]) with
0 < n < 10[4-12], [Cymim](Cl, [BF4], [PFsl, [TA], [HB], [Tf,N], and [BETI]),
([2-MeC mim], [Py 4], [C4PYDI[TE,N], and [Cylsoq][BETI] [4-9, 13-20]. The results,
represented in Fig. 1, show that the |G}:;m7im| decreases progressively with increasing
cation tail length and decreases noticeably in the order of [C4Py][Tf,N] > [Cymim]
[TE2N] > [Py 4][TEN] > [Calsoq][BETI], which is in line with the order observed
for their melting points [3, 4, 21, 22].

Methylation at the C(2)-position of the imidazolium ring reduces the value of

‘Gﬁm_im , and the same is true for the better charge delocalization (see the results

from [C4Py]" to [C4lsoq]™). It can be seen from Fig. 1 that the order for the |G}:;m710n f,
[C4mim]Cl > [Cymim][PFs] > [Cymim][TEN] > [P 4][ToN] > [Cylsoq][BETI],
which is obeyed by their melting points, indicates that the melting points of the ILs
with the shorter alkyl chains are strongly related to, but not necessarily controlled by
{as [Cymim]([BF,4], [TA], [HB], and [BETI]) tend to form glasses} [4, 10, 16, 18,
21-23] the Coulombic interactions. The result for [2-MeC4mim][Tf,N] is an excep-
tion because the additional alkyl-z interactions induced by methylation at the C(2)-

position of the cation is omitted.
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Fig. 1 (a) Plots of GE vs n for [C,mim][Tf,N] ( filled squares) and [C,mim][PF¢] ( filled

ion—ion
triangles) at 298.15 K. (b) Plots of Gﬁmfi‘m vs m for [C4isoq][BETI] ( filled squares), [C4mim]
[BETI] (open squares), [2-MeC,mim][Tf,N] ( filled circles), [Py 41[Tf2N] (open circles), [C4mim]
[T£,N] (open triangles), [C4Py][TfoN] (asterisks), [Cqmim][HB] (open diamonds), [Cmim][PFg]
(open left pointing triangles ), [Cqmim][TA] ( filled left pointing triangles), [C4mim][BF,] (circles
with interior cross), and [C4mim]Cl ( filled pentagons) at 298.15 K. The Gfon_i(m values were

calculated using Eqs. 6 and 7 along with the dielectric constant of [Cymim][PF¢] [3] at 293.15 K
and the densities and molar masses of the examined ILs [4-9, 16, 17, 19, 22]

2 Effect of Ionic Structures on H-Bondings in Ionic Liquids

The H-bondings between the counterions are closely related to the properties of the
ILs such as viscosity, conductivity, density, and crystalline packing [10]. Recently
their effects on organic reactions, specifically the Diels—Alder reaction [24, 25],
neutral allylic substitutions [26], and addition of [ICl,]™ to double and triple bonds
[27], were reported. Therefore their effects have received growing attention [28-30].
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2.1 Effect of Cation Structures on H-Bondings
Between the Counterions

The C(2)-H of the imidazolium ring is bonded to a carbon locating between two
electronegative nitrogen atoms and, thereby, would be acidic. Similarly, the C(4)- and
C(5)-H would also be acidic but to a less extent. Therefore, the C(n)-H (n = 2,4, and 5)
could engage in H-bonding interactions with a range of anions. The existence of the
H-bondings has been established [10, 29, 31-42] in the crystal structures of [C;mim]
(Cl, Br, I, and [NO3]) and ([C,mim], and [2-MeComim],)[MCl4]J(M = Co and Ni).
Both the NMR chemical shifts (CS) measurements and the ab initio calculations
show that H-bondings exist in [C4mim]([BF,] and [PF¢]) and the H-bonding ability
of C(2)-H is greater than those of C(4)- and C(5)-H [4-9, 42-56]. It is found that the
strong H-bonds can be formed via the H atom on a carbon attached to a quaternary
nitrogen such as RsN*-C-H [57], suggesting that a similarly located H atom on the
CH; of [Py,,]* would also be expected to exhibit the H-bonding ability. Note that the
CH...[Y]” H-bondings were reported to exist between the iminium ions and
the halides (C1™, Br—, and I") [58].

2.2 Effect of Anion Structures on H-Bondings
Between the Counterions

The anions that could form the H-bondings with the C(n)-H on the imidazolium ring
are halide anion, [AlCl4] ", and [AcO] ™ [24, 28, 29, 34, 35]. It was shown [50-52, 59]
that the anion’s H-bond basicity follows the order Cl™ > [SbFg]™ >
[TfO]™ > [BF4]” > [TfuN]™ > [PFg] ™, which correlates neither with the volume
of the central atom, [Tf,N]™ > [TfO]™ > [AsFs]™ > [PFe]™ > [BF;] [13-15, 20,
60], nor with the volume of the anion. [Tf,N]™ is more strongly coordinating than
[TA]™ [13-15, 20] due to its larger effective charge density [28, 61]. For halide ions,
CI™ is the hardest, most charge dense, and most coordinating. However, while the
central atom of [SbFg] ™ is larger than that of [PFs] ™, an inverse trend is observed for
their H-bond basicities (the IR spectrum of [C4mim][PF¢] [62] indicates no H-bonding
bands in the region 3,000-3,100 cm™ ! where C—H. ..Cl™ interactions on imidazolium
chloride were observed [32]). This means that, for example, [AsFs]~ would be more
weakly coordinating than [PF¢] ™~ because of its larger size. The H-bonds between the
imidazolium cations and [BPh4]™ have also been reported [50]; however, [BPhy] ™ and
[Barf] ™ were later shown to offer no ability for the H-bonding interactions [23, 51, 53,
54]. The weak abilities of [PF¢] ™ and [BPh,]™ may be a result of their symmetrical
shapes and their low charge densities. Recently, the relative H-bond strengths of
several ILs have been estimated in the gas phase by ESI-MS [52]. The conclusion thus
obtained is that the anion’s H-bonding ability strongly depends on its effective charge
density and its symmetry.



146 Y. Hu and X. Peng

3 Effect of Ionic Structures on Nanostructures
of Ionic Liquids

In recent years there has been considerable interest in self-organized nanostructures
of ILs, which can be used either as oriented solvents to prepare anisotropic
materials [63, 64] and to induce catalytic selectivity (or micelle catalysis) by
orienting reactants [65—67] or as templates for the synthesis of mesoporous,
nanostructured, and zeolitic materials and in the formation of ordered thin films
[68—72]. The recognition of the nano-segregation in ILs is also crucial for system-
atic interpretations and predictions of the properties of ILs [73, 74].

Therefore the existence of nanostructures in ILs has received more and more
attention and has been identified by various methods, including Raman spectros-
copy [75], X-ray diffraction [76], SWAXS (small-wide angle X-ray scattering),
OHD-RIKES (femtosecond optical heterodyne-detected Raman-induced Kerr
effect spectroscopy) [77], NSE (Neutron spin echo) [78], and so on. The most
direct picture of the nanostructures to date was obtained from MD simulations
[79-82] and FF-TEM (freeze-fracture transmission electron microscopy) [73].

The FF-TEM images [73] and the MD simulations [83, 84] on [C,,mim](Cl, [BF,],
[PFs], [Tf,N]) showed that the cation tail groups protrude outwards from the surface
of the nanodomains while the cation rings lie beneath. The size of nanodomains of the
tested ILs is smaller than the wavelength of visible light (<100 nm), consistent with
the fact that these ILs are all transparent. The CARS (coherent anti-Stokes Raman
scattering) signals also imply that the size of nanodomains formed in [C,,mim][PF¢] is
most likely to be several tens of nanometers[75, 85]. The characteristic size of the
structural heterogeneities in [C,mim](Cl, [BF,], [PFg], [Tf,N]) increases either with
increasing cation chain length or with decreasing anion size [76, 77, 86, 87]. The
FF-TEM images [73] and the MD simulations [88] on [C,,mim]([BE,], [NO3]) [79]
showed that the nanodomains of the [C,mim]*-based ILs have significant aggregation
of the C4;—Cg tail groups, but the n = 3 compound is close to the transition.
The FF-TEM images [73], the MD simulations [88], and the NSE measurements
[78] showed that, at 298 K, extensive nanostructures are formed in [Csmim][Tf,N],
whereas [Cymim][Tf,N] is the onset of the transition. The SWAXS and the
OHD-RIKES measurements showed that the nanoscale structural heterogeneities
occurred in [C,mim][Tf,N] with n > 3 [77, 86]. The FF-TEM images [73], the
low-frequency Raman spectrum [75, 85], and the spatial distribution pattern of
the CARS signals of [C,mim][PFs] [75, 85] showed that the variation of the
nanostructures are more remarkable on going from n = 4 to n = 6 than on going
fromn =6ton =8.

The ILs composed of [C,mim]” (n =3 — 10) and inorganic anions tend to
undergo nanoscale segregation of polar and nonpolar domains in the liquid [16,
74-78, 80-86, 88—106], while the n > 10 ILs possess liquid crystalline phases
[107-111]. However, the size of the self-organized nanostructures suffers from
disagreement [75, 82, 85, 94, 104]. Furthermore, it appears from theoretical,
computational, and experimental studies that the formation of nanodomains funda-
mentally changes the character of the ILs [63, 74, 75, 81, 85, 90-92, 102].
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4 Effect of Ionic Structures on Thermal Property

4.1 Melting Point

4.1.1 Effect of Cation Head Groups

Methylation at the C(n)-positions or ethylation at the C(2)-position of the
imidazolium cation considerably promotes the melting points of [(C,),im]([Tf,N]
and [TfO]), [NC(CH;)3mim]Cl, [C,im][BETTI], and [C,,mim]([Sac], [BETI], [BF4],
BI', Cl, [CB] 1H12], [CB] IH(,Cl(,], [szN], [TfO], [TA] and [PFﬁ]) withn = 2, 3, and
414, 5, 10-12, 16-18, 20, 23, 33, 34, 36, 54, 62, 110, 112—-136]. As expected, the
results for [2-EtC,mim]([Tf,N] and [TfO]) and [2-MeComim]([Tf,N] and [TfO])
imply that ethylation at the C(2)-position augments the melting points to a higher
extent than methylation [4, 18, 128].

4.1.2 Effect of Cation Tail Groups

The Gibbs free energy of the melting is zero if the system is at thermodynamic
equilibrium, that is

AGy = AHy — TpASy, =0 ©)]

where AGy,, AHy, and AS,, are the Gibbs free energy, enthalpy, and entropy of
melting. Therefore, the melting temperature, Ty, depends on AHp,, and ASy,, i.e.,

T = Ay /ASp (10)

The enthalpy of melting depends on the interactions between the molecules/ions.
The dominant force in inorganic salts, Coulombic attractions between ions, is
extremely strong so that these compounds have very high melting points. The
intermolecular forces governing the melting points of organic compounds are the
van der Waals interactions and/or intermolecular H-bondings and other specific
interactions such as z7—sx and »n — 7 interactions. For ILs, the AH,
primarily depends on the Coulombic interactions ( AH"°") van der Waals
interactions (AH}™"), and H-bondings and other specific interactions (AH’). That is

AHy = AHS™O" 4 AHY™ - AHC (11

The AS,, is a measure of the changes in molecular translational, rotational, and
conformational freedoms that accompany melting [44]:

ASy = ASE + AST' + ASE (12)
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with
AS = Cys,, — Rlny (13)
and
AS®" = RlIng (14)

where Cys is the entropy of melting constant and y is the external rotational
symmetry number of the molecule, which is a measure of the probability of the
molecule being in the proper orientation for incorporation into the crystal. ¢ is a
function of chain length and is defined by [45, 46]

=285 (15)

where 7 is the number of torsional angles and the value of 2.85 is based on an
equation developed by Temperley with the assumption that the trans conformation
is more stable than the gauche conformation by 2.26 kJ mol~! [45, 46]. The number
of the torsional angles for any compound is calculated by [45, 46]

7 = ngps + 0.5ngp2 + 0.5nRing — 1 (16)

where ngps and ngp: are the number of the sp” and sp” chain atoms, and 7ging is the
number of fused-ring systems. For organic compounds, ASy, is assumed to be
primarily determined by the changes in the rotational and conformational freedoms
(due to the slight increase in the volume accompany the melting process), i.e.,

ASy, =Cps, —RIny +Rlng 17

Equations 12, 13, 14, 15, 16, and 17 are the simple semiempirical equations that
estimate the entropy of melting by using the simple molecular geometric
parameters. Comparisons with the experimental results for more than 930 different
compounds show that their estimate accuracy is within the range of experimental
errors [45]. These equations, combined with the approach utilizing the molecular
group contributions to calculate the enthalpy of melting, have proved capable of
providing accurate predictions for the melting points of 1,040 organic compounds
containing various functionalities directly from the molecular structures [46].

Increasing the alkyl chain length enhances the molar volume and chain flexi-
bility of the cation, and thus gives rise to the positive contributions to AS;?“f and
AH* and the positive deviations from the ideal mixing entropy. At the same
time, the |GE__,..| and thereby the |AHI"~"| decreases with increase in chain
length. Therefore, the variation in melting point of an IL is a result of
the competition of the above effects: its melting point decreases if the value of
AH,,/AS,, decreases; otherwise, it increases with increasing chain length. That is
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Fig. 2 U-shape plots of melting point vs chain length (T}, vs n) for [C,Py]Cl ( filled stars), [C,Py]
[PFg] (filled hexagons), [C,-3MePy][PFs] ( filled squares), [C,-4-MePy][PF¢] (open squares ),
[C,mim][BF,] (filled circles), [C,mim][PF¢] (open circles), [C,mim][NOs] ( filled left pointing
triangles), [C,mim][AuCly] (open left pointing triangles), [C,mim][TfO] (open diamonds),
[C,mim][AICly] (filled diamonds), [C,mim]Br ( filled pentagons), [C,mim]Cl (open triangles),
[C,mim][TE,N] ( filled triangles), [C,Isoq][BETI] (squares with interior cross), [N, . 2][Tf2N]
(circles with interior cross), and n-alkane (asterisks) [4, 5, 10-13, 16-18, 20, 22-25, 33, 34, 36, 52,
54, 62, 107, 108, 110-114, 116, 119-154]

to say, the competition of these factors may yield the u-shape plots as shown in
Fig. 2, in which the plots of Ty, vs n are illustrated for the ILs involving [C,Py]*,
[C,mim]", [C,Isoq]", and [N, ,...]".

The typical examples are that the melting points of [C,mim]([BF,], Br, CI,
[NOs], [PF¢], [Tf,N], and [TfO]) in general decrease rapidly when n = 2-5, but
remain nearly constant when n = 6 and 7, and then gradually increase with further
increasing of the chain length from n = 8 to n = 18. Another feature of these ILs is
that the change in their melting points with increasing chain length is much less
pronounced and sometimes (see, for example, the melting points of [C,mim][BF,]
and [C,(C,im),][PF¢]») it follows an odd—even alternating pattern due to the
deviation of the even length chains from the linear structure of the favored all-trans
configuration found for the odd chain lengths [110].

For the ILs with shorter cation alkyl chains and rigid anions, the dominant forces
for the melting points are electrostatic forces, which are inversely related to the
molar volumes and molar masses of the ILs. Therefore, for the ILs based on the
same cation/anion, the anion/cation with smaller molar volume and smaller molar
mass yields a higher melting point. Indeed, the melting points of the ILs having a
given cation are found to increase from [AsFg]™ to [PFg] ™, from I to Br™ to CI,
and from [AuCly]™ to [NiCl,]™ to [CoCly] . However, the melting points of the ILs
with rigid anions and with longer cation alkyl chains are dominated by the short-
range van der Waals interactions. This means that their melting points should
correlate with the density of the arrangement of their alkyl chains. Because the



150 Y. Hu and X. Peng

layer separations decrease with increasing the anion size/decreasing the anion
basicity [106], their enthalpies of melting and thereby their melting points should
increase with increasing anion size. The supporting examples are that the melting
points of the ILs based on [C,mim]” (n > 8) increase from Cl~ to [BF,]” to
[PFg] . It is noticeable that the same anion order is followed by the densities of the
[C,mim]*-based ILs with n < 8 (no density data for the case with n > 10 are
available for comparison). This implies that elongating the chain length reverses the
anion order observed for the melting points of the ILs with the short chains. Indeed,
as can be seen from Fig. 2, the melting points of the ILs with [C,,-mim]* (n < 4)
increase through the anion series of [TfO] ", [NO3z] ™, Br, and Cl™, but the inverse
trend appears when n > 8. It should be emphasized that the melting points are
affected not only by the enthalpy of melting but also by the entropy of melting; the
above statements primarily concern the enthalpic contributions and thus in general
should be limited to the cations or anions with the simple or similar structures. For
instance, the melting points of [C,mim][Tf,N] are less than those of [C,mim]
([TfO], [BF,4], [NOs], and [PF¢]) progressively from n = 0 to n = 3 and from
n = 10 to n = 18. This does not necessarily mean the breakdown of the above
statements, because the enthalpies of melting of [C,mim][Tf,N] [107] are still
higher than those [107, 110, 140] of the rest of the ILs. The reason for this
is attributed to the chain flexibility of [Tf,N]~, which introduces additional entropy
(AS;?"f). The effect of the anion chain flexibility on reducing the melting points of
the ILs can also be seen from the results for the ILs based on [C,BF;] .

It is well known that [C;mim]([Tf,N] and [BF,]) present higher melting points
than [mim]([Tf,N] and [BF,]), which is usually explained by assuming that the van
der Waals interactions dominate over the H-bonding influences. However, the
increased cation symmetry from [mim]* to [Cymim]* (the y increases from 1 to 2),
which apparently decreases the AS"", should also play an important role on promoting
the melting point.

The melting points increase with the degree of chain branching, which is
supported by the melting points of the ILs from [C,mim](Cl and [PF¢]) with
n =3 and 4 to [i-C,mim](Cl and [PFg]) to [tert-butylmim][PF¢]. Appending an
isopropyl group instead of an n-propyl group in [Rzmim][PFs] also increases the
melting point by 62°C [120, 135]. This increase is attributed to the changes in
efficiency of the crystal packing as free rotation volume decreases and atom density
increases [135, 155].

The melting points of the ILs can be modified by grafting the functional
group(s) into the cationic head ring. [Ph(CH,),,mim]([PF¢] and [Tf,N]) with
m = 1-3 present significantly higher melting points than their [C,mim]*
counterparts with n =m + 6 [11, 12, 20, 54, 111, 116]. Grafting ethynyl
instead of saturated alkyl also significantly promotes the melting points as can
be seen from the results from [C;mim]Cl to [HC = CCH,mim]Cl (60 vs 142°C)
and from [C3mim][BF,] to [HC = CCH,mim][BF,4] (=17 vs 67°C) [113, 120,
126-130, 134]. Noting that, the effects of these groups result not only from
their positive contributions to the enthalpy of melting (due to the = —=x
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interactions) but also from their negative contributions to the AS;f“f (due to the
reduced chain flexibility). The melting point of [NC(CH,);Py]Cl is also lower
by 30°C than that of [C4Py]Cl [108, 149—153, 156]. One possible reason is due
to the formation of the intramolecular “cyclic” structure through the C = N...x
interactions (it is well known that the intramolecular cyclic structure through
the H-bonding reduces the melting point of the organic compound). This idea is
supported by the crystal structure of [NC(CH,);Py]Cl, which shows that the
C = N group points toward the center of the pyridinium ring and engages in the
C = N...r interactions with it [157]. In the case of [NC(CH,),mim][BF,]
[114], (INC(CH3);mim] and [NC(CH,),mim])[BF,4] could form intramolecular
“cyclic” structures. However, the expansionary force of the three-
membered ring is very large so that it is more favorable for [NCCH,-mim]-
and [NC(CH,),mim][BF,4] to form the intermolecular “cyclic” structures (i.e.,
forming a dimer) through the two head-to-tail C = N.. .z interactions rather
than the intramolecular “cyclic” structures. As a result, the melting points of
[NC(CH,),mim][BF,] decrease only slightly as n increases from 1 to 2 or from
3 to 4. However, their melting points are considerably lowered as n increases
from 2 to 3 (the intermolecular cyclic structure through the H-bonding
promotes the melting point of the organic compound). For organic compounds,
H-bondings are usually much stronger than the van der Waals interactions in a
crystal lattice. However, this effect is not clearly observed for the ILs
containing the hydroxyl and carboxyl functional groups. [CF;CH,mim][TfO]
has a melting point 54°C higher than that of [C,mim][TfO] due to the presence
CF;CH, group which withdraws the electron density on the imidazolium ring
and promotes H-bonding [158].

4.1.3 Effect of Anion Structures

The anion structures are not always symmetrical or simple, so their influences on
melting points should rely on their contributions to the melting enthalpy and
melting entropy. An inspection of the literature data indeed reveals that, with the
shorter cation chains, the melting points of the ILs containing [C,,mim]" increase on
changing anion through the series [DCA]™, [Tf,N]™, [TA]", [BF4, [TfO],
[NfO] ™, [NOs], [AsF¢] ", and [PF¢]™ [4, 5, 9-12, 16-18, 20, 23-25, 33, 34, 36,
52, 54,107, 110, 111, 113, 114, 116, 119-133, 135, 136, 139, 140, 145-147]. This
trend correlates neither with the strength of the electrostatic force nor with the
ability of the anion to form the H-bonding with the cation. On the other hand, the
cation and anion of an IL have their own molar volumes and molar masses.
Therefore, the interactions between the cation and the anion should also include
the van der Waals interactions. According to the Pitzer’s equation [2], the thermo-
dynamic behavior of the concentrated aqueous electrolyte solutions or the molten
salt systems are strongly dependent on the short-range interactions between the
inorganic cations and inorganic anions. The molar volumes and molar masses of the
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organic cations and anions are in general greater than those of the inorganic ones,
and the concentrations of ILs are also very high ([C4mim][PFs]: 3.52 mol-kg™!).
Therefore, the short-range interactions between the IL-cations and IL-anions should
play an important role in determining the phase behavior of the ILs. The values of
AHIig“’ion and AH;S of the ILs with [AsFe]™ or [PFs] ™~ are less than those of the ILs
with [BF4]~, and the differences in their entropies of melting should be small
because these anions are highly symmetric. The greater value of AH}™ due to the
short-range interactions between the cation and [AsFg] ™ or between the cation and
[PF¢]™ is then the most possible reason behind the above trend. Note that the
melting points of [CB;H¢Clg]™, [CB{H;2]™, and [CB;H¢Brs]™ produced ILs
are apparently higher than those of the ILs based on the above anions [115]. This
can also be interpreted only by recalling the effect of the short-range interactions
between the cations and the anions, because the H-bondings between C(2)-H of the
imidazolium ring and these large anions are regarded as less important (for
instance, [2-MeC,mim]([CB,H;,] and [CB;H¢Cl¢]) exhibit melting points some
20-30°C higher than those of their [Co,mim]*-counterparts) [115], and the electro-
static forces between [C,mim]* and these larger anions are also less than those
between [C,mim]* and the above anions. Now [Tf,N]~ has been recognized as one
of the most effective anions in producing low melting points and, in the literature,
the reason is attributed to better charge delocalization and its inability to
undergo H-bonding[4-9]. However, while [Tf,N]~ is larger than [PFg]™ and thus
the AH9"—i" jn [C,mim][Tf,N] should be less than that in [Comim][PF] (as can be
deduced from Fig. 1), the enthalpy of melting of [Comim][Tf,N] is greater than that
of [Comim][PF¢] [11, 12], which is clearly now a result of the above-mentioned
short-range interactions. As noted above, the trends followed by the anions with
similar structures ([TaFg] ", [SbFe], [AsFg] , and [PF¢] ; their sizes increase from
left to right [144]) and ([AuCly]", [NiCly]™, and [CoCly] ) are due to the
differences in the properties of the central atoms, which may yield the greater
charge density, smaller molar volume, and smaller molar mass, all of which tend to
increase the AHon~ion,

The melting point of [C;,mim][BPh,] is higher by 142°C than that of [C;,mim]
[BF4] [18, 110], suggesting that presence of an aromatic ring in an anionic structure
can introduce the specific interactions and thus can considerably increase the
melting point.

The effect of anion chain length is evident. For example, the melting points of
[Comim][C,BF5] decrease from n =3 to n = 4, and then increase as n > 4
[121]. The melting points of the ILs based on [PFg]™ are in general higher than
those of the ILs based on [BF4] . [Comim][1-C,,CB;H;;] (n = 1-4) also exhibit
considerably lower melting points (ca. 62°C) than [Comim][CB;;H;;]
[115]. Hexahalogenation of [CB{{H;,] shows no substantial effect on the melting
points. Packing inefficiency was considered to be the dominating factor giving the
low melting points to the ILs composed of [C,mim]* and carborane anions [115].
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4.2 Effect of Ionic Structures on Glass Transition

The tendency of an IL to form glass is related to the interactions between its ions
and its ability to resist the configurational changes to a more order state as
temperature is lowered. Therefore, the glass transitions of the ILs having the
same anion are related to the entropy symbolized by Eq. 17: the ILs with larger
conformational entropies, i.., the ILs based on [C,mim]*, [2-MeC,mim]*,
[C,im]*, [2-MeC,,im]*, [(C,)»im]", and [C,(C,im),]** show the noticeable ten-
dency toward glass formation, whereas the ILs having symmetric structures, for
example, the ILs with [Cymim]™ and [N, ; ; ], are seldom able to form the glass.
The glass transitions of the [C,mim][PF¢] series decrease progressively from
—74°C for n = 3 to the minimum value (—84°C) for n = 7, but then increase
with further elongating the chain length fromn = 7ton = 10 [10, 11, 16-18, 159,
160]. The glass transitions of [(C,,),im][PFg] also decrease fromn = 4 ton = 8 and
increase when n > 8 [147].

The directional H-bondings make special contributions to the glass transitions of
the ILs, that is, grafting the alcohol groups promotes the glass formation rather than
crystallization, presumably because the directional H-bondings restrict the Cou-
lombic restructuring of the liquids into the crystalline lattices. Incorporation of
these groups induces the directional H-bondings that dominate the melting process
of the organic compounds and thus enhances their melting points. However, the
melting process of the ILs with the short tail chains is governed by the Coulombic
forces. On the other hand, the presence of the [X]* — H- - - [X]* H-bonding requires
that the H - - - [X] " distance must be less than the sum of the H and X van der Waals
radii, and the [X]" — H- - - [X]" angle must be greater than 90°. This means that the
presence of the H-bonding resists the structural changes and promotes the ability of
the ILs to persist with their liquid structures to the solid states. Furthermore, a
comparison of the glass transitions with the viscosities of [CH;CH(OH)CH,mim]
([Tf,N], Cl, [NOs], and [PFg]) and [(CH;),OHmim]([PF¢] and [BF,]), (—67.6,
—68.9, —79.3, —88.4°C vs 342, 1,856, 502, 319 cP) [161] and (—72 and —84°C
vs 148 and 90 cP) [162, 163], suggests that the glass transitions of the
functionalized ILs are related to their viscosities (probably due to the flexibility
of [Tf,N]~ which promotes the glass formation and the mobility of the anion).
However, no such relation is observed when the introduced functional groups can
only engage in the nondirectional specific interactions. [Ph(CH,),,mim][Tf,N] with
m =2 and 3 display apparently higher glass transitions than their [C,mim]*
counterparts with n = m + 6 as supported by the data for ([PhCH,mim] and
[Cymim])[T,N], —56 and —85°C, respectively [11, 12, 24, 25, 145].

The anion effect also involves a complex interplay of the short- and long-range
interactions as well as the symmetry and flexibility of the anion. However, their
influences are in a quite predictable manner. The glass transitions of [C,mim]*-
produced ILs increase in the anion series of [DCA] ™, [Tf,N], [BF4], [PFg] , and
Cl™ [10-12, 16-18, 110, 159, 164]. [DCA] and [Tf,N]~ produce the ILs with
lower glass transitions, which may be attributed to the better charge delocalization
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and the greater flexibility of their chains. Furthermore, the large differences in glass
transitions between [Cymim][Barf] [11, 12, 16, 18, 20, 53, 54, 164] and [Cymim]
[Tf,N] indicate that the anion’s influence on glass transitions may be dramatic.

The results for the ILs based on alkyl- and alkenyltrifluoroborates are very notice-
able. The glass transitions of the [C,mim]"-based ILs decrease in the anion order
[CH, = CHBF;]™ < [C4BF;]™ < [C3BF;] < [C,BF;]” < [CBF3]” = [BF,]™
[121-123, 125-130, 165]. In addition, while fluorination of the alkyl chain of the
cation tends to increase the glass transitions of the ILs (see, for example, the glass
transitions of ([SF5(CF,)>(CH,)4mim] and [SFs5(CF,)4(CH,),mim])[Tf,N] and
([Csmim] and [CF5(CH,),mim])[Tf,N]) due to the enhanced van der Waals
interactions [11, 12, 18, 24, 25, 111, 135, 145], fluorination of the alkyl chain in
the [R4BF3]™ significantly decreases the glass transitions, which is clearly seen
from the results for [Comim]([C;BF;] and [CF;BF3]), —93 vs —117°C [121], and
[Comim]([N(CH3S0,),] and [Tf,N]), —50 vs —95°C [166]. Because the
hyperconjugated structure between the C = C bond and the center boron atom in
[CH, = CHBF;]™ could produce the better charge delocalization, and the
nonfluorinated alkyl group in the examined anions could withdraw the electron
density, it seems that the glass transitions of the above ILs are controlled by the
negative charge density. Of course, the glass transitions of the [C,BF;] ™ series are
dominated by the van der Waals interactions.

4.3 Effect of Ionic Structures on Thermal Stability

The decomposition temperatures, including the onset (Topset) and the start (Tyrr)
temperatures for the decomposition, of the ILs, were usually determined by
thermogravimetric analysis (TGA) [4, 17, 22, 120, 121, 126-130, 139, 155,
167-176]. The onset temperature is the intersection of the baseline below their
decomposition temperature with the tangent to the mass loss vs temperature plots in
the TGA experiment [139]. The start temperature is the temperature at which the
measurable mass loss is first observed (under which the decomposition can be
negligible). Because the start temperature is much lower than the onset temperature,
and the higher decomposition temperatures calculated from fast TGA scans under a
protective atmosphere do not imply long-term thermal stability below these
temperatures, recently the maximum operating temperature, T/, the temperature
at which the degree of conversionz' (0 < z’ < 1) occurs over a given amount of time
t, is developed to estimate the thermal stability of the ILs [174]. For certain samples,
the TGA-determined onset temperatures depend on the type of sample pan (alumi-
num or alumina) [120], but the experiments under nitrogen or air produce the same
results [4].

The thermal stability of the ILs with a given anion is dominated by the charge
density, acidic proton, and expansionary force of the cation head group. It is shown
that [Comim]([BF,4], [Me], and [Tf,N]) and [Cymim][Tf,N] are more stable than
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[N2222]1(IBF4], [Me], and [Tf,N]) and [Ny 4.4 4][Tf2N] [4, 119-121, 177] because
the charge density of the imidazolium head ring is lower. It is noted that the above
results do not mean that the imidazolium ILs are always chemically inert
[175]. Methylation on the imidazolium ring increases the thermal stability of the
cation [34] and substitution of the C(2)-H has the largest effect because of the
greater acidity of this proton. This can be seen by comparing the results for
([Cymim] and [2-MeCymim])[BF4] [16-18, 110, 164, 176], ([C,mim] and
[2-MeC,,mim])Cl with n = 2 and 3 [120] and ([Csmim] and [2-MeC;mim])[PF¢]
[120]. For ([Tf,N]~, [PF¢], and CI™)-based ILs, the thermal stability increases
through the series of [C,mim]*, [2-MeC,mim]* (n = 2 and 3), and [M;I]" [120].

Introduction of the functional groups can significantly change the thermal
stability of the ILs. Grafting the ferrocenylmethyl group dramatically reduces the
thermal stability of the imidazolium ILs as supported by the results from [C,mim]
(I and [Tf,N]) to [ferrocenylmethylmim](I and [Tf,N]) [4, 119, 120, 177, 178].

Branching the alkyl chain decreases the thermal stability of the IL as exemplified
by the lower thermal stabilities of [i-C;mim]([PF¢] and [Tf,N]) compared to those
of [Csmim]([PF¢] and [Tf,N]) [120]. The thermal stabilities generally increase with
decreasing chain length and increase from [C,gmim]* to [MsI]* [4, 107, 120, 140].

The effect of negative charge density is significant. However, it appears that the
influence of increasing the anion’s charge density should not be considered
in isolation. For the IL with lower cationic charge density, the thermal stability
increases if the anion’s charge density is lowered or its charge-bearing region
is effectively isolated. [Comim]([TfO] and [Tf,N]) are stable up to 400°C [24],
but [C,mim][TA] only to 150°C [4-9]. The thermal stabilities of the [C,mim]*-
based ILs increase in the order [TA]™ < ClI” < [PFs]™ < [BF;]™ < [AsFg] <
[TfO]™ < [TEN]™ < [Me]™ [4, 11, 12, 20, 33, 34, 53, 54, 113, 119-121, 174]. It
was shown that the thermal decomposition of [C,mim][C,BF;] (n = 1 to 5) was
initiated from the pyrolysis of [C,BF5]™ [121]. Their thermal stabilities increase in
the anion orders [C;BF3]™ < [C3BF3;]” < [CsBF;]” < < [BF4]™ and [C4BF;]™ <
[C,BF;]™ < [C BF;3]™ [120, 121].

5 Effect of Ionic Structures on Volume Property

5.1 Molar Volume

The molar volumes are available for ([Cymim] and [Cgmim])[PF¢] and ([Cgmim]
and [C4Py])[BF4] from 298.2 to 343.2 K and between 0.099 and 206.9 MPa
[179]. As expected, the molar volumes of [C,mim]([BF,] and [PF¢]) increase
progressively as n increases from 6 to 10 and from 4 to 8 [48, 180-182], respec-
tively. The sizes of [Tf,N] -, [PF¢] ", [BF,4] ", and C1™ exhibit a clear correlation to
the molar volumes of [C,mim]*-produced ILs. The molar volumes of the ILs based
on the same anion were found to increase almost linearly with increasing cation



156 Y. Hu and X. Peng

alkyl chain length and the addition of two CH, units on the chain of [C,mim]" at
298.15 K and atmospheric pressure increases the molar volume of the ILs by
34.4 + 0.5 mL-mol ' [183, 184].

5.2  Density

5.2.1 Effect of Apparatus and Impurity

As seen in the literature results, the discrepancy between the densities of the
different IL samples in general greatly depends on the measurement methodologies
used. The largest discrepancy is usually observed between the densities determined
with a volumetric flask/pycnometer and those measured using a densimeter. In
addition, the pycnometer values were usually more scattered.

The presence of contamination water decreases the densities of the ILs due to the
lower densities of water relative to those of the ILs examined. However, the
presence of 1,000 ppm contamination water in [Cymim][BF;] would cause a
0.00021 decrease in the recommended density value at 298.15 K, suggesting that
the effect of contamination water is relatively much less. The ILs composed of
[C,mim]* in connection with ClI~ have smaller densities than in connection with
other typical IL anions, indicating that the presence of residual Cl™ tends to
decrease the densities of the ILs.

5.2.2 Effect of Cation Structures

The density of an IL is a manifestation of the density of the arrangement of its
cation and anion and thus strongly depends on the interaction forces between its
ions, the symmetry of its ions, and the difference in ionic size between its cation and
its anion. The density of the cyclic ring is greater than that of the acyclic structure,
and elongating the chain length increases the free volume within the IL so that its
density is lowered. Indeed, the densities of [C,,mim]Cl with n» = 6 and 8 [17, 176,
185], [C,,mim][BF,] with n = 4-8 [17-19, 23, 48, 53, 54, 114, 126, 176, 179, 181,
186-189], [C,mim][PFg¢] with n = 4-8 [10, 11, 17, 54, 114, 160, 176, 179, 181,
186188, 190-196], and [C,mim][Tf,N] withn = 2 and 4 [4, 11, 18, 127, 184, 188,
191, 197-200] decrease progressively with increasing cation chain length. This
trend is also supported by the observation that, although the water contents of
[C,Isoq][BETI] decrease progressively from 1.77 wt% for n = 4 to 0.41 wt% for
n = 18, the densities of the ILs diminish gradually from 1.23 g-cm > for n = 4 to
1.05 g-em ™ for n = 18 [22].

The densities of functional groups are in general greater than those of n-alkyl
chains and, thus, grafting the functional group(s) can increase the densities of the
ILs. The densities of [NC(CH,),,-mim]([PFgs], Cl, and [BF4]) (1.61 < p <
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2.15 gem ) [114] at 293.15 K were considerably greater than the densities of their
[C,-mim]* counterparts with n = m + 1 (p < 1.2972 g-cm ™).

5.2.3 Effect of Anion Structures

The density of an IL depends on the density and symmetry of its anion. The
densities of [C,mim]*-based ILs combined with different anions increase in the
order CI™ < [BF;]” < [TfO]” < [PF¢]™ < [TfLN]™ [4, 11, 16-19, 48, 53, 54,
114, 126, 127, 136, 160, 176, 179, 181, 184, 185, 187, 189-194, 196199,
201-219]. In addition, the order C1~ < [EtSO4]” < [TA]™ < [BF4]™ < [TfO]” <
[THLN] [4, 11, 121, 127, 189, 197-199, 220] is followed by the densities of the
[Comim]*-produced ILs. These orders suggest that the densities of the ILs formed
with halide are noticeably lower than those of the ILs based on other typical IL
anions. The order for the densities of [C,mim][n-C,F,,,.1BFs] with n = 1-6 and
m = 1-4 at 298.15 K [121, 176, 218, 220-225] are [C;F;BF;]” < [C,FsBF3;]™ <
[n-C3F;BF3]™ < [n-C4F9BF;] ™. The densities increase from [Cgmim][(C,Fs5)3PF;] to
[Cemim][(1n-C3F7)3PF3]. These results imply that increasing number of CF, units in
the anion chain increases the densities of the ILs.

6 Effect of Ionic Structures on Viscosity

6.1 Analyses

The Eyring absolute rate theory can be expressed as @, ixure = Pideal €XP (ARL:) with

N
Pigeal = EXP <Z x;1n ¢I-> , where AG7 is the molar excess activation free energy of
i
flow, and ¢ ixrure aNd P4, are the kinematic viscosities of a mixed solution and an
ideal solution, respectively. In the present analyses the viscosity of a binary system is
expressed as In e = (Yr,0 In 75,0 + X In 77y ) + f(Mimixre ), Where f (Miixiure)
essentially corrects the contribution from (ln Prmixture — XH,0 I py,0 — X1 In pIL) +

%. It is clear that the presence of water in ILs can significantly decrease the viscosity
of ILs due to the much lower viscosity of water relative to those of ILs.

6.2 Effect of Cation Structures

Methylation at the C(2)-position of the head group considerably raises the
viscosities of [C,,mim][Tf,N] (n = 2, from 34.0 to 106.0 cP at 293.15 K [4-9];
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n = 6, from 68.0 to 131.0 cP at 298.15 K [175]). The viscosities of ([C,mim] and
[5-MeComim])[Tf,N], ([(Cy)2im] and [5-Me(C,),im])[Tf,N], and ([Comim] and
[5-MeC,omim])[TfO] at 293.15 K are 34.0 vs 37.0 cP, 35.0 vs 36.0 cP, and 45.0 vs
51.0 cP [4-9], respectively, implying that C(5)-position methylation has only a
slight effect on the viscosities of the examined ILs.

It is seen that the viscosities of [C,mim]Cl with n = 6 and 8 [17, 175, 221],
[C,mim][BF,4] with n = 2-10 [10, 16, 17, 35, 114, 119, 121, 125-130, 136, 162,
175, 218, 221-229], [C,mim][PFg] with n = 4-8 [3, 10, 16, 17, 62, 114, 129, 130,
136, 141, 162, 183, 197, 227, 228, 230, 231], [C,mim][Tf,N] with n = 2-8 [4-9,
16, 17,25, 119, 136, 139, 175, 183, 228], and [C,,mim][TA] with n = 2 and 4 [4-9,
16, 139, 228] increase progressively with increasing cation chain length. The same
is true for the viscosities of [(C,),im][Tf,N] and [C,C,im][Tf,N] [4-9]. However, it
is noteworthy that the viscosity of [Comim][Tf,N] [139] is smaller than the viscos-
ity of [Cymim][Tf,N] (32.0 vs 38.4 cP at 298.15 K), probably due to its more
sufficient side-chain mobility. Ramifying the alkyl chain reduces the rotational
freedom and hence makes the ILs more viscous, which can be clearly seen by
comparing the viscosity of [i-Cymim][Tf,N] and [C4mim][Tf,N] at 293.15 K, 83.0
vs 52.0 cP [4-9, 136].

Grafting functional groups into [R;mim]™ can modify the viscosities of ILs. The
viscosity of [CF;CH,mim][Tf,N] at 293.15 K is apparently greater than the viscos-
ity for [Comim][Tf,N] (248.0 vs 34.0 cP) [4-9], implying that fluorination of the
alkyl chain dramatically promotes the viscosity of ILs due to the enhanced van der
Waals interactions. The nitrile-functionalized ILs, ([NC(CH,),mim] and [NC
(CH,)4mim])[BF,] (65.5 vs 552.9 cP at 298.15 K [114]) and [NC(CH,)smim]
[PF¢] (2,181.0 cP at 298.15 K [114]), have considerably higher viscosities than
([Comim] and [Cymim])[BF4] (the viscosity values at 298.15 K are 38.0 and
103.0 cP [121, 126-130], respectively) and [Csmim][PFg] (the viscosity at
298.15 K is 289.0 cP [228]). Because water contamination decreases the viscosities
of ionic liquids and the chloride ion in the used samples of [NC(CH,)4mim][BF,]
and [NC(CH,),mim][PFg] was below the detection limit, these trends should be
attributed to the formation of the intermolecular and the intramolecular “cyclic”
structures within [NC(CH,),,mim]([BF,4] and [PFg)).

6.3 Effect of Anion Structures

The anion dramatically influences the viscosity of ILs. The results show that the
viscosities of the [C,mim]"-based ILs with n = 4-8 increase from [BF,]~ to [PFg] "~
[3, 10, 16, 17, 62, 114, 126-130, 136, 141, 162, 175, 183, 197, 218,
226-231]. A comparison of the viscosities shows that the general order for increasing
viscosity of the ILs of [C,mim]" with n = 2 and 4 is [Tf,N]~ < [TA]™ < [TfO]™
[4-9, 16, 17, 119, 136, 139, 183, 228]. The [Tf,N] -based ILs exhibit the lower
melting points, glass transitions, and viscosities, presumably because they combine
better charge delocalization with greater chain flexibility, which produces larger
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melting entropy and increases the chain mobility so that the melting point and
viscosity are lowered but the ability of the IL to resist the increase in viscosity as
the temperature is lowered is promoted. The anion order for the viscosities of the
[C,mim]"-based ILs, [Tf,N]~, [BF,]” and Cl~, are consistent with those for the
H-bond basicity of the ILs and thereby of these anions (the H-bond basicity of an IL is
governed by that of its anion [59]). The viscosities increase in the anion order
[TEHN]™ < [BF4]™ < [PFg] ™, which is also in line with the order observed for the
melting points and glass transitions of the ILs. However, the viscosities of
[PEG,mim]*- and [PEG,,C4im]*-based ILs with n = 1-3 increase through the trend
of [BF;]” < [PF¢]™ < [TfrN]™ [163]. In this case it seems possible that the
contributions from the anion size and the van der Waals interactions override those
from other factors.

The reported viscosities of the ILs combining [Comim]* with different
anions increase in the orders [BF;]” < [CH, = CHBF;]™ < [C;BF3]” <
[C3BF3;] < [C,BF3] < [C4BF;] < [CsBF;3], [CF, = CFBF;] <
[CF;BF;]™ < [CoFsBF;3]™ < [n-C3F;BF;] < [#n-C4F9BF;] = [BF4]™ [35, 119,
121, 125-130, 214, 227, 232]. The water contents of these ILs, 100-300 ppm
(0.0011 < xp,0 < 0.0042), were low, and therefore the water contamination should
not change the anion order for the viscosities of the ILs. The fact that the viscosities
increase with increasing anion chain length implies that their viscosities are
governed by the van der Waals interactions. In addition, the results from ([CH, =
CH-BF;]™ and [CF, = CF-BF3]"), [C,,F2,—1BF3] ™, and [(C,F2,,—1)3PF3] ™ to ([Cy,
C,BF;] ™ and [C,FsBF;]7), [BF4] 7, and [PF¢] suggest that the effects of the charge
delocalization and the chain flexibility override that of the van der Waals
interactions.

These orders indicate that the viscosities increase with increasing anion chain
length and that the viscosities of these ILs are governed by the van der Waals
interactions. The results from [CH, = CHBF;]" and [CF, = CFBF;]" to
[C,BFs] and [n-C,,F,,,.1BF;] suggest that the effect of the charge delocalization
overrides that of the van der Waals interactions [121].

7 Effect of Ionic Structures on Conductivity

The specific conductivity ¢’ of a liquid salt can be expressed as [4]

2

R L [ -1 _1]

- T - 18

e ((FARER (XS (8)

where 0 < y < 1 is the degree of dissociation. {, and {, are the “correction” factors

taking into account the specific interactions between the mobile ions in the melt,

and r, and r, are the anion and cation hydrodynamic radii. Equation 18 is based on
the relationship
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F
UIZ%[%—FMC] (19)

and the modified form of the Stokes—Einstein relationship that correlates ionic
mobilities to viscosities of the medium [4], that is,

F
= 20
. 6”NACara’7 ( )
and
F
Ug = ——— 21
67[NACcrc’7

where u, and u, are the anion and cation mobilities, respectively, in the liquid. The
conductivity relies on the number and mobility of the charge carriers. If the ion—ion
interactions are so strong that the ILs move as the ion aggregates, then the
conductivity will be low.

In the case of ILs composed of a constant anion in connection with the cations of
the same head group, the values of V, 5, ({,r.), and ({.r.) in Eq. 18 increase with
increasing cation tail length. Consequently, the conductivity would decrease with
increasing cation tail length. The results show that the conductivities of [C,mim]
[Tf,N] decrease from n=2 to n =8 [4-9, 16, 112, 119, 126-130, 150, 175,
233]. The conductivities also decrease from [Comim][BF,] to [Cymim][BF,] [10,
16, 35, 119, 121, 124-130, 155, 233, 234], whilst the conductivities of [C,mim]
[(C,Fs)sPF;] decrease progressively from n =2 to n =6 [175]. Furthermore,
methylation at the C(2)-position on [C,mim]* is expected to increase the conduc-
tivity through eliminating the specific interactions between the C(2)-H and the
anion, but this is not the case. Instead, methylation at the C(2)- and C(5)-positions
of [Comim]* and [(C,),im]" rings considerably reduces the conductivities of
[Comim]([TfO] and [Tf,N]) and [(C;),im][Tf,N] [4-9, 112, 119, 126-130, 150,
175]. However, the dimer salts [C,,(C,im),][Tf,N] (n = 2-8) do not conform to the
same trend because the salts with n = 6 and 8 display much higher conductivities
than the rest [173, 235]. Branching the alkyl chain decreases the conductivity as
supported by the results for the [Tf,N] -based ILs from [C4mim]* to [i-C,mim]*
and from [2-MePhCH,-C4im]* to [2-MePhCH,-i-C4im]* [4-9, 16, 150,
236]. Trifluoroethylated imidazolium IL, [CF3CH,mim][Tf,N], shows a dramati-
cally lower conductivity than its ethylated analogue, [Comim][Tf,N] [4-9, 112,
119, 126-130, 150, 175].

The relationship between the anion size and the conductivity of ILs is usually
limited to the anions with similar structures. For example, the conductivities
of [C,mim][R-BF;] decreases in the anion order [CF;BF;]™ > [BF4;]” >
[C,FsBF;]” > [CH, = CH-BF;]™ > [CBF;]™ > [C3F;BF;]™ > [C,BF3;] >
[C3BF;]™ > [C4FoBF;]™ > [C4BF3]™ > [CsBF5]™ [35, 119, 121, 124-130, 155,
214, 232-234, 237]. It is evident that the conductivities of [Comim]([C,,,F,,,,.1BFs]
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and [C,,BF3]) increase with increasing anion chain length [121, 214, 232, 237]. Fur-
thermore, the results from [CF;BF;]” to [BF4]”, from [C,F,,,_1BFs;]” to
[C,BF3]", and from [CH, = CH-BF;]™ to [C;BF;3]  indicate that the charge
delocalization plays an important role in determining the conductivity and
that the conductivities of these ILs are inversely related to their viscosities. Increas-
ing the anion size from [Tf,N]™ to [BETI]™ and from [BF4]™ to [PF¢]™ decreases
the conductivities from 8.4 x 1073 S-cm~! [4-9] for [C;mim][Tf,N] to 1.0 x 103
S-cm~! [9] for [C;mim][BETI] and from 3.5 x 10~3 S-cm~![16] for [C4mim][BF,]
t0 1.49 x 1073 S-cm~! [16] for [Cymim][PF], respectively. However, [Comim]" in
connection with [Tf,N] ™ displays higher conductivity than that connected with the
smaller anion, [AcO]™ [4-9, 112, 119, 126-130, 150, 175]. The reason may be
attributed to the stronger specific interactions between [AcO]~ and the cation,
which decreases the conductivity of the IL.

The conductivities of the ILs with [C,mim]* in general increase through the
series of [NfO]™, [HB]™, [PF¢], [AcO]", [TfO]", [TA]", [BF;], [Tf,N],
[DCA] ™, and [F(HF),]™ [4-10, 16, 35, 112, 119, 121-130, 150, 155, 175, 233,
234], which is inversely related to the anion order for the viscosities of the same
ILs. It is noticeable that [F(HF),] - and [Barf] -based ILs yield the high and the
low conductivities, respectively [20, 53, 54, 123].

8 Conclusions

Increasing anion flexibility yields greater melting entropy and promotes the mobil-
ity of the anion. Better charge delocalization reduces the melting enthalpy and
enhances the degree of ion dissociation that is favorable to lowering the viscosity.
As a result, the melting point, glass transition, and viscosity of the ILs are lowered
either by delocalizing negative charge or by increasing anion flexibility. Elongating
the cation chain length progressively decreases/increases the conductivity/viscosity
of the IL. Branching the cation alkyl group increases the melting points but
decreases the thermal stabilities of the ILs; it also makes the ILs more viscous
and less conductive.

The effect of the functional group is related to its ability to undergo interactions
with the anion. Grafting functional groups such as the fluorinated alkyl chain into
the cation head group increases van der Waals interactions. Accordingly, the
melting point, glass transition, density, and viscosity of ILs are in general promoted,
but the conductivities are in general decreased. Introduction of the NC(CH,),, group
is found to induce the formation of the intra- or intermolecular “cyclic” structure
through the C = N---x interactions, which is particularly important for understand-
ing the unusually reduced melting points of [NC(CH,)3-Py](Cl and [Tf,N]) relative
to those of their [C4Py]" counterparts. Furthermore, the unusually higher densities
and viscosities displayed by [NC(CH,),-mim](Cl, [BF,], and [PF¢]) and [NC
(CH,)3-Py][Tf,N] become understandable, because the cyclic structure is denser
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than the acyclic structure and the formation of the cyclic structure makes the cation

less mobile.

Glossary of Abbreviations

Abbreviations Full Names
IL Tonic liquid
[C,mim]* 1-Alkyl-3-methylimidazolium

[2-MeC,mim]*
[2-MeC,,im]*
[C1oCioim]*
[(C2)pim]"
[C,im]*
[2-EtC,mim]*
[C(Caim),]*
[(C,)oim]"
[C4Coim]*
[i-Csmim]*
[C,Isoq]"

MsI]*

(Py,]"

[C,Py]*
[C,,-3-M6Py]+
[C,-4-MePy]*
(Noy sz 1

[HC = CCH,mim]"
[CH;CH(OH)CH,mim]"*
[(CH,),OHmim]*
[CF;CH,mim]*
[NC(CH,),mim]*
[PEG,mim]*
[PEG,,C3im]*
[CF5(CH,),mim]*
[NC(CH,);Py]"
[Ph(CH,),,mim]*
[AuCl,]™
[AICI,]

[TA]™

[HB]™

[BETI]™

1-Alkyl-2,3-dimethylimidazolium
1-Alkyl-2-methylimidazolium
1,3-Didecylimidazolium
1,3-Diethylimidazolium
1-Alkyllimidazolium
1,2-Diethyl-3-methylimidazolium

a, w-Diimidazoliumethylene
1,3-Dialkylimidazolium
1-Butyl-3-ethylimidazolium
1-iso-Propyl-3-methylimidazolium
N-Alkyl-isoquinolinium
Pentamethylimidazolium
n-Alkyl-N-methylpyrrolidinium
1-Alkyl-pyridinium
1-Alkyl-3-methylpyridinium
1-Alkyl-4-methylpyridinium

Quaternary ammonium
1-(2-Propynyl)-3-methylimidazolium
1-(2-Hydroxypropyl)-3-methylimidazolium
1-(2-Hydroxyethyl)-3-methylimidazolium
1-(2,2,2-Trifluoroethyl)-3-methylimidazolium
1-Alkylnitrile-3-methylimidazolium
1-(2-Hydroxy-ethyl),-3-methylimidazolium
1-(2-Hydroxy-ethyl),-3-propylimidazolium
1-Methyl-3-trifluoropropylimidazolium
N-Butyronitrile pyridinium
1-(o-Phenylalkyl)-3-methylimidazolium
Tetrachloroaurate

Tetrachloroaluminate

Trifluoroacetate

Heptafluorobutanoates
Bis(perfluoroethylsulfonyl)imide

(continued)
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Abbreviations Full Names

[AcO]™ Acetate

[Barf]™ Tetrakis[p-dimethyl(1H,1H,2H,2H-perfluorooctyl)
silylphenyl]-borate

[SbFg] ™ Hexafluoroantimonate

[AsFe]™ Hexafluoroarsenate

[BPh4]™ Tetraphenylborate

[NfO]™ Nonaflate

[TfO]™ Trifluoromethanesulfonate

[TEN] Bis(trifluoromethylsulfonyl)imide

[DCA]™ Dicyanamide

[Sac]™ Saccharinate

[Me]™ Tris(trifluoromethylsulfonyl)methide

[N(CH3S0,),]~ Bis(methane sulfonyl)amide

[CB{1Hn]™ Carborane

[1-C,CBH {1~ 1-Alkylcarborane

[(C,Fs);PF3] ™ Tris(pentafluoroethyl)trifluorophosphate

[(n-C3F;)sPF5]™ Tris(heptafluoropropyl)trifluorophosphate

[C,BF3]™ Alkyltrifluoroborate

[CH, = CHBF;]™ Vinyltrifluoroborate

[CF3-BF5]™ Trifluoromethyltrifluoroborate

[C,Fs-BE5] ™ Pentafluoroethyltrifluoroborate

[CsF;-BF;3]™ Heptafluoropropyltrifluoroborate

[C4Fo-BF5]™ Nonafluorobutyltrifluoroborate

[CF, = CFBF;]™ Trifluorovinyltrifluoroborate

[C(CN)3]™ Tricyanomethanide
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Microstructure Study of Ionic Liquids
by Spectroscopy

Haoran Li

Abstract The relationship between the structures and properties of the ionic
liquids (ILs) is the foundation for designing novel ionic liquids and developing
ILs-based applications, which is very important. Spectroscopic methods have been
developed as an important tool to study the structures and interactions of the
solutions. Recently, spectroscopic methods have played a key role in the study of
the structures and the interactions of the ILs or the solutions containing them.
Herein, the applications and progress of different spectroscopic methods including
IR, Raman, NMR, and ESR methods in the study on the structures and properties of
pure ionic liquids and ionic liquids/solvent mixtures are reviewed, indicating the
importance of the spectroscopic methods.

Keywords Ionic liquids ¢ Spectroscopy ¢ Infrared « Raman * NMR « ESR « UV «
Structure * Interaction

Information on structures and interactions between cations and anions of ionic
liquids (ILs) can be provided by various spectroscopies, which play a more and
more important role in the investigation of the properties related to the microstruc-
ture of ILs. All types of spectra have some features in common, and all the spectra
are related to the frequency, v, and wavelength, A, of electromagnetic radiation.
Figure 1 summarizes the frequencies, wavelengths, and wavenumbers of the vari-
ous regions of the electromagnetic spectrum and anticipates the type of transition,
which provides us with important information to explore the microstructure of the
ILs from the viewpoint of the molecule and atom. Spectrometers are instruments
that detect the frequency composition of electromagnetic radiation scattered, emit-
ted, or absorbed by atoms and molecules. As we know, the special properties of the
ILs depend on their microstructures, and the more information we get from the
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Fig. 1 The electromagnetic spectrum and the classification of the spectral regions [1]

various spectroscopies the more effect on the molecule design and application of
the ILs we can have.

1 Microstructure of ILs Investigated by Rotational
and Vibrational Spectra

The rotation and vibration of molecules produce IR and Raman spectra, the former
depending on the change of dipole moment during the energy level transition and
the latter on the change of polarizability.

1.1 Infrared Spectroscopy

The most common range for infrared spectroscopy is the mid-infrared
(4004,000 cm™') and near-infrared spectroscopy is in the range
4,000-11,000 cm ™!, while that of 10400 cm ™! is called far infrared spectroscopy.
Operating in the infrared almost always involves the use of Fourier transform
techniques of spectral detection and analysis. An actual signal consists of radiation
spanning a larger number of wavenumbers, and the total intensity at the detector.
Using frequency shift of intensity change, or peak area change, the microstructures
of the ILs could be explored, and IR spectra have an advantage in the investigation
of the structure of hydrogen bonds, ionic pairs, and aggregation of the ions.

1.1.1 The Microstructure of ILs Related to Hydrogen Bonds,
Aggregation by Frequency Shift, Intensity Change,
and Peak Area Change in IR Spectroscopy

Vibrational spectroscopy is a versatile tool in probing H-bonding of both liquid and
solid compounds or their solutions, and information is provided which may assist in
an understanding at molecular level of the general interactions that exist in ILs and
ILs’ solutions.
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So far, the hydrogen bond which exists in the imidazolium-based ILs has been
widely investigated, with the questions on the H-bond including the following.
Is there ion-pair formation in the ILs? Are there specific points on the imidazolium
cation where interactions with various anions occur? Where does the H-bond
locate? As reported by Katsyuba et al. [2], ion-pair formation is the H-bonding
between H-C(2) and [BF4]™ in [EMIM][BF,], and the results are in good agree-
ment with computations. It was found that the red shift of the v (H-C(2)) band,
caused by the interaction with the anion, suggests that the [EMIM]" and [BF,]™
ions are held together mainly by powerful Coulomb attractions that keep them
closely associated even in dilute CD,Cl, solutions, and that H-bonding plays only a
minor role. The main point regarding the position of H-bond in imidazolium-based
ILs is the suggestion that the C2—H play the most important role. The correlations
between calculated and experimental spectra were based primarily on peak
intensities and secondarily on peak frequencies for both Raman and infrared spectra
of [C,_4MIM][PF¢], indicating hydrogen-bonding interactions between the fluorine
atoms of the [PF¢]™ anion and the C2 hydrogen on the imidazolium ring [3]. In
particular, the gas phase molecular structures of the [C,_4MIM][BF,] ion pairs
suggest hydrogen-bonding interactions between the fluorine atoms of the [BF4]™
anion and the C2 hydrogen on the imidazolium ring [4]. Additional interactions are
observed between [BF,]” and H atoms on the adjacent alkyl side chains in all
polymorphic structures. In order to explore the C2—H, the replacement of the C-2
hydrogen with methyl was examined by Diete et al.

The presence of water in room temperature ionic liquids (RTILs) may affect
many of their solvent properties such as polarity, viscosity, and conductivity.
Infrared spectroscopy, arguably, is the most powerful method to probe the molecular
state of water present in various solvents. It is known that water molecules absorbed
from the air are present mostly in the “free” (not self-associated) state; as seen in
Fig. 2, there is no change in the frequency and the water via H-bonding with anions
such as symmetric 1: 2 type complexes: anion. . .H-O-H. . .anion. Kazarian et al. [5]
used ATR and transmission IR spectroscopy to study the molecular state of
dissolved water in several ionic liquids based on [BMIM]* with several anions.
The strength of H-bonding between water molecules and anions was shown to
increase in the order [PFg]™ < [SbFs]™ < [BF4]™ < [(CF3S0,),N]" < [CIO4]
< [CF3S03]” < [NOs]™ < [CF3CO,]". However, H-bond interactions of water
diluted in 1-alkyl-3-methyl imidazolium ILs with [PFs]™ and [BF,]” involves a
more noticeable electrostatic character through polarization of water due to the local
electrostatic fields induced by surrounding ions rather than H-bond interactions of
water in normal molecular solvents [6].

The structure change of water in a solution of ionic salts is also an interesting
issue focusing on the overlapping OH peaks in the spectrum, both fundamentally
and practically. The vibrational modes of water that result in bands in the
OH-stretching region (3,000-3,800 cm™') are sensitive to the environment and
intermolecular interactions.

The state of water in [EMIM]*[BF,]™ has been investigated by ATR-IR spec-
troscopy by Takamuku et al., revealing that individual water molecules hydrogen-
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air as a function of time: spectrum of [BMIM][BF,] after it has been placed on the diamond ATR
crystal [5]

bonded to the anions predominate in the solutions at y,, < ~ 0.2, while ~ 30% of
water molecules are hydrogen-bonded among them in the solutions at y,, > ~ 0.3,
suggesting the state of water molecules in [EMIM]*[BF,]™ change significantly at
0.30. The interactions between the C2 atom within the imidazolium ring of
[EMIM]" and [BF,]~ are strengthened with increasing water content while those
at the C4 and C5 atoms weaken [7]. As in [EMIM][NT{,] and [EMIM][EtSO,],
protonated and deuterated water molecules are presumed to have completely
different polarities, but anions are still responsible for the interaction of ILs and
water with water molecules mainly H-bonded to the IL anions [8].

During the investigation of the ion pairs of several imidazolium-based ILs, it is
reported that the vibrations of the cations depend on both the conformational
changes and the association with the anions [9]. In addition, chloride and bromide
anions in vacuum also occupy positions above or below the imidazolium ring, but in
the condensed state these positions are destabilized, and the position and type of the
anion influence the conformation of the side chains bound to the imidazolium
NI atom.

The change of peak area in the IR spectra could also provide information on the
structure change in the ILs [10]. Kim et al. studied the CH and OH band positions
and intensities for all concentrations of [EMIN][BF,] and water by examining
ATR-IR absorption spectra at several concentrations. Change in the spectral
shape in the OH stretch vibration region shows a hydrogen-bonding network of
water molecules breaking down rapidly as the IL is added, while those from the
terminal methyl group of the butyl chain are blue-shifted by ~ 10 cm ™" with the
addition of water. Trends in the change of the peak positions and the peak
intensities suggest qualitative change of the intermolecular structure in the
[EMIN][BF,] + H,O mixture at 32 & 2 and 45 4+ 2 mol/L of water concentration
as shown in Figs. 3 and 4.
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Fig. 3 (a) Peak shift of vascps. (b) Peak shift of vsscys with increasing the D,O concentration in
the [BMIM][BF,] + D,O mixture. Open circles represent the deconvoluted data. Solid lines are
the guide lines following the peak shift, and dashed lines indicate the concentration where the
slope changes discontinuously [10]

1.1.2 The Hydrogen Bond in ILs/Water by High-Pressure IR
and Temperature-Dependent IR Spectroscopy

Water molecules seem to be separated from each other at low content, while self-
association appears at higher concentration. At high ionic liquid concentrations
ionic liquids seem to form clusters as in the pure state and water molecules interact
with the clusters without interacting among themselves. Cation—solvent
interactions play a non-negligible role in ionic liquid mixtures. Several studies
have shown that C-H. ..O and C-H. . .X hydrogen bonds play an important role in
the structure of ionic liquids, especially those derived from the 1-alkyl-3-
methylimidazolium cation. Thus the study of C-H...O and C-H...X hydrogen
bonds is significant.

The microscopic features of binary mixtures formed by [EMIM][TFSA]™ or
[EMI][FSA]™ and a molecular liquid (acetonitrile or methanol) have been
investigated using high-pressure infrared spectroscopy by Umebayashi
et al. [11]. Two different forms, i.e., isolated and associated structures of the
imidazolium C-H, were proposed on the basis of responses to changes in pressure
and concentration in order to gain an insight of isolated and associated structure.
The associated configuration is favored with increasing pressure by debiting the
isolated form for [EMIM][FSA] /CD3;CN mixtures. The increase in the alkyl chain
length may not significantly perturb the isolated-associated structural equilibrium
in CD;CN mixtures. In O-H. . .O hydrogen-bonding, methanol molecules can act as
both proton donors and acceptors and aggregate with themselves. In the [EMIM]
[TFSA]/CD5;0OD and [BMIM][TFSA]/CD;0D mixtures, CD;0D molecules may
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Fig. 4 Peak areas of OH vibrational peaks of water molecule in the [BMIM][BF,] + H,O
mixtures by Gaussian fitting with increasing water concentration. (a) Open squares and open
circles represent the area of the icelike and liquidlike OH stretch mode peaks, respectively.
(b) Open triangles and open stars represent the area of the symmetric and antisymmetric stretch
mode of weakly bonded OH peak. (c) Ratios of the peak areas of the icelike and liquidlike peaks.
Filled circles represent the raw data, and open squares represent the ratios after the correction.
Solid lines are guides to the eye, and dashed lines indicate the concentration where the slope
changes discontinuously [10]

prefer to aggregate with themselves by hydrogen-bonding, and TFSA- interacts
with the cations to form associated configurations. As an [EMIM][FSA]/CD;CN
mixture was compressed, the increase in the isolated C—H band intensity was
observed and some associated species are switched to the isolated form. A cluster-
ing of the alkyl groups at high concentration and the formation of a certain water
structure around alkyl C—H groups in the water-rich region was found by high-
pressure infrared spectroscopy during the study of hydrogen-bonding structures of
1-butyl-3-methylimidazolium halides/D,O mixtures [12]. Water can be added to
change the structural organization of 1-butyl-3-methylimidazolium chloride in the
ionic liquid-rich composition region by introducing water-imidazolium C-H
interactions. The presence of water significantly perturbs the ionic liquid—ionic
liquid associations in the polar region. The hydrogen-bonding patterns in diluted
aqueous ionic liquid solution are mainly determined by imidazolium cation—water
cluster interactions instead of the relative hydrogen-bonding acceptor strength of
Br and CI™ [13]. Both methyl C-H and imidazolium C-H groups are favorable
sites for C-H...O hydrogen-bonding in a dilute dimethylimidazolium methyl
sulfate/D,O mixture, which, due to the hydrogen bond energy, is the Columbic
interaction between the positive and negative partial charges on the hydrogen atom
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Fig. 5 (a) Deconvoluted infrared spectrum of the CH stretching region of neat [C,MIM][NTY,] at
273 K; the network structure as well as ionic pairs conformations were assigned. (b) Structure (net,
dashed lines) decrease with increasing temperature, whereas those attributed to ion pairs (ip, solid
lines) continuously increase [16]

and the acceptor atom. Hydrogen bond interactions like C-H...F were observed
between [PFg]”™ and H atoms on the alkyl side chains and imidazolium ring for
1-butyl-3-methylimidazolium hexafluorophosphate. Two types of O-H species, i.e.,
free O-H and bonded O-H. non-negligible roles of weak hydrogen bonds in the
structure of ionic liquids, were reported by using high-pressure infrared measurements
to observe the microscopic structures of [EMIM][(CF;SO,),N], [EMIM][TFSA],
[EMIM][(FSO,),N], and [EMIM][FSA] [14]. Umebayashi et al. studied the aggrega-
tion behaviors and hydrogen-bond network in [BMIM][BF,]/water or methanol
mixtures by high-pressure IR spectroscopy.

Temperature-dependent IR spectra as a useful tool can be used to explore the
H-bond in ILs because the H-bond between molecules depends on the temperature.
Yokozeki et al. applied temperature-dependent IR spectra to study the C—H stretching
modes of the imidazolium ring in [BMIM][PF], [BMIM][T{,N], [EMIM][T{,N],
[HMIM][Tf,N], and [BMIM][BF,] [15]. Koddermann et al. reported that ion-pair
formation already occurs in the neat IL and increases with temperature. Ion pairs
H-bonded via C2-H are strongly favored over those H-bonded via C4,5-H; in Fig. 5
the two lower frequency were assigned to the C2—-H with a stronger positive charge
leading to the H-bonding via C2-H, and this finding was in agreement with DFT (gas
phase) calculations, which show a preference for ion pairs H-bonded via C2-H as a
result of the acidic C2-H bond [16].

1.1.3 The Interaction Between ILs and Water by Two-Dimensional
IR Spectroscopy

Two-dimensional infrared (2D IR) spectroscopy is a novel analytical technique
based on time-resolved detection of IR signals to study molecular interactions. In
2D IR, a spectrum is obtained as a function of two independent wavenumbers.
Introduction of the second spectral dimension provides a new opportunity for
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analyzing vibrational spectra. Some notable features of the two-dimensional
approach are the simplification of complex spectra consisting of many overlapped
peaks, enhancement of spectral resolution by spreading peaks over the second
dimension, and identification of various inter- and intramolecular interactions
through selective correlation of IR peaks.

Two-dimensional correlation analysis infrared spectroscopy was first proposed
by Dr. Noda as it can distinguish the overlapped bands, and can provide information
when there is an outside perturbation. Lendl et al. applied 2D IR spectroscopy to
study the state of water and methanol molecule in three different imidazolium-
based ILs. It was found that the methyl alcohol was in favor of forming dimer when
the concentration of methyl alcohol was above 0.8 wt%.

In Li’s group, two-dimensional vibrational spectroscopy was applied to investi-
gate the dilution process of [EMIM][BF,] in water. With increasing water content
in ionic liquid (IL)/water mixtures, the C—H stretching vibration of the imidazolium
cation showed systematic blue-shifts, which reflect the weakening of the cohesion
between the cation and anion of ILs. The three-dimensional network structure of
pure ILs was gradually broken down into ionic clusters, then the clusters were
further dissociated into ionic pairs surrounded by water molecules, and finally the
latter became the dominant form in bulk water [17].

1.1.4 The Hydrogen Bond in ILs/Water by Near IR Spectroscopy

Wu et al. used the near-infrared (NIR) technique and two-dimensional
(2D) correlation spectra for [AMIM]CI/H,O to explore the effect of ethanol on
the structural organization of aqueous solution of [BMIM][BF,] and [AMIM]
CI [18]. It was deduced that ethanol molecules prefer to compete with water by
interacting with imidazolium C2-H rather than C4,5-H groups, accompanied by the
formation of C2-H...O interactions with ethanol molecules, while ethanol
molecules do not interact specially with any imidazolium C-H groups for
[BMIM][BF,]. For both ILs, ethanol molecules were capable of changing the
interaction between cations and water and between anions and water by introduc-
tion of C-H. . .O interactions with cations.

1.1.5 The Microstructure of ILs by Far IR Spectroscopy

So far there is no direct evidence for cation—anion interaction in ionic liquids. FTIR
and Raman studies on ionic liquids have focused on the mid-infrared range and on
the investigations of intermolecular stretching and bending modes. H bonds intro-
duce “defects” into the Coulomb network of ILs and increase the dynamics of the
cations and anions, resulting in decreased melting points and reduced viscosities.
Far IR spectroscopy could provide the information to explore the interaction
between anion and cations, and hydrogen bonds in the low-frequency vibrational
spectra of a range between 30 and 300 cm~'. Fumino et al. presented FTIR
measurements of imidazolium-based ionic liquids [EMIM][SCN], [C,mim]
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Fig. 6 Measured low-frequency vibrational FTIR spectrum of dimethylammonium nitrate
(DMAN) at 353 K compared to the vibrational modes of the corresponding PIL clusters
[(DMA)(NO3)]x with x = 1, 2, 3, 4, and 6 calculated by DFT at the B3BLYP/6-31 + G* level of
theory. The major vibrational bands are in agreement with the calculated frequencies, which are
corrected for the harmonic approximation

[N(CN),], [Comim][EtSO,4], and [Comim][NTH;] in the far infrared spectral region
to study the cohesion energies between cations and anions in imidazolium-based
ionic liquids [19]. It was found that the intermolecular stretching modes were shifted
to higher wavenumbers with increasing ionic strength of the used anion and can be
correlated to the calculated average binding energies of the ionic liquid. They also
measured both the mid- and far-FTIR spectra of imidazolium-based ILs as a function
of temperature in order to determine whether the spectra are significantly affected by
suppression of the C(2)-H...A-H bond upon methylation. Ludwing et al. [20]
presented the first far-IR spectra of the PILs EAN, PAN, and DMAN. Intermolecular
bending and stretching modes of the hydrogen bonds + NH...O- are shown in
Fig. 6. Only water exhibits a tetrahedral H-bond network. For EAN such a network
is impossible, owing to the different structures and donor acceptor abilities of the
ions [21]. Strong C2—H-anion interactions in [EMIM][NTY,] in the far-FTIR spectra
were studied by Koddermann et al. by substituting the C2—-H hydrogen in [EMIM]
[NTf;] by the methyl group in [EMMIM][NT?,].

1.2 Raman Spectroscopy

In Raman spectroscopy, molecular energy levels are explored by examining the
frequencies present in the radiation scattered by molecules. Raman spectroscopy is
often complementary to infrared spectroscopy because, as we shall see, different
selection rules are obeyed. And there are many advantages of Raman spectroscopy,
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such as that Raman spectroscopy provides vibrational Raman spectra that are often
called “molecular fingerprints,” which can show the structure and dynamics of
molecules (ions), and the versatility of Raman spectroscopy enables us to measure
Raman spectra and hence to study molecules comparatively in different phases or
states.

1.2.1 The Conformation of Cations and Anions
by Raman Spectroscopy

Over the large range of possible cation and anion variations in ILs, the
imidazolium-based ILs are the most studied today both experimentally and com-
putationally. Columbic, 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.

Katayanagi et al. [22] reported that the Raman spectrum of liquid [BMIM]I tied
in with those of [BMIM]CI which has two crystal forms, monoclinic crystal and
orthorhombic crystal and [BMIM]Br in the molten phase and in crystals.
The Raman spectrum shows that the trans and gauche conformations also coexist
in [BMIM]I liquid, and contribution of the frans conformation is found to be higher
in [BMIM]I liquid than in molten [BMIM]ClI and [BMIM]Br. The specific
conformers, the two most stable [BMIM] conformers, GA, AA, according to the
ab initio calculations of [BMIM][BF,], have been studied by IR and Raman
spectroscopy, with ab initio calculation [23] indicating the existence of unique
[BMIM]* conformers. The IL is considered to be a mix of cation conformers as well
as a mix of ion pairs. From the results, we know Raman spectroscopy can be
extremely useful for identification of different [BMIM] + conformers. Berg
et al. [24] also used the Raman bands to characterize the conformers of the
1-hexyl-3-methylimidazolium cation. The vibrational analysis of the binary system
reveals that neither the changes in hydrogen-bonding to the ring hydrogen atoms
nor the change in the Columbic environment has any detectable effect upon the
essentially 50:50 distribution of the two conformers. Meanwhile, a conformational
equilibrium was reported to be established between the C1 and C2 conformers of
[TFSI]™ in the liquid [EMI][FTSI], and the C2 conformer is more favorable than the
C1 one [25]. Jeon et al. [26] explored the structures of [BMIM]I and [BMIM][BF,]
and their aqueous mixtures were investigated by using ATR IR and Raman spec-
troscopy with the finding that I™ is expected to be closer to the C2 hydrogen of the
imidazolium cation and to interact more specifically as compared to BF,~. Raman
spectra around 600 cm ™!, indicative of the butyl chain conformation, changed
differently as the water concentration was increased between [BMIM]I and
[BMIM][BF,], the former being linked to the trans conformation while the latter
belonged to the cis form conformation, as shown in Figs. 7 and 8.
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Fig. 7 Normalized Raman spectra between 540 and 700 cm™' with varying water content:

(a) [BMIM][BF,] + water mixture and (b) [BMIM]I + water mixture [26]

[BMIM][BF] (BMIM][1]

Fig. 8 Proposed anion positions of (a) [BF4]~ around [BMIM]* and (b) I~ around [BMIM]*

1.2.2 Study of the Interaction Between ILs and Water
by Raman Spectroscopy

As we know, regarding the presence of water, the IL’s structural organization
ability depends on the anion-cation interaction strengths.

Sasa et al. [27] explored the molecular structure and arrangement of
1-butylnitrile-3-methylimidazolium halide, in the presence and absence of the
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intruded water molecule, by single crystal X-ray crystallography and near-infrared
Raman spectroscopy. Water molecules are found to change the conformation of the
n-butylnitrile chain of the cation, and the hydrogen-bonding interaction between the
anion and water molecule, leading to loose molecular packing, is most likely to be
responsible for the change. Among the three C-H...Cl hydrogen bonds, the
strongest one is found between C2—H and the chloride anion. The water molecule
changes the position of the chloride anion and takes it away from the imidazolium
ring, and that may be one possible reason why hydrogen-bonding involving C4-H,
C5-H, and the chloride anion are absent in the system.

FT IR and Raman spectroscopies have been used to investigate the role played
by water on the structural organization of 1-butyl-3-methyl-imidazolium
tetrafluoroborate and H,O mixtures by Fazio et al. [28]. It was found that the
water clusters favor the organization of IL in the polar network, where they are
embedded, and the aggregation of hydrophobic alkyl tails in a micelle like struc-
ture. The organization starts to weaken owing to the gradual breakup of the ion-pair
interactions when mixtures with the water molar fraction exceeding 0.7.

1.2.3 The Microstructure of the Metal-Containing ILs

Sitze et al. [29] reported that both Raman scattering and ab initio calculations
indicated that [FeCl,]*~ were the predominant iron-containing species in the ionic
liquids from a mole ratio of 1 FeCl,/3 [BMIM]Cl to 1 FeCl,/1 [BMIM]CI. Anionic
species formed in the mixture of 1-n-butyl-3-methylimidazolium chloride ((BMIM]
Cl) with different amounts of niobium pentachloride (NbCls) or zinc dichloride
(ZnCl,) were investigated by Raman spectroscopy, suggesting that the formation of
larger anions causes a shift of the C—H stretching modes to higher wavenumbers as
the result of a decrease in the hydrogen bond between Cl™ and the hydrogen from
the cation [30]. The exchange of C1™ by larger anions such as [NbCl¢] [ZnCl4]27,
[ZnClg]*~, etc., causes a decrease in the H-CI hydrogen-bonding, resulting in a
shift of the C—H stretching modes to higher values. A preliminary Raman investi-
gation of the ionic liquid N-methyl-N-propylpyrrolidinium bis(trifluoromethane-
sulfonyl)imide ([PYR;5][TFSI]) and its 2/1 complex with the lithium salt LiN
(SO,CF3), is reported by Castriota et al. [31]. The interaction between the
[TFSI]™ anion and [PYR5]" and Li* cations suggests that the anion has only a
very weak interaction with the organic, sterically shielded cations, but strong
coordination to the Li* cations.
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2 Microstructure of ILs Investigated by Magnetic
Resonance Spectra

We can expect that the application of a magnetic field should affect atoms and
molecules. One of the most widely used spectroscopic procedures in chemistry
makes use of the classical concept of resonance, and the resonance frequency of a
magnetic nucleus is affected by its electronic environment. The magnetic resonance
experiment is the resonant absorption of radiation by nuclei or unpaired electrons
exposed to a magnetic field. The effect of magnetic fields in electrons and nuclei
produce the nuclear magnetic resonance (NMR) and electron spin resonance (ESR)
spectroscopy, respectively.

2.1 Nuclear Magnetic Resonance Spectroscopy (NMR)

Nuclear magnetic resonance is the study of the properties of molecules containing
magnetic nuclei by applying a magnetic field and observing the frequency of the
resonant electromagnetic field.

2.1.1 Study of the Microstructure of ILs by Chemical Shift Change
in NMR Spectra

It is conventional to express resonance frequencies in terms of an empirical quantity
called the chemical shift, which is related to the difference between the resonance
frequency of the nucleus in question and that of a reference standard. The most
widely used methods for probing H-bonding are IR and NMR spectroscopic
techniques, in which the C2-H stretching frequencies and chemical shifts of this
H-bonding are examined.

The microscopic structure of the aggregates has not been well defined. Consid-
ering the fact that NMR is a very sensitive technique for the study of the aggrega-
tion behavior of classical surfactants, the structure of ILs can be studied by NMR.

NMR spectra show all the peaks affected by the interaction between the protons
of the imidazolium cation and those of the anion. As reported, the imidazolium ring
is surrounded by three tetraphenylborate anions that are connected to the same
cation by C—H-= (phenyl rings) interactions [32]. Katsyuba et al. used DFT methods
in combination with NMR spectroscopy to investigate possible variants of the
molecular structure of the ion pairs of the ionic liquid [EMIM][BF,] in
dichloromethane [33]. They found an equilibrium between ca. 70 % and 80 % of
structures with the anion positioned near the C2 atom of the imidazolium ring and
ca. 20-30 % of structures with the anion close to the C5 and/or C4 atoms. Both
computations and experimental NMR data suggest that the ratio of the two above-
mentioned types of structures of the imidazolium-based ILs is influenced by the
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concentration/polarity of their dichloromethane solutions. Besides the H-bond,
aggregation of ILs can also be investigated by NMR. It was suggested that the
self-association of EmimBF, and N4NOj plays the leading role, and water prefers
to interact with IL rather than self-association in IL-rich regions [34]. Remsing
et al. [35] studied the self aggregation of the ILs, [C4mim]Cl, [Cgmim]Cl, [C4ymim]
[BF,], [Csmim]Cl, in aqueous solution through '"H NMR and steady-state fluores-
cence spectroscopy, suggesting aggregation induced conformational changes in
different ILs are shown to depend on the aromatic ring, alkyl chain, counterions,
and their interactions with water. Critical aggregation concentration of different ILs
determined by using various techniques is in fairly good agreement. What’s more,
the imidazolium rings in the aggregates were exposed to water and the molecular
motion of the aggregates is more restricted than that of the monomers of the ILs.
Furthermore, a stair-like microscopic aggregation structure is suggested for the
[C,mim]Br/D,O (n = 6, 8, 10) systems from 2D '"H-'"H NOESY measurements.
The aggregation number of the ILs was found to increase with increasing length of
the alkyl chain. The microscopic structure m—mr stacking interactions between the
imidazolium rings of cations, H-bonding interactions between cations of the ILs
and Br~, and those between water and Br~ were considered [36].

2.1.2 Microstructure of ILs by Relaxation Time Change
and Self-Diffusion Coefficient

Huang et al. explored the [EMIM][BF,] by NMR techniques, and the diffusion
coefficients measured at temperatures ranging from 300 to 360 K indicate that
phase change occurred in the vicinity of 333 K [37]. It was found that the phase
change was ascribed to the transformation of the diffusion particle from “discrete
ion-pair” to “individual ion” at temperatures above 335 K, due to the decomposition
of the [EMIM]"—[BF,]™ ion pair. The analysis of the e dipole—dipole relaxation
rates identifies the formation of the hydrogen bond C2-H...F between the
counterions, [EMIM]" and [BF,]”. Judeinstein et al. proposed that PFG NMR
yield the self-diffusion coefficients of the proton-conducting ionic liquid
components, while, on the other hand, 13C, 'H, and 15N, 'H correlation and intermo-
lecular Overhauser experiments gave insight into the nature of protonic species and
ion-pairing behavior [38]. The self-diffusion properties of the butyl-methyl-
imidazolium bis(trifluoromethylsulfonyl)imide ([BMIM][TESI]) + water system
were studied by Rollet et al. using pulsed field gradient NMR [39]. Miscibility of
water is not complete at the microscale and the [BMIM][TFSI] + water system
shows a partial segregation between [BMIM][TFSI] + some water molecules
phase and water + some [BMIM][TFSI] ions phase. Menjoge et al. found an
increase in the ion diffusivities with increasing water concentration, and decrease
in the difference between the diffusion coefficient of the cation and that of the anion
as water concentration increases during the investigation of anions, cations, and
water in two 1-ethyl-3-methyllimidazolium-based ionic liquids by novel pulsed field
gradient NMR option [40].
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2.1.3 The Microstructure of ILs by 2D NOESY Spectra

The nuclear Overhauser effect (NOE) is a powerful investigative tool, as it
originates from dipolar interaction between pairs of nuclei and thus provides
information on the molecular sites involved in the interaction.

Mele et al. successfully measured the cation and anion distances in neat liquid
[BMIM][BF,] and [BDMIM][BF,] by NMR spectroscopy, suggesting that the butyl
chain of [BMIM][BF,] and [BDMIM][BF,] might act on the polar imidazolium
ring, which would prevent the aggregation of ILs. However, there was no interac-
tion between the molecules in [BMIM][Tf,N] and [BDMIM][Tf,N] [41]. Mele
et al. applied the NOE effect of NMR to [BMIM][BF,] to study the effect of the
quantity of water on the structure of the IL. Along with the quantity of water
increasing, the intensity of the C2, 4, and the 5-H of the imidazolium ring was
reducing, while that of methyl and the butyl on the imidazolium ring was
strengthening, suggesting that the water molecule interacted with the C2, 4, the
5-H first, and then that would occur with the proton of methyl and the butyl on the
imidazolium ring as the concentration of water increased. The structure of ILs
would get looser when the water was added to the solution, as a result of the water
impairing the interaction between the anion and C—H of imidazolium. The cation
and anion would not be disassembled completely even if there existed little water or
polar solvent (for example DMSO), and we could study the O-H. . .F interaction
between the anion and cation directly by a different nucleus 'H{'’F}NOE effect, as
well as the O-H...F interaction between the water and anion [42]. Santini and
Padua et al. studied the interaction between [BDMIM][Tf,N], [BMIM][Tf,N], and
toluene in different concentrations by IDNMR and ROESY. It was found that the
hydrogen bond forming between C2—-H of [BMIM][Tf,N] and toluene, causing the
bonding energy between toluene and [BMIM][Tf,N], would be bigger than that in
[BDMIM][T£,N] solution [43].

The ionic pairs and the micelles could be investigated by the two-dimensional
NMR. Dupont et al. reported the chemical shift of hydrogen atoms that moved in
high field migration in the [BMIM][BPh4] and chloroform-d solution. In addition,
"H NOESY spectra presented the cross peak, suggesting that the [BMIM][BPhy]
turns to ([BMIM][BPhy])n in the form of ionic aggregation by weak C-H...n
interaction in chloroform-d, but an isolated ion pair was found in [D6]DMSO [32].

2.2 Electron Spin Resonance Spectroscopy (ESR)

Electron spin resonance is the study of molecules and ions containing unpaired
electrons by observing the magnetic fields at which they come into resonance with
monochromatic radiation, usually using TEMPO, TEMPOL, and CAT-1 as the free
probe molecule. ESR spectroscopy is less widely applicable than NMR because it
cannot be detected in normal, spin-paired molecules and the sample must possess
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unpaired electron spins. It is used to study radicals formed during chemical
reactions or by radiation, radicals that act as probes of biological structure, many
d-metal complexes, and molecules in triplet states. Herrmann et al. reported that the
above three kinds of free radical probe molecules had different correlation times in
the ESR spectra of ILs, indicating that the IL. may have a fluctuating character, with
the borderline case of a microphase separation (in the ionic liquid, to have one kind
of specific change structure is a phenomenon which will make it separable). This
suspicion of specific structure change in ILs was also supported by the magnetic lag
phenomenon of the probe effected by the different lengths of alkyl chain and anions
[44]. It was found that specific interactions in the ionic liquids, as well as between
the spin-probe molecules and the constituents of the ionic liquids, are reflected in
the spectra of the spin probes, depending on their molecular structure.

ESR was also used to study the interaction between the ILs and SO,. The
rotational active energy of the TEMPO probe decreased greatly in the SO, saturated
ionic liquid, as a result of the SO, shielding the electrostatic force between the
anion and cation [45].

3 Microstructure of ILs Investigated by Electronic
Transitions—Ultraviolet and Visible Spectroscopy

Ultraviolet/visible spectroscopy can be used to investigate the properties and
structures of the ILs, where organic anions and cations exist, such as the
imidazolium, which have an absorptive band in the UV/visible spectrum. Gilbert
et al. measured the range of the acidity of the non-chlorine aluminic acid ionic
liquid by UV/visible spectroscopy, using 4-nitrophenylamine as the indicator. It
was reported that in non-chloroaluminate ionic liquids based on the [Tf,N]~ and
[BF4]™ anions, to which an acid has been added, it is possible to reach acidity levels
ranging from —3.35 to —7.00, depending on the ionic liquid and the acid [46].
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