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In the third issue of the then new journal Green Chemistry (2001, 3, 156-164), we published our first paper
describing the physical properties of a few hydrophilic and hydrophobic ionic liquids (ILs) representing one
of the first such studies to be published. To help celebrate the 157 anniversary of the Journal, we revisit the
‘design’ aspect of ILs by reviewing the growing area of what most are calling ‘ionic liquid mixtures’. In 2001,
designing IL properties meant essentially independent variation or synthesis of the cations and anions and
determining what physical or chemical properties these liquid salts possessed. Recently, however, the
mixing of ILs has been proposed and investigated as a way to add increased scope to the accessible pro-
perties of IL media. In this review, we question whether the same thinking and approach used for organic
solvent mixtures should be applied to ILs simply because of the way they were made. Unlike organic solvent
mixtures, IL compositions of varied ions, do not retain their individual nature, need not be made by simple
mixing of two-ion salts, and preferential interactions of a given cation for a given anion are possible in these
3-ion, 4-ion, or higher order liquids. When two ILs are mixed together, one can't identify which ion is from
which IL, and the chemistry is simply not based on the identity of the individual ILs, but on the ions compris-
ing them and the interactions of each individual ion, independently of the counterion. Thus, we ask if it
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would not be better to consider these as unique ion combinations whose solvent properties are derived
from the specific choice and abundance of each ion in the system. Through this review of the available
literature, we support the concept of Double Salt lonic Liquids (DSILs) and discuss the interactions involved
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1. Introduction

During the 15 years of existence of the journal Green Chemistry,
the number of communications, patents, and publications
reporting on ionic liquids (ILs) in different areas of chemistry
increased considerably."” These salts with low (typically less
than 100 °C) or no melting points attracted a lot of attention
from the Green Chemistry community as a result of some
unique properties (observed in some examples) often unavail-
able with traditional solvents, including negligible vapor
pressure, high chemical and electrochemical stabilities, etc.>
However, at the beginning of the 2000s, any ‘eco-friendly’
nature of ILs was still questioned, primarily because there
simply was little to no data concerning the physical, chemical,
and toxicological properties of any ILs (much less ILs ‘in
general’) and thus it was not evident to the chemical commu-
nity that ILs would be consistent with the twelve principles of
Green Chemistry.”

It was in this context that in 2001 we published our first
paper relating the characterization and comparison of a few
hydrophilic and hydrophobic ILs,® providing a benchmark and
sometimes target for the many scientists and engineers enter-
ing the IL field wishing to study and understand IL properties.
Fifteen years later, numerous ‘green’ uses and applications of
ILs have been proposed or demonstrated, but the knowledge
needed to understand and predict the properties of ILs still
requires a lot of study.”'°

Given our inability to predict which cation/anion combi-
nations would lead to IL behavior or to predict what the result-
ing physical properties of these simple salts would be, the vast
majority of publications discussing ILs have been simple one
cation, one anion salts (in this review abbreviated as two-ion
ILs). This is in spite of Seddon’s oft quoted claim that there
could be 10"® or more ILs if one considers binary, ternary, and
higher order mixtures.'"'* It is telling to note that the early IL
community understood such binary, ternary, etc. mixtures to
be unique ILs, not simple mixtures of two or more two-ion ILs
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which would have been analogous to mixtures of organic
solvents.'*!*

It is in this context that IL-IL mixtures, initially based on
the combination of several ILs, have recently received particu-
lar attention.”'® Interestingly, in following almost the same
path as the original studies of ILs, the primary focus on the
study of mixtures of ILs has been on the resulting physical pro-
perties. In 2012, Welton’s group reviewed the literature
reported in this area and discussed the ideality and non-ideal-
ity of IL-IL mixtures, focusing on property changes and new
opportunities for their applications.'® The physical properties
such as density and viscosity were found to follow their corres-
ponding mixing laws, respectively linear mixing of molar
volumes and linear mixing on the logarithmic scale, while pro-
perties dependent upon specific chemical associations, such
as phase transitions were not as easy to predict, and often
non-ideal.’® Additional studies have since been published,
however, despite instances of non-ideal behavior, these are
still viewed as simple mixtures of two compounds."’

When ILs are mixed together, the ‘solutions’ obtained are
quite different from mixtures of molecular solvents. A mixture
refers to the physical combination of two or more substances
in which the identities of the individual components are retained.
Take an ethanol-water mixture for example. Ethanol’s pro-
perties are considered to be derived from the structure of the
ethanol molecule. A chemist would consider the properties of
an ethanol-water mixture from the standpoint of how ethanol,
because of its molecular structure, should interact with a water
molecule.

By definition, an ionic liquid is a salt, which is defined as
both its cation and its anion, as neither one can be isolated
without the other. A chemist would not consider 1-butyl-3-
methylimidazolium chloride, [C,C;im]Cl, to be the same com-
pound as 1-butyl-3-methylimidazolium bis((trifluoromethane)-
sulfonyl)imide, [C,C,im][NTf,], since changing one of the ions
changes the compound. When these two ILs are mixed
together, the ionic associations found in the individual ILs are
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Scheme 1 One-pot synthesis of (a) [C,C1im][4-NO,-trilg 64[4,5-diNO,-imlg 36 and (b) [C1C1imlg 25[C2C1imlo 5[CCaimlg 25[OAC].Y®

lost and one can’t identify which ion is from which ionic
liquid or the unique interactions of the individual ILs. Indeed,
if instead of two ILs with a common ion, two ILs with different
monovalent ions (e.g., [A][B] and [C][D]) are mixed, the result-
ing mixture could be considered a combination of four
different salts, namely [A][B], [C][D], [A][D], and [B][C]. With
such complex mixtures, one might be tempted to try and
predict the properties of the resulting solutions based upon all
possible two-ion ILs that might form, but on what basis would
this approach be founded?

Situations also exist when solutions of multiple ions are not
prepared by simply mixing different salts, but rather are the
product of chemical reactions. For example, in the reaction
depicted in Scheme 1a, [C;C;im][4-NO,-tri]y ¢4[4,5-diNO,-
im]o.3¢ was synthesized independently via a one-pot reaction,
although it could also be prepared as a mixture of two salts."®
Similarly, the statistical mixture of symmetric and asymmetric
dialkylimidazolium acetates depicted in Scheme 1b" and the
chloride analog were also prepared using a one-pot synthetic
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process with appropriate starting materials in the desired
ratios.””

The chemistry is simply not based on the identity of the
individual ILs, but on the ions comprising them and the inter-
actions of each individual ion which take place independently
of the original counterion. However, and this is confusing at
times, some of the physical properties obtained by mixing two
ILs (especially when they are liquid at room temperature) can
be predicted from the properties of the two ILs mixed. This
does not change the fact that the overall properties of this
‘mixture’ are derived from the individual ions, not necessarily
derived from the one possible ion pair which was used to
prepare the ‘solution’. For example, Pereiro et al.>' demon-
strated that by mixing either of the ILs 1-ethyl-3-methyl-
imidazolium ethylsulfate, [C,C;im][EtSO,], or 1-ethyl-3-
methylimidazolium acetate, [C,C;im][OAc], with the inorganic
salt ammonium thiocyanate, [NH,]|[SCN], new liquids com-
prised of multiple ions, with higher ionicity could be formed.
In predicting the properties of these mixtures should one then
compare the density and viscosity of crystalline higher melting
[NH,][SCN] with those of room temperature liquids [C,C;im]-
[EtSO,] or [C,C;im][OAc] or would one simply declare this
particular mixture of ions a solution and decide another
methodology was needed?

There is a well-known concept which classifies ionic com-
pounds comprised of more than two types of ions as double
salts, and these are known to possibly exhibit unexpected
associations that yield non-ideal properties.”” Double salts are
thus defined as salts containing more than one cation or
anion and presenting different physicochemical properties
than of its component single salts.>> When the ions compos-
ing a double salt crystallize together the resulting double salt
is considered one pure substance, rather than two separate
salts,>* even though these can be melted and the ion combi-
nations separated into simpler salts. Additionally, many pro-
perties of double salts, such as solubility, are dependent on
the unique chemical associations between the ions, and alter-
ing the ionic ratios can induce different chemical interactions
leading to new properties.*

By analogy, we suggest pure liquid ionic compositions con-
taining more than one cation or anion, should be viewed as
‘Double Salt Ionic Liquids’ (DSILs) rather than as simple mix-
tures of ILs or solutions of a salt in an IL. For the purposes of
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this review we will thus define DSILs as salts composed of
more than two types of ions, liquid at low temperature
(<373 K); where each unique combination of ion types and
ion ratios constitutes a unique DSIL leading to properties
specific to that combination. We consider this conceptual
approach as essential to providing the framework needed to
change the emphasis from what the ion properties and inter-
actions are in two-ion ILs, to the properties unique to the pres-
ence of several ions, and thus allow a fuller study and
understanding of the new ionic associations in DSILs. Such
DSILs are composed of several ions and can show unique
melting points and glass transition temperatures, often
forming eutectic regions, disruptions in glass transitions, or
even acting as a single set of ions.>®*” For example, the DSIL
prepared by the equimolar mixing of N-propyl-N-methylpyrroli-
dinium  bis(trifluoromethylsulfonyl)imide  ([C3C;pyr|[NTf,])
with N-butyl-N-methylpyrrolidinium bis(trifluoromethylsulfo-
nyl)imide ([C4C,pyr|[NTf,]) exhibited only a single melting
transition (T, = —42 °C) as was also found for the two IL
parents albeit at higher temperatures (10 °C for [C3;C;pyr]-
[NTf,] and -7 °C for [C,4C,pyr][NTf,]).>” Other papers (dis-
cussed herein) have reported unique ionic interactions occur-
ring in DSILs with ions, solutes, or solvents.'>'®?® These
studies indicate that some DSILs often exhibit properties not
readily apparent from those of the IL parents and we will
address these further in the discussion below.

As initially highlighted in this introduction due to their
ionic composition, two-ion ILs are already considered as
unconventional solvents (compared to molecular solvents),"*>°
but when several different ions are introduced in different
ratios all such interactions could be changed. Thus, in this
review, we will look at examples from the literature and the
reported physicochemical properties in light of the DSIL
concept and see how this insight might be used to design new
low temperature liquid salts composed of several ions. (Note:
we have not considered in this review ILs based on chloro-
aluminate anions which are known to react and enter into
complex equilibria forming new types of ions as a function of
composition.*?)

Table 1 Proposed nomenclature for DSILs

View Article Online
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We must also call attention to issues with nomenclature
which currently emphasize the two-ion ILs from which the
multi-ion combinations are made rather than the resulting
unique DSIL.'® As a combination of ions, DSILs can be com-
posed of one cation with several anions, one anion with
several cations, or even several cations and anions. By conven-
tion, we have decided to group cations together and anions
together, and to order them in ascending order of the ions’
charge and molecular weights. Since all the systems studied to
date and reviewed here contain singly charged cations and
anions, the majority of the abbreviations suggested in Table 1
represent these DSILs. Here, we have fixed the total cation and
anion charge to be +1 and —1 which will facilitate the study of
the entire range of possible compositions; however, we do
understand that representing only one example from each
system might better be represented with integers (e.g:,
[C1]o.5[C2]0.5[A1]o.5[A2]o.5 could easily be represented as [C1]-
[C2][A1][A2]). When higher charged ions are present, the lower
charge should take priority followed by the molecular weight
(see Table 1 for an example of ascending charges and ascend-
ing molecular weights). For ready comparison with the
systems with monovalent anions, we also suggest that the total
cation and anion charges in these formulas be fixed to +1 and
—1. This systematic nomenclature allows the consistent rep-
resentation of any DSIL based on composition in terms of the
ions and their abundance.

In this review, we will first discuss the physical properties of
DSILs in order to determine the most important ionic inter-
actions in these salts. We then explore the reported thermal
and enthalpic properties and discuss the importance of DSIL
solvent properties useful for new applications. Throughout the
review, we discuss the relationship of the reported data to the
concept of double salt ionic liquids and how the unique inter-
actions involved in these systems might be responsible for
specific properties. We hope that by understanding such
complex interactions and noting where our understanding is
limited and new data is needed, that DSILs might help the
field of ionic liquids live up to its reputation as producing
designer solvents and materials.

Number Monovalent ion
of ions composition Abbreviation®? Name Example
2 1 Cation, 1 Anion [C][A] Ionic liquid (IL) or “Two-ion IL”¢ [C,C1im][OAC]
3 1 Cation, 2 Anions [ClA1],[A2] 1y Double Salt Ionic Liquid (DSIL) [C2C1im][N(CN),J«[BF4]1—x)
2 Cations, 1 Anion [C1]{C2]n—n[A] [C2C4im],{C3C1pyr]1—x[NTH]
4 2 Cations, 2 Anions [C1][C2]1-x[A1],[A2](1—y) [C2C1im],[C4Coim] ;[ EtSO4 [, [NTH,] 1 )
4 1 Cation, 3 Anions [C1][A1],[A2],[A3](1—x—y) [C4C4im][C1],[Br],[MeSO4](1—x—y)
4 3 Cations, 1 Anion [C1]{C2],[C3]1—x—y)[A] [C1C1im],{C,C1im],[C,Crim](1_x—y)[OAC]
DSILs containing multivalent ions
4 2 Cations, 2 Anions [C17]:[C27]un[A17],[A27],  DSIL [C4C1im]y 5[C6C1im]o5[Cl]o.6[SO4J0.2"

[C2C1im]o.z[CO(H20)]0.4[C1]0.8[SO4]0.1d

“ Increasing molar mass of ions in the following order: [C1] < [C2] < ... and [A1] < [A2] < ... ® x and y represent the mole ratio of the corresponding
ion in the DSIL. “To avoid any confusion, the term “two-ion ILs” will be used throughout this review to define ILs that are not DSILs. ¢ These
salts have not yet been reported and are only used here as nomenclature examples. Note that the total cation charge has been constrained to be
+1 for comparison with the majority of DSIL examples with monovalent ions.
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2. Physical properties of DSILs

Of the 102 different DSIL systems reported to date, the most
common IL ion combinations are based on three ions with
42% comprising a unique cation and 42% comprising a
unique anion (Fig. 1a). DSILs composed of four or more ions
represent only 16% of the studied DSILs. It is important to
note that in these early studies, relatively commonly used,
singly charged IL ions were studied. For example, about 55%
of the cations studied were imidazolium derivatives and the
most reported anions were [NTf,]” (60%), [BF4]™ (21%), [PFe]™
(16%), and halides (8%). The most studied properties (Fig. 1b)
included viscosity, density, and molar excess volume (about
one study in three), followed by simulations and modeling
studies and enthalpy and conductivity measurements. It is
clear now, as it was in 2001, that physical properties have been
the subject of most interest.® While we do hope that systematic
characterization of the physicochemical properties of DSILs
will continue, since this should lead to an ability to ultimately
model and predict which ion combinations will provide which
properties, we will show through this review that the unique
chemical and solvent properties of DSILs could lead to the devel-
opment of new applications.

Interestingly, the water content in the publications noted
above was indicated in less than half of the reported studies
(ca. 45%), and the purity (e.g., residual halide ions, organic
solvent traces, etc.) of the ILs used for preparing DSILs is
almost never indicated, sometimes leading us to question the
reliability of the data. The importance of water content and
other impurities cannot be understated, especially since impu-
rities have considerable effect on an IL’s physical properties
(e.g., viscosity, conductivity, and diffusivity) has been a key con-
sideration in the field for over 15 years.*"** For example, the
role of water in hydrogen bonding and solvating IL ions has
been known for some time,** and water can certainly affect the
reactivity of some solutes dissolved in ILs and modify the IL’s
solvent properties.>® Indeed our Green Chemistry physical pro-
perties paper compared and contrasted the properties of dried
vs. wet ILs.®> Some lessons, however, seem destined to be
relearned and such things as water content are not yet
sufficiently and rigorously reported in the studies of DSIL
physicochemical properties.

a)

More than 3 ions

i,

[ClIAT][A2]

%

Fig. 1
described).
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Below, we first review common physical properties of DSILs
such as viscosity, density, excess molar volume, and conduc-
tivity, reporting the water content when it was indicated. We
note in the tables where water content is not provided with
N/A and a footnote ‘data not provided’ suggesting some caution
in the use of this data. We compare the properties of these
systems as others have done by calculating the deviation from
the average obtained by molar abundance averaging (unless
otherwise indicated) of the same property measured for the IL
parents. When the data corresponding to the desired ratios
were not directly available in the literature, we estimated the
values from any provided data or plots.

2.1. Viscosity

Coulombic interactions are considered to be the major source
of attraction in ILs comprised of a single type of cation and
anion, depending on the ion charges, the interionic distances,
and the coordination number,® but van der Waals inter-
actions between alkyl chains, n-n stacking interactions, and
hydrogen bonding between polar groups are also present.*®?’
Based on Fourier Transform InfraRed (FTIR) spectroscopic
studies and some ab initio calculations, Fumino et al. showed
that strong and directional hydrogen bonds formed between
cations and anions can destroy the charge symmetry. Hydro-
gen bonds can introduce defects into the Coulombic network
of ILs that may increase the dynamics of the cations and
anions, resulting in reduced viscosities.***° Thus, they pro-
posed that the physical properties of some imidazolium-based
ILs can be tuned by adjusting the ratio between hydrogen
bonding energies and Coulombic interactions to lead to lower
viscosities. However, it is also important to emphasize that
hydrogen bonding is a weaker, albeit more directional,
electrostatic force than Coulombic interactions.*® Based on
standard ab initio molecular orbital theory calculations, Izgoro-
dina and MacFarlane estimated that the Coulombic attractions
dominate the energetics of imidazolium-based ion pairs and
contribute between 86 to 88% of the overall attractive energy.**

In the case of DSILs, hydrogen bonding seems to have a
negligible effect on the viscosity (see for example the use of
methylsulfate and ethylsulfate anions in Table 2, entries 2 and
3). Hydrogen bonding between the cation and anion that actu-
ally does affect the viscosity of two-ion ILs might become even

0% 10% 20% 30% 40%
Viscosity I
Density [N
Excess Volume NN
Simulation EEG—
Enthalpy
Conductivity _
NMR Studies I
Phase Transitions I

b)

(a) Distribution of DSIL types reported (% of systems studied) and (b) most studied DSIL topics (% of systems where the given property was

Green Chem., 2014, 16, 2051-2083 | 2055


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c3gc41389f

Open Access Article. Published on 21 January 2014. Downloaded on 12/5/2025 4:01:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Critical Review

View Article Online

Green Chemistry

Table 2 Deviation of viscosity from the mixing average of the two IL parents for reported DSILs

Deviation from the mixing average” H,O content Temperature

Entry DSIL (mPa s) (ppm) (K) Ref.
Three-ion DSILSs:

Deviations less than 5 mPa s”

Cation Anion 1 Anion 2 x=0.25 x=0.50 x=0.75
1 C,C,im] [N(CN), ], BF4](1-x) -1.3 -3.3 2.1 <100 298.15 17
2 C,C,im] [EtSO,], NTf,](1-) +2.9 +1.3 +3.7 <1000 298.15 46
3 C4Cim] [MeSO, ], BF4](1-) -3.4 -3.0 5.1 N/A® 298.15 47

Cation 1 Cation 2 Anion x=0.25 x=0.50 x=0.75
4 C,Cyim], CsCipyr]a—s [NTf,] -5.3 —4.5 -3.3 <10 293.15 26
5 C5Cypyrs CaCapyr]a—n [NTf,] -2.5 -1.0 -1.5 <10 293.15 26
6 C5Cypyrs CsCipyr]a—s [NTf,] 0 0 0 <50 303.15 48
7 C5Cypyr]x CoCapyrla— [NTf,] 0.0 -1.0 -2.0 <10 293.15 26

Deviations greater than 5 mPa s’

Cation Anion 1 Anion 2 x=0.25 x=0.50 x=0.75
8 C,Cyim] BF,Jx [PFe]i-x) -37.1 —33.1 —25.0 N/A® 298.15 47
9 C,4Cyim] BF,J, [PF6]1-x) +6.4 -12.8 -15.7 <50 298.15 49
10 CsCyim] BF,x [PFe)(1_ +10.4 -3.8 —12.4 <50 298.15 49
11 C5Cypyr] N(CN),], [NTE,](1—x) -2.3 -4.5 —12.4 <310 293.15 26
12 C,4Cypyr] NT£, ], [N(S:04CsF12)Ja—) ~ —37.5 —65.0 —57.5 <2 293.15 50
13 C4C1pyr] NTf, ], [N(S204C5F10)Ja—g)  N/A —22.0 NJ/AC <20 303.00 51
14 C,Cypyr] NT£, ], [N(SO2C5F5)s)1-x) N/A¢ +31.8 N/A <20 303.00 51
15 C,4Cpyr] N(SO,C,F5), ], [N(S:04CsF12)J1—)  N/A® —28.5 N/A® <20 303.00 51
16 Capy] BF,x [NTE,] ) -8.9 -13.6 -15.0 <10 303.15 52

Cation 1 Cation 2 Anion x=0.25 x=0.50 x=0.75
17 [CoCyim], [CeCrim]—y [BF,] —24.2 —27.5 —20.6 N/A® 298.15 47
18 [C4Cyim], [CeCaim]1—y [BF,] -14.5 -7.8 -2.1 N/A® 298.15 47
19 [CsCypyT]: [Po,6,6,14)(10) [NTf,] +82.5 +43.8 — <10 293.15 26
Four-ion DSILs:

Cation 1 Cation 2 Anion 1 Anion 2 x=y=0.5

20 [C,C,im], [C4Caim]_g [EtSO,], [NT£,]y) -56.0 <1000 298.15 46
21 [NH, ], [C2Caim]— [SCN], [EtSO4]_y) —d <1200 298.15 21
22 [NH,], [C2Crim]—g [SCcN], [0Aclu-y) — <1200 298.15 21

“Deviation of the viscosity (An, mPa s), compared to ideal mixing average of the two IL parents calculated using eqn (1): Ay =5 — Yy x n; where

is the viscosity of the DSIL, y; and #; are the mole fraction and viscosity of the IL parents (i). ?

To hlghhght differences an arbitrarily chosen limit

of |An| < 5 mPa s compared to the ideal mlxlng average of the two IL parents was considered. ¢ Data not provided. “ The comparison with the
ideal mixing average value is not possible since the [NH,][SCN] salt parent is a solid at 298.15 K (T,, = 389 K).>»**

less important compared to Coulombic interactions, when
more than two ions are present. However, there are very few
studies on the viscosity of the type of DSILs needed to truly
study this reported in the literature. For example, the viscosity
of [C,C4im],[C,C;C im];_y[NTf,] as a function of mole ratio
would be interesting to compare to [C,C;im][NTf,] and
[C,C1C1im][NTf,] since the two-ion ILs themselves have very
different viscosities of 34 mPa s and 88 mPa s, respectively.*?
That is, in the early studies of DSILs, we would suggest using
ions and two-ion ILs that have very different properties, such
that any differences found for the DSILs are more easily
recognizable.

2056 | Green Chem., 2014, 16, 2051-2083

Although several mixing laws have been proposed in the
literature to fit the DSIL data, such as the Katti and Chaudhri
law (based on molar volumes),** the Grunberg and Nissan
law (logarithmic law involving only the viscosity),** or the
Bingham law (developed by analogy to electric resistors in
parallel circuits),*> good agreement between the experimental
viscosity data and any of these seems rather limited.'®'” For
this reason, and in order to facilitate the comparison across
all of the available data, we calculated the deviation of vis-
cosity for each system compared to the linear mixing average
of the IL parents (Table 2), in which we have calculated the
deviations of the viscosity compared to the ideal mixing

This journal is © The Royal Society of Chemistry 2014
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average of the two IL parents calculated using the linear
eqn (1):

n=Y _xixn (1)

where #; is the viscosity of the IL parent (i) and 7 is the vis-
cosity of the DSIL.

In order to provide an initial global comparison of all the
published data, we highlight below the less ideal behavior
compared to this law by considering an arbitrary line bound-
ary (i.e., a deviation of 5 mPa s). Of course, this limit is arbi-
trary and may be better assessed after the study of additional
systems.

Table 2 indicates that the most important deviations are
found when the ion sizes are quite different. The presence of
bulky cations such as [Peeeq4]" (Table 2, entry 19), cations
with longer alkyl chains such as [C,C,im]" and [CeC,im]"
(Table 2, entries 8-10, 17, and 18), or bulky anions such as
[N(S,04C5F1,)]” and [N(SO,C,Fs),]” (Table 2, entries 12-15) led
to greater deviations of the viscosity from the ideal mixing
average. Navia et al. also concluded that the largest deviations
in viscosity were obtained for DSILs with larger dissimilarities
in the structures of their ions.*’

Based on our analysis on the data obtained to date
(Table 2), steric effects seem to have a considerable contri-
bution to the organization of the ions causing the largest devi-
ations in viscosity; while hydrogen bonding and dissymmetry
factors seem to have negligible effects on the viscosity of
DSILs, compared to the IL parents. Due to the presence of
more than two ions, the viscosity seems to be even more con-
trolled by Coulombic interactions than in two-ion ILs.

Interestingly, the viscosity of a DSIL composed of 4 ions,
such as [C,C,im],[C4Coim](;_»[EtSO,],[NTf,](1—y) showed an
important deviation (>20 mPa s) compared to the average
based on the ideal mixing of [C,C;im][NTf,] and [C,C,im]-
[EtSO,4] (Table 2, entry 20).*® The maximum deviation of the
viscosities from those assuming a linear mixing law was
60 mPa s (40% deviation) achieved when x was between 0.5
and 0.6 (y = 0.4-0.5). The authors attributed this deviation
from ideality to the dissimilarity of the structures of the ions
(particularly in terms of the lengths of alkyl substituent chains
on the cations). Non-linear changes were expected and
observed for the two other four-ion systems, [NH,],[C,Cyim];_y-
[SCN]y[EtSO4](1_y) and [NH4]x[C2C11m](1_x)[ SCN]y[OAC](l_y),
with increasing [NH,]” and [SCN]~ concentrations (Table 2,
entries 21 and 22). However, the [NH,][SCN] salt parent is a
crystalline solid,*"*® thus it is not possible to measure the
average deviation.

2.2. Density and excess molar volume

The general trends in density with ionic composition are less
evident than for viscosity and the number of reported
examples is low. As a general rule, the densities of two-ion ILs
tend to increase with increasing molecular weight of the
anions and decrease with increasing alkyl chain length.>* In
the literature, densities of DSILs are often reported as having

This journal is © The Royal Society of Chemistry 2014
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good correlation with a linear mixing law.'® Table 3 confirms
this for DSILs composed of three or four ions where globally
only a very small deviation from linear averaging (mainly less
than 0.01 g em™ and almost equivalent to the measurement
errors) is observed. These differences do not provide unique
information, however, since density is defined by the ratio
between the mass and volume, ideal or nonideal behavior
should be assessed by considering excess molar volumes.

By definition, excess molar volume, noted V¥, is the differ-
ence in the measured molar volume of a mixture from the
expected molar volume.’ The expected molar volume is deter-
mined from the sample density and the weighted average of
the molar volume of each parent compound at a specific temp-
erature (indicated in Table 3) and at ambient pressure. V* is
determined by eqn (2):

yE X XM +(1—x) x Mg
p

L (x x Vma) + (1—x) x VM(B))

(2)

where y is the mole fraction, M is the molecular weight, p is
the density of the mixture, Vy; is the molar volume (ie.,
volume occupied by one mole of a substance), and A and B
denote the two different compounds constituting the DSILs.>*>”

The molar excess volumes for DSILs allows one to discuss
the volumetric aspect of the salts, where a positive V* is
obtained when the volume is larger than expected compared
to the mixing of two two-ion ILs, and a negative V* is obtained
when the volume is smaller than expected. Table 3 summar-
izes the excess molar volumes for several DSILs at x = 0.25,
0.50, and 0.75. In order to highlight the differences, we con-
sider an arbitrary line boundary (deviation of 0.20 cm® mol™).
Of course, this limit is arbitrary and may be better assessed
after the study of additional systems in the literature.

By analysis of Table 3, significant excess molar volumes are
observed and several trends can be observed, showing the
importance of considering this parameter. The molecular
weight and especially the volume occupied by each ion appear
to play a key role in the explanation of any deviation (Table 3,
entries 10-13, and 27, 30, 32). As a general observation, the
greater the differences in the sizes of the different ions com-
posing a DSIL, the greater the positive excess molar volumes.
While these trends may be contradicted by future studies, it is
crucial that additional studies be designed to with ions of
widely different properties to facilitate understanding the results.

As the long-range Coulomb forces between the charges lead
to highly ordered ionic lattices,®* the differences in the sizes
and compositions of the ions in the DSILs might explain the
deviations observed. These are essentially steric effects, where
the differences in sizes can interfere with organization of the
ions and thus could result in major deviations where Coulom-
bic effects dominate, for example excess volume, viscosity, etc.

Castejon and Lashock reported the same conclusions from
molecular dynamic simulation studies based on three-ion and
four-ion DSIL systems composed of 1,2,3-triazolium and 1,2,4-
triazolium cations with perchlorate and nitrate anions.®?

Green Chem., 2014, 16, 2051-2083 | 2057
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Table 3 Deviation of density from the linear average of the two IL parents and corresponding excess molar volumes for reported DSILs

Deviation from the linear Excess molar volume” H,O content Temp.

Entry DSIL average® (g cm™) (em® mol™) (ppm) (K) Ref.
Three-ion DSILs:

Deviations less than 0.20 cm® mol™ ¢

Cation Anion 1 Anion 2 x=0.25 x=0.50 x=0.75 x=0.25 x=0.50 x=0.75
1 [C,Ciim]  [N(CN),], [BF.]u-v) —-0.002 —0.005 —0.002 +0.04 —0.02  +0.04 <100 298.15 17
2 [C,Cqim]  [Cl], [SCN]1—y +0.001  —0.001 —0.001 —* -0.15  —¢ N/A° 295.00 56
3 [C,Ciim]  [MeSO,], [BF4](1-x) +0.003  +0.004  +0.003 —0.05 —0.06  —0.04  N/A 298.15 57
4 [C4Ciim]  [BF,], [PFe)i +0.004  +0.004  +0.004 +0.04  +0.07  +0.06  N/A° 298.15 57
5 [CiCiim]  [BF,l [PFe)(1-v) N/A? N/A? N/A4 +0.04  +0.12 +0.09 <70 298.15 58
6 [C4Cqim]  [PF), [NTf, ]y N/A? N/AY N/A? +0.13  +0.12 +0.09 <70 298.15 58
7 [CsCiim]  [CF5CO0],  [PFe]a—y N/A? 0.000  N/A? -0.1 -0.1 0.1 <100 293.00 59
8 [C.Cipyr] [NTf,], [N(S,04CsF15)|a—y) +0.006  +0.007  +0.012 —0.06  —0.03 019 <2 293.15 50

Cation1  Cation 2 Anion x=0.25 x=0.50 x=0.75 x=0.25 x=0.50 x=0.75
9 [CiCiim],  [CyCqim]_y) [NTH,] -0.005 —0.005 —0.005 —0.09 —0.13 —0.05 <700 298.15 60
10 [C,Ciim],  [CeCrim]y_y [NTE,] N/A? N/A? N/A? +0.13  +0.12 4011 <70 298.15 58
11 [CiCiim],  [CeCrim]y_y) [NTE, N/A? N/A? N/A? +0.13 4012 +0.11 <70 298.15 58
12 [C,Cyim], [CsCyim]y_yy [NTE)] -0.004 -0.005 —0.004 -0.10  +0.18  —0.08 <700 298.15 60
13 [CeCiim]y  [C1oCrim]u_yy [NTE,] N/A? N/A? N/A? +0.07  +0.11  +0.08 <70 298.15 58
14 [CsCyim],  [CioCrim]y_yy [NTE,] N/A? N/A? N/A? — +0.08  —¢ <70 298.15 58
15 [CyCiim];  [C3Cipyr]a—y [NTE) +0.001  +0.002  +0.001  +0.15 0.00  —0.010 <10 293.15 26
16 [CsCipyrle [CeCiPyr]u—x [NTE) —-0.004 —0.006 —0.004 0.0 0.0 0.0 <10 293.15 26
17 [CsCipyr]e [CsCipyr]a—v [NTE) —-0.004 —0.002 —0.007 —0.02  +0.01 —0.06 <50 303.15 48
18 [CsCipyr]y [CaCiPytla—y [NTE) +0.008  +0.002  +0.026 —0.02  +0.07  +0.14 <10 293.15 26
19 [CGiim],  [CeCiim]y_y) [BF4] —-0.009 —0.012 —0.008 —0.03 —0.13  —0.09  N/A° 298.15 57
20 [CyCyim];  [CeCyim]y_yy [BF] -0.003 —0.002 —0.001 -0.03 —0.05 —0.05  N/AC 298.15 57

Deviations greater than 0.20 cm® mol ™ ¢

Cation Anion 1 Anion 2 x=0.25 x=0.50 x=0.75 x=0.25 x=0.50 x=0.75
21 [C,Cyim]  [EtSO,], [NTf,)1 ) +0.012  +0.014  +0.012 +0.47  +0.76  +0.75 <1000 298.15 46
22 [C4Ciim]  [BF.x [NTf, 1) N/A? N/A? N/A? +0.26  +0.28  +0.17 <70 298.15 58
23 [CsCqim]  [Brl, [NTf, 1) N/A? +0.173  N/A? +0.9 +0.5 +0.5 <10 293.00 59
24 [CsCypyr] [N(CN),]. [NT£,](1-) +0.020  +0.030  +0.035  +0.48  +0.21  —0.18 <310 293.15 26
25 [Capy] AN [NTf, 1) +0.014  +0.024  +0.011  +0.24  +0.39  +0.42 <10 303.15 52

Cation1  Cation 2 Anion x=0.25 x=0.50 x=0.75 x=0.25 x=0.50 x=0.75
26 [CCiim];  [C4Ciim]y_yy [NTE)] +0.032  +0.012  +0.050  +1.2 +1.7 +1.2 <700 298.15 60
27 [CoCyim]y  [C1oCiim]—y) [NTE,] N/A? N/AY N/A? +0.17  +0.24 +0.19 <70 298.15 58
28 [C4Ciim];  [CsCiim]q_yy [NTE)] +0.027  +0.006  +0.050 —0.98  —1.4 -0.96 <700 298.15 60
29 [C4Cyim],  [CeCiim]y_y [NTE] +0.031  +0.001 —0.032 —0.15 —0.22  —0.14 <700 298.15 60
30 [CyCyim];  [CyoCiim]y_yy [NTE] -0.007 -0.011 -0.009 -0.13 -0.24 -0.14 <700 298.15 60
31 [C5Cipyr]e [CaCipyr]u—x) [NTE] +0.008  +0.002  +0.026 —0.02  +0.07 +0.14 <10 293.15 26
32 [CsCipyrle [Pesenali-y [NTE) —-0.044 —0.082  N/A? +0.41  +0.80  N/A® <10 293.15 26

Excess molar volume?
Four-ion DSILs: (em® mol™)
Cation 1 Cation 2 Anion 1 Anion 2 x=y=0.5 x=y=0.5

33 [C,Cyim], [C4Coim]y_y [EtSO,], [NT£,]1-y) +0.002 +0.75 <1000 298.15 46
34 [NH,], [CCaim]—y [SCN], [EtSO4]1—y) —f —f <1200 298.15 21
35 [NH,], [CoCaim]_y [scN], [0Aclu_y) — — <1200 298.15 21

“ Deviation of the density (Ap, g cm™?), compared to the linear average of the two IL parents calculated as Ap = p — Yy; X p; where p is the density
of the DSIL, y; and p; are the mole fraction and density of the IL parents (i). ” Excess molar volumes (V*, cm® mol™") calculated according to eqn
(2). “To highlight differences an arbitrarily chosen limit of |Ap| < 0.20 cm® mol™ was considered. ¢ Data not provided. ¢ Not sufficient data for
calculations./ Comparison is not possible since the [NH,][SCN] salt parent is a solid at 298.15 K (T}, = 389 K).**
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Based on these data, they found that DSILs with anions and
cations of comparable molar volumes appear to form ‘regular
solutions’ and obey the ideal cross-square rules of mixing. The
only deviations observed in their work were noted for DSILs
having differences in molar volumes sufficient to upset the
configurational entropy of mixing.

The data to date support the idea that the structure and
physical properties of DSILs depend directly on the final ion
composition, not the composition of the two-ion ILs used to
make them. Several papers reported the hypothesis that three-
dimensional organization characterized by the presence of
different domains in DSILs is important. For example, D’Anna
et al. reported the analysis of three-dimensional organization
of [BzC,im],[Bz(F5)C4im];_[NTf,], and [BzC,im][BF,][NTf,];_y)
by a combination of resonance light scattering (RLS), and
'H and '°F Nuclear Magnetic Resonance (NMR) spectroscopy
([BzC,im]":  1-benzyl-3-methylimidazolium and [BzC,im]"
1-(2,3,4,5,6-pentafluorobenzyl)-3-butylimidazolium).®

RLS measurements give information on the presence of
aggregates of molecules containing chromophores and the
RLS intensity can be correlated to the size of aggregates.®* In
general, more significant variations in RLS intensity were
detected for [BzC,im][BF,],[NTf,];_y than for [BzC,im],[Bz(F;)-
C4im](;_[NTf,], indicating a more important reorganization
in the three-dimensional network in the presence of two
different anions.®

"M and '""F NMR measurements indicated significant
chemical shifts compared to the IL parents.®® No changes were
detected in the chemical shift of H-2 of the imidazolium ring
for [BzC,im],[Bz(F5)C,im];_[NTf,], but significant upfield
shifts were observed for the aliphatic protons (—0.18 ppm) of
the butyl chain as x increased. All signals in the '’F NMR
spectra shifted downfield with increasing [BzC,im]" abun-
dance. The authors ascribed these trends to the interaction
between the butyl chain of an imidazolium cation and the aro-
matic ring (imidazolium, phenyl or/and pentafluorophenyl) of
a cation, suggesting that the cations are organized in parallel
planes, as previously reported for aromatic two-ion ILs.®® Con-
trasting results were obtained for [BzC,im][BF,]{{NTf;];—x),
where the most significant downfield shifts were detected for
the H-2 proton of the imidazolium ring (+0.9 ppm) and the
benzylic protons (+0.2 ppm) with increasing [BF,]” abundance,
while aliphatic proton signals shifted upfield. At the same
time, the '’F NMR signals for the [NTf,]” anions exhibited
downfield shifts reflecting the decrease in interactions with
the cations as the abundance of [BF,]” increased. These
results seem to indicate that [BF,]” outcompetes [NTf,]” for
cation interactions because of its greater basicity.®

All of this spectroscopic data suggests very specific changes
in the ion-ion interactions which are clearly dependent on the
nature of the various ions being combined. For the two-anion-
based DSILs, these results are attributed to arrangements
favoring interactions between the imidazolium and phenyl
rings, the imidazolium and pentafluorophenyl rings, and the
phenyl and pentafluorophenyl rings. In the last case, a quadru-
pole-quadrupole interaction should be operative, as a

This journal is © The Royal Society of Chemistry 2014
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consequence of the reverse charge distribution in the interact-
ing aromatic rings®”®® and as a result, this system should be
stabilized by n—x, =-quadrupole, and C-H-r interactions.

For the two-cation-based DSILs, the more significant shifts
are attributed to the increase in cation-anion interactions with
the increase in anion basicity. These types of spectroscopic
studies are essential to better understand the interactions
between ions and the early published results support the
concept that the behavior of these salts are closer to double
salts where each ion can maximize its most favorable inter-
actions to a variety of counter ions, a situation not found in
mixtures of solvents.

2.3. Conductivity

Table 4 presents the deviations from the mixing average in
ionic conductivity for several reported DSILs compared to the
IL parents. Even if it is difficult to conclude what is ‘ideal’ in
terms of ionic conductivity, MacFarlane et al. explained the
observed deviations by either a larger number of charge car-
riers or facilitated movement of the charge carriers.”® They
argued that decreased clustering of the ions leading to
reduced correlated ion movement and more independent
charge carriers could explain the increased conductivity.

Unfortunately, very few data on the ionic conductivity of
DSILs are available at the moment, and it is difficult to
develop any trends with this data. However, some experiments
have confirmed a higher ionic conductivity for some three-ion
DSILs (Table 4, entries 1 and 5-7) and four-ion DSILs (Table 4,
entry 10) compared to either of the two-ion IL parents, which
suggests unique properties are accessible by the DSIL
approach compared to any series of two-ion ILs. DSILs have to
be regarded as media entirely consisting of ions, and the ther-
modynamic properties can be described solely by ion-ion
interactions, contrary to solvent-solvent mixtures or IL-solvent
mixtures that can be described as ion-solvent, ion-ion, and
solvent-solvent interactions.”* Thus, the ion-ion interactions
may be modified according to the nature of the ions and their
abundance in the DSIL. The stronger attractions or steric hin-
drance/bulk of some ions might make the other ions more
mobile and therefore, more highly conductive.

We believe that this type of ionic conductivity data is essen-
tial to better understand the interactions in DSILs. In addition,
since many electrochemical applications based on ILs need
improvement in ionic conductivity, DSILs might find appli-
cations here if the reasons for enhanced conductivities can be
determined and therefore predicted.”

2.4. Walden plots

An interesting tool, a Walden plot combines temperature
dependent viscosity and conductivity to provide insight into IL
behavior.””> Walden plot data for the DSILs [NH,],[C,Cqim]
[SCN],[OAc];—y) was reported by Pereiro et al. (Fig. 2)*' who
described the maximum deviation from ideality (ie., the
0.01 M KCl line, where the system is fully dissociated into ions of
equal mobility)”® at 298.15 K when x = 0.33 and y = 0.66, a
1:2 mole ratio of the cations [C,C,im]"/[NH,]". All of the
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Table 4 Deviation of the ionic conductivity from the mixing average of two IL parents for reported DSILs

Deviation from the mixing H,O0 content  Temperature

Entry DSIL average® (mS cm™") (ppm) (K) Ref.
Three-ion DSILs:

Cation Anion 1 Anion 2 x=0.25 x=0.50 x=0.75
1 [C,C,im] [N(CN), ], [BFa]ix +0.48 +0.75 +0.66 <100 298.15 17
2 [C,Cyim] [CF;S0;], [NT, ] N/AP —0.10 N/A? <1000 rt 69
3 [CsCipyr]  [N(CN)]x [NTE, ] -1.0 -0.5 0.0 <310 293.15 26
4 [CiCipyr]  [NTEy], [N(S:04CsF1o)]a_yy  —0.2 -0.3 -0.3 <2 293.15 50

Cation 1 Cation 2 Anion x=0.25 x=0.50 x=0.75
5 [C,Cyim],  [CsCipyrlu_  [NTE)] +0.60 +0.70 +0.30 <10 293.15 26
6 [CsCipyrle  [CaCipyr]u—x)  [NTE)] —0.44 +0.33 -0.11 <10 293.15 26
7 [CsCipyr]y  [CeCapyrlu_)  [NTE)] -0.55 +0.30 —0.10 <10 293.15 26
8 [CsCipyr]e  [Poeorali [NT£,] -1.5 -1.5 N/AP <10 293.15 26
9 [CsCipyr]e  [CsCapyTlu_)  [NTE)] 0 0 0 <50 303.15 48
Four-ion DSILs:

Cation 1 Cation 2 Anion 1 Anion 2 x=y=0.5

10 [CoC,iml], [C3Caim]_y [CF5505], [NT£,]1 ) — N/A® 363.15 70
11 [C,C,im], [C5C1im]1_g [Br], BF,4](1_y) —-3.2 <450 298.00 71

“Deviation of the ionic conductivity (As, mS cm™") compared to ideal mixing average of the two IL parents calculated by the equation Ac =
6 — Yy % 0; where o is the ionic conductivity of the DSIL, y; and ¢; are the mole fraction and ionic conductivity of the IL parents (i). ” Data not
provided. ¢ Only molar conductivities are provided here (AA,, =+3.8 S em® mol™" when x = 0.5).
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Fig. 2 Walden plots for [C,Ciim][OAc] (m), [NH4lo1[CoCiimlgo-

[SCN]p1[OAclo.9 (@), [NH4lo.2[C2C4imlo g[SCNIp 2[0AClos (@), [NH4lo3-
[C2C4imlo 7[SCNIo 3[OAClo 7 (A), [INH4lp 4[C2C4imlo 6I[SCNIp 4[OAClp 6 (W),
[NH4]0_5[C2C1im]o_3[SCN]o_6[OAC]0_3 (%), and the 0.01 M KCl(aq) line (—)
at 298.15 K. (Drawn from the data from Fig. 1 and S7 in ref. 21 as
provided by the authors with permission of the Royal Society of
Chemistry.)

tested DSILs showed deviations from the ideal electrolyte line
less than that of the IL and salt parents, indicating that the
ionicity of DSILs might be higher than the two-ion ILs (Fig. 2).
It is important to note that one of the salts used to prepare
these DSILs, namely [NH,][SCN], melts at 116 °C (389 K)>* and
is not defined as an IL. The formation of a DSIL by the combi-
nation of a low or non-melting IL and a high-melting

2060 | Green Chem., 2014, 16, 2051-2083

crystalline salt supports the use of the ‘DSIL’ concept, and this
will be discussed in detail later in this review (see section
6.2.3).

The authors further utilized '"H NMR spectroscopic data
(Fig. 3) to better understand the specific interactions occurring
in these DSILs that led to the interesting behavior observed.*
Compared to [C,C,im][OAc], the ring protons of the imidazo-
lium cation (H-2, H-4, and H-5) shifted upfield (with H-2 exhi-
biting the greatest shifts) with increasing [NH,]" and [SCN]~
concentrations with a corresponding downfield shift for those
of the [OAc]” methyl group indicating a decrease in electron
density in the [OAc]™ anion and increase of electron density
on the imidazolium ring. The [NH4]" proton signals shifted
downfield indicating new interactions with the acetate anions.
Interestingly, the ">C NMR data showed a downfield shift for
C-2 of imidazolium ring, but almost no change for C-4 and
C-5. Current interpretations of this NMR data for four-ion
DSILs is limited, however, these results do seem to indicate a
complex interplay between structural effects and competing
Coulombic interactions between the ions in the studied DSILs.

In comparison, the NMR data reported by Kirchner et al.
for a three-ion DSIL, [C,C,im][Cl],[SCN];;_y) showed an almost
linear increase in upfield shift for the H-2, H-4, and H-5
protons of the imidazolium ring with increasing C17/[C,Cim]"
mole ratio.”® Based on computer simulations, they showed
that the ClI” and [SCN]™ anions compete for the same inter-
action sites of the cations. In this case, based on the choice of
anions, it is interesting to note that the physical properties
such as density were shown to be ideal. If in fact the behavior
of DSILs is controlled by the presence of specific interactions

This journal is © The Royal Society of Chemistry 2014
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related to the competition of different ions for the same inter-
actions sites, we would suggest future studies to choose appro-
priately different ions to accentuate these interactions making
the changes more apparent in the experimental data.
MacFarlane et al. also discussed Walden plots for DSILs, in
the presence of phosphonium, pyrrolidinium, or imidazolium
cations with [NTf,]” or [N(CN),]” anions (Fig. 4).%° Typically,
deviations from the ideal line obtained in a Walden plot are
interpreted as a reflection of the degree of ion association in
the medium.”® In addition, it is known that the Walden plot
can also be affected by the radius of the ions in solution.'®””
As shown in Fig. 4, the DSILs containing the most bulky ions
([Pes614]" and [CeCipyr]") exhibited the most significant
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Fig. 4 Walden plots of [C3CipyrlINTf,] (), [C3C1pyrl«[Pe,6,6,14l1_xINTF2]
(m), [C3Capyrly[CeCipyrlu—»INTF2] (@), [CsCipyrl[CaCipyrla_nINTE (W),
[CoCeimI[C3Cipyrla INTf2] (A), [C3CipyrlIN(CN)LIINTFla ) (@), and
the 0.1 M KCl(,q) line (). For each series, values from left to right corres-
pond to x = 0, 0.25, 0.5, 0.75, and 1, except for [CzCipyrl,[Pe.6.6.1411-x-
[NTf,] that shows only values for x = 0, 0.25, 0.5, and 1. (Drawn with
permission from the data in Fig. 7, 9 and 10 in ref. 26 as provided by the
authors; Copyright 2013 American Chemical Society.)

This journal is © The Royal Society of Chemistry 2014

deviations from the ideal KCI line. These results further
suggest that steric effects of the ions are important in these
DSILs.

Here again, it appears that the steric effects of the ions and
their specific associations in space (mainly driven by Coulom-
bic interactions) lead to unique DSIL properties, different from
the IL parents and different for each different mole ratio of the
ions. Overall, the available Walden plot results support the
idea that the physical properties essentially depend on these
same factors, the compositions of the ions and the respective
ionic interactions present in solution, and not on the original
ionic interactions present in the individual ILs used to prepare
the mixture.

3. Thermal behavior of DSILs

In 2006, Earle et al. reported the distillation of ILs and some
‘50/50 mixtures of ILs’.”® Table 5 reports the composition of
the undistilled residue and the distillate, analyzed by 'H NMR
after an optimized distillation processing of equimolar ‘mix-
tures of ILs’. Entry 5 clearly shows that the composition of the
residue and the distillate contained different mole ratios of
each ion. Interestingly, the distillate was composed of 30%
[C,Cqim]", 70% [Ny,,,]", 57% [CFsSOs]7, and 43% [NTf,],
corresponding to a ratio of ca. 1:2 for the cations, but ca. 1:1
for the anions.

Given the data discussed for DSILs above and the potential
for unique ion-ion interactions which can be optimized
differently in the bulk for each ion, this result should be
further investigated to determine if unique DSIL properties are
responsible for the observed volatility. It would be interesting
to study whether the DSIL [C,C1im]o.30[N2.2,2,2]0.70[CF3503]0.57-
[NTf,].43 could be prepared and distilled completely without
a change in composition.

Jones et al. reported the distillation of [C,Cyim]os-
[CCyim]o5[NTf,] and [C,Cyim],[CeCqim];_[EtSOL[NTE,]_y)."

Green Chem., 2014, 16, 2051-2083 | 2061
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Table 5 Distillation of ‘equimolar mixtures’ of ILs”®

Composition Composition

of residue of distillate
Entry IL A IL B (A:B)* (A:B)
1 [C,C,im][NTf,]  [Cy6Cyim][NTE,] 24:76 76:24
2 [C,Ciim][NTf,]  [CeC.im][NTf,] 51:49 59:41
3 [C4Cipyr|[NTE,]  [Ny,.,,][NT,]  47:53 53:47
4 [C,Ciim][NTf,]  [C,C,im][PFs] 52:48 98:2
5 [C,C1im][CF3S0;] [Ny ][NTE] 7 b

“Mole ratios. ” The undistilled residue contained 56% [C,C,im]", 44%
[Nap2ol, 47% [CFsSOs]7, and 53% [NTf,]; the distillate contained
30% [CyCqim]", 70% [Ny 5.5.0]", 57% [CF3S0;]7, and 43% [NT£,]” (mol%).

Distillation of the first DSIL led to partial separation of the two
ILs, exhibiting an increase in mole fraction of [C,C;im][NTf,]
in the distillate with increasing temperature. However, only a
small amount of distillate was collected for the second four-
ion DSIL. The authors concluded that the ethylsulfate anion
was unstable and decomposed during distillation, probably
through dealkylation of the sulfate oxygen. In addition, they
stated that the vapor phase consisted of all possible combi-

nations of neutral ion pairs (NIPs) from the liquid ‘mixture’.”

3.1. Thermal stability

Egashira et al. reported the thermogravimetric analysis (TGA)
of [C,C,im][NTf,], [C,C,im][BF,], [C,C,im][CF;SO;], and two
DSILs prepared by mixing these ILs, [C,C;im]-
[CF3580;]0.5[NTf,]o.5 and [C,Cqim][BF,]o 5[NTf,]o.5.°° The DSILs
exhibited unique properties not expected from the IL parents.
For example, the thermal decomposition of [C,C;im]-
[CF3S03]0.5[NTf, ] 5 was more similar to [C,C;im][CF;SO;] than
[C,C1im][NTf,], suggesting the thermal decomposition was
controlled by the [CF3;SO;]” anion. In contrast, the thermal
decomposition of [C,C;im][BF,]os[NTf;]os required higher
temperatures than in [C,C;im][BF,].

Spectroscopy carried out to understand these trends indi-
cated that the C-2 (imidazolium cation) hydrogen (H-2) in the
"H NMR spectra of [C,Ciim][BF,]os[NTf,]os (5 = 8.63 ppm)
shifted upfield compared to those of either single anion salt (§
= 8.87 ppm for [C,C;im][BF,] and 6 = 8.86 ppm for [C,C;im]-
[NTf,]). The coexistence of [BF,|” and [NTf,]” in this DSIL
allows competition between the two anions for the cations,
changing the local structure (i.e., the mode of interaction
between the cations and anions) from both IL parents. These
results suggest that the cations can optimize interactions with
different anions in DSILs in such a way that each anion inter-
acts with the cations in the most favorable way (e.g., strongly
Coulombic vs. directionally hydrogen bonded) for that ion.
However, this study only presented the comparison of the two
IL parents and one DSIL (x = 0.5). Clearly other intermediate
mole ratios are needed to fully understand the interactions
between these ions based on spectroscopic data.®®

Another study on [C,C,im][EtSO,],[NTf,];_x) reported that
the thermal stability of the DSILs rich in [EtSO4]” (a better
nucleophile than [NTf,]”) remained quite constant from x =
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0.5 to x = 1 (Fig. 5),"® however, the larger the excess of [NTf,]”
anions, the higher was the onset of decomposition tempera-
tures. Since the more nucleophilic anion ([EtSO,]”) more easily
interacts with the imidazolium cation, decomposition at lower
temperatures as the proportion of this anion increases might
be expected. However, this example clearly highlights the
importance of the presence of the other anion, since the
decomposition temperatures were not linear with the variation
of the mole ratio and a threshold mole ratio of [EtSO,]” was
required to affect the decomposition onset temperature. Here
again, the results suggest unique properties for specific ion
combinations and argue away from basing all analyses on the
properties of the IL parents.

3.2. Melting point

In a general way, the melting points or glass transition temp-
eratures of two-ion ILs are widely used properties, directly
linked to the structures of these ILs.>®”®!' For example,
Holbrey and Seddon first showed that the melting points of
two-ion ILs, based on the 1-alkyl-3-methylimidazolium cation
with tetrafluoroborate or hexafluorophosphate anions, could
be changed in a regular fashion by changing the size and sym-
metry of the cation (i.e., that ILs could be designed and tuned
for such properties).*> Dunstan and Caja observed the same
trends with the two-ion ILs 1-ethyl-3-methylimidazolium hexa-
fluorophosphate ([C,C,im][PFs]) and 1-ethyl-2-methylpyrazo-
lium hexafluorophosphate ([C,C;pyraz][PF4]),*> but obtained
melting points below the melting point of either two-ion IL
parent ([C,C,im][PFs]) by preparing [C,C,im],[C,C;pyraz];_-
[PFs] DSILs with different ionic compositions. The use of
cations with significant differences in their structures, and the
variation of the abundance of each ion (i.e., designing of the
ionic composition) allowed access to unique combinations of
ions with new melting points, lower than those of the IL
parents.®

This journal is © The Royal Society of Chemistry 2014
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MacFarlane et al reported DSC data for [C;C,pyr]-
[N(CN),J{NTf,]1—x), [C3C1pyr]{C4Cipyr]a-y[NTE], [CoCiim],-
[C3C1pyr]a-y[NTE,], [C3Cipyrl{CeCipyr]a—x[NTE], [C3Cipyr]:
[Ps,6,6,14]1-x[NTf,] which exhibited several crystallization exo-
therms, indicating that different crystallization processes were
occurring at the same time while the two-ion IL parents
showed single devitrification exotherms (Fig. 6).>° Interest-
ingly, all the [Pg 6 6,14):[C3C1Pyr]1—x[NTf,] DSILs, containing a
particularly large cation, were glass-forming. The authors con-
cluded that using relatively similar structures of cations (occu-
pied volume) may provide a means of lowering melting points
and extending the low temperature liquid range of DSILs.
However, this study also showed that the unique ionic combi-
nations do not always lead to expected unique crystallization
events. This aspect of DSILs remains unclear, but emphasizes
the importance of collecting new data for these systems. It
thus remains a research challenge to gain and interpret new
data for DSILs to understand the specific combination of ion-
ion interactions leading to the observed behavior.

In 2008 using differential scanning calorimetry data (DSC),
our group proposed a method for ready determination of the
eutectic point compositions for mixtures of two-ion ILs. In
addition, we proposed a synthetic strategy to directly form
eutectics of ILs (DSILs) to tune bulk properties, based on the
properties provided by each cation, each anion, and the vari-
ation of ion proportions (Fig. 7)."® For example, [C,C;im]-
[4-NO,-tri]y 64[4,5-diNO,-im], 36 was prepared by reacting 1-butyl-
3-methyl-1H-imidazol-3-ium-2-carboxylate with 0.64 eq. of
4-nitro-1,2,3-triazole and 0.36 eq. of 4,5-dinitroimidazole
(Scheme 1a). As expected, this specific DSIL exhibited the
same properties as the identical ion composition obtained by
mixing 0.64 mole ratio [C;C;im][4-NO,-tri] with 0.36 mole ratio
[C,C1im][4,5-diNO,-im]. This example clearly demonstrated
that DSILs do not have to be prepared by ‘mixing’ as one
would have to do in the study of molecular solvent mixtures,
and that the properties so obtained are governed by the ionic
composition, not the parent ILs (see section 6.2.2).

This journal is © The Royal Society of Chemistry 2014
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3.3. Crystallization behavior

The concept of DSILs may have support from literature dating
back to the 1960s. Mod et al. reported studies on the freezing
point behavior of “ternary reciprocal salt pair systems” com-
posed of morpholinium, cyclohexylammonium, and 2,2'-dipyri-
dylammonium cations with stearate and palmitate anions:
[Morph][C,5H;,CO0]{C;,H35C00] 1, [CeHy3-NH;][Cy5Hs,COO,-
[C17H35C00](1_x), [Morph],{CsH11-NH3]1_y[C15H3,COO], [Morphl,-
[CGHIl'NH3](1—x)[C17H35COO]9 [Morph]x[CeH11-NH3](1_x)-
[C15H3;,C00],[C17H35C00]1 ), [(py)a-NH,][C15H;3,COO,-
[Ci7H35C00](1—y), and [Morph],[(py),-NH,];_x[Ci5sH3,COO],-
[C17H35C00](1-).*»* The authors described these as ‘stable
salt pairs’ and studied their thermal properties as a function
of the mole ratios of the constituent ions. Their phase dia-
grams allowed prediction of the crystallization properties
depending on the ion compositions of the different salts, and
the temperature. Interestingly, the phase diagrams revealed
that in some regions two-ion salts crystallized (e.g., [Morph]-
[C15H3,C00], [Morph][C;,H;5C00], [(py).-NH,][C5H;,COO0],
and [(py),-NH,][C;7H35COO]) and in others, double salts crys-
tallized (e.g., [(py).-NH,][C;5H3,CO0],{C;7H;35CO0](;_y), and
[Morph],[(py)>-NH,](1—[C15H3,COO],[C1;H;35C00]y)). These
results would seem to confirm that different types of inter-
actions are present according to the mole ratios of ions and
ion type which leads to different nucleation events.

On this same basis, the thermodynamic properties of
[C,C1im],[CsCqim] _[NTf,] studied by adiabatic calorimetry
were recently reported by Paulechka et al., where it was con-
cluded that the crystalline state of the DSILs®® was less stable
than that of the parent component crystals.®””*® Moreover, they
determined that the specific heat capacity of the DSILs was sig-
nificantly higher than the heat capacity calculated for the
same composition of both IL parents.®® Conversely, the total
enthalpy of the crystal to liquid transition was significantly
lower than the additive value.’® These results suggest that
DSIL configurations favor solid solution formation substituted
in the cationic sublattice. However, it is important to note that
the authors assumed a hypothetical starting point that the
mixture of [C,C;im][NTf,] and [C¢C;im][NTf,] was ideal in
order to build the phase diagram, and this approximation has
not yet been proven.
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Kunze et al. prepared DSILs from N-butyl-N-methylpyrroli-
dinium ([C4C;pyr]") and N-propyl-N-methylpyrrolidinium
([C5Cypyr]’) cations, and (fluorosulfonyl)imide derivatives
(IN(SO.F),]7, [NTf,]™, [N(SO,C,F5),]", and [N(S,04CsF1,)]7) as
anions.”” DSC heating and cooling traces showed that the
anionic species are responsible for the crystallization of the
ILs and DSILs. The same results were observed in the presence
of only the [NTf,]” anion (two-ion IL), only the [N(SO,F),]”
anion (two-ion IL), or both at 50 mol% (DSIL). Only the
1:1 mole ratio of each anion was tested in this study and
other intermediate ratios need to be investigated to better
understand the thermal behavior. However, the authors con-
cluded that if the cation is able to fit into the anionic matrix,
the system can crystallize. If the cations do not fit, due to size
and configuration, only a glassy state will be achieved.

Related to this conclusion, NMR studies reported in the
literature for [C,C,im][BF,]os[NTf,]os (see section 3.1),%°
[C4C1Pyr][Nsz]x[N(SZO4C5F12)](1—x), [C4C1pyr][NTf21x[N(SOZC2F5)2](1—x],
and [C4C;pyr][N(SO,CoF5),]x[N(S204C5F12)]1-x) indicated that
the local structure was changed compared to the IL parents,
showing a certain degree of nanostructuring, most likely in the
form of short-range fluorine-fluorine and cation-anion con-
tacts.”® Indeed, 2D heteronuclear NOESY experiments (detec-
tion of heteronuclear through-space Nuclear Overhauser Effect
(NOE) connectivities between non-bonded nuclei) specifically
showed some significant changes to the local structure
brought about by the simultaneous presence of anionic com-
ponents differing in fluorine content, steric hindrance, and
symmetry. The NOE data suggests formation of domains in
DSILs, and particularly [C4Cpyr][N(SO,CoF5),]{N(S204C5F12)]1-x)
showed important deviations in physical properties compared
to the average mixing of the corresponding IL parents, attribu-
ted to the marked difference in size and fluorine content of its
two anions.

Overall, the thermal properties reported for DSILs are in
agreement with the double salt concept that we propose. The
phase transition temperatures of two-ion ILs are governed by van
der Waals forces and electrostatic interactions.®® As we have dis-
cussed previously, we believe that these forces can be optimized
such that each ion in a DSIL can have different overall inter-
actions. These optimized interactions can lead to new physical
and thermal properties of these salts, thus the DSIL concept pro-
vides an approach to the development of new properties not
obtained in two-ion ILs. However, some of the reported thermal
behavior remains difficult to explain (e.g., Fig. 6), and the unique
ionic combinations do not always seem to lead to unique crystal-
lization events. Based on the low number of reported DSILs and
their characterization, clearly more fundamental studies are
needed to understand the role of both van der Waals and electro-
static interactions in the organization of these salts.

4. Excess molar enthalpy

Experimental and simulation data on the enthalpy of two-ion
ILs has confirmed that they are structured media.”® By
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definition, liquid mixtures that obey Raoult’s Law are con-
sidered as ideal solutions and in this case, the enthalpy of
mixing is equal to zero. Based on this law, the measurement of
excess molar enthalpy of a DSIL, compare to the enthalpy of
mixing of the corresponding IL parents is an important factor
to better understand DSILs properties. We discuss below the
excess molar enthalpies of three-ion DSILs (Table 6), but the
comparison of each system is difficult since the experimental
conditions are often very different, and some caution is urged
in trying to draw too many firm conclusions too soon.

The excess enthalpy is related to the breaking and making
of interactions in a mixing process. A positive excess enthalpy
implies that attractive interactions between ions in DSILs are,
on average, weaker than those between the ions in the IL
parents, whereas a negative excess enthalpy indicates the
opposite. For example, Navia et al. reported small positive
excess enthalpies of mixing for DSILs of different cations with
a common anion such as [C,Cyim],{C¢Csim];_y[BF,] and
[C4Cyim],[C6Cyim](;_»[BF,] for all compositions, with a
maximum observed when x = 0.5 (Table 6, entries 12 and 13),
indicating a destabilizing effect of mixing in these DSILs com-
pared to the IL parents.”” However, a small negative excess
enthalpy was reported for DSILs with different anions and a
common cation such as [C,C;im][MeSO4][BF.]1—x and
[C4C1im][BF,],[PFs](1—x) (Table 6, entries 1 and 2), indicating
more energetically favorable interactions between the ions in
the DSILs.

Based on the reported excess molar enthalpies as a function
of composition (Table 6) and general rules of thermodynamics
for liquid mixtures,”>®® DSILs should not be considered as
ideal mixtures of the IL parents. Additionally, differences in
size (e.g., Table 6, entry 7) and polarity (e.g., Table 6, entries
3-5) between the ions appear to be two important factors to
help explain the observed trends in excess molar enthalpies.”?
However, with so little data reported to date, it is difficult to
draw other relevant conclusions here.

5. Solvent properties of DSILs

We have discussed previously in this review how the physical
and thermal properties could be explained by some of the
possible ionic interactions in DSILs, mainly based on steric
and electrostatic effects, and how these data might support the
double salt ionic liquid concept. From the few results reported,
hydrogen bonding does not seem to greatly affect the physical
properties of DSILs; however, we wanted to know if hydrogen
bonding interactions could be important for the solvent pro-
perties of DSILs, as they are for two-ions 1Ls.”*%

ILs have been widely studied as solvents for more than a
decade,”®®” showing sometimes dramatic efficiency in terms
of solubility, compared to classical molecular solvents. Many
examples have appeared demonstrating the solvent properties

of ILs for organic chemistry and -catalysis,>*® biomass
. 99-101 . . . 102 .

processing, nanoparticle dispersion, electrochemical

applications,”>  analytical ~ chemistry,'®®  nuclear  fuel
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Table 6 Excess molar enthalpies from the mixing average of the two IL parents for three-ion DSILs

DSIL Excess molar enthalpies® (J mol™)
Entry  Cation Anion 1 Anion 2 x=0.25 x=0.50 x=0.75 H,O content (ppm)  Temperature (K) Ref.
1 C,Cyim] [MeSO,), BF4]1-9 —235 -360 230 N/A 303.15 57
2 C4C,im] [BF ], PFs]1-x) —90 —-210 -70 N/A 303.15 57
3 C4C,im] [NO,], ClOsJu_y)  +3900 +1650 +900 N/A 373.00 62
4 123tri] [NO, ], Clo,Ju_y  —1500 —2000 1750 N/A 373.00 62
5 124tri] [NO;], ClO4](1-x) N/A -900 N/A N/A 373.00 62
Cation 1 Cation 2 Anion x=0.25 x=0.50 x=0.75
6 C,C,im], [CsCrim]y_y) NTf, N/A +310 N/A <70 298.15 58
7 C,C,im], [C10Caim]_ NTf, N/A +560 N/A <70 298.15 58
8 C4C,im], [CsCrim]y_y) NTY, N/A +290 N/A <70 298.15 58
9 CgC,iml, [C10C1im]_y NTf, N/A +180 N/A <70 298.15 58
10 C,C,im], [C10Cim] NTf, N/A +500 N/A <70 298.15 58
11 CeC,iml], [C10Caim]_x NTf, N/A +250 N/A <70 298.15 58
12 C,C,im], [C6Crim]y_y) BF,] +190 +300 4220 N/A 303.15 57
13 C4C,im], [CeCrim]_ BF,] +60 +80 +40 N/A 303.15 57
14 123tril, [124tri];_y NO,] N/A +330 N/A N/A 373.00 62
15 123tril, [124tri]y Clo,] N/A 12 N/A N/A 373.00 62
16 123trily [C4Crim]y_y) NO;] N/A +1705 N/A N/A 373.00 62
17 [123tri], [CaCrim]is_y [Clo,] N/A +480 N/A N/A 373.00 62
18 [124tri], [CaCrim]y_y [NO,] +2500 +2071 +600 N/A 373.00 62

“Excess molar enthalpies (J mol™") calculated from the Gibbs-Helmholtz model.

reprocessing,'® and many other areas.">'%>'°® In this part of
the review, we will discuss the solvent properties of DSILs
through reported examples of the solubility of chemicals,
gases, solvent, and drugs, and through the study of available
polarity parameters.

5.1. Solubility studies in DSILs

5.1.1 Solubility of gases in DSILs. In the context of sustain-
able development, two-ion ILs have shown interesting poten-
tial to be used as liquid absorbents because of their high CO,
solubility."®” Recently, the solubility of CO, was also investi-
gated in DSILs. For example, Pinto et al. explored two DSILs,
[CoCyim][EtSO,4],[NTH, |1 —x) and [C2C1im],[C4Coim](y -
[EtSO4],[NTf,];_y), for their ability to absorb CO,, at 298 K
and 1.6 MPa.*® A slight synergistic effect was identified for the
absorption capacity of the DSILs when compared to linear
averages of the IL parents. Nevertheless, the absorption
capacity of the DSILs was less than that of the best IL [C,C;im]-
[NTf,]. Lei et al. also studied the solubility of CO, in two-ion
ILs and corresponding DSILs, and observed the same trend for
[CZQim]x[CgClim](l_x)[BF4]y[N'I‘f2](1_y) and [C4C1im]x[C8C11m](1_x]—
[BE,[NTE ]y

Finotello et al. reported the solubility of CO,, CH,, and N,
at 40 °C and ambient pressure in [C,C,im][BF,],[NTf,];_y.""
Generally, the Henry’s constant increased with increasing
[BF,]” content (Table 7) and the authors demonstrated that
the selectivity for CO, over N, and CH, is higher in [C,C;im]-
[BF4]0.o[NTf;]o.1 and [C,Cyim][BF,]o.05[NTf,]o.05 than the parent
ILs or other compositions of [C,C;im][BF,],[NTf,];_x). These
two DSILs provided the smallest molar volumes in the study,
leading the authors to suggest that control over IL molar
volume could be used to enhance CO, selectivity. Although
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Table 7 Henry's constants for two-ion ILs and DSILs'®

Henry’s constant H (atm)

Entry IL or DSIL CO, N, CH,4
1 [C,C1im][BF,] 100 3800 2000
2 [C,C1im][BF,]o.05[NTf,]0.05 94 5000 1900
3 [C2C1im][BF4]o.90[NTf,]o.10 91 4500 1800
4 [C2C4im][BF,]o.75[NTf,]0.25 85 4000 1600
5 [CC1im][BF4] 50[NTf]o0.50 65 2400 980
6 [C,C1im][BF,]o 25[NTf,]0.75 58 1700 740
7 [C,C1im][BF,] 50 1200 560

improvements of CO, solubility using DSILs have not been
demonstrated yet, given that higher selectivity has been demon-
strated we believe that DSILs may be beneficial in CO, capture
processing, since the cost, the toxicity, or other interesting para-
meters of DSILs can be tuned as a function of ionic composition.
5.1.2. Solubility of liquid solutes in DSILs. Some studies
have reported the use of DSILs as gas chromatographic (GC)
stationary phases showing excellent separation selectivity. For
example, Zhao and Anderson demonstrated the possible tun-
ability of DSILs based on CI™ and [NTf,]|” anions as a function
of ion composition."'® The enrichment of the DSILs with Cl~
anion resulted in improved separation selectivity of analytes
capable of undergoing hydrogen bonding interactions with the
stationary phase, as well as ketones, aldehydes, and aromatic
compounds. Thus, in addition to advantages such as thermal
stability or tunable viscosity previously emphasized for two-ion
ILs used as stationary phases in gas chromatography,''* DSILs
offer the possibility to selectively separate analytes as a function
of the molar composition. This aspect of DSILs is relatively un-
explored and could be quite important in specific separations.
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Table 8 Effect of stationary phase composition on the selectivity? of analyte pairs at 343 K2
IL or DSIL
Entry Analyte pair [C4Cyim][Cl]p 25[NTf5]0.75 [C4Cim][Cl]p 5[NTH,]o 5 [C4C1im][Cl]o 75[NTf2]o.25 [C4C;im]CL
1 1,2-Dichlorobenzene/octylaldehyde 3.8 2.5 1.5 1.0
2 Cyclohexanol/cyclohexanone 14.6 9.4 4.7 0.74
3 Cyclohexanol/ethyl phenyl ether 13.9 9.8 5.4 0.89
4 Benzonitrile/1-pentanol 1.2 1.3 1.9 10.0

“The selectivity a is defined by the ratio of retention factors (k; and k,, respectively for the two compounds being separated), according the
following equations: k = (¢; — t)/tm and a = ky/k, where ¢, is the retention time, and ¢, is the void time.

Baltazar et al. also investigated the use of [C,C;im]-
[CI[NTf,]1—x) as gas chromatography stationary phases for
improving the separation selectivity of alcohols and aromatic
compounds.'” The GC solvation parameter model was used
in this study to examine the solvation interactions between the
DSILs and the different probe molecules containing varied
functional groups. This study showed that enrichment of the
DSILs with Cl™ anions resulted in a stationary phase with
enhanced dipole-type and hydrogen bond basicity interactions
(CI” vs. [NTf,]” in terms of relative hydrogen bond basicity).
The examples shown in Table 8 clearly show that the sepa-
ration selectivity of mixtures of alcohols and aromatic analytes
were improved by tuning the composition of the DSIL station-
ary phase.

The solubility of organic solvents has also been investigated
in DSILs for use in separations. Recently, Garcia et al. reported
the liquid-liquid extraction of toluene from heptane using
[C2Cyim],[4-C1-C4Py](1—x[C2HF4SO;],[NTf, ]y at 313.2 K and
atmospheric pressure,"”> based on the high capacity of
4-methyl-N-butylpyridinium bis(trifluoromethylsulfonyl)imide
([4-C4-C,py][NTf,]) for extraction of toluene''* and the high
selectivity of 1-ethyl-3-methylimidazolium 1,1,2,2-tetrafluoro-
ethanesulfonate ([C,C,im][C,HF,SO;]) in comparison to the
widely-used polar aprotic solvent sulfolane.'*®> Although no
chemical explanation was provided in this study, the specific
DSIL studied, [C,C;im]y ;[4-C4-C1pylo.s[C2HF4SO3]0.7[NTE]0.3,
allowed efficient extraction of toluene from heptane with
higher separation factors than that of other organic solvents
(e.g., sulfalone) and one of the IL parents, namely [4-C,-C;py]-
[NTf,] (Fig. 8).

This work represents an interesting example where the
solvent properties of the individual two-ion ILs were used to
select which ILs to combine. One was chosen for high capacity
and one for selectivity. It was observed that the resulting pro-
perties could be tuned between those of the two individual
ILs, allowing optimization of an appropriate selectivity higher
than found for one of the original ILs and a higher capacity
than observed for the other one. More studies of this type are
needed to understand how the combination of ions worked so
that future DSILs can be designed from scratch for specific
applications.

5.1.3. Solubility of surfactants in DSILs. Cloud point
phenomena were observed for three polyoxyethylene-type
nonionic surfactants (POE), namely C;,Es5, C14Es5, and C;sEe
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Fig. 8 Separation factors at 313.2 K and atmospheric pressure for the
systems: heptane + toluene + [C,Ciim]g[4-C4-Cipylo.3[CoHF4SOs]07-
[NTfolos (A), or [4-C4-CipylINTf,] (@), or [CoCiiml[CoHF4SOs] (@),
or [C,C4im][C,HF4SO3], or sulfonane (m). The separation factors are a =
(2" % V(' % ") where y is the mole fraction, superscripts | and |l
refer to the heptane-rich and IL-rich phases, respectively, and subscripts
1 and 2 refer to heptane and toluene, respectively. (Redrawn from Fig. 6
in ref. 113; Copyright 2013, with permission from Elsevier.)

(H(CH,),(OCH,CH,),,OH (noted C,E,, where n refers to the
number of carbon atoms in the hydrocarbon chain and m to
the number of oxyethylene units in the molecule) in
[C>C1im],{C¢Cyim](;_y[BF,] DSILs."'® The cloud point of a
nonionic surfactant is the temperature where the mixture
starts to phase separate and two phases appear. This behavior
is characteristic of nonionic surfactants containing poly-
oxyethylene chains, which exhibit reversible solubility vs. temp-
erature behavior in water.'"” Interestingly, C,,Es, Ci4E5, and
C,5E¢ surfactants exhibited no cloud point in the corres-
ponding temperature range in [C¢C,im][BF,] and they are
almost completely immiscible with [C,C,im][BF,] (Fig. 9)."*°
Analysis of the "H NMR chemical shifts of the imidazolium
protons suggested preferential interaction of the [CeCyim]*
cation with surfactant molecules in the DSILs through inter-
action between the hydrogen of the C-2 position of the imida-
zolium ring and the oxygen of POE, and between the
hexyl group and the surfactant hydrocarbon chain. The cloud
point observed at 333 K in [C,C,im],[CsCyim];_.[BF4] may be
attributable to the desolvation of the [CoC;im]" cation from

This journal is © The Royal Society of Chemistry 2014
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Fig. 9 Ternary phase diagram of [C,C4im],[CCiim]y_[BF4] and Ci4Es
mixtures at 333 K where the phase boundaries were determined from
cloud point curves (open circles) and from the composition analysis of
two coexisting phases (filled circles). The dotted line connecting two
filled circles corresponds to a tie line. The composition is expressed in
mol%. (Redrawn from the diagram in ref. 116; Copyright 2013, with per-
mission from Elsevier.)

the surfactant chain caused by an increase in temperature.
These results suggest that the ionic compositions of DSILs can
be tuned to support the self-assembly of amphiphilic
compounds.

5.1.4. Solubility of pharmaceuticals in DSILs. The develop-
ment of IL-based strategies to solubilize poorly water soluble
active pharmaceuticals ingredients (APIs) in order to establish
better drug delivery systems has aroused great interest in
recent years.''®?! Dialkylimidazolium ILs with Cl~, Br~, or
[PF¢]” anions, and DSILs prepared by mixing these ILs have
been reported to dissolve poorly water-soluble model drugs
such as albendazole and danazol, indicating their potential
application as pharmaceutical solvents/co-solvents.** The
aqueous miscibility of a poorly water-miscible IL such as
[C4C1im][PF¢] was improved by the inclusion of Br~ anions in
the system. Interestingly, the miscibility of the [C,C;im]-
[Brl\[PFs]1—x) DSILs did not reflect the water miscibility
expected by mixing the two IL parents, whose miscibilities in
water were known.'”” This example highlights the enhance-
ment of solubility for poorly water-soluble drugs using DSILs
in aqueous solution, where the behavior and the interactions
of DSILs will be different than in the neat systems. While
outside the main thrust of our review since these solutions
could easily be made by simply dissolving multiple salts in
water, we do believe DSILs might have some unique appli-
cations for drugs solubilization if unique ion combinations
lead to better hydrotropes.'"®

5.1.5. Summary: solvent properties and applications. For
the moment, the use of DSILs as solvents is in its infancy, and
the mechanisms of solvation are not highly studied, nor
readily apparent. However, the results to date have already
indicated interesting improvements in terms of tunability and
solubility of some chemicals, solvents, gases, and even drugs.

This journal is © The Royal Society of Chemistry 2014
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We believe that one of the main areas of interest in the study
and use of DSILs will be as solvents, even if for the moment
mostly thermophysical properties are being studied and
reported. We cannot emphasize enough that the possibilities
to design DSIL solvents as a function of cations, anions, and
mole ratios of the ions, by specifically choosing ions for their
individual properties and specific ionic interactions to tune
the bulk properties, are exciting and can be adapted to specific
molecules and applications.

5.2. Polarity parameters of DSILs

In order to more fully understand how DSILs could help solu-
bilize molecules, solvents, or gases, we need to look at the
reported polarity parameters. Most of these types of studies
are based on the use of solvatochromic dyes in two-ion ILs and
the results are expressed in terms of Reichardt E¢(30)"** and
Kamlet-Taft parameters.®®'** Indeed, chemists usually
attempt to understand solvent effects on chemical processes in
terms of the solvent polarity, where weaker interactions such
as hydrogen bonding become more important.

D’Anna et al. analyzed the effects of DSILs on the properties
of a solute carrying out a UV/Vis study using Nile Red as the
probe to examine the dynamics and environment of the
systems.®® The Nile Red absorbance values gradually increased
with increasing x in [BzC,im],[Bz(F5)C4im];_,[NTf,], but
showed a maximum at x = 0.3 and a minimum at x = 0.8 for
[BzC,im][BF,4|,[NTf,];;_y. In such analyses, changes in slope
are generally ascribed to changes in the microenvironment in
which the solvatochromic probe is dissolved. Here more sig-
nificant variations in solvent properties were observed for
DSILs having two different anions. (Our analysis of three-
dimensional organization of these DSILs was discussed in
section 2.2.)

Men et al. investigated by X-ray photoelectron spectroscopy
(XPS), the electronic interaction between the cation (pyrrolidi-
nium or imidazolium) and anion ([NTf,]”, [PFs]” and I7) in
DSILs composed of one cation and two anions.'””> They
studied the binding energy of the electronic interaction of the
anion with the charge-bearing head group of the ILs and
showed a correlation with the anion basicity. In addition, the
authors stated that [C4C,Pyrr|[NTf,],s[I]os contains an “inti-
mate mixture of cations and randomly distributed anions, not
discrete pockets of the cation and one type of anion or the
other.” This experiment does not support, or disprove, the for-
mation of polar and non-polar domains within pyrrolidinium-
based ILs, but it does eliminate the formation of discrete
pockets of different ILs within the bulk DSILs, as would be the
case in an aggregate or emulsion-based system. The authors
also showed that the anion greatly affects the electronic
environment of the cation and proposed that the underlying
factors can be explained by treating Coulombic and van der
Waals contributions independently.'*®

5.2.1. [Eg(30) parameters of DSILs. The visible absorption
of betaine dye no. 30 (Reichardt’s dye) has been used as a
solvent-dependent reference to empirically define the Er(30)
parameter."**'?®* The wavelength of the lowest energy
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absorbance maximum has been shown to correlate with the
hydrogen bond acidity, Lewis acidity, and dipolarity of the
solvent, with the hydrogen bond acidity representing the most
important contribution.'® Recently, polarity studies have been
extended to some DSILs, where for example, Weber et al.
studied the Er(30) values of [C4C;im],{C4C1Ciim];_y[NTf,]
after showing that the rate of a tert-alkylpicolinium salt hydro-
lysis reaction was accelerated by changing the ionic concen-
trations.”*® As illustrated in Fig. 10, the curvature of the
variation of E;(30) as a function of ionic composition
suggested that [C,C,im]" was interacting more strongly with
the dye than [C,C,C;im]", an ion where the most acidic hydro-
gen in the imidazolium ring (H-2) is replaced with a methyl
group. The authors suggested that this preferential solvation
of Reichardt’s dye within the DSILs is based on the hydrogen
bond acceptor ability of a polar solute which would primarily
be solvated by the [C,C;im]" cations at higher mole ratio
(Fig. 10). However, the measured rates for the model hydrolysis
reaction with 4-picoline complexed to triphenylmethyl chloride
(influenced by the solvent structure) gave a good linear fit
upon varying the mole ratio in [C,C;im],[C4C;Cyim];_[NTf,],
in contrast to the preferential solvation exhibited by Reich-
ardt’s dye."”° Based on this result and the previous spectro-
scopic data discussed in this review, we believe that ionic
interactions in DSILs are not only affected by directional
hydrogen bonding, but also by the associations of ions in the
most favorable Coulombic organization.

Very recently, the same authors investigated the same
DSILs as solvents for the nucleophilic substitution of N-(p-
fluorophenyldiphenylmethyl)-4-picolinium  chloride using
water and a series of alcoholic nucleophiles.’*" They first
showed the reduction of the hydrogen bond acidity of the two-
ion ILs through the use of [C,C,C,im][NTf,] rather than
[C4C1im][NTf,] as a solvent, yielded an increase in the rate con-
stant of the reaction by testing different nucleophiles (water

0.66
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Fig. 10 Variation of Er(30) with the mole ratio in [C4C1im],[C4C1Ciim]1_x-
[NTf,] at 273 K. The bold line represents the average polarity curve
based on the polarity of the two IL parents. (Drawn with permission
from the data in ref. 130; Copyright 2013 American Chemical Society.)
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and some alcohols). Based on the Kamlet-Taft parameters of
the IL parents, they showed that the solvation of aromatics was
not strongly influenced by the aromaticity of the cation itself,
confirming that the strong interactions between aromatic
molecules and two-ion ILs result from ion-quadrupole rather
than n-m interactions as shown before."*? Furthermore, the
results of the studied reactions using DSILs were demonstrated
to be unique, with water or selected alcohols exhibiting signifi-
cant preferential solvation behavior resulting from electronic
and steric effects from the alkyl group. This suggests some
influence of the cations in the transition state of the reaction.

In summary, the use of ionic systems consisting of one IL
with desirable solvation properties, such as strong hydrogen
bond donating or accepting groups, and another IL with
desired physical properties, such as low viscosity or melting
point, is feasible and may enable new classes of chemical
transformations to proceed more selectively and/or under
milder conditions. While it is clear that the choice and pro-
portion of each ion leads to DSILs with the desired properties,
we do question whether it is really the properties of the IL
parents that one needs to consider rather than simply the
resultant ionic compositions.

5.2.2. Kamlet-Taft parameter of DSILs. Specific inter-
actions, responsible for any degree of solvation, can also be
related to Kamlet-Taft parameters, designated as solvatochro-
mic indicators of solvent dipolarity/polarizability (z*), hydro-
gen bond donor strength (a), and hydrogen bond acceptor
strength (£).°>"*%13*13% [In many two-ion ILs, it is thought that
hydrogen bond acidity along with hydrogen bond basicity are
the major players in solvation.>® Some have suggested that
the p parameter, usually a factor of anion basicity, is the
largest reason for differing solubilities in ILs, and that the
anion plays the largest role in most cases of solvation.®®'3>

Ohno et al. reported the Kamlet-Taft parameters of some
amino acid-based DSILs as a function of ionic composition."*
Interestingly, the § parameter of the three studied DSIL types,
[CoCiim][Ala],[Val]1—x), [C2C1im][Asp]i[Lys]1—x), and [C,Cqim]-
[Glu,[Lys]1—x), varied almost linearly with mole ratio
(Fig. 11a). This suggests that the hydrogen bond acceptor
strength is proportional to the abundance and the hydrogen
bond acceptor strength of each anion. However, the a values of
[C,C1im][Asp][Lys]—yx) change non-linearly with the ionic
composition (Fig. 11b). Since the cation here should account
for the observed « values, these values can decrease when
stronger hydrogen bonding between anion and cation exists,
reducing potential hydrogen bond donation from the cation to
the dye probe.”®” These results highlight the different inter-
actions between the two anions and the common [C,C;im]"
cation in the studied DSILs.

The #* parameters of [C,C,im][Ala],[Val];_, are linear with
mole ratio, contrary to [C,C;im][Asp],[Lys]i_y) and [C,C;im]-
[Glu],[Lys]1—x that have a maximum z* value when x = 0.25
(1:3 anion ratio) and when x = 0.5 (1: 1 anion ratio), respectively
(Fig. 11c). These results indicate that the two latter DSIL types are
highly polar, with z* values superior to those of the IL parents,
but also greater than other known two-ion polar ILs."*”"3*

This journal is © The Royal Society of Chemistry 2014
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(@; [A1]” = [Asp]), and [C,Cyim][Lys],[Gluly_ (m; [A1l]” = [Lys]). (Drawn from data in Fig. 1 in ref. 136 provided by the authors; Copyright 2013 the

Chemical Society of Japan.)

These DSILs are also very viscous,"*® and the authors thus
studied the less viscous [Py 4.4 4][Asp],[Lys]i—x), based on their
previous work with [Py 4, 4] -based ILs."*® Based on the crystal
structure of [Py, 44][Glu], they discussed the possible inter-
actions in amino acid ILs, and the importance of hydrogen
bonding to explain the DSIL behavior. They concluded that
even in the liquid state aggregations of ions via hydrogen
bonding are possible, that the strength of hydrogen bonding
between ions depended on the ion’s capacities for hydrogen
bonding, and that hydrogen bonding can contribute to lower
ion mobility.

We would also strongly recommend that spectroscopic data
be collected for the detailed study of such DSILs to help
further understand the nature of the interactions between
each ion in the DSILs before such conclusions are finalized. At
a minimum, changes in the electronic environment of the
ions can be readily determined.

Fletcher et al. conducted a complete study of solute-solvent
[C4C1im][PFg],{NTf, ] _y),

[Czclim]x[C401im](1_x)-

and ion-ion interactions in

[C,C1im],[C,Cqim]_y[NTf,],  and

This journal is © The Royal Society of Chemistry 2014

[PF],[NTf,]1—y) by investigating the polarity, dielectric,
hydrogen bonding interactions, and microfluidity.*® Pyrene
can be used as a fluorescent probe of polarity within organized
media based on the ratio of monomer fluorescence intensities
at bands I (0-0 band, 373 nm) and III (384 nm).'*® In the
above study, ideality was defined as the expected spectral
response of the solvatochromic probe within a binary
solvent mixture, obtained by the mole fraction weighted
average of the probe’s spectral responses in the two parent
compounds.'*! For the three DSILs studied, the corresponding
‘pyrene Ij/Iy,’ values, a function of solvent dielectric (¢) and
refractive index (n), were above the expected values, suggesting
an increased local dielectric relative to ideal mixing of the two-
ion ILs.

The deviations from ideality increased from [C,C;im],
[C4Ciim]_y[NTf,] (maximum at x = 0.25), to [C4Cyim]
[PF]{NTf,]1—y (at x = 0.25), and finally [C,C,im],[C4Ciim](;_yy
[PFe],[NTf,]1—y) at x = y = 0.25.*® Anion coordination effects
could explain the observed deviations in the DSILs with two
different ions, compared to DSILs with a common anion.
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However, since pyrene cannot participate in hydrogen
bonding, some of the results were not consistent and were
poorly explained by the existence of microheterogeneity (as
suggested by the authors) in DSILs, and need further
investigations.

In addition, through the study of Kamlet-Taft parameters,
the authors showed that deviations in z* values were statisti-
cally insignificant, and that the hydrogen bond acceptor basi-
city remained virtually unchanged across all mole fractions.”®
On the other hand, the hydrogen bond acidity (a) of the
studied DSILs showed clear deviations compared to the mixing
average of the IL parents.

Overall, the results obtained for polarity parameters of ILs
or DSILs may be biased by the selected probes or the chosen
ions, and thus care must be taken before wide ranging con-
clusions are made. As we suggested earlier, phenomena domi-
nated by Coulombic interactions might better be modeled
using polarity scales based upon charged probes, whereas
those for which Coulombic interactions are not significant can
better be modeled using polarity scales based upon neutral
probes.®® Thus, the reported results should be considered with
caution since they use interaction-dependent techniques to
discuss the polarity of DSILs whereas the interactions that
govern DSILs are not really known and the number of possible
interactions dramatically increases as one goes from two ions
to three ions or more. Nonetheless, the reported studies have
indicated that the use of DSILs may be a viable approach
in the design and modification of these solvents toward
specific ends. The caution here is that DSILs often exhibit
properties not readily apparent from those of the individual IL
parents.

6. Uses of DSILs

6.1. Applications of DSILs

Applications which incorporate the use of DSILs have not been
widely studied yet; the majority of the publications in this area
have rather been directed to the study of their physicochemical
properties. However, a few applications have been reported in
the general areas of chemistry, industry, and sustainable devel-
opment. These are grouped in Table 9, indicating the main
advantages brought by using the DSILs.

6.1.1. Electrochemical applications. The widely
known applications of DSILs are in the area of electro-
chemistry, where the main advantage of using DSILs is that
the properties can be tuned significantly with a judicious
choice of ionic composition. For example, [CoC;im]{C3C1pyr]q—-
[CF3SOgL,[NTf2](1_y), [Czclim]x[Bchim](1_x)[CF3SO3]y[NTfZ](1_y),
and [C,C,;im],[BzC,im];_[NTf,], showed lower viscosities
and higher conductivities than the parent two-ion ILs leading
to potential applications for lithium ion batteries (Table 9,
entry 1).'*?

The DSIL approach was also used to reduce viscosities
allowing improved transport properties of iodide-based two-
ion ILs.">”™**° Diffusion coefficient measurements of triiodide

most
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in [C3Cim][C4Cyim];_[BF4]y[I](1—y) at 298 K were reported
based on four comparative electrochemical methods and these
could find interesting applications for Gratzel-type dye-sensi-
tized solar cells (Table 9, entry 2)."*

Another investigation of specific DSILs as electrolytes in
lithium battery cells was performed by Lane et al. where
[C5C,pyr],[O-COO-azaspiro](;—[NTf,] ([0-COO0-azaspiro]:
2-ox0-3,9-dioxa-6-azaspiro[5.5Jundecan-6-ium cation) with added
lithium salt (LiNTf,) was used to suppress dendrite formation
(Table 9, entry 3)."** Indeed, the [0-COO-azaspiro]" cation was
already known to successfully suppress dendrite formation in
[0-COO-azaspiro][NTf,], but its high melting point, poor
capacity, and passivation of the electrode, prohibited its use
alone. On the other hand, the pyrrolidinium cation was known
to cause dendrite formation at the lithium electrode, resulting
in shorting of the cell in [C3C;pyr][NTf,]. It was the combi-
nation of these two cations ([0-COO-azaspiro]" and [C5C,pyr]’)
in a DSIL with the common anion [NTf,]™ that led to the elimi-
nation of dendrite formation and good cycling of the cell with
high capacities.

The DSILs [C4is0qui], [N 5 7 7]1-9[N(SOC,F5),] were inves-
tigated at the DSIL-water interface (Table 9, entry 4).'*> The
surface properties of the water interface were affected by the
applied potential, resulting in changes in the surface charge
and the structure of the electrical double layers, but were also
changed by changing the mole ratio of the ions in the DSILs.
Indeed, the interfacial tension measurements at both DSIL-
water and DSIL-air interfaces suggested a phase transition for
the DSIL phase at x = 0.2. Interestingly, [Cy4isoqui]” is much
more surface active than [N, ,]" in the DSIL, and the gap in
critical micelle concentration values and the phase transition
points occurred at the specific mole ratio x = 0.2. The authors
attributed this observation to the presence of a “certain
common denominator that gives rise to the difference in
surface and bulk properties in the phase transition of the elec-
trolyte solutions,” although the exact chemical explanation
was not provided.

Electrodeposition has also been reported using DSILs,
where magnesium was electrodeposited from solutions of Mg-
(CF3803), in [C3C1pipls[C4Cqim];_x[BF4],[NTf,]1—y) (Table 9,
entry 5)."*® Increasing the relative mole ratios of [C3C,pip]*
and [NTf,]” increased the conductivity of the electrolyte system
and the initial deposition-dissolution overpotentials were
found to be lower in the DSILs than in any of the IL parents.
In particular, [C5C;pipJo.6[C4sCiim]o.a[BF4]o.4[NTf,]o.c exhibited
good conductivity and the lowest initial overpotential. Interest-
ingly, reversible electrodeposition was maintained over 200
cycles using this DSIL.

6.1.2. CO, absorption. We have previously discussed the
use of DSILs to improve CO, absorption (Table 9, entries 6-8).
Even if the CO, solubility in the DSIL is no higher than in the
IL parents, the non-linearity as a function of mole ratio
suggests that it is possible to tune the solubility and physical
properties (e.g., viscosity) according to the nature and
abundance of each ion.*®'°®'%” Such an approach could be
quite important in being able to have both the solubility and

This journal is © The Royal Society of Chemistry 2014
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Table 9 Applications studied for DSILs

View Article Online

Critical Review

Entry Application DSIL Main advantages Ref.
1 Electrochemistry [CoC1im][C5C 1 Pyr]1-[CF3S05}[NTf,]1_y), [CoCyim],[BzCyim]_-  Reduction of viscosities and 142
[CF3S05),[NTf,]1_y), [CoCrim],[B2Cyim]_[NTE,] increasing conductivities in lithium
ion battery applications
2 [C3C1im],{C4Crim] (s [ BF4]y[T]1—y) Tuning the diffusion coefficient of 143
triiodide with DSIL mole ratio
3 [C5C4pyr],{O-COO-azaspiro](; —x[NTf,] Elimination of dendrite formation; 144
good cycling with high capacities
4 [C14isoquil,[N7 7 7 7]1-x)[N(SO2C2F5)2] Change in the surface charge and in 145
the structure of the electrical double
layers
5 [C5Cpip]i[C4Crim]; [ BF4 ], [NT£, )1y Increasing conductivity; decreasing 146
the initial deposition-dissolution
overpotentials
6 CO, absorption [C,Cim][EtSO,],[NT£, 1 _x), [C2C1im][C4Coim](;_[EtSO4],[NTf,] )  Possibility of tuning the solubility of CO, 46
7 [C2C1im],[C4C1im],[NH,CoCrim]q—y—y)[BF4] Improvement in gas-liquid mass- 147
transfer; five absorption/regeneration
cycles at constant absorption capacity
8 [C2C1im],[C5Crim](;_y[BF4],[NTf;]1—y), [C4C1im],[CsCrim];_y) A slightly better absorption capacity of 108
[BF4],[NTf,](1—y) the DSILs compared to IL parents
9 Solvents in organic [C4C1im][CI]{[NTf, 1) Higher catalytic activity than IL 148
chemistry parents
10 [C4C1im][CF3SO;],{NTf, (1) Optimal activity and stability of lipase ~ 149
obtained in a DSIL
11 [C4C4im][BF 4]\[PFg](1—) Improvement of enzymatic 150
performance
12 [C2C4im],{4-C1-Cypy](1—x[MeSO; ],[PFs]1 ) Doubling conversion compared to IL 151
parents
13 Extraction/ [PF]™ salts of metal-ligating task specific cations (Fig. 12)in 1:1  Reduced cost and viscosity of the TSIL 160
separation combination with [C4C,im][PFs] used neat
14 [Ng,s,8,1][NO3].[NTf,] (1) Tuning hydrophobicity and viscosity 152
of DSILs; enhancement of
extractability and selectivity for metals
15 [C4C4im],{CsCym](;_[BF4]y[PFg](1—y) Tuning hydrophobicity of DSILs; 153
increasing extraction efficiencies of
solutes from aqueous phases
16 Biomass processing  [C4C;im],{C,HgSO;HC im](;_[Cl],[HSO4](1_y), Cellulose dissolution efficiency and 154
[C4C4im],{C4HgSO3HCim](; _[OAC],[HSO,](1—y), catalytic conversion improvement
[C2C1im]x[C4H8SO3Hclim](1_x][OAc]y[HSO4](1_y)
17 [C4C1im][MeSO,],[PFg]1—x) Stabilization of nanoparticles; 155
solubilization of lignin
18 [C1C4im]p 25[C,Cyim]o 5[ C,Crim]p »5[OAC] Cellulose dissolution efficiency but 19
[C1C1im]p 25[C4C1im] 5[C4Caim]y »5[OAC] with lower cost and avoidance of
chloride anion in the synthetic
scheme
19 Energetic materials ~ [C;C;im][4,5-diNO,-im],[4-NO,-tri];_) Tuning of energetic properties 18
20 Inhibitors in oil and  [C,Cim][Cl],[Br];_y Better inhibition effects compared to 156
gas industry IL parents
21 Gas chromatography [C,4C;im][Cl],[NTf,];_ Improvement of separation selectivity ~— 112
of alcohols and aromatic compounds
22 Polymeric DSILs Improvement of separation selectivity =~ 110
of analytes such as ketones,
aldehydes, and aromatic compounds
fluidity parameters optimized for a specific process, since 6.1.3. Solvents in organic chemistry. Some DSILs have

often improving one property makes another worse in two-

ion ILs.

been used as solvents for organic chemistry. Tominaga

performed Ru-catalyzed hydroformylation of 1-hexene with
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CO, in the absence of toxic CO and any organic solvents using
[C4Cyim][Cl],[NTf,] ;) as reaction medium (Table 9, entry
9).'® Interestingly, the obtained yields were different accord-
ing to the mole ratio of ions.

Other examples in organic chemistry have reported the
efficiency of DSILs in enzymatic reactions. For example, the
optimal activity and stability of lipase was obtained in
[C4C1im][CF;S03]0 5[NTf,]o 5 in the lipase-catalyzed synthesis
of glucose fatty acid ester (Table 9, entry 10)."*® The mole ratio
also played an essential role in optimizing the enzymatic
hydrolysis of penicillin using [C,C,im][BF,].[PFs];—x) (Table 9,
entry 11)."*° In the same way, the use of [C,C,im],s[4-C;-
C4pylo.5[MeSO;]o.5[PFs]o.5 for the enzymatic synthesis of mono-
6- and 6'-O-linoleyl-a-p-maltose led to double the conversions
in comparison to two-ion ILs (Table 9, entry 12)."”' No expla-
nations were provided for the enhancement of enzymatic
activity in the presence of DSILs, but the reported improve-
ments in these reactions are worth further study.

6.1.4. Extraction and separation. One of our original
efforts (with J. H. Davis, Jr., University of South Alabama) to
enhance the ability of ILs to extract metal ions from aqueous
solution involved a DSIL approach (Table 9, entry 13). Task-
specific ILs were prepared with coordinating functional groups
specific to removing soft metals such as Hg>* and Cd** from
aqueous solution (e.g., urea and thiourea) to prepare dialkyl-
imidazolium hexafluorophosphate salts (Fig. 12).'°® Although
the neat ILs would extract the metal ions effectively, their cost
and higher viscosities would have been problematic. To over-
come these problems, the task-specific ILs were combined
with a then ‘standard’ hydrophobic IL, [C,C,im][PF], to
prepare a DSIL which was less viscous and less expensive, but
still useful for the intended extractions.

DSILs have also recently been investigated for other extrac-
tions and separations. [Ng s g r][NO3][NTf,];_y Systems were
used as extractants for platinum-group elements, where re-
cycling is of interest for applications with jewelry, electrical
contacts, dentistry, and antipollution devices in automobiles
(Table 9, entry 14).">* Interestingly, these DSILs exhibited new
physical properties such as more hydrophobicity and lower

/\N/\/S\/
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viscosities than the IL parents, as well as higher extractabilities
and selectivities for Pd(u) and Pt(iv) in acidic chloride media
than general hydrophobic ILs. In addition, these results were
controllable through the molar compositions of the DSILs.

The tunable balance between hydrophobicity and hydrophi-
licity based on DSIL composition was also studied in disper-
sive liquid-liquid micro-extraction (Table 9, entry 15).'>*'¢!
Here, [C4C;im],[CsCiim]y_x[BF4]y[PFs]1—y) allowed rapid
extraction of two of the typical pyrethroid pesticides, namely
permethrin and biphenthrin, from the aqueous phase into
DSILs, compared to the use of two-ion ILs.

These interesting results will not be discussed further here,
since they involve DSILs in aqueous solution, which is not only
outside the scope of this review, but also it remains to be seen
whether such solutions could not simply be a combination of
solvated ions prepared separately. In order to clearly under-
stand the role played by any DSIL in this kind of study, quanti-
fication of the different phases and phase ratios after
separation should be rigorously investigated.

6.1.5. Biomass processing. Biomass processing with two-
ion ILs has been a vigorous research field for quite some time
and now DSILs are being investigated in this area. Long et al
reported a method for the one-pot, low-temperature, catalytic,
100% conversion of cellulose to useful biochemicals in the
presence of [C4C;im],[C4sHgSO;HC im]_y[Cl],[HSO,]1—y) at
473 K (Table 9, entry 16).">* The process was based on the
ratio of efficient ions for cellulose dissolution and ions used
for the catalytic conversion of the dissolved cellulose to low-
molecular weight products. Zhu et al. reported an efficient
method based on the use of nanoparticles for the oxidation of
lignin and took advantage of the ability of [C,C,im]-
[MeSO,4]«[PF]1—x) (Table 9, entry 17) to stabilize Pd(0) nano-
particles and simultaneously dissolve lignin."* In addition to
the stabilizing effect on the Pd(0) nanoparticles, the high solu-
bility of the co-catalyst and lignin sample in the DSILs
improved the transport of oxygen to the active metal centers
and increased the yields. The main advantage of this system
was its robustness and its recyclability with high product
selectivity.

S
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N
/\/‘/ H Ill

S
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Fig. 12 Metal ligating task specific cations combined with [PFg]™ and used neat or in 1:1 combination with [C4C;im][PFg] to form task-specific ILs

160

for the extraction of Hg?* and Cd?* from aqueous solution.
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We also demonstrated a lower cost, halide free approach to
the preparation of cellulose-dissolving ILs based on dialkylimi-
dazolium acetate (Table 9, entry 18). A statistical mixture of
symmetric and asymmetric dialkylimidazolium cations was
prepared in a one pot synthesis by following the reaction
depicted in Scheme 1b (section 1) yielding [C;Ciim]g,s-
[C,C1im]y5[C,Caim]y55[OAc]."® This DSIL and [C;Cqim]y.s-
[C4C4im]y 5[C4Caim]y »5[OAc] were shown to dissolve cellulose
and other biopolymers with the same efficiency and capacities
as the single cation ILs, but at significantly lower cost while
avoiding any chloride anion in the synthetic scheme.

6.1.6. Methane hydrate dissociation. Richard et al. studied
methane hydrate dissociation in the presence of [C,C;im]-
[Cl]o5[Br]os at pressures above approximately 17.7 MPa
(Table 9, entry 20).'>® Hydrate formation is problematic in the
oil and gas industry where blockage in transmission lines can
lead to economic losses as well as safety and ecological
risks."*® In this example, the DSIL exhibited more effective
inhibition of hydrate formation than either of the IL parents.
Although the reasons behind the different trends obtained is
not yet known, this work suggests that DSILs could represent
an interesting alternative to other gas hydrate inhibitors in the
oil and gas industries.

6.1.7. Gas chromatography. As we have already discussed,
DSILs have found new applications in analytical chemistry,
especially as gas chromatography stationary phases to improve
separations and selectivity by tuning the nature and abun-
dance of the ions (Table 9, entries 21 and 22)."'%''* In this
area, DSILs seem to offer promising new opportunities for
tunable chromatographic supports, above and beyond the two-
ion ILs (see section 5.1 of this review)."™*

6.1.8. Summary. In summary, early data on the use of
DSILs in several areas of application suggest that using the
DSIL approach can lead to greater opportunities (compared to
two-ion ILs) to tailor make an ionic composition with opti-
mized physicochemical properties by variation of ion type and
abundance. Many of the examples report better results using a
DSIL than obtained with the corresponding two-ion ILs.
Understanding the intrinsic behavior of DSILs and the under-
lying mechanisms of interaction with other chemicals or sol-
vents, represents an undeniable challenge in the efficient
development of future DSILs based applications, but one well
worth the effort.

6.2 Why use DSILs?

In this last part of the review, we would like to discuss other
new opportunities brought by the DSIL concept. Certainly, the
numerous examples and applications described above, have
already shown advantages of DSILs in tuning physical,
thermal, and chemical properties and for improving selecti-
vity, yield, and reactivity; but it is now important to determine
other future opportunities for DSILs.

6.2.1. New interactions and unexpected physicochemical
properties. One can envision that DSILs might be advan-
tageous when non-ideal mixing behavior is observed compared
to the ideal mixing of two IL parents; that is when new

This journal is © The Royal Society of Chemistry 2014
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properties are obtained. Computer simulations are beginning
to offer interesting suggestions to explain some of these
trends. For example, ‘quasi-ideal’ behavior was observed for
[C2C1im][Cl],{SCN];1_y) studied using ab initio molecular
dynamics.”® The authors showed that CI~ and [SCN]~ anions
compete for the same interaction sites of the cations, includ-
ing the hydrogen atoms of the imidazolium ring. They
observed that the [C,C,im]" cations are located directly on top
of each other, a characteristic conformation caused by the n-n
stacking of the imidazolium rings. In addition to Coulombic
forces, it is chemically intuitive that the behavior of DSILs
could be controlled by the presence of weak specific inter-
actions that take place in the DSILs, mainly related to the com-
petition of the ions for the same interaction sites. From the
analysis of DSIL physicochemical data from the literature, we
can conclude that DSILs can be both ‘ideal’ and ‘non-ideal’
depending on the property examined.

Aparicio and Atilhan reported an ATR-FTIR study combined
with molecular dynamics simulations of [3-C;-C,py][3-C;-
CsPyl(1—x[BF4] and [3-C;-C4py][BF4]x[N(CN),];—y). The data for
the first DSIL was explained by considering lower apolar
domains for the [3-C;-C,py]’-rich systems, leading to more
efficient packing, lower steric hindrance, more dense and less
viscous fluids, but without important structural changes.'®®
The second DSIL showed two regions in which the properties
resembled those of the IL parents, separated by a critical con-
centration of [BF,]” anions (at x = 0.6). However, the changes
in physical properties obtained from molecular dynamics
simulations were almost linear with increasing mole ratio, and
the comparison of vibrational spectra deconvoluted from two-
ion ILs with that of the DSILs suggested that regions domi-
nated by interactions between cation and [N(CN),|” anions,
when the DSIL is depleted in [BF,]”, or reverse for regions
dominated by [BF,]".

Computer simulations using an all-atom force field showed
that [C,C,im]o 5[C6C;im]o 5[NTf,] contains microphase separ-
ation between polar and non-polar domains, but the global be-
havior of this DSIL was shown to be ideal.'®® Thus, some
simulation studies reported good agreement with predictions
for several properties compared to ideality, but often, similar
and common cations/anions were used, and the deviations
would logically be small in such cases.®®'®*'®* In the same
way, ideal behavior compared to the IL parents of DSILs com-
posed of common [NTf,]” anions paired with imidazolium,
pyridinium, and piperidinium cations (having the same range in
sizes) was recently reported by Coutinho et al. based on surface
tension measurements of ILs and the corresponding DSILs."®®

Based on the numerous unexpected physicochemical pro-
perties reported throughout the examples of this review, we
suggest that it is the non-ideal behavior which should be
sought in order to take advantage of new properties proposed
by DSILs. Clearly, the DSILs are not simple mixtures of ILs,
and should not only be compared to mixtures of organic sol-
vents because the individual ions which comprise each IL can
interact independently with the other ions, and thus can lead
to new and unexpected properties.
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6.2.2. Preparation of specific DSILs. Currently, the mixing
of two two-ion ILs is the main way DSILs have been prepared
for study. However, while an important advantage for the DSIL
approach is the possibility to prepare a specific ion combi-
nation in order to have specific properties, almost no research
or thought has gone into methods to prepare these unique ion
combinations other than ‘mixing’. As mentioned earlier in this
review, in 2008 we demonstrated the one-pot synthesis of
[C1C1im][4-NO,-tri]y 64[4,5-diNO,-im]y 36 by reacting 1,3-
dimethylimidazolium-2-carboxylate (1 mole equivalent) with
0.64 eq. of 4-nitro-1,2,3-triazole and 0.36 eq. of 4,6-dinitroimi-
dazole in EtOH-DMSO mixture over 24 h (Scheme 1a in
section 1).'® This synthetic route allowed the easy removal of
byproduct (CO,(g)) avoiding halide and metal impurities.*®®
This DSIL was also prepared by first making [C;C;im][4-NO,-
tri] and [C;C;im][4,5-diNO,-im] and mixing them in the
specific ratios, however, this method was time consuming and
costly.

The DSILs [C;Cyim]y,5[C,Ciim]y5[C,Coim]o5[OAc] and
[C1C1im]g 55[C4Cim]y 5[C4Cyim]y 25[OAc] were likewise pre-
pared in a one pot reaction, here by reacting 1 eq. each of two
different alkylamines, aqueous formaldehyde, acetic acid, and
aqueous glyoxal solution (see Scheme 1b in section 1).*° These
DSILs could, of course also be prepared by first preparing
three individual two ion ILs and mixing them in the appropri-
ate ratios, but the cost (monetary and environmental) of doing
so would be much greater.

We believe that other efficient ways will be established in
order to prepare DSILs, since they are defined by the nature
and the abundance of the ions composing them and do not
retain the chemical identity of the original parent IL. Once the
field stops focusing on the mixing of two or more ILs and
instead focuses on the resulting DSILs and what these unique
systems can accomplish, we are confident that the direct syn-
thesis of DSILs will become commonplace.

6.2.3. A new design strategy for ‘ionic liquids’. Seddon
named ILs as ‘designer solvents’ because of the possibility to
design their properties by choosing the nature of the anion
and the cation.'®” Davis’ Task-Specific Ionic Liquid (TSIL)
concept was also developed to design ILs for specific pro-
perties and applications by functionalizing the anion or/and
the cation.'®*'°® The concept of DSILs opens access to another
way to design ILs for specific applications, by choosing not
only the nature of the ions but also their proportions. (The
high ionicity DSILs reported by Pereiro et al. prepared by
adding crystalline [NH4][SCN] to [C,C;im][EtSO,] and [C,C,im]-
[OAc] (see section 2.5) are but one example.)*! This approach
can lead to more stable, less viscous, less toxic, and more eco-
friendly DSILs.

Another interesting example is a study related to DSIL toxi-
city to Vibrio ginghaiensis (Q67).'® Aqueous solutions were
prepared from the mixing of nine 1-alkyl-3-methylimidazolium
based-ILs, with different alkyl chains lengths (ethyl, butyl,
hexyl, and octyl) on the cations, and chloride, bromide, or
alkylsulfates anions (Table 10, entries 1-9). Based on micro-
plate toxicity analysis,"””® Zhang et al. looked for antagonistic
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Table 10 Observed pECsq values for solutions of some two-ion ILs and
for solutions of multiple salts®®

Entry  IL/solution PECs0 ¢
Solutions of two-ion IL

1 C,C,im]Cl 1.01

2 C,C,im]Cl 1.82

3 C,C,im]|Br 2.20

4 C4C,im][MeSO,] 2.31

5 C4C1im][CsH,,S0,] 2.53

6 CeCyim]Cl 3.09

7 CsC,im]Cl 4.66

8 C4C,im][CsH,,S0,] 4.14

9 CsCyim][C5H,;0,50,] 4.09

Ion ratios in aqueous mixtures”

10 C4C;im][C1],[Br],[MeSO,][CsH,15504](1—x—ys) 1.92-2.27
11 C,Cqim],[C4Cim],[CeCyim],[CsCrim]—x—y—»[C]]  1.14-2.19
12 C4C,im],[CCyim];_,[CsH;,S0,] 2.61-3.04
13 CsC,im][C5H,,0,50,],[CsH;750,]1_x 4.05-4.10

“The pECs, is defined as the negative logarithm of the ECs, (which
has units of molarity, mol L™'). The experimental procedure, called
“microplate toxicity analysis” was reported previously.'”® ” Different
molar concentrations of each ion were tested for each aqueous
mixture.

or synergistic toxicity effects compared to the toxicities of the
IL parents by comparing ECs, values for aqueous solutions of
[C4Cim][CI],[Br],[MeSO4],[CsH ;7S04 ](1—x—y—z) [CsC1im][C5H;10,],
[CsH17S04)1_x, [C4C1im],[CsCqim];_,[CsH;,S0,], and [C,Cqim],-
[C4C1im])[C6Cyim],[C4Cqim]_y_y_»[Cl] (Table 10, entries
10-13). In the last solution (Table 10, entry 13), the authors
found a good correlation with the effects obtained based on
the individual IL parent solutions and their concentrations.
However, the authors also highlighted that the presence of one
specific ion cannot be responsible for all of the toxicity of a
given solution, but rather that the new combinations of ions
could change the toxicity.

While in general this study does not make DSILs as we have
defined them, since here two or four two-ion ILs were added
separately to water, the resulting solutions would be the same
as adding one DSIL to water and eventually such studies must
be undertaken. Although further studies are needed to under-
stand the results in terms of the nature and proportion of
the ions on the mechanism of toxicity, this one example
suggests that toxicity of a DSIL in solution should not be
assumed to be a simple combination of any two-ion ILs. It
would be interesting to study the toxicity of neat DSILs to
investigate whether the design of DSILs less toxic than the IL
parents is possible.

The use and study of DSILs are still in their infancy,
perhaps due to the even larger number of ionic combinations
than the already overwhelming number of two-ion ILs, not to
mention that DSILs can be prepared by mixing not only ILs,
but also an IL with higher melting salts or even eutectic mix-
tures of two or more higher melting salts. Based on the
current literature and our personal experiences, we believe
many new opportunities will arise leading to even more appli-
cations for ILs.

This journal is © The Royal Society of Chemistry 2014
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7. Conclusions and recommendations

We believe that the current literature shows ‘IL-IL mixtures’
should be conceptually considered as unique double salts,
each defined by the nature and the abundance of each ion
composing these systems. Despite the current paucity of data
available for each property and the similarity of the reported
systems, we have described the main trends found for the
physical, thermal, and chemical properties of these ‘double
salt ionic liquids’ (DSILs). The fact that both ideal and
non-ideal behavior depends on the property studied, the
nature of the ions, and the abundance of each ion, suggests
that each DSIL is unique, and not a simple mixture of two-ion
ILs. Thus, DSILs should not be defined by their method
of preparation (mixing), but rather by their final ionic
composition.

The physical properties of DSILs such as viscosity, density,
excess molar volume, etc., are mainly controlled by their com-
position and their intrinsic interactions. In fact, as several ions
are present, the Coulombic forces seem to be even more
important in these systems compared to two-ion ILs, and the
steric effects of the ions lead to non-ideal properties. The
importance of three-dimensional organization of ions in DSILs
may be an important factor. The thermal properties may also
be governed by van der Waals forces and electrostatic inter-
action forces, however, more fundamental studies are needed
to clearly understand the role of each interaction in the organ-
ization of these salts.

Three-ion DSILs are currently the most studied, and some
trends can start to be distinguished. In the two cation-based

Abbreviations of ions

View Article Online
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systems three-dimensional organization of the ions seems
important, while for the two anion-based DSILs, the coordi-
nation abilities (basicity) of the anions seem to be important
drivers. We strongly recommend more systematic use of spec-
troscopic analysis methods to support future studies of DSILs,
in order to better understand the complex interactions
between the various ions; with particular emphasis on the study
of ionic combinations of ions with wildly different properties,
sizes, etc. Some examples of potential design of melting point
or phase transition behavior have been published, however, we
believe that the most promising properties of DSILs are chemi-
cal, and it should be possible to design and modify DSILs
toward specific ends. For example, DSILs often exhibit
improved solvent properties not readily apparent from those of
the two-ion IL parents.

Seddon stated that there are nearly one million simple ILs
that can be easily prepared in the laboratory, leading to 10'® or
more ILs if binary, ternary, etc. systems are considered."* With
the concept of double salts and their unique compositions as
a function of ion type and abundance, there are in reality an
infinite number of possible DSIL combinations. We are thus
convinced that the DSIL concept will offer new and exciting
properties to develop new approaches and new applications
well beyond the current limitations of two-ion ILs.

In the general field of ILs to date, the emphasis has always
been on finding an application where an IL can truly do some-
thing valuable, that no other system or approach can reason-
ably accomplish. The same might now be true of DSILs, where
the most exciting chemistry and applications should be in
areas that ILs have had limited success.

Cations
Abbreviation Name MW* Structure
[NH,]" Ammonium 18.04 ﬁt
HN—H
H
.
2-HEA]" 2-Hydroxyethylammonium 62.09 H3N
[ ] ydroxyethy N~ on
tri -1,2,3-Triazolium . =
123tri]* 1H-1,2,3-Triazoli 70.07 HN=N
. NH
[124tri]" 1H-1,2,4-Triazolium 70.07 ,N:\+
HN.__NH
[Morph]" Morpholinium 88.13 O/\
N
C,C;im]" 1,3-Dimethylimidazolium 97.14
y
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Cations
Abbreviation Name MW* Structure
[CeH11-NH;]" Cyclohexylammonium 100.18 <:>7NH+
3
[C,Cypyr]” N-Ethyl-N-methylpyrrolidinium 114.21 D,\I/
“CaHs
[2-HTEA]" 2-Hydroxytriethylammonium 118.20
+
HO/\/NH\/
iml* imi i X CaH
[C5Cyim] 1-Propyl-3-methylimidazolium 125.19 N7 SN Vshr
\—/
[NH,C,C,im] 1-(2-Aminoethyl)-3-methylimidazolium 126.18 ~N" XN~ CH2CHzNH,
\—/
[C5Cypyr]” N-Propyl-N-methylpyrrolidinium 128.24 E>N+/
“CsHy
[Nopo2ol' Tetracthylammonium 130.25 ?EHS
Csz_’T‘_Csz
CoHs
[3-C4-Cspy]” 3-Methyl-N-propylpyridinium 136.22 _
\ /Nlc3H7
[Capy]" N-Butylpyridinium 136.22 72N
{ N—C,Hq
. + I . — PN +_C,H
[C4Cyim] 1-Butyl-3-methylimidazolium 139.22 N XN~ Calo
\—/
[C5C,pip]” N-Propyl-N-methylpiperidinium 142.27 < :N+/03H7
N
[C4Cpyr]" N-Butyl-N-methylpyrrolidinium 142.27 Cﬁ/
“CaHo
[3-C1-Capy]" 3-Methyl-N-butylpyridinium 150.24
\ /Nic‘tHg
[4-C1-Capy]" 4-Methyl-N-butylpyridinium 150.24 4@,{_ C.H
\ 4Mg
[C4C1Cqim]" 1-Butyl-2,3-dimethylimidazolium 153.25 )\
~N \,\]'/C4H9
\—/
[C4Crim]" 1-Butyl-3-ethylimidazolium 153.25 CoHs~ "~ CaHg
\—/
. . . AN _CeH
[C5Cyim] 1-Pentyl-3-methylimidazolium 153.25 ~NT NN s
\—/
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Cations
Abbreviation Name MwW* Structure
[C5Cpyr]” N-Pentyl-N-methylpyrrolidinium 156.29 Cﬁ\/
CsHiq
P s : AN _CeH
[C6Cqim] 1-Hexyl-3-methylimidazolium 167.28 N7 NN~ CeTis
\—/
[C6Capyr]" N-Hexyl-N-methylpyrrolidinium 170.32 Cﬁ\/
CeH13
0-COO-azaspiro]” 2-0x0-3,9-dioxa-6-azaspiro[5.5Jundecan-6-ium 172.20 0
P P é\/
/ VA
o} N e}
[(py)o-NH,]* 2,2"-Dipyridylammonium 172.21 N RN
N N
‘ = ‘ Z
- o . AN
[BzC,im] 1-Benzyl-3-methylimidazolium 173.24 SNTOSNTN
\/ CeHs
[CeVim]" 1-Hexyl-3-vinylimidazolium 179.29 /\N/%ﬁ/cus
\—/
[C4Cyim]" 1-Octyl-3-methylimidazolium 195.33 ~N"XN~CeHi7
\—/
[3-Cy-Cgpy]” 3-Methyl-N-octylpyridinium 206.35 _
.
N—CgH
\ gH17
[C4HSOHC,im]" 1-(4-Sulfobutyl)-3-methylimidazolium 219.28 ~N" XN~ C4HgSO3H
\—/
[C10Cqim]" 1-Decyl-3-methylimidazolium 223.38 \N/% J—C1oH21
\—/
[BzC,im]" 1-Benzyl-3-butylimidazolium 215.32 C4H9\N/§,\I/\
\__/ CeHs
[Pyaaal’ Tetrabutylphosphonium 259.44 (%‘ng
CaHy P Cablg
CaHo
[Bz(F5)C,4im]" 1-(2,3,4,5,6-Pentafluorobenzyl)-3-butylimidazolium 305.11 C4H9\N/§N+
\_ CsFs
[C16Cqim]" 1-Hexadecyl-3-methylimidazolium 307.55 \N/%ﬁ/CwHSB
\—/
[Cy4isoqui]” N-Tetradecylisoquinolinium 326.55 7 N+/C14H29
- \
[Nggsml Trioctylammonium 354,69 CI:EHW
CSH17*'I‘*CSH17
H
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Cations
Abbreviation Name MwW* Structure
[Ny 71" Tetraheptylammonium 410.81 ?ZH 15
C7H15*"“*C7H15
C7His
[Pes614]" Trihexyl(tetradecyl)phosphonium 483.87 ?fH1 3
CGH13*"°*C14H29
CeHiz
[Anions]
Abbreviation Name MW* Structure
Cl Chloride 35.45 cl-
[HCOOT Formate 45.02 9
H—C{
o
[SCN] Thiocyanate 58.08 S§=C=N"
[OAcT Acetate 59.04 //O
Hy,C—C_
[NO,] Nitrate 62.00 o
O=N~*
\ -
O
[N(CN),] Dicyanamide 66.04 //C/N\C\\
N~ ~N
[EtCoO] Propionate 73.07 ﬂ
H3C ~ c /C ~ o
Hy
Br- Bromide 79.90 Br-
[BF,] Tetrafluoroborate 86.80 ":7
F—B—F
F
[Ala]” Alaninate 90.10 OH
o
NH,
[HSO,] Hydrogen sulfate 97.06 ‘C‘) i
HO— ﬁ —0O
@]
[Cclo,] Perchlorate 99.45 (|3|
o= (IZI 1—0"
O
[MeSO,] Methyl sulfate 111.09 \_O
~ O/S\\
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Abbreviations of ions (Contd.)

[Anions]
Abbreviation Name MW* Structure
[CF;CO0] 2,2,2-Trifluoroacetate 113.02 7
FiC—C_
o
[4-NO,-tri]” 4-Nitro-1,2,3-triazolate 113.06 n=N
| / NO,
M=
[Val]” Valinate 116.14 Q
o
NH,
[EtSO,] Ethylsulfate 125.12 O\\s o
/\O/ N\
o
I Todide 126.91 I
[Asp] Aspartate 132.10 o
HO -
(¢]
O NH,
[PFe] Hexafluorophosphate 144.96 RF
F—R—F
/\
FF
(0] (0]

[Glu]” Glutaminate 145.14
HZN)J\/\HJ\CY
NH,
[Lys] Lysinate 145.18 Q
H,N o

NH,
[CF5S0;] Trifluoromethanesulfonate 149.06 ﬂ
FiC—§—0"
O
[4,5-diNO,-im]" 4,5-Dinitroimidazolate 157.07 «NINOZ
NO,
[N(SO,F),] Bis(fluorosulfonyl)imide 180.12 QNP
S W
[C,HF,SO;] 1,1,2,2-Tetrafluoroethanesulfonate 181.08 RF I}
F\ /C\S//
HT & el
[CsH110,504] 2-(2-Methoxyethoxy)ethyl sulfate 199.20 Q 0o
\O/\/O\/\O/S\b
[CsH,,S0,] Octylsulfate 209.28 A o
/\/\/\/\o/ A
[C15H5,COO] Palmitate 255.42 9
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[Anions]
Abbreviation Name MwW* Structure
[NTf,] Bis((trifluoromethane)sulfonyl)imide 280.14 O\\ N /9
FiC™ Ny & CFs
[C,,H35CO0] Stearate 283.48 j’\
CisHas™ O
[N(SO,C,F5),] Bis(pentafluoroethane)sulfonyl)imide 380.15 B _NZ a
FsC._ S S.. _CF;
cCT\ /e
Fa ° R
[N(S204C5F15)]” ((Pentafluoroethane)sulfonyl)((trifluoromethane)sulfonyl)imide 430.16 O\\S N //O
FsC” Y “C4Fq

“MW: molecular weight indicated in g mol™.
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