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a b s t r a c t

The thermal behavior of the BMICl/NbCl5 and BMICl/ZnCl2 mixtures was investigated by DSC and corre-
lated with previous studies using Raman spectroscopy. Combining both results, it was possible to built the
phase diagram for these mixtures and suggest the formation of different compounds and the equilibria
in the euthetic mixtures. The phase diagram of BMICl and NbCl5 mixture showed that probably only one
compound is formed at XNbCl5 = 0.50 (BMINbCl6) and euthetic mixtures are present in the 0 ≤ XNbCl5 ≤ 0.50
composition range. For the BMICl and ZnCl2, four different compounds were detected: (BMI)2(ZnCl4)
for XZnCl2 = 0.35; (BMI)2(Zn2Cl6); (BMI)2(Zn3Cl8) and (BMI)2(Zn4Cl10) for XZnCl2 = 0.70, and between these
isoplets euthetic mixtures are formed.
hase diagram

onic liquids © 2010 Elsevier B.V. All rights reserved.

iobium pentachloride
inc chloride
-n-butyl-3-methylimidazolium

. Introduction

Molten salts or ionic liquids (ILs), in particular those derived
rom ionic salts of the 1,3-dialkylimidazolium cation have received
onsiderable attention as an alternative class of solvents [1]. By
hanging the alkyl substituents and/or the anions it is possible to
une their physical–chemical properties according to the desired
se [2,3].

Among the ILs derived from 1,3-dialkylimidazolium cation
ne important class is that obtained by the mixture of their
alide salts and transition-metal halides, such as 1-n-butyl-3-
ethylimidazolium chloride (BMICl) mixed with AlCl3 [4], FeCl3

5,6], ZnCl2 [7,8], InCl3 [9], PdCl2 [10,11]. Some of them have been
uccessfully used as the “mobile phase” for the biphasic transition-
etal catalyzed reactions [4,10,11] or as immobilizing agents in

rganometallic catalysis [7]. Another application for such kind of
Ls relies on the fact that the presence of a transition metal can

romote Lewis acid catalytic processes [4,8,9,12]. With no doubt,
he ILs derived from mixtures of 1,3-dialkylimidazolium chlorides
nd AlCl3 are the most investigated ones [4]. Due to the accep-
or/donor patterns, these ionic liquids present Lewis properties also

∗ Corresponding author. Tel.: +55 61 33072167; fax: +55 61 32734149.
E-mail address: psuarez@unb.br (P.A.Z. Suarez).

040-6031/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2010.01.023
dependent on the amount of the aluminum halide. It is worth men-
tioning that the Lewis acidity can be expressed in terms of the molar
fraction of the aluminum compound (X), being called acidic the
mixtures with X > 0.5 (or 50 mol%), basic when X < 0.5 and neutral
when X = 0.5. Despite the inconvenience of the great reactivity of
theses compounds towards air and water, their Lewis acidity makes
them especially useful in Ziegler–Natta type catalytic systems and
acid catalyzed organic reactions, e.g. olefin dimerization, alkylation,
Friedel–Crafts, Diels–Alder, and Pechmann reactions [13–18].

ILs derived from 1,3-dialkylimidazolium chlorides and AlCl3
were also investigated regarding to their structure [4,19]. Depend-
ing on the molar proportions of AlCl3 and the other chloride salts
added to the mixture, the formation of AlCl4−, Al2Cl7−, and Al3Cl10

−

anionic species were identified [4,20]. The composition of the mix-
tures of alkylimidazolium chlorides and other transition-metal
chlorides as FeCl3 and FeCl2 [5,6] ZnCl2 [20], AuCl3 [21], InCl3 [22]
has also been investigated.

We and others have demonstrated the technological potential of
these binary mixtures. For example the ILs obtained by the mixture
of BMICl and NbCl5 act as catalysts for the synthesis of coumarins

by the Pechmann reaction [12], and the mixture of BMICl and ZnCl2
can be used as reactional system for olefin and aromatic compounds
hydrogenation [7].

In binary mixtures that can react and produce new compounds,
the number of constituents of the mixture is greater than that of

http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:psuarez@unb.br
dx.doi.org/10.1016/j.tca.2010.01.023
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content of NbCl5 in molar fraction in the NbCl5/BMICl mixture).
It is worth mentioning that NbCl5 does not exist at room tem-
perature, i.e., it is added as the dimer, Nb2Cl10 [23]. The phase
transition temperatures for the different mixtures are presented
in Fig. 2, as obtained from DSC measurements. At XNbCl5 = 0, the
Fig. 1. Illustrative selected thermograms obtained for BMICl/Nb

he two starting components, and, therefore, the phase diagram
ay also present several euthetic points. The main reason for this is

hat the system can show phase transition temperatures lower than
heir components, enabling the identification of euthetic points. In
he case of liquid and solid phase diagrams, a solid with eutectic
omposition melts, without change in composition, in a tempera-
ure lower than the melting temperature of any other mixture.

In a previous work we have used Raman spectroscopy to
dentify the anionic species formed in mixtures of 1-n-butyl-3-

ethylimidazolium chloride with different amounts of niobium
entachloride (NbCl5) or zinc dichloride (ZnCl2) [23]. In this work
e aimed the used of Differential Scanning Calorimetry (DSC) to
etermine the phase diagrams for these mixtures. Therefore, the
trategy to investigate the ionic species present in these mixtures
s well as the interaction of anions and cations will be done through
he DSC and vibrational (Raman) analysis of mixtures of different

olar ratios of BMICl and NbCl5 or ZnCl2. In both cases, the correct
dentification of the anionic species, that act as Lewis acids, is fun-
amental for the understanding of the catalytic process they take
art.

. Experimental

.1. General

All manipulations were performed under dry, oxygen-free argon
sing standard Schlenk tube techniques. All solvents were dried
ver suitable desiccant agents and distilled under argon prior to use.
ifferential Scanning Calorimetry measurements of BMICl/NbCl5
ixtures were performed in a Shimadzu DSC-50 under helium flow

nd of BMICl/ZnCl2 mixtures were performed in a TA 1200-PL-DSC
nder nitrogen flow. 10.0 mg samples were placed in aluminum
ans sealed and cooled with liquid nitrogen down to −70 ◦C, then
he samples were heated at 10 ◦C min−1 of heating rate up to 200 ◦C.
he experimental details with regard to the Raman measurements
an be found in ref. [23].

.2. Materials

The BMICl was prepared according to literature procedures [24]
nd commercial ZnCl2 was dried by benzene azeotropic distilla-
ion and stored under nitrogen. All other chemical were obtained
rom commercial sources (Aldrich) and used as received. Com-

ercial niobium pentachloride obtained from CBMM (Companhia

rasileira de Metalurgia e Mineração) was distilled under vacuum
nd stored under nitrogen atmosphere. The estimated purities of
MICl, ZnCl2 and NbCl5 are up to 98%.

The BMICl/ZnCl2 mixtures were prepared by mixing appropriate
mounts of solid BMICl and ZnCl2 over nitrogen and an efficient
bCl5 = 0.50, (a) and BMICl/ZnCl2, XZnCl2 = 0.22, (b) ionic mixtures.

stirring at 70 ◦C forming pale-yellow viscous ionic liquids which
becomes homogeneous easily.

The preparation of the organo-niobate ILs was carried out by
mixing BMICl and NbCl5 at different mol ratios using standard
Schlenk technique. The desired amounts of BMICl and NbCl5 were
placed in a Schlenk tube and kept under magnetic stirring at
70 ◦C until complete homogenization was obtained. The 50% mix-
ture yields pale brown solids at room temperature, which become
browned-red viscous ILs when melted.

3. Results and discussion

The DSC study for the different ionic mixtures showed a
large range in phase-transition temperatures according to the
NbCl5 or ZnCl2 content in the mixtures. It has been observed
that the BMICl/ZnCl2 mixtures are liquid at room temperature
and they were very difficult to be crystallized. Therefore, a
low cooling rate (−1 ◦C min−1) was needed in order to see the
thermal events. Illustrative selected thermograms obtained for
BMICl/NbCl5, XNbCl5 = 0.50, (a) and BMICl/ZnCl2, XZnCl2 = 0.22, (b)
ionic mixtures are shown in Fig. 1.

3.1. BMICl/NbCl5 ionic mixtures

The ionic mixtures of BMICl and NbCl5 were prepared in the fol-
lowing molar fractions X = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 and 0.7 (X = the
Fig. 2. (�) Phase transition temperature of BMICl/NbCl5 mixtures and (�) normal-
ized Raman intensity of the NbCl6− symmetric stretching mode (371 cm−1) as a
function of the mole fraction of NbCl5.
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elting temperature is that of pure BMICl. As the amount of NbCl5
ncreases the melting point of the mixture diminishes, affording a

inimum for XNbCl5 = 0.3. With higher amounts of NbCl5, the melt-
ng point increases up to 57 ◦C for XNbCl5 = 0.5 and starts again to
ecrease. The Raman spectroscopic investigation of these mixtures
ave shown that the anion NbCl6− is present in all compositions of
MICl/NbCl5 mixtures and is the only niobium specie detected bel-

ow XNbCl5 < 0.50 [23]. For XNbCl5 > 0.50 the neutral Nb2Cl10 specie is
lso observed mixed with NbCl6−. Probably the isoplet in the phase
iagram near XNbCl5 = 0.5 corresponding to the (BMI)(NbCl6) IL
ormed. We can then conclude that for compositions from XNbCl5 = 0
o XNbCl5 = 0.5, the species (BMI)(NbCl6) and BMICl are present.
or XNbCl5 = 0.5 or higher, probably the only species present are
BMI)(NbCl6) and Nb2Cl10. To illustrate the correlation between
he phase diagram and the Raman results, Fig. 2 also shows the
ependence of the Raman intensity (normalized) of the 371 cm−1

ymmetric stretching mode of NbCl6− [23] as a function of the
bCl5 molar fraction. It is worth mentioning that the Raman inves-

igation of this system showed no evidence for the formation of
ny different anionic specie for compositions corresponding to
NbCl5 < 0.50. Therefore, the discontinuity observed in the phase
iagram of Fig. 2 for XNbCl5 < 0.50 has no real significance and is
robably due to some impurity or other experimental problem.
onetheless, Raman spectroscopy and the phase diagram obtained
y DSC analysis seems to be in good agreement and strong suggest-

ng that there is a euthetic behavior for mixtures of BMICl and NbCl5
ith compositions 0 ≤ XNbCl5 ≤ 0.50. It is worth mentioning that

lthough the Raman spectroscopy showed only one ionic species for
ixtures with XNbCl5 ≤ 0.50 it is possible to observe a discontinuity

n the diagram obtained using DSC data. We believe this has no real
ignificance and is probably due to impurities produced after the
ecomposition of the high Lewis acid NbCl5, which decomposes in
he presence of moisture even in low amounts.

.2. The BMI/ZnCl2 ionic mixtures

Following the same methodology described above several mix-
ures of BMICl and ZnCl2 were prepared and their respective

elting temperatures were obtained by DSC. These data were used
o draw a phase diagram that is displayed in Fig. 3(a). As can be
epicted from this figure, the behavior of BMICl/ZnCl2 mixtures
re much more complex than those observed for BMICl/NbCl5 ones.
ndeed, this plot shows up to four points of temperature minima,
robably each one corresponding to euthetic points (XZnCl2 = 0.15,
42 ◦C; XZnCl2 = 0.43, −42 ◦C; XZnCl2 = 0.58, −40 ◦C; XZnCl2 = 0.68,
25 ◦C). It is also possible to clearly identify the four isoplets

hat pass through the points of maximum (XZnCl2 = 0.33, 60 ◦C;
ZnCl2 = 0.50, 100 ◦C; XZnCl2 = 0.65, 92 ◦C; XZnCl2 = 0.75, 110 ◦C).

The Raman spectra of BMICl/ZnCl2 mixtures were already
nvestigated and different anionic species were characterized
ccording to the mixture composition [23]. For comparison pur-
oses, Fig. 3(b) shows the dependence of the normalized Raman

ntensities of vibrational modes characteristic of four different
ZnxCl2x+2]2−, x = 1–4 (see ref. [23] for a detailed discussion on
he vibrational assignment). Note that the maxima observed in
he Raman intensities correlate very well with the four isoplets
epicted in Fig. 3(a). In this sense, predominant anionic species
re ZnCl42− for XZnCl2 = 0.35; Zn2Cl62− for XZnCl2 = 0.50; Zn3Cl82−

or XZnCl2 = 0.64 and Zn4Cl10
2− for XZnCl2 = 0.70, suggesting the

ormation of the compounds (BMI)2(ZnCl4), (BMI)2(Zn2Cl6),
BMI)2(Zn3Cl8), and (BMI)2(Zn4Cl10). Thus, as in the previous case

or the mixtures of BMICl and NbCl5, the Raman results are in
erfect agreement to those obtained by the DSC analysis of BMICl
nd ZnCl2 mixtures. These results also show that between those
soplets it is possible to identify the binary euthetic mixtures:
MICl and (BMI)2(ZnCl4) for 0 ≤ XZnCl2 ≤ 0.35; (BMI)2(ZnCl4)
Fig. 3. (a) Phase transition temperatures for the BMICl/ZnCl2 mixtures and (b) nor-
malized Raman intensities as a function mole fraction of ZnCl2. (�) = 276 cm−1,
ZnCl42−; (©) = 317 cm−1, Zn2Cl62−; (�) = 265 cm−1, Zn3Cl82−; (�) = 340 cm−1,
Zn4Cl10

2− .

and (BMI)2(Zn2Cl6) for 0.35 ≤ XZnCl2 ≤ 0.50; (BMI)2(Zn2Cl6)
and (BMI)2(Zn3Cl8) for 0.50 ≤ XZnCl2 ≤ 0.64; (BMI)2(Zn3Cl8) and
(BMI)2(Zn4Cl10) for 0.64 ≤ XZnCl2 ≤ 0.70; and (BMI)2(Zn4Cl10) for
XZnCl2 ≥ 0.70. It is important to highlight that similar dialquil-
imidazolium zinc halides have already been prepared using for
XZnX2 = 0.50 [25] and that the molecular structure determined by
single crystal X-ray diffraction analysis confirmed the formation
of the complex (1,3-dimethylimidazolium)2(ZnBr2Cl2), which is
close to the compound observed here for 0.50 ≥ XZnCl2 (see Fig. 3).

4. Conclusions

In summary, with the use of DSC analysis and Raman spec-
troscopy of mixtures of BMICl and NbCl5 or BMICl and ZnCl2, it was
possible to describe their phase diagrams. Five different isoplets
corresponding to the formation of (BMI)(NbCl6), (BMI)2(ZnCl4),
(BMI)2(Zn2Cl6), (BMI)2(Zn3Cl8) and (BMI)2(Zn4Cl10) salts and five
euthetic mixtures with different Lewis acidic anions. These results
are particularly important in organic synthesis because they can be
used to describe these mixtures and understand the acidic catalytic
processes they take place as well as to design ionic mixtures with
desired anionic species, and, thus, tuning the acidity of the media.
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