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Introduction

Ionic liquid or molten salt preparation, characterization, and
properties are rapidly growing areas of the current research
interest. The low melting (12 8C), ethylammonium nitrate
salt was synthesized by Walder[1] in 1914. Hurley and Wier[2]

prepared low-melting salts with chloroaluminate ions for the
electroplating of aluminum in 1951. However, ionic liquids
only received wide attention after the mid 1980s when low

melting ionic liquids were proposed as solvents for organic
synthesis by Fry and Pienta[3] and Boon et al.[4]

Thereafter, ionic liquids that exhibit air and water com-
patibility but are liquid at temperatures below 100 8C were
discovered.[5–8] Since then a large number of ionic liquids
has been reported with a diverse range of structures and
properties. In 2004, Poole, published an excellent review in
which he reported nearly 300 ionic liquids that consisted of
cations such as, 1,3-dialkylimidazolinium (ca. 170),
tetraalkylACHTUNGTRENNUNGammonium (ca. 30), 1-alkyl or aryl imidazolinium
(ca. 20), tetraalkylphosphonium (ca. 15), mono-, di-, or trial-
kylammonium (ca. 15), N,N-dialkylpyrrolidinium (ca. 10),
tetraalkyldimethylguanidinium (ca. 10), N-alkylisoquinolini-
um (ca. 10), N-alkylpyridinium (ca. 5), 1,2,4-triazolium (ca.
5), and other heterocycles (e.g., piperidinium, indolium, pyr-
azolium, pyrrolium, 1,2,4-triazolium, ca. 10) and anions such
as, NTf2 (ca. 60), BF4 (ca. 60), halogenates (X=Cl, Br and I,
ca. 35), PF6 (ca. 30), alkyl sulfonates (ca. 30), carboxylates
(ca. 20), alkyl sulfates (ca. 15), nitrate (ca. 15), thiocyanate
(ca. 10), and dicyanamide (ca. 10).[9]

Subsequently, more ionic liquids have been reported, in-
cluding chiral,[10–21] biodegradable ones based on imidazoli-
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um [im] and ammonium cations,[22] task-specific ionic liq-
uids[23] based on [im] containing amino,[24] silyl,[25] and sulfo-
nate[26,27] dications.[28] Moreover, ionic liquids consisting of
ammonium ions have also been reported, namely, Aliquat
336,[29] long alkyl chain ones,[30] and others,[31] as well as
more biodegradable,[32] task-specific ionic liquids[23] contain-
ing sulfonate.[33] Apart from these, other cations such as imi-
dazolinium,[34] phosphazene,[35] guanidinium,[36–38] combina-
tions of phosphonium-acesulfame[39] and phosphonium
amino acids,[40] and other anions such as trihalides,[41] 3,5-di-
nitro-1,2,4-triazolate,[42] perfluoralkyltrifluoroborate,[43] and
tricyanomethanide[44] have also been reported, recently.
The extensive range of combinations of cation and anion

that ionic liquids provide allows a great variety of tunable
interactions and applications.[45, 46] Their peculiar properties
such as high thermal and electrochemical stability, negligible
vapor pressure,[47] and high ionic conductivity have made
their use in the areas of organic chemistry,[48, 49] chemical en-
gineering,[50] material science,[51] physical chemistry,[52,53] ana-
lytical chemistry,[54, 55] and biotechnology.[56] Their ability to
solubilize a large array of diverse molecules along with the
immiscibility both in water and nonpolar organic solvents
further adds to their usefulness.[57]

The basic difference in the properties of imidazolium and
quaternary ammonium ionic liquids is that the former has a
labile proton which limits its use in organic reactions[58] and
it cannot be used as an electrolyte for high-energy electro-
chemical devices because of the electrochemical instability
of the 1,3-dialkylimidazolium
cations. The saturated quater-
nary ammoniums are more re-
sistant against oxidation and
reduction, thereby their ionic
liquids with electrochemically
stable anions, such as [Tf2N]

� ,
have larger electrochemical
windows than the correspond-
ing 1,3-dialkylimidazolium
compounds.[59] Also, the qua-
ternary ammonium ionic liq-
uids are easy to prepare and
less expensive.[29,30] Further,
there are many differences in
the solubility, viscosity, and
density of these two classes of
ionic liquids. In comparison
with these two classes, ionic
liquids based on guanidini-
um[36–38] and phosphoni-
um[39,40,60] have been less ex-
plored.
As part of our efforts to de-

velop new ionic liquids based
on tetraalkyldimethylguanidi-
nium cations [38] (including
chiral ones),[61] methylimidazo-
lium-containing ether, and al-

cohol side chains[62] and their use as a simple reaction media
for catalyst reuse[63–70] and as supported membranes for se-
lective transport,[71–75] herein, we report on the extension of
the known portfolio of ionic liquids to the ones based on
cations containing long alkyl chains and/or phenyl groups
and readily available anions, which are potentially more
stable and less symmetric for use as a green media for or-
ganic vapor absorption above room temperature. Herein we
report several types of imidazolium, quaternary ammonium,
and guanidinium compounds. These were treated with the
same set of anions to evaluate the difference in their proper-
ties. Various physicochemical properties of these ionic liq-
uids were studied and the stability of these ionic liquids
under thermal and chemical conditions was evaluated.

Results and Discussion

The structures of the ionic liquids prepared and studied in
the present work are shown in Scheme 1. The chloride salts
of imidazolium and guanidinium were prepared in the labo-
ratory using previously reported methodology,[9,38,62,76]

whereas the quaternary ammonium salts were obtained
commercially and were used as received. Subsequently, they
were exchanged with a slight excess (1.2 equiv) of p-NaTSA
(sodium p-toluenesulfonate), NaDCA (sodium dicyano-
ACHTUNGTRENNUNGamide), NaSAC (sodium 2-sulfobenzoic acid imide sodium
salt or sodium saccharine), NaTFA (sodium trifluoroace-

Scheme 1. Structure of cations and anions used for the preparation of ionic liquids.
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Table 1. Representative properties of new ionic liquids.

Ionic Physical Water Viscosity DSC Analysis Solubility
liquid state[a] content[b] h (Pa·s)[c] TG

[d] DCP
[f] DCPm

[g] TD
[h] miscible[i] immiscible[i]

mg ACHTUNGTRENNUNG(H2O)
mg�1(IL)

[8C] [Jg�1K�1] [Jmol�1K�1] [8C]

ACHTUNGTRENNUNG[Bzmim] ACHTUNGTRENNUNG[TSA] Ss – – �46.48 0.5904 216 183 w, ea(pm) h, e
ACHTUNGTRENNUNG[Bzmim] ACHTUNGTRENNUNG[DCA] L 14.6 0.040 �77.75 0.8952 222 250 w ea, h, e
ACHTUNGTRENNUNG[Bzmim] ACHTUNGTRENNUNG[SAC] L 14.8 26.75 �37.30 0.6254 222 205 w, ea(pm) h, e
ACHTUNGTRENNUNG[Bzmim] ACHTUNGTRENNUNG[TFA] L 20.5 N-newt �54.46 0.4941 159 180 w, ea h, e
ACHTUNGTRENNUNG[Bzmim] ACHTUNGTRENNUNG[Tf2N] L 5.7 N-newt �62.30 0.4357 200 >300 w(pm), ea h, e
ACHTUNGTRENNUNG[Bzmim] ACHTUNGTRENNUNG[TfO] Ss – – �66.82 0.4718 152 >300 w, ea h, e
ACHTUNGTRENNUNG[Bzmim] ACHTUNGTRENNUNG[SCN] L 14.3 N-newt �70.06 0.5797 139 169 w ea, h, e
ACHTUNGTRENNUNG[BzimBz] ACHTUNGTRENNUNG[TSA] S – – 113.54[e] >300 w ea, h, e
ACHTUNGTRENNUNG[BzimBz] ACHTUNGTRENNUNG[DCA] L 6.5 0.202 �45.43 0.7431 234 252 w ea, h, e
ACHTUNGTRENNUNG[BzimBz] ACHTUNGTRENNUNG[SAC] S – – �9.65 0.4155 183 243 w ea, h, e
ACHTUNGTRENNUNG[BzimBz] ACHTUNGTRENNUNG[TFA] S – – �37.16 0.5858 233 180 w(pm), ea(pm) h, e
ACHTUNGTRENNUNG[BzimBz] ACHTUNGTRENNUNG[Tf2N] L 5.4 N-newt �50.24 0.469 275 >300 ea w, h, e
ACHTUNGTRENNUNG[BzimBz] ACHTUNGTRENNUNG[TfO] S – – 73.35[e] >300 ea w, h, e
ACHTUNGTRENNUNG[BzimBz] ACHTUNGTRENNUNG[SCN] L 7.7 0.625 �40.87 0.5385 167 163 w(pm) h, e, ea
ACHTUNGTRENNUNG[C8mim] ACHTUNGTRENNUNG[TSA] S – – 89.48[e] >300 w, ea h, e
ACHTUNGTRENNUNG[C8mim] ACHTUNGTRENNUNG[DCA] L 11.1 0.034 �92.93 0.6369 172 250 w, ea h, e
ACHTUNGTRENNUNG[C8mim] ACHTUNGTRENNUNG[SAC] L 13.3 0.389 �63.68 0.6295 242 245 w(pm), ea h, e
ACHTUNGTRENNUNG[C8mim] ACHTUNGTRENNUNG[TFA] L 19.1 0.054 �88.90 0.5436 179 190 w(pm), ea h, e
ACHTUNGTRENNUNG[C8mim] ACHTUNGTRENNUNG[Tf2N] L 5.8 0.087 �86.45 0.4229 210 >300 ea w, h, e
ACHTUNGTRENNUNG[C8mim] ACHTUNGTRENNUNG[TfO] L 4.5 0.100 �92.30 0.4686 161 >300 ea w, h, e
ACHTUNGTRENNUNG[C8mim] ACHTUNGTRENNUNG[SCN] L 12.2 0.070 – 226 w, ea h, e
ACHTUNGTRENNUNG[C10mim] ACHTUNGTRENNUNG[TSA] S – – 78.99[e] 278 w, ea(pm) h, e
ACHTUNGTRENNUNG[C10mim] ACHTUNGTRENNUNG[DCA] L 4.7 0.076 �22.76 0.4556 136 270 w, ea h, e
ACHTUNGTRENNUNG[C10mim] ACHTUNGTRENNUNG[SAC] L 5.7 0.884 �69.28 0.3315 251 w, ea h, e
ACHTUNGTRENNUNG[C10mim] ACHTUNGTRENNUNG[TFA] L 3.0 N-newt – 200 w, ea h, e
ACHTUNGTRENNUNG[C10mim] ACHTUNGTRENNUNG[Tf2N] L 3.1 N-newt – >300 ea w, h, e
ACHTUNGTRENNUNG[C10mim] ACHTUNGTRENNUNG[TfO] L 5.6 0.194 – >300 w, ea h, e
ACHTUNGTRENNUNG[C10mim] ACHTUNGTRENNUNG[SCN] L 9.2 N-newt – 230 w, ea h, e
ACHTUNGTRENNUNG[Aliquat] ACHTUNGTRENNUNG[TSA] S – – 77.98[e] 241 e, ea w, h
ACHTUNGTRENNUNG[Aliquat] ACHTUNGTRENNUNG[DCA] L 2.9 0.300 �89.94 0.7103 >300 eo, ea w, h
ACHTUNGTRENNUNG[Aliquat] ACHTUNGTRENNUNG[SAC] L 2.3 2.824 �54.02 0.2921 205 e, ea, h(pm) w
ACHTUNGTRENNUNG[Aliquat] ACHTUNGTRENNUNG[TFA] L 7.7 0.740 �70.95 0.3576 183 e, h, ea w
ACHTUNGTRENNUNG[Aliquat] ACHTUNGTRENNUNG[Tf2N] L 2.2 0.354 �81.42 0.3131 >300 e, ea w, h
ACHTUNGTRENNUNG[Aliquat] ACHTUNGTRENNUNG[TfO] Ss – – – >300 e, ea w, h
ACHTUNGTRENNUNG[Aliquat] ACHTUNGTRENNUNG[SCN] L 8.7 1.017 e, ea w, h
ACHTUNGTRENNUNG[BzTEA] ACHTUNGTRENNUNG[TSA] S – – �48.70 0.5375 198 280 w ea, h, e
ACHTUNGTRENNUNG[BzTEA] ACHTUNGTRENNUNG[DCA] S – – 83.42[e] 236 w ea, h, e
ACHTUNGTRENNUNG[BzTEA] ACHTUNGTRENNUNG[SAC] S – – 151.32[e] 209 w ea, h, e
ACHTUNGTRENNUNG[BzTEA] ACHTUNGTRENNUNG[TFA] L 24.0 1.616 �48.90 0.6438 208 199 w, ea e, h
ACHTUNGTRENNUNG[BzTEA] ACHTUNGTRENNUNG[Tf2N] Ss – – �51.73 0.4616 235 >300 ea e, w, h
ACHTUNGTRENNUNG[BzTEA] ACHTUNGTRENNUNG[TfO] S – – 109.37[e] >300 w e, ea, h
ACHTUNGTRENNUNG[BzTEA] ACHTUNGTRENNUNG[SCN] S – – 87.82[e] 88 w e, ea, h
ACHTUNGTRENNUNG[PhTMA] ACHTUNGTRENNUNG[TSA] S – – 149.63[e] 275 w e, ea, h
ACHTUNGTRENNUNG[PhTMA] ACHTUNGTRENNUNG[DCA] S – – 117.37[e] 195 w e, ea, h
ACHTUNGTRENNUNG[PhTMA] ACHTUNGTRENNUNG[SAC] S – – 193.53[e] >300 w e, ea, h
ACHTUNGTRENNUNG[PhTMA] ACHTUNGTRENNUNG[TFA] L 20.6 �68.57 0.5201 139 182 w, ea(pm) h, e
ACHTUNGTRENNUNG[PhTMA] ACHTUNGTRENNUNG[Tf2N] L 0.2 0.210 �58.01 0.3989 166 >300 ea w, h, e
ACHTUNGTRENNUNG[PhTMA] ACHTUNGTRENNUNG[TfO] S – – 82.97[e] >300 w, ea h, e
ACHTUNGTRENNUNG[PhTMA] ACHTUNGTRENNUNG[SCN] S – – 116.15[e] 116 w ea, h, e
ACHTUNGTRENNUNG[DMG] ACHTUNGTRENNUNG[TSA] L 5.5 0.398 �69.90 0.4563 271 200 e, ea, h(pm) w
ACHTUNGTRENNUNG[DMG] ACHTUNGTRENNUNG[DCA] L 4.4 0.267 �77.18 0.2809 250 e, ea h, w
ACHTUNGTRENNUNG[DMG] ACHTUNGTRENNUNG[SAC] L 4.6 1.175 �56.71 >300 e, ea h, w
ACHTUNGTRENNUNG[DMG] ACHTUNGTRENNUNG[TFA] L 5.0 0.194 �80.66 0.4055 222 190 e, ea h, w
ACHTUNGTRENNUNG[DMG] ACHTUNGTRENNUNG[Tf2N] L 6.4 0.298 �72.11 0.3811 269 >300 e, ea h, w
ACHTUNGTRENNUNG[DMG] ACHTUNGTRENNUNG[TfO] L 1.7 0.178 �78.71 0.3909 >300 e, ea h, w
ACHTUNGTRENNUNG[DMG] ACHTUNGTRENNUNG[SCN] L 2.2 �72.43 275 e(pm), ea h, w

[a] Observed visual state at room temperature, where L=Liquid, Ss=Semisolid, S=Solid. [b] Water content of each ionic liquid. [c] Viscosity of ionic
liquid, where Non-newtonian=N-newt. [d] Glass transition temperature (TG) determined as the onset temperature in the heating mode (10 8Cmin

�1).
[e] Melting point determined by DSC. [f] Heat capacity jump (DCP) in Jg

�1K�1. [g] Molar heat capacity jump (DCPm) in Jmol
�1K�1. [h] Decomposition

temperature is the temperature at which exothermic or endothermic behavior initiated after prolonged heating. [i] Observed complete solublization (mis-
cible), partial solublization (pm) or non-solublization (immiscible) by adding the solvent to a small amount of ionic liquid, where water=w, ethyl ace-
tate=ea, ether=e, hexane=h.
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tate), LiTf2N (lithium bis(trifluoromethanesulfonyl)imide),
KTfO (potassium trifluoromethanesulfonate), or KSCN (po-
tassium thiocyanate) to reduce the amount of the residual
halogen content. The exchange reaction was carried out at
room temperature by using solvent dichloromethane for
48 h. The volatile components are then removed by stirring
the product (ionic liquid) at 70–90 8C under vacuum for
24 h. Stirring is important in these reactions; too little stir-
ring can result in the incomplete removal of the volatile
components as a result of slow diffusion of the volatile mol-
ecules in the viscous ionic liquid. The samples used for mi-
croanalysis and calorimetric experiments were further puri-
fied by filtration through silica and left under high vacuum
(6N10�6 mbar) at room temperature to remove traces of hal-
ogen and volatile components, respectively.
All the new ionic liquids were obtained in medium-to-

very high yields (�70%). They are stable in air, water, and
other common organic solvents, such as ethers, hexane, di-
chloromethane, ethyl acetate, and ethanol. No decomposi-
tion was observed in the range of temperatures tested (up to
100 8C). Physical properties of these ionic liquids, such as
their solubility in common organic solvents and in water,
their viscosity and their density, were studied. The analysis
of the solid–liquid phase transition allowed the determina-
tion of the glass transition temperature, TG, and of the heat
capacity jump, DCp associated with the glass transition. A
degradation temperature of each ionic liquid was also deter-
mined by differential scanning calorimetry (DSC). The
properties of the different ionic liquids were compared with
each other.

Physical state, water content, and solubility : The physical
state of the ionic liquid varies from liquid–semisolid–solid
depending on the type of cation and anion chosen. The solu-
bility of the ionic liquids in the solvents ether, ethyl acetate,
acetone, dichloromethane, hexane, and water was observed
visually by adding each solvent to a small amount of ionic
liquid. The water content of each ionic liquid was deter-
mined by a volumetric Karl Fischer titration. The physical
state, water content, and solubility of the developed ionic
liquids are presented in Table 1.
It can be observed that the [Bzmim][X] series are liquids

and semisolids. They are soluble in water and insoluble in
hexane and diethyl ether, while some of them are partly
miscible with ethyl acetate. The water content of these ionic
liquids was observed to be less than 21 mgmg�1. The
[BzimBz][X] series have a lower water content than the
[Bzmim][X] series, which may indicate that the replacement
of the methyl group by a benzyl group decreases the affinity
of water to the ionic liquids. However, there is no fixed
trend available for the solubility of the [BzimBz][X] series.
In the [C8mim][X] series, all the ionic liquids are liquids
except [C8mim] ACHTUNGTRENNUNG[TSA]. Their water content varies from 4.5
to 19.1 mgmg�1, with [C8mim] ACHTUNGTRENNUNG[TFA] having the highest value
(see Table 1). All of them display a remarkable solubility in
ethyl acetate and are insoluble in diethyl ether and hexane.
As expected, ionic liquids in the [C10mim][X] series, which

contain the longest alkyl chain tested have been found to
have a lower water content (<10 mgmg�1) than the other
series of imidazolium compounds. This is in line with the re-
ported trend for water-saturated ionic liquids based on
[Cnmim][X] (n=4–10; PF6, BF4).

[77–79] The [Cnmim][X] series
are soluble in ethyl acetate and insoluble in hexane and di-
ethyl ether.
Ionic liquids of the quaternary ammonium series are

more often found in the solid physical state than those ionic
liquids based on imidazolium and guanidinium salts. Table 1
indicates that in the quaternary ammonium series, only ionic
liquids of the form [Aliquat][X] have been shown to be liq-
uids. They are all miscible in diethyl ether and their water
content varies from 2.2 to 8.7 mgmg�1. In addition, they are
also miscible in ethyl acetate and immiscible in water. The
other two quaternary ammonium series, [BzTEA][X] and
[PhTMA][X] are mainly solids at room temperature except
the ionic liquids [BzTEA] ACHTUNGTRENNUNG[TFA], [PhTMA] ACHTUNGTRENNUNG[TFA],
[PhTMA]ACHTUNGTRENNUNG[Tf2N] which are liquids. Apart from the [Tf2N]

�

ion, all of these show good solubility in water. All the ionic
liquids of the guanidinium series [DMG][X] are liquids, and
are found to be miscible in diethyl ether and ethyl acetate
and immiscible in water. Their water content ranges from
1.7 to 6.4 mgmg�1, which is similar to those observed for
other [DMG] (X=BF4, PF6, Tf2N) combinations.

[38]

Moreover, all the ionic liquids studied were found to be
miscible in acetone and dichloromethane. The water content
studies reveal that ionic liquids containing [TFA]� as an
anion have very high values compared to the other anions
tested. Amongst the cations studied, each with [TFA]� as a
constant, this order decreases as follows: [BzTEA]+ >

[Bzmim]+ > [PhTMA]+ > [C8mim]
+ > [Aliquat]+ >

[DMG]+ > [C10mim]
+ . The ionic liquid [BzTEA] ACHTUNGTRENNUNG[TFA] has

highest water content (24.0 mgmg�1), whereas the water con-
tent of the ionic liquids containing [Tf2N]

� and [TfO]� ions
are generally found to be low.

Density (1): Figure 1 displays the densities of several ionic
liquids measured at 25 8C. The densities range from 0.89 to
1.46 gmL�1. In the imidazolium group, ionic liquids with a
long alkyl chain have lower densities than the ones having
aromatic rings. This is similar to the reported observations
for the [Tf2N]

� series.[80,81] An extra benzyl group in place of
the methyl group in the imidazolium ring further increases
the density of the ionic liquid, which may be attributed to
the increase in the packing ability afforded by the phenyl
group. Ionic liquids containing C8 and C10 alkyl chains, but
having the same anion, have nearly same densities. Previ-
ously, it was observed that the increase in alkyl chain length
leads to a decrease in the density of ionic liquids,[77] but, in
the present case, it seems the effect is minimized at higher
alkyl chain lengths (>C8). There is a very little difference
between the densities of the [C8mim]

+ and [C10mim]
+

series. In the imidazolium group, the density increases in the
order [C10mim]

+ < [C8mim]
+ < [Bzmim]+ < [BzimBz]+

regardless of the anion.
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In the quaternary ammonium group, the [Aliquat]+ series
have lower densities than their [BzTEA]+ and [PhTMA]+

counterparts.[29] However, the densities of [BzTEA] ACHTUNGTRENNUNG[TFA]
and [PhTMA] ACHTUNGTRENNUNG[Tf2N] are lower than the corresponding
[Bzmim]+ and [BzimBz]+ units. The density of the guanidi-
nium series was also very low, which is quite interesting
since it corresponds to the largest cation used (four n-hexyl
groups) and is extremely less prone to crystallize. Thus, it
appears that this cation is more capable to suppress the
effect of the anion than the other cation series.[38, 61] For the
anions studied, ionic liquids containing the [Tf2N]

� ion ex-
hibit higher densities than the other anions. When the cation
is kept constant, the order of densities increases as follows
for the counter anions; [DCA]� < [SCN]� < [TFA]� <

[TfO]� < [SAC]� < [Tf2N]
� . This order indicates that the

density of the ionic liquids increases with the increase in the
bulkiness of the anion and the increase in the number of flu-
orine atoms.[43] Overall, it is observed that the ionic liquid
[DMG] ACHTUNGTRENNUNG[TFA] has the lowest (0.89 gmL�1) and [BzimBz]-
ACHTUNGTRENNUNG[Tf2N] has the highest (1.46 gmL

�1) density of the ionic liq-
uids tested. These results demonstrate that the nature of the
cation and anion play an important role in determining the
densities of ionic liquids. They also show how the density
can be fine-tuned through slight variations in the structures
of the cation and anion.

Viscosity (h): Viscosities of all the ionic liquids were mea-
sured at 20 8C and are shown in Table 1. From the steady-
state flow measurements of the ionic liquids analyzed under
a wide range of shear conditions, seven ionic liquids were
found to be non-Newtonian, exhibiting shear-thinning be-
havior. Therefore, only the viscosity values of the ionic liq-
uids showing Newtonian behavior are listed in Table 1.

As can be seen from the ex-
ample of the flow curve ob-
tained for [Bzmim] ACHTUNGTRENNUNG[SAC] (Fig-
ure 2A), a Newtonian liquid is
the one for which the shear
stress (t) is a linear function of
shear rate (g). Consequently,
the viscosity can be calculated
by fitting the Newton equation
(t= hg) to the results obtained.
The shear viscosity is the ratio
of the shear stress to the shear
rate, that is, h=t/g. For these
Newtonian liquids the viscosity
does not vary with the applied
shear stress (Figure 2B).
In contrast, for the seven

non-Newtonian ionic liquids,
the viscosity versus shear stress
plots show a constant value of
viscosity at low shear stresses
(<100 Pa), but with the further
increase in the shear stresses,

the viscosity was found to decrease significantly (Figure 3).
This decrease of viscosity with shear stress is called shear-
thinning behavior. For the studied ionic liquids with non-
Newtonian behavior, Figure 3 illustrates the severe problems
associated with using single measurements for the viscosity
to describe the flow of shear-thinning fluids. To be useful,

Figure 1. Densities at 25 8C of several ionic liquids.

Figure 2. A steady-state flow curve based on the Newton equation (A),
and a plot of viscosity versus shear stress (B) for the ionic liquid
[Bzmim] ACHTUNGTRENNUNG[SAC] obtained at 20 8C.
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the variation in viscosity within a meaningful range of shear
stress is needed.[82,83]

The viscosity results obtained for the [Bzmim]+ series
(Table 1) show evidence that saccharine induces an increase
in viscosity compared with the other anions. In particular,
the viscosity of the ionic liquid [Bzmim] ACHTUNGTRENNUNG[SAC] is found to
be 26.750 Pa·s. This effect of [SAC]� was also observed in all
the other series of ionic liquids, such as [C8mim]

+ ,
[C10mim]

+ , [Aliquat]+ , and [DMG]+ , and it can be attribut-
ed to the larger size of saccharine compared with the other
anions studied. Ionic liquids containing the [DCA]� ion ex-
hibited the lowest viscosity, which is in line with the report-
ed behavior with the [Tf2N]

� ion for [C2mim]
+ and pyrroli-

dinium cations,[84] whereas the ionic liquids containing fluo-
rine ions revealed intermediate viscosity values (Table 1).
This can be attributed to interactions between hydrophobic
groups. Anions that are more hydrophobic tend to interact
through intra- and inter-chain electrostatic interactions,
which, in turn, lead to an increase in the viscosity of the
ionic liquid. In general, the delocalization of the charge over
the anion favors lower viscosity by weakening hydrogen
bonding with cation.[43]

The imidazolium ring containing two benzyl groups
[BzimBz] ACHTUNGTRENNUNG[DCA] was found to be more viscous than
[Bzmim]ACHTUNGTRENNUNG[DCA] which has only one benzyl group, due to the
strong hydrophobic nature of the former. Amongst the
[C8mim]

+ and [C10mim]
+ series with [DCA]� and [SAC]�

ions (Table 1), the viscosity increases with the increase in
the carbon chain length. A similar effect was described by
others[8,62] for the ionic liquids [C4mim] ACHTUNGTRENNUNG[PF6] and [C8mim]-
ACHTUNGTRENNUNG[PF6], and was attributed to their tendency to form hydro-

gen bonds and the strength of their van der Waals interac-
tions.
It was also observed that the flow behavior may change

from Newtonian to non-Newtonian on increasing the length
of the alkyl chains. This can be explained by the formation
of a network due to the hydrophobic blocks from associative
interactions, which are disrupted when high shear stresses
are applied, leading to shear-thinning behavior. Thus, the
series of ionic liquids containing the [C10mim]

+ ion may
have a stiffer confirmation than those with the [C8mim]

+

ion. Accordingly, they dissociate faster when high shear
stresses are applied, resulting in non-Newtonian behavior.
The viscosity values of the quaternary ammonium series

[Aliquat]+ and guanidinium [DMG]+ are also compared
and reported in Table 1. It is observed that the commercially
available cation [Aliquat]+ has a higher viscosity than the
laboratory-synthesized [DMG]+ ion (0.300 to 2.824 Pa·s as
compared to 0.178 to 1.175 Pa·s, respectively). This again
shows the influence of the strong hydrophobic nature of the
[DMG]+ ion compared to that of the [Aliquat]+ ion, which
itself shows quite unique properties owing to the presence
of one extra long alkyl chain.
These results seems to indicate that ionic liquids that pro-

vide the lowest viscosity are [Bzmim] ACHTUNGTRENNUNG[DCA], [C8mim]-
ACHTUNGTRENNUNG[DCA], and [C10mim] ACHTUNGTRENNUNG[DCA], which is in accord with report-
ed data for other cations,[84,85] and which should facilitate
mixing for potential use in many applications. However, it is
important to note that highly viscous ionic liquids are pre-
ferred in applications such as stationary phases for gas–
liquid chromatography.[86] With respect to the non-Newtoni-
an ionic liquids, the rheological behavior must be taken into
account in technical applications, since viscosity will de-
crease at a certain point of applied shear stress.
The effect of temperature on the viscosity of ionic liquids

was also evaluated. Generally speaking all the data show
the same variation of viscosity with temperature. As expect-
ed, the viscosity of all ionic liquids decreases with an in-
crease in temperature between 20 and 90 8C (0.5 8Cmin�1),
as shown, for example, for the series of [C8mim]

+ and
[C10mim]

+ ions (Figure 4). This effect is attributed to the in-
crease in Brownian motion of the constituent molecules of
the ionic liquids.[82] The higher the viscosity, the greater is
the rate of decrease, as observed for the ionic liquids con-
taining saccharine, which show a marked decrease in viscosi-
ty on increasing the temperature.[82]

With this information, we can summarize that ionic liq-
uids reported here display a very large range of viscosities,
which are dependent on the cation/anion combination.

Phase transitions : Table 1 illustrates the solid–liquid phase
transition of new ionic liquids that are calculated by differ-
ential scanning calorimetry (DSC) in the temperature range
�120 to 50 8C for a heating rate of 10 8Cmin�1. A significant
feature arising from the DSC study is that most of the ionic
liquid salts described here, along with many of those previ-
ously reported,[30,38,41, 62,77,80, 81,87–89] are very good glass-for-
mers, which indicates their weak tendency for crystallization.

Figure 3. Plots of viscosity versus shear stress for non-Newtonian ionic
liquids obtained at 20 8C.
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Hence, they can be cooled from the equilibrium liquid state
down to low temperatures without crystallizing. Further-
more, on entering the metastable supercooled liquid state,
they undergo a glass transition leading to an out-of-equilib-
rium glassy state. Accordingly, these ionic liquids, which are
easily manipulated in the supercooled liquid state, show a
strong indication in the DSC trace of a glass transition (on
cooling, as well as on heating). Among the ionic liquids ex-
amined, only [C8mim] ACHTUNGTRENNUNG[SCN], [C10mim] ACHTUNGTRENNUNG[TFA], [C10mim]-
ACHTUNGTRENNUNG[Tf2N], [C10mim] ACHTUNGTRENNUNG[TfO], [C10mim] ACHTUNGTRENNUNG[SCN], and [Aliquat] ACHTUNGTRENNUNG[TfO]
readily crystallize on cooling. As a result, no glass transition
signal was observed in these cases. The ionic liquids
[C8mim] ACHTUNGTRENNUNG[SCN], [C10mim] ACHTUNGTRENNUNG[TFA], [C10mim] ACHTUNGTRENNUNG[Tf2N], and
[C10mim] ACHTUNGTRENNUNG[SCN] showed exothermic effects with onset points
of �57.03 8C (DH=�52.3402 Jg�1), �31.07 8C (DH=

�69.88 Jg�1), �78.18 8C (DH=�11.3181 Jg�1), and
�18.99 8C (DH=�84.67 Jg�1), respectively. However, the
ionic liquid [C10mim] ACHTUNGTRENNUNG[TfO] showed two crystalline onset
points of �22.49 8C (DH=�49.76 Jg�1) and �47.60 8C
(DH=�1.5654 Jg�1), thereby indicating polymorphism be-
havior. Interestingly, the quaternary ammonium compound
[Aliquat]ACHTUNGTRENNUNG[TfO], which has a tendency to form liquid crystals,
has not shown any such effects.

The DSC thermogram recorded on heating some of the
studied ionic liquids, namely [C8mim] ACHTUNGTRENNUNG[DCA], [C8mim]-
ACHTUNGTRENNUNG[TFA], and [C8mim] ACHTUNGTRENNUNG[TfO], shows three different signals: the
heat flow jump arising from the glass transition, a broad
exothermic signal caused by cold recrystallization (crystalli-
zation on heating), and the melting (endothermic) peak.
The ionic liquids [C8mim] ACHTUNGTRENNUNG[DCA], [C8mim] ACHTUNGTRENNUNG[TFA], and
[C8mim] ACHTUNGTRENNUNG[TfO] show cold recrystallization peaks at �46.06 8C
(DH=�97.0943 Jg�1), �54.88 8C (DH=�55.9044 Jg�1), and
�66.32 8C (DH=�57.59 Jg�1), respectively, and melting
peaks at �6.24 8C (DH=103.7812 Jg�1), �25.85 8C (DH=

58.1345 Jg�1), and �20.51 8C (DH=61.27 Jg�1).
The other characteristic of the ionic liquids studied in the

present work is that they show a strong jump in the molar
heat capacity associated with the glass transition. Actually,
the sigmoidal change in the heat flux, that is the DSC mark
of the glass transition, arises from a change in the heat ca-
pacity, DCP, when the sample is heated from the glassy state
to the metastable supercooled liquid (or cooled from the su-
percooled liquid to the glassy state). The jump in the molar
heat capacity, DCPm, is observed to be higher than
135 JK�1mol�1 for all the ionic liquids investigated in the
present work. These high values of DCPm indicate that many
degrees of freedom are released on heating above TG. A
very high value of the heat capacity jump at the glass transi-
tion appears to be a salient feature of ionic liquids. The
DCPm values of the common organic solvents glycerol and
toluene are reported to be 23 JK�1mol�1 (TG=185 K) and
53 JK�1 mol�1 (TG=113 K), respectively.[90] The higher DCPm
values of the ionic liquids at TG occurred due to the fact
that each molecular unit is indeed composed by two subu-
nits (cation and anion), which have, in the supercooled
liquid state, an appreciable relative mobility.

Thermal stability : In the present study, the thermal stability
of all the ionic liquids was examined by DSC[91] and each
sample was tested up to 300 8C (Table 1). A typical series of
[Bzmim][X] shows that the thermal stability decreases in the
order of [Tf2N]

�= [TfO]� > [TSA]� > [DCA]� > [SAC]�

> [TFA]� > [SCN]� . It indicates that the thermal stability
of each ionic liquid is heavily dependent on the type of
anion.[30,33,77,80, 81,84,86–88,92] Amongst the groups, the ionic liq-
uids containing [TfO]� and [Tf2N]

� ions were found to be
stable above 3008C regardless of the cation. Apart from
these 16 ionic liquids, the ionic liquids [BzimBz] ACHTUNGTRENNUNG[TSA],
[C8mim] ACHTUNGTRENNUNG[TSA], [Aliquat] ACHTUNGTRENNUNG[DCA], [PhTMA] ACHTUNGTRENNUNG[SAC] were also
stable above 300 8C. The ionic liquids containing the [SCN]�

ion show the lowest decomposition temperature, which was
also observed for [C2mim]

+-, ammonium-, and pyrrolidini-
um-based cations.[93] In the imidazolium series, with a con-
stant anion, the stability is observed to increase from
[C8mim]

+ to [C10mim]
+ . This is in line with other reported

examples[86] in which an increase in the stability of the ionic
liquid is observed on increasing the length of the alkyl chain
length. However, for a constant anion, it appears that the
variation in [Bzmim]+ and [BzimBz]+ and quaternary am-
monium cations has a smaller effect on the stability of the

Figure 4. Plots of viscosity of a series of [C8mim]
+ (A) and [C10mim]

+

(B) ionic liquids as a function of 1/T.
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corresponding ionic liquids. The values of degradation tem-
peratures may be useful in the high-temperature applica-
tions of ionic liquids.

Melting point : A capillary melting point apparatus was used
for the determination of the melting points of the ionic liq-
uids that are solid at room temperature. The melting points
of the solid ionic salts were also determined by DSC.
Figure 5 shows the agreements between the values of the
melting points measured by DSC and normal capillary appa-
ratus. It is found that some of the quaternary ammonium
ionic salts have a very high
melting point (>100 8C).
Table 1 shows that the forma-
tion of room-temperature solid
ionic salts is generally more
prevalent in the quaternary
ammonium group than in the
imidazolium group. However,
all the guanidinium salts are
room-temperature ionic liq-
uids. Amongst all the groups, it
is seen that the [TSA]� ion has
a highest tendency to form
solid ionic salts at room tem-
perature. The tendency of for-
mation of solid ionic salts amongst the anions decreases in
the order of [TSA]� > [TfO]� > [DCA]�= [SAC]�=

[SCN]� > [TFA]�= [Tf2N]
� . It should be noted that the

anions [TFA]� and [Tf2N]
� have no tendency to form solids.

Stability tests : Considering the potential applications of
ionic liquids in different areas, their stability under different
reaction conditions is an important issue to address. A com-
parative study of the stability to standard nucleophiles,[94]

hn/oxidant[95] conditions, and thermal conditions[77,88,92] has
been reported. Stability studies on the imidazolium and gua-
nidinium cations were reported earlier under conditions

which mimic the standard potential applications as reaction
media.[38] Hence, to assess whether the quaternary ammoni-
um ionic liquids are good candidates, we selected the [Ali-
quat][Cl] as an example. The stability experiments were
monitored by 1H and 13C NMR spectroscopy under the fol-
lowing representative conditions: acidic (HCl), basic
(KOH), nucleophilic (NH3), reductive (NaBH4), and oxida-
tive (NaIO4 and O2) and compared with the results obtained
for 3-n-butyl-1-methylimidazolium chloride [Bmim][Cl] and
[DMG][Cl] salts[38] under similar conditions (Table 2).
Interestingly, for all the conditions tested the [Aliquat]

salts displayed similar stabilities to [Bmim][Cl] and [DMG]
[Cl] under thermal, acidic (HCl), and nucleophilic condi-
tions (NH3), ([Bmim][Cl] is unstable in solution), and in the
presence of NaIO4. However, it is unstable under basic con-
ditions (KOH) and stronger oxidative conditions (O2). In
the presence of NaBH4 at 60 8C, the neat guanidinium salt
was unstable, whereas [Bmim][Cl] and [Aliquat][Cl] were
stable.

Conclusion

Imidazolium, quaternary am-
monium, and guanidinium
chloride salts were used and
exchanged with the anions
[TSA]� , [DCA]� , [SAC]� ,
[TFA]� , [Tf2N]

� , [TfO]� , and
[SCN]� for the preparation of
new ionic liquids. Various
physicochemical properties,
such as the solubility in
common organic solvents, den-
sity, viscosity, solid–liquid
phase transition, thermal sta-
bility, degradation tempera-
ture, and stability, have been
explored for the ionic liquids
synthesized. This study offers
the possibility to extend the
range of applications that thisFigure 5. Observed melting points of the ionic liquids.

Table 2. Comparative stability by 1H and 13C NMR between the chlorides [Bmim][Cl], [DMG][Cl], and [Ali-
quat][Cl].[a]

Conditions ACHTUNGTRENNUNG[Bmim][Cl] ACHTUNGTRENNUNG[DMG][Cl] ACHTUNGTRENNUNG[Aliquat][Cl]
RT 60 8C RT 60 8C RT 60 8C

HCl (1 equiv) [++] [+] [++] [++] [++] [++]
KOH (1 equiv) [++] [�] [++] [+] [++] [�]
NH3 (2 equiv) [++] [+] [++] [++] [++] [++]
NaBH4 (3 equiv) [++] [++] [++] [�] [++] [+]
NaIO4 ACHTUNGTRENNUNG(1 equiv) [++] [++] [++] [++] [++] [++]
O2 [++] [++] [�]

[a] 500 mg of each salt was used; duration of the stability experiment: 24 h; [++ ]: no change in the 1H and
13C NMR spectra was observed; [+ ]: no change in the 1H and 13C NMR spectra was observed, but a color
change occurs; [�]: observed complete decomposition of the ionic liquid; RT=measurement at room temper-
ature.
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new media can offer, and the behavior observed for the
ionic liquids studied provides some valuable hints about
how the careful choice of the combination of cation and
anions might be used to achieve some desired ultimate ap-
plications.

Experimental Section

General remarks : Following chemicals were purchased from Aldrich and
were used as supplied: Aliquat 336 [Aliquat]Cl; benzyl triethylammoni-
um chloride [BzTEA]Cl; phenyl trimethylammonium chloride
[PhTMA]Cl p-toluenesulfonic acid (TsOH); sodium dicyanoamide
(NaDCA); sodium saccharine (NaSac); sodium trifluoroacetate
(NaTFA); sodium thiocyanate (NaSCN); potassium trifluoromethanesul-
fonate (KTfO); lithium trifluoromethanesulfonimide (LiTf2N). The salts
1-benzyl-3-methylimidazolium chloride [Bzmim]Cl; 1,3-dibenzylmethyl-
imidazolium chloride [BzimBz]Cl; 1-octyl 3-methyl imidazolium chloride
[C8mim]Cl; 1-decyl-3-methylimidazolium chloride [C10mim]Cl and tetra-
n-hexyl-dimethylguanidinium chloride [DMG]Cl were prepared accord-
ing to the reported procedures.[38,62, 77, 96] 1H and 13C NMR spectra in
CDCl3 or D2O were recorded on a Bruker AMX400 spectrometer.
Chemical shifts are reported downfield in parts per million (ppm) from a
tetramethylsilane reference. Elemental analysis (C, H, N, analyzer) of
each synthesized ionic liquid was performed by the LaboratErio de AnPl-
ises at REQUIMTE. For the ionic liquids which are solid at room tem-
perature the melting point determination was performed by using an
Electrothermal Melting Point apparatus (uncorrected).

Density : The density of each ionic liquid was determined by using a
DMA 38 model from Anton Paar Ltd., Austria. It is an oscillating U-
tube density meter that enables the measurement of sample density
values accurately up to 0.001 gcm�3 in a temperature range from 15 to
40 8C. For each analysis approximately 1 mL of sample was used and the
density of that volume of liquid was determined. The measurements were
repeated three times and the average value is reported. All the measure-
ments were recorded at room temperature ((25�1) 8C).
Viscosity : The viscosity of the ionic liquids was analyzed by using a Rhe-
ometer (RS-300, Haake, Germany). Steady-state flow measurements
were carried out using a controlled-stress rheometer fitted with a cone-
plate sensor C20/28Ti. The torque amplitude was imposed by using a log-
arithmic ramp of shear stress, which was increased in 30 min intervals
from 0.01 to 1000 Pa to decrease the initial acceleration and the effects
due to instrument inertia. The temperatures of the samples were main-
tained at (20�0.5) 8C by means of a circulating water bath (DC30,
Haake, Germany), and they were measured with a thermocouple at-
tached to the stationary element.

The temperature dependence of the viscosity was also studied. The ionic
liquids were heated from 208 to 90 8C (0.5 8Cmin�1), using a constant
shear stress of 5 Pa. All the measurements were performed at least twice.

Water content : The water content of each ionic liquid was determined by
a volumetric Aquastar Karl Fischer titration (method TitroLine KF).
Samples of all compounds were dissolved in dichloromethane and titrat-
ed in steps of 250 mL.

Solid–liquid transition analysis and decomposition temperature (DSC):
The glass transition temperature (TG), melting temperature (TM), decom-
position temperature (TD), and the enthalpy of fusion of ionic liquids
were measured at the LaboratErio de AnPlises at REQUIMTE by differ-
ential scanning calorimetry (DSC), using a differential scanning microca-
lorimeter (Setaram, Mod. DSC 131) at a scan rate of 10 8Cmin�1, a flow
rate of 20 dm3h�1 with a power sensitivity of 16 mJs�1 and a recorder sen-
sitivity of 5 mV. Each time the instrument was used, it was calibrated
with a 99.9999 mol% purity indium sample. The decomposition tempera-
ture was considered as the temperature at which exothermic or endother-
mic behavior began during the heating of sample.

The heat capacity per unit volume of melting was measured under atmos-
pheric pressure using a Setaram model TG-DSC 111 differential scanning

calorimeter. The heat-capacity measurements were made during the heat-
ing process. The range is dependent on the melting point of the investi-
gated compounds. The measurements were performed by the “step with
reference” method, using a scanning rate of 0.5 Kmin�1 over a wide
range of temperatures. Al2O3 was used as a reference sample of known
heat capacity.

Synthesis of ionic liquids (ILs)

General procedure for the anion exchange of different ionic liquids : The
selected salt (3 g of [Bzmim]Cl, [BzimBz]Cl, [C8mim]Cl and [C10mim]Cl;
2 g of [(di-h)2dmg]Cl and 5 g of [Aliquat]Cl, [BzTEA]Cl, and
[PhTMA]Cl) was dissolved in dichloromethane (20–50 mL) and then the
desired organic anion (1.2 equiv) was added as a salt. The mixture was
stirred at room temperature for 48 h. The resulting solid was collected by
filtration and washed with dichloromethane (2N25 mL). The combined
organic layers were collected, dried (MgSO4), and filtered. The salt was
then recovered after passing through a column containing silica and acti-
vated charcoal, and the solvent was removed under vacuum. The product
was stirred under vacuum overnight. Each ionic liquid sample (2 mL
scale) used for elemental analysis, DSC measurements, and for the deter-
mination of the water content was further purified by flash column chro-
matography (eluent: dichloromethane) followed by removal of the vola-
tile components under high vacuum (5N10�5 mbar) at room temperature
for 4–5 h.

[Bzmim] ACHTUNGTRENNUNG[TSA]: yellow semisolid, 72%; [Bzmim] ACHTUNGTRENNUNG[DCA]: yellow liquid,
71%; [Bzmim] ACHTUNGTRENNUNG[Sac]: pale yellow viscous liquid, 84%; [Bzmim] ACHTUNGTRENNUNG[TFA]: col-
orless liquid, 89%; [Bzmim] ACHTUNGTRENNUNG[Tf2N]: colorless liquid, quantitative;
[Bzmim] ACHTUNGTRENNUNG[TfO]: colorless semisolid, 75%; [Bzmim] ACHTUNGTRENNUNG[SCN]: orange liquid,
79%.

[BzimBz] ACHTUNGTRENNUNG[TSA]: pale yellow solid, 72%; [BzimBz] ACHTUNGTRENNUNG[DCA]: yellow liquid,
76%; [BzimBz] ACHTUNGTRENNUNG[Sac]: white solid, 82%; [BzimBz] ACHTUNGTRENNUNG[TFA], white solid,
84%; [BzimBz] ACHTUNGTRENNUNG[Tf2N]: yellow liquid, 85%; [BzimBz] ACHTUNGTRENNUNG[TfO]: white solid,
81%; [BzimBz] ACHTUNGTRENNUNG[SCN]: orange liquid, 77%.

[C8mim] ACHTUNGTRENNUNG[TSA]: pale yellow solid, 78%; [C8mim] ACHTUNGTRENNUNG[DCA]: yellow liquid,
89%; [C8mim] ACHTUNGTRENNUNG[Sac]: yellow viscous liquid, 72%; [C8mim] ACHTUNGTRENNUNG[TFA]: yellow
liquid, 75%; [C8mim] ACHTUNGTRENNUNG[Tf2N]: yellow liquid, quantitative; [C8mim] ACHTUNGTRENNUNG[TfO]:
yellow liquid, 73%; [C8mim] ACHTUNGTRENNUNG[SCN]: orange liquid, 82%.

[C10mim] ACHTUNGTRENNUNG[TSA]: pale yellow solid, 77%; [C10mim] ACHTUNGTRENNUNG[DCA]: yellow liquid,
78%; [C10mim] ACHTUNGTRENNUNG[Sac]: yellow viscous liquid, 98%; [C10mim] ACHTUNGTRENNUNG[TFA]: yellow
liquid, 96%; [C10mim] ACHTUNGTRENNUNG[Tf2N]: yellow liquid, quantitative; [C10mim] ACHTUNGTRENNUNG[TfO]:
yellow liquid, 80%; [C10mim] ACHTUNGTRENNUNG[SCN]: yellow liquid, 97%.

[Aliquat] ACHTUNGTRENNUNG[TSA]: yellow solid, 88%; [Aliquat] ACHTUNGTRENNUNG[DCA]: yellow liquid, 90%;
[Aliquat] ACHTUNGTRENNUNG[Sac]: yellow semisolid, 94%; [Aliquat] ACHTUNGTRENNUNG[TFA]: yellow viscous
liquid, quantitative; [Aliquat]ACHTUNGTRENNUNG[Tf2N]: yellow liquid, 86%; [Aliquat] ACHTUNGTRENNUNG[TfO]:
yellow semisolid, 83%; [Aliquat] ACHTUNGTRENNUNG[SCN]: orange liquid, 81%;

[BzTEA] ACHTUNGTRENNUNG[TSA]: white solid, 90%; [BzTEA] ACHTUNGTRENNUNG[DCA]: white solid, 91%;
[BzTEA] ACHTUNGTRENNUNG[Sac]: pale yellow solid, 98%; [BzTEA] ACHTUNGTRENNUNG[TFA]: yellow liquid,
quantitative; [BzTEA] ACHTUNGTRENNUNG[Tf2N]: semisolid, quantitative; [BzTEA] ACHTUNGTRENNUNG[TfO]:
white solid, quantitative; [BzTEA] ACHTUNGTRENNUNG[SCN]: orange solid, 98%.

[PhTMA] ACHTUNGTRENNUNG[TSA]: white solid, 92%; [PhTMA] ACHTUNGTRENNUNG[DCA]: white solid, 71%;
[PhTMA] ACHTUNGTRENNUNG[Sac]: white solid, 85%; [PhTMA] ACHTUNGTRENNUNG[TFA]: yellow liquid, 80%;
[PhTMA] ACHTUNGTRENNUNG[Tf2N]: yellow liquid, 79%. [PhTMA] ACHTUNGTRENNUNG[TfO]: white solid, 100%;
[PhTMA] ACHTUNGTRENNUNG[SCN]: yellow solid, 72%.

[DMG] ACHTUNGTRENNUNG[TSA]: yellow liquid, 81%; [DMG] ACHTUNGTRENNUNG[DCA]: yellow liquid, 72%;
[DMG] ACHTUNGTRENNUNG[Sac]: brownish viscous liquid, 79%; [DMG] ACHTUNGTRENNUNG[TFA]: orange liquid,
85%; [DMG] ACHTUNGTRENNUNG[Tf2N]: orange viscous liquid, 91%; [DMG] ACHTUNGTRENNUNG[TfO]: orange
viscous liquid, 83%; [DMG] ACHTUNGTRENNUNG[SCN]: orange viscous liquid, 87%.

The spectral data (1H NMR and 13C NMR) and elemental analysis of
each ionic liquid is provided in the Supporting Information.

Acknowledgements

We would like to thank FundaÅ¼o para a CiÞncia e Tecnologia (POCI
2010) and FEDER for the financial support (Ref. POCI/QUI/57735/2004
and Ref. SFRH/BPD/14848/2003) and Professor Joaquim J. Moura

www.chemeurj.org I 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 8478 – 84888486

C. A. M. Afonso et al.

www.chemeurj.org


Ramos for the helpful discussions. We gratefully acknowledge solchemar
company (http://www.solchemar.com) for providing the [C8mim]Cl and
[C10mim]Cl salts.

[1] P. Walder, Bull. Acad. Imp. Sci. St.-Petersbourg 1914, 405–422.
[2] F. H. Hurley, T. P. Wier, J. Electrochem. Soc. 1951, 98, 203–206.
[3] S. E. Fry, N. J. Pienta, J. Am. Chem. Soc. 1985, 107, 6399–6400.
[4] J. A. Boon, J. A. Levisky, J. L. Pflug, J. S. Wilkes, J. Org. Chem.

1986, 51, 480–483.
[5] J. S. Wilkes, M. J. Zaworotko, J. Chem. Soc. Chem. Commun. 1992,
965–967.

[6] P. A. Z. Suarez, J. E. L. Dullius, S. Einloft, R. F. DeSouza, J. Dupont,
Polyhedron 1996, 15, 1217–1219.

[7] Y. Chauvin, L. Mussmann, H. Olivier, Angew. Chem. 1995, 107,
2941–2943; Angew. Chem. Int. Ed. Engl. 1995, 34, 2698–2700.

[8] P. Bonhote, A. P. Dias, N. Papageorgiou, K. Kalyanasundaram, M.
Gratzel, Inorg. Chem. 1996, 35, 1168–1178.

[9] C. F. Poole, J. Chromatogr. A 2004, 1037, 49–82.
[10] J. Ding, D. W. Armstrong, Chirality 2005, 17, 281–292.
[11] C. Baudequin, D. Bregeon, J. Levillain, F. Guillen, J. C. Plaquevent,

A. C. Gaumont, Tetrahedron: Asymmetry 2005, 16, 3921–3945.
[12] K. Fukumoto, H. Ohno, Chem. Commun. 2006, 3081–3083.
[13] Z. M. Wang, Q. Wang, Y. Zhang, W. L. Bao, Tetrahedron Lett. 2005,

46, 4657–4660.
[14] J. Ding, V. Desikan, X. X. Han, T. L. Xiao, R. F. Ding, W. S. Jenks,

D. W. Armstrong, Org. Lett. 2005, 7, 335–337.
[15] S. Z. Luo, X. L. Mi, L. Zhang, S. Liu, H. Xu, J. P. Cheng, Angew.

Chem. 2006, 118, 3165–3169; Angew. Chem. Int. Ed. 2006, 45, 3093–
3097.

[16] S. P. Luo, D. Q. Xu, H. D. Yue, L. P. Wang, W. L. Yang, Z. Y. Xu,
Tetrahedron: Asymmetry 2006, 17, 2028–2033.

[17] M. L. Patil, C. V. L. Rao, K. Yonezawa, S. Takizawa, K. Onitsuka,
H. Sasai, Org. Lett. 2006, 8, 227–230.

[18] J. Pernak, J. Feder-Kubis, Tetrahedron: Asymmetry 2006, 17, 1728–
1737.

[19] C. R. Allen, P. L. Richard, A. J. Ward, L. G. A. van de Water, A. F.
Masters, T. Maschmeyer, Tetrahedron Lett. 2006, 47, 7367–7370.

[20] W. H. Ou, Z. Z. Huang, Green Chem. 2006, 8, 731–734.
[21] B. Ni, A. D. Headley, Tetrahedron Lett. 2006, 47, 7331–7334.
[22] N. Gathergood, P. J. Scammells, M. T. Garcia, Green Chem. 2006, 8,

156–160.
[23] Z. F. Fei, T. J. Geldbach, D. B. Zhao, P. J. Dyson, Chem. Eur. J. 2006,

12, 2123–2130.
[24] G. H. Song, Y. Q. Cai, Y. Q. Peng, J. Comb. Chem. 2005, 7, 561–566.
[25] M. Gruttadauria, S. Riela, P. Lo Meo, F. D’Anna, R. Noto, Tetrahe-

dron Lett. 2004, 45, 6113–6116.
[26] H. Lee, D. B. Kim, S. H. Kim, H. S. Kim, S. J. Kim, D. K. Choi, Y. S.

Kang, J. Won, Angew. Chem. 2004, 116, 3115–3118; Angew. Chem.
Int. Ed. 2004, 43, 3053–3056.

[27] M. Yoshizawa, A. Narita, H. Ohno, Aust. J. Chem. 2004, 57, 139–
144.

[28] J. L. Anderson, R. F. Ding, A. Ellern, D. W. Armstrong, J. Am.
Chem. Soc. 2005, 127, 593–604.

[29] J. P. Mikkola, P. Virtanen, R. Sojholm, Green Chem. 2006, 8, 250–
255.

[30] J. Pernak, M. Smiglak, S. T. Griffin, W. L. Hough, T. B. Wilson, A.
Pernak, J. Zabielska-Matejuk, A. Fojutowski, K. Kita, R. D. Rogers,
Green Chem. 2006, 8, 798–806.

[31] J. Ropponen, M. Lahtinen, S. Busi, M. Nissinen, E. Kolehmainen, K.
Rissanen, New J. Chem. 2004, 28, 1426–1430.

[32] N. Gathergood, M. T. Garcia, P. J. Scammells, Green Chem. 2004, 6,
166–175.

[33] Z. B. Zhou, H. Matsumoto, K. Tatsumi, Chem. Eur. J. 2005, 11, 752–
766.

[34] V. Jurcik, R. Wilhelm, Org. Biomol. Chem. 2005, 3, 239–244.
[35] B. A. Omotowa, B. S. Phillips, J. S. Zabinski, J. M. Shreeve, Inorg.

Chem. 2004, 43, 5466–5471.

[36] H. B. Xie, H. F. Duan, S. H. Li, S. B. Zhang, New J. Chem. 2005, 29,
1199–1203.

[37] P. Wang, S. M. Zakeeruddin, M. Gratzel, W. Kantlehner, J. Mezger,
E. V. Stoyanov, O. Scherr, Appl. Phys. A: Mater. Sci. Process. 2004,
79, 73–77.

[38] N. M. M. Mateus, L. C. Branco, N. M. T. Lourenco, C. A. M. Afonso,
Green Chem. 2003, 5, 347–352.

[39] J. Pernak, F. Stefaniak, J. Weglewski, Eur. J. Org. Chem. 2005, 650–
652.

[40] J. Kagimoto, K. Fukumoto, H. Ohno, Chem. Commun. 2006, 2254–
2256.

[41] A. Bagno, C. Butts, C. Chiappe, F. D’Amico, J. C. D. Lord, D. Pier-
accini, F. Rastrelli, Org. Biomol. Chem. 2005, 3, 1624–1630.

[42] A. R. Katritzky, S. Singh, K. Kirichenko, J. D. Holbrey, M. Smiglak,
W. M. Reichert, R. D. Rogers, Chem. Commun. 2005, 868–870.

[43] Z. B. Zhou, H. Matsumoto, K. Tatsumi, Chem. Eur. J. 2004, 10,
6581–6591.

[44] S. A. Forsyth, S. R. Batten, Q. Dai, D. R. MacFarlane, Aust. J.
Chem. 2004, 57, 121–124.

[45] R. D. Rogers, K. R. Seddon, Science 2003, 302, 792–793.
[46] P. Wasserscheid, W. Keim, Angew. Chem. 2000, 112, 3926–3945;

Angew. Chem. Int. Ed. 2000, 39, 3772–3789.
[47] M. J. Earle, J. Esperanca, M. A. Gilea, J. N. C. Lopes, L. P. N.

Rebelo, J. W. Magee, K. R. Seddon, J. A. Widegren, Nature 2006,
439, 831–834.

[48] T. Welton, Chem. Rev. 1999, 99, 2071–2083.
[49] J. Dupont, R. F. de Souza, P. A. Z. Suarez, Chem. Rev. 2002, 102,

3667–3691.
[50] J. F. Brennecke, E. J. Maginn, AIChE J. 2001, 47, 2384–2389.
[51] Y. Ito, T. Nohira, Electrochim. Acta 2000, 45, 2611–2622.
[52] J. Dupont, P. A. Z. Suarez, Phys. Chem. Chem. Phys. 2006, 8, 2441–

2452.
[53] F. Endres, S. Z. El Abedin, Phys. Chem. Chem. Phys. 2006, 8, 2101–

2116.
[54] M. Koel, Crit. Rev. Anal. Chem. 2005, 36, 177–192.
[55] J. L. Anderson, D. W. Armstrong, G. T. Wei, Anal. Chem. 2006, 78,

2892–2902.
[56] R. A. Sheldon, R. M. Lau, M. J. Sorgedrager, F. van Rantwijk, K. R.

Seddon, Green Chem. 2002, 4, 147–151.
[57] K. N. Marsh, J. A. Boxall, R. Lichtenthaler, Fluid Phase Equilib.

2004, 219, 93–98.
[58] J. Dupont, J. Spencer, Angew. Chem. 2004, 116, 5408–5409; Angew.

Chem. Int. Ed. 2004, 43, 5296–5297.
[59] H. Matsumoto, M. Yanagida, K. Tanimoto, M. Nomura, Y. Kitaga-

wa, Y. Miyazaki, Chem. Lett. 2000, 922–923.
[60] C. J. Bradaric, A. Downard, C. Kennedy, A. J. Robertson, Y. H.

Zhou, Green Chem. 2003, 5, 143–152.
[61] L. C. Branco, P. M. P. Gois, N. M. T. Lourenco, V. B. Kurteva,

C. A. M. Afonso, Chem. Commun. 2006, 2371–2372.
[62] L. C. Branco, J. N. Rosa, J. J. M. Ramos, C. A. M. Afonso, Chem.

Eur. J. 2002, 8, 3671–3677.
[63] L. C. Branco, C. A. M. Afonso, Tetrahedron 2001, 57, 4405–4410.
[64] J. N. Rosa, A. G. Santos, C. A. M. Afonso, J. Mol. Catal. A: Chem.

2004, 214, 161–165.
[65] N. M. T. Lourenco, C. A. M. Afonso, Tetrahedron 2003, 59, 789–794.
[66] P. M. P. Gois, C. A. M. Afonso, Tetrahedron Lett. 2003, 44, 6571–

6573.
[67] L. C. Branco, C. A. M. Afonso, Chem. Commun. 2002, 3036–3037.
[68] L. C. Branco, C. A. M. Afonso, J. Org. Chem. 2004, 69, 4381–4389.
[69] L. C. Branco, A. Serbanovic, M. N. da Ponte, C. A. M. Afonso,

Chem. Commun. 2005, 107–109.
[70] A. Serbanovic, L. C. Branco, M. N. da Ponte, C. A. M. Afonso, J. Or-

ganomet. Chem. 2005, 690, 3600–3608.
[71] L. C. Branco, J. G. Crespo, C. A. M. Afonso, Angew. Chem. 2002,

114, 2895–2897; Angew. Chem. Int. Ed. 2002, 41, 2771–2773.
[72] R. Fortunato, C. A. M. Afonso, M. A. M. Reis, J. G. Crespo, J.

Membr. Sci. 2004, 242, 197–209.
[73] R. Fortunato, C. A. M. Afonso, J. Benavente, E. Rodriguez-Castel-

lon, J. G. Crespo, J. Membr. Sci. 2005, 256, 216–223.

Chem. Eur. J. 2007, 13, 8478 – 8488 I 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 8487

FULL PAPERPhysicochemical Properties of New Ionic Liquids

http://dx.doi.org/10.1021/ja00308a045
http://dx.doi.org/10.1021/ja00308a045
http://dx.doi.org/10.1021/ja00308a045
http://dx.doi.org/10.1021/jo00354a013
http://dx.doi.org/10.1021/jo00354a013
http://dx.doi.org/10.1021/jo00354a013
http://dx.doi.org/10.1021/jo00354a013
http://dx.doi.org/10.1039/c39920000965
http://dx.doi.org/10.1039/c39920000965
http://dx.doi.org/10.1039/c39920000965
http://dx.doi.org/10.1039/c39920000965
http://dx.doi.org/10.1016/0277-5387(95)00365-7
http://dx.doi.org/10.1016/0277-5387(95)00365-7
http://dx.doi.org/10.1016/0277-5387(95)00365-7
http://dx.doi.org/10.1002/ange.19951072341
http://dx.doi.org/10.1002/ange.19951072341
http://dx.doi.org/10.1002/ange.19951072341
http://dx.doi.org/10.1002/ange.19951072341
http://dx.doi.org/10.1021/ic951325x
http://dx.doi.org/10.1021/ic951325x
http://dx.doi.org/10.1021/ic951325x
http://dx.doi.org/10.1016/j.chroma.2003.10.127
http://dx.doi.org/10.1016/j.chroma.2003.10.127
http://dx.doi.org/10.1016/j.chroma.2003.10.127
http://dx.doi.org/10.1002/chir.20153
http://dx.doi.org/10.1002/chir.20153
http://dx.doi.org/10.1002/chir.20153
http://dx.doi.org/10.1016/j.tetasy.2005.10.026
http://dx.doi.org/10.1016/j.tetasy.2005.10.026
http://dx.doi.org/10.1016/j.tetasy.2005.10.026
http://dx.doi.org/10.1039/b606613e
http://dx.doi.org/10.1039/b606613e
http://dx.doi.org/10.1039/b606613e
http://dx.doi.org/10.1016/j.tetlet.2005.04.134
http://dx.doi.org/10.1016/j.tetlet.2005.04.134
http://dx.doi.org/10.1016/j.tetlet.2005.04.134
http://dx.doi.org/10.1016/j.tetlet.2005.04.134
http://dx.doi.org/10.1021/ol047599i
http://dx.doi.org/10.1021/ol047599i
http://dx.doi.org/10.1021/ol047599i
http://dx.doi.org/10.1002/ange.200600048
http://dx.doi.org/10.1002/ange.200600048
http://dx.doi.org/10.1002/ange.200600048
http://dx.doi.org/10.1002/ange.200600048
http://dx.doi.org/10.1002/anie.200600048
http://dx.doi.org/10.1002/anie.200600048
http://dx.doi.org/10.1002/anie.200600048
http://dx.doi.org/10.1016/j.tetasy.2006.07.018
http://dx.doi.org/10.1016/j.tetasy.2006.07.018
http://dx.doi.org/10.1016/j.tetasy.2006.07.018
http://dx.doi.org/10.1021/ol052466y
http://dx.doi.org/10.1021/ol052466y
http://dx.doi.org/10.1021/ol052466y
http://dx.doi.org/10.1016/j.tetasy.2006.06.014
http://dx.doi.org/10.1016/j.tetasy.2006.06.014
http://dx.doi.org/10.1016/j.tetasy.2006.06.014
http://dx.doi.org/10.1016/j.tetlet.2006.08.007
http://dx.doi.org/10.1016/j.tetlet.2006.08.007
http://dx.doi.org/10.1016/j.tetlet.2006.08.007
http://dx.doi.org/10.1039/b604801c
http://dx.doi.org/10.1039/b604801c
http://dx.doi.org/10.1039/b604801c
http://dx.doi.org/10.1016/j.tetlet.2006.08.015
http://dx.doi.org/10.1016/j.tetlet.2006.08.015
http://dx.doi.org/10.1016/j.tetlet.2006.08.015
http://dx.doi.org/10.1039/b516206h
http://dx.doi.org/10.1039/b516206h
http://dx.doi.org/10.1039/b516206h
http://dx.doi.org/10.1039/b516206h
http://dx.doi.org/10.1021/cc049844v
http://dx.doi.org/10.1021/cc049844v
http://dx.doi.org/10.1021/cc049844v
http://dx.doi.org/10.1016/j.tetlet.2004.06.066
http://dx.doi.org/10.1016/j.tetlet.2004.06.066
http://dx.doi.org/10.1016/j.tetlet.2004.06.066
http://dx.doi.org/10.1016/j.tetlet.2004.06.066
http://dx.doi.org/10.1002/ange.200353632
http://dx.doi.org/10.1002/ange.200353632
http://dx.doi.org/10.1002/ange.200353632
http://dx.doi.org/10.1002/anie.200353632
http://dx.doi.org/10.1002/anie.200353632
http://dx.doi.org/10.1002/anie.200353632
http://dx.doi.org/10.1002/anie.200353632
http://dx.doi.org/10.1071/CH03240
http://dx.doi.org/10.1071/CH03240
http://dx.doi.org/10.1071/CH03240
http://dx.doi.org/10.1021/ja046521u
http://dx.doi.org/10.1021/ja046521u
http://dx.doi.org/10.1021/ja046521u
http://dx.doi.org/10.1021/ja046521u
http://dx.doi.org/10.1039/b512819f
http://dx.doi.org/10.1039/b512819f
http://dx.doi.org/10.1039/b512819f
http://dx.doi.org/10.1039/b604353d
http://dx.doi.org/10.1039/b604353d
http://dx.doi.org/10.1039/b604353d
http://dx.doi.org/10.1039/b315270g
http://dx.doi.org/10.1039/b315270g
http://dx.doi.org/10.1039/b315270g
http://dx.doi.org/10.1039/b315270g
http://dx.doi.org/10.1002/chem.200400817
http://dx.doi.org/10.1002/chem.200400817
http://dx.doi.org/10.1002/chem.200400817
http://dx.doi.org/10.1021/ic049483o
http://dx.doi.org/10.1021/ic049483o
http://dx.doi.org/10.1021/ic049483o
http://dx.doi.org/10.1021/ic049483o
http://dx.doi.org/10.1039/b504822b
http://dx.doi.org/10.1039/b504822b
http://dx.doi.org/10.1039/b504822b
http://dx.doi.org/10.1039/b504822b
http://dx.doi.org/10.1007/s00339-003-2505-x
http://dx.doi.org/10.1007/s00339-003-2505-x
http://dx.doi.org/10.1007/s00339-003-2505-x
http://dx.doi.org/10.1007/s00339-003-2505-x
http://dx.doi.org/10.1039/b303408a
http://dx.doi.org/10.1039/b303408a
http://dx.doi.org/10.1039/b303408a
http://dx.doi.org/10.1002/ejoc.200400658
http://dx.doi.org/10.1002/ejoc.200400658
http://dx.doi.org/10.1002/ejoc.200400658
http://dx.doi.org/10.1039/b600771f
http://dx.doi.org/10.1039/b600771f
http://dx.doi.org/10.1039/b600771f
http://dx.doi.org/10.1039/b502654g
http://dx.doi.org/10.1039/b502654g
http://dx.doi.org/10.1039/b502654g
http://dx.doi.org/10.1039/b414683b
http://dx.doi.org/10.1039/b414683b
http://dx.doi.org/10.1039/b414683b
http://dx.doi.org/10.1002/chem.200400533
http://dx.doi.org/10.1002/chem.200400533
http://dx.doi.org/10.1002/chem.200400533
http://dx.doi.org/10.1002/chem.200400533
http://dx.doi.org/10.1071/CH03245
http://dx.doi.org/10.1071/CH03245
http://dx.doi.org/10.1071/CH03245
http://dx.doi.org/10.1071/CH03245
http://dx.doi.org/10.1126/science.1090313
http://dx.doi.org/10.1126/science.1090313
http://dx.doi.org/10.1126/science.1090313
http://dx.doi.org/10.1002/1521-3757(20001103)112:21%3C3926::AID-ANGE3926%3E3.3.CO;2-L
http://dx.doi.org/10.1002/1521-3757(20001103)112:21%3C3926::AID-ANGE3926%3E3.3.CO;2-L
http://dx.doi.org/10.1002/1521-3757(20001103)112:21%3C3926::AID-ANGE3926%3E3.3.CO;2-L
http://dx.doi.org/10.1002/1521-3773(20001103)39:21%3C3772::AID-ANIE3772%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3773(20001103)39:21%3C3772::AID-ANIE3772%3E3.0.CO;2-5
http://dx.doi.org/10.1002/1521-3773(20001103)39:21%3C3772::AID-ANIE3772%3E3.0.CO;2-5
http://dx.doi.org/10.1038/nature04451
http://dx.doi.org/10.1038/nature04451
http://dx.doi.org/10.1038/nature04451
http://dx.doi.org/10.1038/nature04451
http://dx.doi.org/10.1021/cr980032t
http://dx.doi.org/10.1021/cr980032t
http://dx.doi.org/10.1021/cr980032t
http://dx.doi.org/10.1021/cr010338r
http://dx.doi.org/10.1021/cr010338r
http://dx.doi.org/10.1021/cr010338r
http://dx.doi.org/10.1021/cr010338r
http://dx.doi.org/10.1002/aic.690471102
http://dx.doi.org/10.1002/aic.690471102
http://dx.doi.org/10.1002/aic.690471102
http://dx.doi.org/10.1016/S0013-4686(00)00341-8
http://dx.doi.org/10.1016/S0013-4686(00)00341-8
http://dx.doi.org/10.1016/S0013-4686(00)00341-8
http://dx.doi.org/10.1039/b602046a
http://dx.doi.org/10.1039/b602046a
http://dx.doi.org/10.1039/b602046a
http://dx.doi.org/10.1039/b600519p
http://dx.doi.org/10.1039/b600519p
http://dx.doi.org/10.1039/b600519p
http://dx.doi.org/10.1039/b110008b
http://dx.doi.org/10.1039/b110008b
http://dx.doi.org/10.1039/b110008b
http://dx.doi.org/10.1016/j.fluid.2004.02.003
http://dx.doi.org/10.1016/j.fluid.2004.02.003
http://dx.doi.org/10.1016/j.fluid.2004.02.003
http://dx.doi.org/10.1016/j.fluid.2004.02.003
http://dx.doi.org/10.1002/ange.200460431
http://dx.doi.org/10.1002/ange.200460431
http://dx.doi.org/10.1002/ange.200460431
http://dx.doi.org/10.1002/anie.200460431
http://dx.doi.org/10.1002/anie.200460431
http://dx.doi.org/10.1002/anie.200460431
http://dx.doi.org/10.1002/anie.200460431
http://dx.doi.org/10.1246/cl.2000.922
http://dx.doi.org/10.1246/cl.2000.922
http://dx.doi.org/10.1246/cl.2000.922
http://dx.doi.org/10.1039/b209734f
http://dx.doi.org/10.1039/b209734f
http://dx.doi.org/10.1039/b209734f
http://dx.doi.org/10.1039/b600816j
http://dx.doi.org/10.1039/b600816j
http://dx.doi.org/10.1039/b600816j
http://dx.doi.org/10.1002/1521-3765(20020816)8:16%3C3671::AID-CHEM3671%3E3.0.CO;2-9
http://dx.doi.org/10.1002/1521-3765(20020816)8:16%3C3671::AID-CHEM3671%3E3.0.CO;2-9
http://dx.doi.org/10.1002/1521-3765(20020816)8:16%3C3671::AID-CHEM3671%3E3.0.CO;2-9
http://dx.doi.org/10.1002/1521-3765(20020816)8:16%3C3671::AID-CHEM3671%3E3.0.CO;2-9
http://dx.doi.org/10.1016/S0040-4020(01)00373-8
http://dx.doi.org/10.1016/S0040-4020(01)00373-8
http://dx.doi.org/10.1016/S0040-4020(01)00373-8
http://dx.doi.org/10.1016/j.molcata.2003.10.065
http://dx.doi.org/10.1016/j.molcata.2003.10.065
http://dx.doi.org/10.1016/j.molcata.2003.10.065
http://dx.doi.org/10.1016/j.molcata.2003.10.065
http://dx.doi.org/10.1016/S0040-4039(03)01700-3
http://dx.doi.org/10.1016/S0040-4039(03)01700-3
http://dx.doi.org/10.1016/S0040-4039(03)01700-3
http://dx.doi.org/10.1039/b208631j
http://dx.doi.org/10.1039/b208631j
http://dx.doi.org/10.1039/b208631j
http://dx.doi.org/10.1021/jo035588h
http://dx.doi.org/10.1021/jo035588h
http://dx.doi.org/10.1021/jo035588h
http://dx.doi.org/10.1039/b411325j
http://dx.doi.org/10.1039/b411325j
http://dx.doi.org/10.1039/b411325j
http://dx.doi.org/10.1016/j.jorganchem.2005.04.025
http://dx.doi.org/10.1016/j.jorganchem.2005.04.025
http://dx.doi.org/10.1016/j.jorganchem.2005.04.025
http://dx.doi.org/10.1016/j.jorganchem.2005.04.025
http://dx.doi.org/10.1002/1521-3757(20020802)114:15%3C2895::AID-ANGE2895%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3757(20020802)114:15%3C2895::AID-ANGE2895%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3757(20020802)114:15%3C2895::AID-ANGE2895%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3757(20020802)114:15%3C2895::AID-ANGE2895%3E3.0.CO;2-0
http://dx.doi.org/10.1002/1521-3773(20020802)41:15%3C2771::AID-ANIE2771%3E3.0.CO;2-U
http://dx.doi.org/10.1002/1521-3773(20020802)41:15%3C2771::AID-ANIE2771%3E3.0.CO;2-U
http://dx.doi.org/10.1002/1521-3773(20020802)41:15%3C2771::AID-ANIE2771%3E3.0.CO;2-U
http://dx.doi.org/10.1016/j.memsci.2003.07.028
http://dx.doi.org/10.1016/j.memsci.2003.07.028
http://dx.doi.org/10.1016/j.memsci.2003.07.028
http://dx.doi.org/10.1016/j.memsci.2003.07.028
www.chemeurj.org


[74] R. Fortunato, M. J. Gonzalez-Munoz, M. Kubasiewicz, S. Luque,
J. R. Alvarez, C. A. M. Afonso, I. M. Coelhoso, J. G. Crespo, J.
Membr. Sci. 2005, 249, 153–162.

[75] L. C. Branco, J. G. Crespo, C. A. M. Afonso, Chem. Eur. J. 2002, 8,
3865–3871.

[76] S. V. Dzyuba, R. A. Bartsch, J. Heterocycl. Chem. 2001, 38, 265–268.
[77] J. G. Huddleston, A. E. Visser, W. M. Reichert, H. D. Willauer,

G. A. Broker, R. D. Rogers, Green Chem. 2001, 3, 156–164.
[78] K. R. Seddon, A. Stark, M. J. Torres, Pure Appl. Chem. 2000, 72,

2275–2287.
[79] J. Liu, G. B. Jiang, Y. G. Chi, Y. Q. Cai, Q. X. Zhou, J. T. Hu, Anal.

Chem. 2003, 75, 5870–5876.
[80] H. Tokuda, K. Hayamizu, K. Ishii, M. Susan, M. Watanabe, J. Phys.

Chem. B 2005, 109, 6103–6110.
[81] H. Tokuda, K. Ishii, M. Susan, S. Tsuzuki, K. Hayamizu, M. Wata-

nabe, J. Phys. Chem. B 2006, 110, 2833–2839.
[82] H. A. Barnes, A Handbook of Elementar Rheology, Institute of

Non-Newtonian Fluid Mechanics, University of Wales, 2000.
[83] H. A. Barnes, J. F. Hutton, K. Walters, An Introduction to Rheology,

Elsevier Science Publishers, Amsterdam, The Netherlands, 1989.
[84] D. R. MacFarlane, S. A. Forsyth, J. Golding, G. B. Deacon, Green

Chem. 2002, 4, 444–448.
[85] D. R. MacFarlane, J. Golding, S. Forsyth, M. Forsyth, G. B. Deacon,

Chem. Commun. 2001, 1430–1431.

[86] J. L. Anderson, D. W. Armstrong, Anal. Chem. 2003, 75, 4851–4858.
[87] J. D. Holbrey, K. R. Seddon, J. Chem. Soc. Dalton Trans. 1999,

2133–2139.
[88] J. M. Crosthwaite, M. J. Muldoon, J. K. Dixon, J. L. Anderson, J. F.

Brennecke, J. Chem. Thermodyn. 2005, 37, 559–568.
[89] J. J. M. Ramos, C. A. M. Afonso, L. C. Branco, J. Therm. Anal. Calo-

rim. 2003, 71, 659–666.
[90] P. G. Debenedetti, Metastable Liquids: Concepts and Principles,

Princeton University Press, Princeton, New Jersey, 1996.
[91] Y. Yoshida, K. Muroi, A. Otsuka, G. Saito, M. Takahashi, T. Yoko,

Inorg. Chem. 2004, 43, 1458–1462.
[92] K. J. Baranyai, G. B. Deacon, D. R. MacFarlane, J. M. Pringle, J. L.

Scott, Aust. J. Chem. 2004, 57, 145–147.
[93] J. M. Pringle, J. Golding, C. M. Forsyth, G. B. Deacon, M. Forsyth,

D. R. MacFarlane, J. Mater. Chem. 2002, 12, 3475–3480.
[94] A. G. Glenn, P. B. Jones, Tetrahedron Lett. 2004, 45, 6967–6969.
[95] P. Stepnowski, A. Zaleska, J. Photochem. Photobiol. A: Chem. 2005,

170, 45–50.
[96] P. Bonhote, A. P. Dias, M. Armand, N. Papageorgiou, K. Kalyana-

sundaram, M. Gratzel, Inorg. Chem. 1998, 37, 166–166.

Received: January 31, 2007
Revised: June 25, 2007

Published online: July 30, 2007

www.chemeurj.org I 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 8478 – 84888488

C. A. M. Afonso et al.

http://dx.doi.org/10.1016/j.memsci.2004.10.007
http://dx.doi.org/10.1016/j.memsci.2004.10.007
http://dx.doi.org/10.1016/j.memsci.2004.10.007
http://dx.doi.org/10.1016/j.memsci.2004.10.007
http://dx.doi.org/10.1002/1521-3765(20020902)8:17%3C3865::AID-CHEM3865%3E3.0.CO;2-L
http://dx.doi.org/10.1002/1521-3765(20020902)8:17%3C3865::AID-CHEM3865%3E3.0.CO;2-L
http://dx.doi.org/10.1002/1521-3765(20020902)8:17%3C3865::AID-CHEM3865%3E3.0.CO;2-L
http://dx.doi.org/10.1002/1521-3765(20020902)8:17%3C3865::AID-CHEM3865%3E3.0.CO;2-L
http://dx.doi.org/10.1039/b103275p
http://dx.doi.org/10.1039/b103275p
http://dx.doi.org/10.1039/b103275p
http://dx.doi.org/10.1021/ac034506m
http://dx.doi.org/10.1021/ac034506m
http://dx.doi.org/10.1021/ac034506m
http://dx.doi.org/10.1021/ac034506m
http://dx.doi.org/10.1021/jp044626d
http://dx.doi.org/10.1021/jp044626d
http://dx.doi.org/10.1021/jp044626d
http://dx.doi.org/10.1021/jp044626d
http://dx.doi.org/10.1021/jp053396f
http://dx.doi.org/10.1021/jp053396f
http://dx.doi.org/10.1021/jp053396f
http://dx.doi.org/10.1039/b205641k
http://dx.doi.org/10.1039/b205641k
http://dx.doi.org/10.1039/b205641k
http://dx.doi.org/10.1039/b205641k
http://dx.doi.org/10.1039/b103064g
http://dx.doi.org/10.1039/b103064g
http://dx.doi.org/10.1039/b103064g
http://dx.doi.org/10.1021/ac0345749
http://dx.doi.org/10.1021/ac0345749
http://dx.doi.org/10.1021/ac0345749
http://dx.doi.org/10.1039/a902818h
http://dx.doi.org/10.1039/a902818h
http://dx.doi.org/10.1039/a902818h
http://dx.doi.org/10.1039/a902818h
http://dx.doi.org/10.1016/j.jct.2005.03.013
http://dx.doi.org/10.1016/j.jct.2005.03.013
http://dx.doi.org/10.1016/j.jct.2005.03.013
http://dx.doi.org/10.1021/ic035045q
http://dx.doi.org/10.1021/ic035045q
http://dx.doi.org/10.1021/ic035045q
http://dx.doi.org/10.1071/CH03221
http://dx.doi.org/10.1071/CH03221
http://dx.doi.org/10.1071/CH03221
http://dx.doi.org/10.1039/b208372h
http://dx.doi.org/10.1039/b208372h
http://dx.doi.org/10.1039/b208372h
http://dx.doi.org/10.1016/j.tetlet.2004.07.050
http://dx.doi.org/10.1016/j.tetlet.2004.07.050
http://dx.doi.org/10.1016/j.tetlet.2004.07.050
http://dx.doi.org/10.1016/j.jphotochem.2004.07.019
http://dx.doi.org/10.1016/j.jphotochem.2004.07.019
http://dx.doi.org/10.1016/j.jphotochem.2004.07.019
http://dx.doi.org/10.1016/j.jphotochem.2004.07.019
http://dx.doi.org/10.1021/ic971286k
http://dx.doi.org/10.1021/ic971286k
http://dx.doi.org/10.1021/ic971286k
www.chemeurj.org

