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Abstract

The thermal stability of many tested ionic liquids (ILs) was investigated by the TGA and DTA curves over the wide temperature range from
200 to 780 K. The TGA curves have mainly a sigmoid shape, which can be split into three segments. The thermal decomposition of the samples
was higher than 500 K. For the ammonium salts, C2BF4, or C2PF6, or C2N(CN)2, or C4Br, the temperatures of the decompositions were 583.5,
556.1, 545.1 and 525.3 K, respectively. Generally, it was found that the temperature of decomposition of investigated ionic liquid is strongly
depended on the type of cation and the anion. Phase equilibria and thermophysical constants were measured also for the dialkoxy-imidazolium
ILs, [(C4H9OCH2)2IM][BF4], [(C8H17OCH2)2IM][Tf2N], [(C10H21OCH2)2IM][Tf2N] and for pyridinium IL, [Pyr][BF4].

The characterization and purity of the compounds were obtained by the elemental analysis, water content (Fisher method) and differential
scanning microcalorimetry (DSC) analysis. From (DSC) method, the melting points, the enthalpies of fusion, the temperatures and enthalpies of
solid–solid phase transitions and the half Cp temperatures of glass transition of all investigated ionic liquids were measured.

The phase equilibria of these salts with common popular solvents: water, or alcohols or n-alkanes, or aromatic hydrocarbons have been measured
by a dynamic method from 290 K to the melting point of IL, or to the boiling point of the solvent in the whole mole fraction range, x from 0 to 1.

These salts mainly exhibit simple eutectic systems with immiscibility in the liquid phase with upper critical solution temperatures (UCST), not
only with aromatic hydrocarbons, cycloalkanes and n-alkanes but also with longer chain alcohols. For example the C2BF4 salt show simple eutectic
system with water and simple eutectic systems with immiscibility in the liquid phase with upper critical solution temperature with alcohols.

The solid–liquid phase equilibria, SLE curves were correlated by means of the different GEx models utilizing parameters derived from the SLE.

The root-mean-square deviations of the solubility temperatures for all calculated data depend on the particular system and the equation used.
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. Introduction

Ionic liquids (ILs) are new generation of solvents for catal-
sis and synthesis which have been demonstrated as possible
ew successful replacements for conventional media in new
echnologies. The important properties include high heat capac-
ty, high density, extremely low volatility, non-flammability,
igh thermal stability, wide temperature range for liquid, many
ariations in compositions, and large number of possible vari-

tions in cation and anion conformation allowing fine-tuning
f the ionic liquid properties for specific applications [1–10].
Ls with their promising physical and chemical properties are
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ersatile electrolytes for diverse technologies, e.g. in batteries,
hotoelectrical cells and other electrochemical devices [11–15].
hysical and thermodynamic properties and constants, transport
roperties, miscibility, and purity assessment were highlighted
s immediate needs. The solid–liquid and liquid–liquid phase
quilibria measurements of ILs systems based on ammonium
ations, or on N,N′-dialkyl-substituted imidazolium cations are
ttracting increasing attention for applications in liquid–liquid
xtraction [10,16–19]. There are first publications about the suit-
bility of ionic liquids as entrainers for the extractive distillation
nd as extraction solvents for the liquid–liquid extraction. ILs
ere found to be capable of breaking a multitude of azeotropic

ystems. The non-volatility of IL in combination with their

emarkable separation efficiency and selectivity enable new
rocesses for the separation of azeotropic mixtures which, in
omparison to conventional separation processes, might offer
potential for cost-savings. Until now, it cannot be predicted
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Table 1
List of ionic liquids investigated in this work

Ethyl-(2-hydroxyethyl)-dimethyl-ammonium
tetrafluoroborate

C2BF4

Ethyl-(2-hydroxyethyl)-dimethyl-ammonium
hexafluoroborate

C2PF6

Ethyl-(2-hydroxyethyl)-dimethyl-ammonium
dicyanamide

C2N(CN)2

Butyl-(2-hydroxyethyl)-dimethyl-ammonium
bromide

C4Br

1,3-Dibutyloxymethyl-imidazolium
tetrafluoroborate

[(C4H9OCH2)2IM][BF4]

1,3-Dioctyloxymethyl-imidazolium
bis(trifluoromethylsulfonyl)imide

[(C8H17OCH2)2IM] [(CF3SO2)2N] = [Tf2N]

1,3-Didecyloxymethyl-imidazolium
bis(trifluoromethylsulfonyl)imide

[(C10H21OCH2)2IM] [(CF3SO2)2N] = [Tf2N]

N-Decyloxymethyl-3-amido-pyridinium
tetrafluoroborate

[Pyr][BF4]
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hich IL is the best ones for certain applications. Some ILs as 1-
thyl-3-methyl-imidazolium bis(trifluoromethylsulfonyl)imide,
EMIM][Tf2N], or 1-ethyl-3-methyl-imidazolium ethyl sulfate,
EMIM][EtOSO3] are excellent entrainers for the separation of
liphatic from aromatic hydrocarbons by extractive distillation
r extraction [10,20,21]. The activity coefficients at infinite dilu-
ion, γ∞

13 , [where 1 refers to the solute (n-alkanes, aromatic hy-
rocarbons, alcohols) and 3 to the solvent (ILs)], provide a useful
ool for solvent selection in extractive distillation or solvent ex-
raction processes. Many data was published during the last few
ears for aliphatic and aromatic hydrocarbons, alcohols and dif-
erent polar solvents as solutes in ionic liquids ([20–23] and the
iterature cited in). It was shown for example that 1-butyl-3-
ethyl-imidazolium octylsulfate, [BMIM][OcOSO3] should

ot be considered as a solvent for separation of alkanes and ar-
matics [23]. On the other side, two salts as 1,3-dimethyl-im-
dazolium methoxy ethyl sulfate, [MMIM][CH3OC2H4OSO3]
nd 4-methyl-n-butyl-pyridinium tetrafluoroborate, [BMP-
R][BF4] were found to exhibit very high selectivity for hex-

ne/benzene separation [24,25]. Generally, the separation of the
liphatic/aromatic hydrocarbons decreases with an increasing
ength of the alkyl chain at the cation, or anion of IL.

To design any process involving ionic liquids on an industrial
cale it is necessary to know phase equilibria and especially
iquid–liquid equilibrium [26–37] and solid–liquid equilibrium
38–42].

In most of the published papers the liquid–liquid equilibrium
etween alcohols and ILs have been studied and the partition-
ng of alcohols between ionic liquids and water was described.
n general, (ILs + an alcohol) binary mixtures show LLE with
pper critical points shifted to the alcohol higher mole fraction.
n increase in the alkyl chain length of the alcohol resulted in

n increase in the UCST. Branching of the alcohol resulted in a
igher solubility of the alcohol in the IL-rich phase. By increas-
ng the alkyl chain length on the imidazolium ring, the UCST
ecreased. The replacement of the hydrogen at C2 position of the
ing with the methyl group resulted in an increase in the UCST
29].

In our previous work the solubility of 1-ethyl-3-methyl-
midazolium hexafluorophosphate, [EMIM][PF6], or 1-butyl-
-methyl-imidazolium hexafluorophosphate, [BMIM][PF6], in
romatic hydrocarbons, or in n-alkanes, or in cyclohydrocar-
ons, or in alcohols has been measured [31,32]. In many cases
he observation of the upper critical solution temperature was
imited by the boiling temperature of the solvent. The solubility
f [EMIM][PF6] and [BMIM][PF6] in aromatic hydrocarbons
nd in alcohols decreases with an increase of the molecular
eight of the solvent.
The recently published study on solutions of 1,3-dimethyl-

midazolium methylsulfate, [MMIM][CH3SO4] and 1-butyl-3-
ethylimidazolium methylsulfate, [BMIM][CH3SO4] with aro-
atic hydrocarbons, or with n-alkanes, or with cyclohydroca-

bons, or with alcohols have presented useful from the techno-

ogical perspective properties, because they have shown partial
mmiscibility at room temperature [36,37]. By increasing the
lkyl chain length on the cation, the upper critical solution te-
perature, UCST decreased in all solvents except in n-alkanes.

1
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Also the choice of anion was shown to have large impact
n the UCST of the systems of 1-hexyloxymethyl-3-methyl-
midazolium-based ILs with the anions [BF4]− and [Tf2N]−;
he solubility dramatically increased and the UCST decreased
or the [Tf2N]− anion [34].

This paper follows the discussion on room temperature ionic
iquids, and is a continuation of our systematic study of the
mpact of different factors on the phase behavior of alkyl-(2-
ydroxyethyl)-dimethyl-ammonium cation [Cn] with different
nions [Br−, or BF4

−, or PF6
−, or N(CN)2

−] and of 1,3-
ialkoxymethyl-imidazolium ([(CnH2nOCH2)2IM+]) cations
ith different anions [BF4

−, or Tf2N−] with benzene and
lcohols. This work focused on understanding what features
ontrol the LLE and SLE phase equilibrium of ammonium
nd imidazolium-based ionic liquids with different organic sol-
ents. Characteristic investigated here include the effect of anion
[BF4

−] versus [Br−]} in alkyl-(2-hydroxyethyl)-dimethyl-
mmonium salts; the effect of the alkyl chain length (butyl versus
thyl) of the cation at ammonium salts; the effect of the alkyl
hain length of the cation (butyl- versus octyl-, or decyl-) in the
,3-dialkoxymethyl-imidazolium salts; the effect of the pyri-
inium ring versus imidazolium ring in the cation. The names
f substances under study, chemical formulas and the abbrevia-
ions are presented in Table 1.

The melting point, the glass transition temperature, enthalpy
f fusion, and enthalpy of solid–solid phase transition were
etermined by the differential scanning calorimetry, DSC and
he decomposition by the TG/DTA for most of the ionic liquids
nder study.

The determination of the IL–solvent interaction of these salts
ia the solubility measurements especially with water, or alco-
ols, or benzene, or n-hydrocarbons, or cyclohydrocarbons have
een performed. The characterization and purity of the com-
ounds were obtained by the elemental analysis, water content
Fisher method), differential scanning microcalorimetry (DSC)
nalysis and by (TG/DTA) analysis.

For a better understanding of the IL behavior and with a
iew to the application in chemical engineering or the devel-
pment of thermodynamic models, reliable experimental data
re required. Basic IL can act as both a hydrogen bond acceptor
anion) and donor (cation) and would be expected to interact with
olvents with both accepting and donating sites. On the other
and, polar solvents as alcohols are very well-known to form
ydrogen-bonded net with both high enthalpies and constants
f association. In this work the higher interaction may be expect
etween hydroxyl group of ammonium salt, or dialkoxy-group
ith polar solvent as water, or alcohol. The better solubility of

L in a chosen solvent means the possible hydrogen bonding
etween IL and solvent.

. Experimental

.1. Materials
. Investigated alkyl-(2-hydroxyethyl)-dimethyl-ammonium
compounds were synthesized using the N,N-dimethylethan-
olamine (Sigma–Aldrich CAS number 108-01-0) and appro-
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Table 2
Thermophysical constants of pure ammonium salts, determined from DSC dataa

Compound Tfus,1 (K) �fusH1 (kJ mol−1) Ttr,1 (K) �trH1 (kJ mol−1) Tdec,1 (K)

C2BF4 426.8 5.14 311.5; 252.8; 146 (g)b 1.17; 3.06 583.5
C2PF6 272.0 10.60 – – 556.1
C2N(CN)2 282.7 8.60 168.4 (g)c 545.1
C4Bra 359.3 13.21 187.3 (g)d – 525.3

a Data for C2Br, C3Br, C4Br, C6Br were published earlier [41].
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�Cp at the glass transition is equal to 20.0 J mol K .
c �Cp at the glass transition is equal to 16.7 J mol−1 K−1.
d �Cp at the glass transition is equal to 30.9 J mol−1 K−1.

priate haloalkane such as: ethyl bromide (Sigma–Aldrich
CAS number 74-96-4), or butyl bromide (Sigma–Aldrich
CAS number 109-65-9). Substances were placed into round
bottom flask and were mixed in 10% excess of haloalkane.
The intermediates were heated at 353 K for 30 min and
stirred under reflux to form the reaction mixture. After that,
mixture was cooled down and the obtained solid product
was dissolved in mixture of 1-propanol (Sigma–Aldrich
CAS number 71-23-8) and methanol (Sigma–Aldrich CAS
number 67-56-1) at ratio 1:3. Subsequently, the mixture
was heated at 353 K for 30 min under reflux. Later, mix-
ture was cooled down and cyclohexane (Sigma–Aldrich
CAS number 110-82-7) in very small portion was added
into the mixture to form the solid powder. Solid phase
was filtered through the S4 filter and that phase was
collected. To the liquid phase, next portion of cyclohexane
was added to the completely give off the product. All
salts were recrystallised from mixture of 1-propanol and
methanol and then rigorously dried under vacuum for 48 h
prior to use. We believe that the solvents and unreacted
reagents were removed under vacuum from white solid,
which was obtained with yield higher then 88%. The
compounds were characterized using FTIR, NMR, mass
spectroscopy, and elemental analysis. The brief characteri-
zation of obtained compounds was presented in our previous
work [41]. The physicochemical constants are presented
in Table 2.

. The imidazolium ILs were synthesized: the 1,3-dialkoxylo-
xymethyl-imidazolium tetrafluoroborate ([BF4

−]), or bis-
(trifluoromethylsulfonyl)imide ([(CF3SO2)2N−] = [Tf2N])
were obtained from 1,3-alkoxymethyl-imidazolium chloride

1
[43,44]. The prepared ILs were characterized by their H
NMR and 13C NMR spectra. 1H NMR spectra were recorded
on a Varian Model XL 300 spectrometer at 300 MHz with
tetramethylsilane as the standard. 13C NMR spectra were

5
w
E
p

able 3
hermophysical constants of pure imidazolium salts and pyridinium salt, determined

ompound Tfus,1 (K) �fusH1

(C4H9OCH2)2IM][BF4] 281.4 8.54
(C8H17OCH2)2IM][Tf2N] 287.7 34.20
(C10H21OCH2)2IM][Tf2N] 303.1 79.36
Pyr][BF4] 361.9 51.26
recorded on the same instrument at 75 MHz to confirm of any
major impurities. All ionic liquids were cleaned with acti-
vated carbon to remove any colored compounds and dried
under vacuum at 348.15 K for 48 h to remove organic sol-
vents and water. Analysis for the water contamination using
the Karl–Fischer technique for solvents and ILs showed that
the impurity in each of the substances was <0.02 mol%.
The physicochemical properties of imidazolium and pyri-
dinium ionic liquids discussed in this work are presented in
Table 3.

All solvents were delivered from Sigma–Aldrich Chemie
mbH, Stenheim, Germany. Before direct use they were

ractionally distilled over different drying reagents to the
ass fraction purity ≥99.8 mass%. The solvents were stored

ver freshly activated molecular sieves of type 4 Å (Union
arbide).

.2. Methods

.2.1. Water content
Water content was analyzed by Karl–Fischer titration tech-

ique (method TitroLine KF). Samples of all compounds were
issolved in methanol and titrated with step 2.5 �l. The results
how water content from 170 to 300 ppm.

.2.2. Differential scanning microcalorimetry (DSC)
The melting point, the enthalpy of fusion and the enthalpy

f the solid–solid phase transition of every salt were measured
sing a differential scanning microcalorimetry (DSC) at the

K min scan rate with the power sensitivity of 16 mJ s and
ith the recorder sensitivity of 5 mV. The instrument (Perkin-
lmer Pyris 1) was each time calibrated with the 99.9999 mol%
urity indium sample. The calorimetric accuracy was ±1%

from DSC data

(kJ mol−1) Ttr,1 (K) �trH1 (kJ mol−1)

267.4 10.86
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and decomposition (DTG)–[d(mass loss)/dT] curves of the thermal degradation of
CN)2.
Fig. 1. Thermogravimetric analysis (TGA) curves of the thermal degradation
ammonium salts: (a) C3Br; (b) C4Br; (c) C6Br; (d) C2BF4; (e) C2PF6; (f) C2N(

and the calorimetric precision was ±0.5%. The thermophysi-
cal properties are shown in Tables 2 and 3.

2.2.3. Decomposition of compounds
Simultaneous TG/DTA experiments were performed using a

MOM Derivatograph, PC (Hungary). In general, runs were car-
ried out using matched labyrinth platinic crucibles with Al2O3
in reference pan. The crucible design hampered the migration
of volatile decomposition products reducing the rate of gas evo-
lution and, in turn, increasing contact time of the reactants. All
TG/DTA curves were obtained at 5 K min−1 heating rate with
a nitrogen dynamic atmosphere (flow rate 20 dm3 h−1). Tem-

peratures of decomposition, obtained from the first minimum
of the DTA curves for the ammonium salts are presented as an
example in Table 2. Figs. 1 and 2 present the comparison of
decomposition (mass loss) and DTA for chosen salt.

F
a

ig. 2. Thermogravimetric analysis (TGA) curves of the thermal degradation
nd DTG of the pyridinium salt, [Pyr][BF4].
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Table 1S (C2BF4) and Table 2S (C4Br). Phase diagrams are pre-
sented in Figs. 3–6.

The ability of a polar cation to create the hydrogen bond with
water, or an alcohol significantly increases the solubilities of IL
4 U. Domańska / Thermoch

.2.4. Solid–liquid and liquid–liquid equilibria apparatus
easurements
Solid–liquid equilibrium, SLE and liquid–liquid equilibrium,

LE temperatures were determined using a dynamic method
escribed in detail previously [34–42]. Appropriate mixtures of
olute and solvent placed under the nitrogen in dry box into a
yrex glass cell were heated very slowly (less than 2 K h−1 near

he equilibrium temperature) with continuous stirring inside a
ell which was placed in a glass thermostat filled with silicone
il, or water. The temperature of the liquid bath was varied slowly
ntil the last crystals disappeared. This temperature was taken as
he temperature of the solid–liquid equilibrium in the saturated
olution. The crystal disappearance temperatures were detected
isually. In LLE measurements a sample of known composition
as placed in a view-cell and heated until it was one phase. The

quilibrium temperature was two phases (foggy mixture) disap-
earance in the liquid phase, observed visually during increasing
emperature. The observation of the “cloud point” with decreas-
ng temperature was very difficult. The effect of precooling and
inetics of the phenomenon of binary phases creation were the
easons that the temperature of “cloud point” was not repeatable
uring the experiment. The temperature was measured with an
lectronic thermometer P 550 (DOSTMANN electronic GmbH)
ith the probe totally immersed in the thermostating liquid. The

ccuracy of the temperature measurements was judged to be
0.01 K. Mixtures were prepared by mass and the uncertainty in

he composition was estimated to be ±0.0005 and ±0.5 K in the
ole fraction and temperature, respectively. It was found that the

olution-crystallization procedure was quite slow and difficult,
hus the solubility measurements were very time-consuming.
he LLE measurements were limited at the upper temperature
y the boiling point of the solvent, or the possible maximum
emperature of the experiment (oil bath).

. Results

.1. Thermal decomposition

Received salts demonstrate high temperature of decomposi-
ion. For investigated components the temperature of decompo-
ition strongly depends on the alkyl chain length. In ammonium
romide salts for the shortest alkyl chain in the cation, the tem-
erature of decomposition is the highest and equals 559.3 K for
2Br [41]. For the longer alkyl chain, the temperature of decom-
osition decreases to 525.37 K for C4Br, what is presented in
ig. 1. Compounds have been decomposed in one step. The
ercent of mass loss of ionic liquids decreases with increasing
f alkyl chain length. The highest value equals to 92.25% was
btained for C2Br and the lowest for C6Br (does not exceed
2.8%) [41]. Changing the anion for the same cation, e.g. ethyl-
2-hydroxyethyl)-dimethyl-ammonium (C2) causes the decreas-
ng of the first step decomposition temperature 10–30 ◦C. The
owest first step decomposition temperature, 545.1 K was found

or C2N(CN)2. Thermogravimetric analysis (TGA) curves of the
hermal degradation and DTA of the alkoxy-imidazolium salts
ave shown the decomposition temperature about 500 K. For the
onger alkyl chain the temperature of decomposition increases

F
t
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contrary to ammonium salts). For pyridynium salt the decom-
osition temperature is 580 K (see Fig. 2).

DSC diagram for C4Br presents the melting point at 359.3 K,
hat is much lower in comparison with C2Br (541.4 K) [41].
he melting temperatures of the other C2 ammonium salts are
resented in Table 2. Only C2BF4 salt melts higher than 420 K.

Fortunately, the imidazolium salts exhibit lower melting tem-
eratures, what is shown in Table 3. The lowest melting temper-
ture was observed for [(C4H9OCH2)2IM][BF4] T = 281.44 K.
nly the pyridinium salt [Pyr][BF4] melts at high temperature,
= 360.12 K. Melting temperature of the solute, its enthalpy
f melting and the interaction between solute and solvent are
esponsible for the solubilities, SLE and LLE presented in the
ext chapter.

.2. Phase diagrams

Experimental phase diagrams of SLE investigated in this
ork are not easy for the interpretation, inherently because

olutes are very complicated and highly interacting molecules,
specially in water and alcohols. For this discussion, the cho-
en solid–liquid equilibria for new binary ionic liquid–organic
olvent systems were determined. As an example of ammo-
ium salts the solubilities of C2BF4 in water, or butan-1-ol,
r butan-2-ol, or octan-1-ol, or dodecan-1-ol and of C4Br in
ydrocarbons (hexane, or heptane, or cyclohexane) were mea-
ured and compared with previously measured C2Br in alcohols
42] and C2Br, or C3Br, or C4Br, or C6Br in water and octan-
-ol [41]. The results of ammonium salts are summarized in
ig. 3. Solid–liquid equilibrium diagram of [C2BF4 (1) + water (2)] binary sys-
em; full lines drawn to guide the eye.
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ig. 4. Solid–liquid equilibrium diagrams of binary systems: (a) [C2BF4 (1) + b

n these solvents. The interaction of hydroxyl group, [OH−] of
ation with water is so strong that full miscibility was observed
or CnBr (where n = 2–4, 6), with water [41], and of C2BF4 with
ater (see Fig. 3). Changing the anion [Br−] for [BF4

−] the
ecrease of the melting temperature of the IL was observed,
hat resulted in better solubility of C2BF4 in water (see [41]

nd Table 1S). The eutectic point of (C2BF4 + water) system
s shifted to the lower solute mole fraction (T1,e = 246.0 K,
1,e = 0.2631) (see Fig. 3). For the C2Br the eutectic point was
1,e = 248.1 K, x1,e = 0.3575 [41].

The effect of interaction with alcohols is different for C2Br
nd C2BF4. The solubility of C2Br in alcohols from ethanol

o dodecan-1-ol did not present the miscibility gap [40], whilst

2BF4 showed immiscibility in alcohols at high temperatures.
hese systems exhibit upper critical solution temperature behav-

or, UCST which is higher than 435 K for every system measured

h
t
p
c

ig. 5. Solid–liquid equilibrium diagrams of binary systems: (a) [C2BF4 (1) + octan-
1-ol (2)]; (b) [C2BF4 (1) + butan-2-ol (2)]; full lines drawn to guide the eye.

see Figs. 4 and 5). The solubility (solute mole fraction) of
2BF4 in alcohols at 323.15 K is 1 × 10−3, 0.173, 1 × 10−3

n butan-1-ol, butan-2-ol and dodecan-1-ol, respectively. In the
econdary alcohol the higher solute–solvent interaction was
bserved.

The influence of the cation’s alkyl chain length was observed
reviously for CnBr (where n = 2–4, 6), on the melting tempera-
ure of ammonium salts [41]. The decrease in the melting temper-
ture of the salt was observed with an increase of the alkyl chain
ength of the cation. For different anions and ethyl substituent
t the nitrogen of ammonium salt, the melting temperature
ecreases and make possible to measure the SLE for C2BF4 with

ydrocarbons: hexane, heptane and cyclohexane. Fig. 5 presents
he solubility of C2BF4 in heptane and cyclohexane as an exam-
le. Usually, the UCST increases as the length of the alkyl
hain of the hydrocarbon increases. This trend was observed

1-ol (2)]; (b) [C2BF4 (1) + dodecan-1-ol]; full lines drawn to guide the eye.



26 U. Domańska / Thermochimica Acta 448 (2006) 19–30

F : (a) [
g

f
f
[
o

a
m
s
m
g
C

i
p
[
m
t
s
i
b
b

p
[
a
p
g
t
o
I
v
i
t
h

m
c
t
o
1-ol) and in benzene (see Figs. 10–12). The solubility
decreases as the molecular weight of the alcohol increases. The
eutectic point in binary system of {[(C4H9OCH2)2IM][BF4]
(1) + benzene (2)} was T1,e = 260.3 K, x1,e = 0.450 and for
ig. 6. Solid–liquid and liquid–liquid equilibrium diagrams of binary systems
uide the eye.

or systems investigated in this work and in our previous study
or alkylimidazolium salts as [EMIM][PF6] and [BMIM][PF6]
31], or of [MMIM][CH3SO4] and [BMIM][CH3SO4] [36], or
f [C6H13OCH2MIM][BF4] [34].

In cyclohexane solubility decreases in comparison with n-
lkanes; the UCST increases and immiscibility are exists in
uch wider salt mole fraction region. The reason is the chemical

tructure of the solvent and the solute: cyclohexane as a cyclic
olecule cannot “come close” to the alkane chains at the nitro-

en atom of ammonium salt. The same effect was observed for
4Br in heptane and in cyclohexane (see Fig. 6a and b).

The effect of the alkoxy-group of the cation on the solubil-
ty of imidazolium IL in different solvents was discussed in our
revious paper [34]. The effect of the anion ([Tf2N−] versus
BF4

−]) for [C6H13OCH2mim+] cation was discussed. Greater
utual solubilities were observed for [C6H13OCH2mim][Tf2N]

han for [C6H13OCH2mim][BF4] [34]. The best solubility was
hown by the [C6H13OCH2mim][Tf2N] in every solvent. The
mmiscibility gap for alcohols was usually lower than that in
enzene; the solubilities in ethers were comparable with solu-
ilities in cyclohexane and in heptane [34].

In this work the results of the solubility measurements are
resented for three dialkoxy-salts: [(C4H9OCH2)2IM][BF4], or
(C8H17OCH2)2IM][Tf2N], or [(C10H21OCH2)2IM][Tf2N] in
lcohols (ethanol, octan-1-ol) and in benzene. The results are
resented in Tables 3S–6S and in Figs. 7–12. The second alkoxy-
roup in the molecule of IL causes the stronger interaction with
he solvent. Only the [(C4H9OCH2)2IM][BF4] salt with tetraflu-
roborate anion exhibit small miscibility gap in alcohols in the
L low mole fraction (the area of immiscibility shifts towards sol-

ent rich region). Much higher binary liquids area was observed
n benzene (see Fig. 9). In benzene rather the n–� interac-
ion exist than hydrogen bonding as it was possible in alco-
ols. Greater mutual solubilities were observed for bis(trifluoro-

F
{
e

C4Br (1) + heptane (2)]; (b) [C4Br (1) + cyclohexane (2)]; full lines drawn to

ethylsulfonyl)imide anion even for the longer the alkoxy-
hains on the cation (C8 versus C4). Complete miscibility in
he liquid phase was observed for [(C8H17OCH2)2IM][Tf2N],
r [(C10H21OCH2)2IM][Tf2N] in alcohols (ethanol, octan-
ig. 7. Solid–liquid and liquid–liquid equilibrium diagram of binary system
[(C4H9OCH2)2IM][BF4] (1) + ethanol (2)}; dotted line, solid–solid phase
quilibrium temperature; full lines drawn to guide the eye.
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Fig. 8. Solid–liquid and liquid–liquid equilibrium diagram of binary system
{
e

b
w
[
n

F
{
e

F
I
i

[(C4H9OCH2)2IM][BF4] (1) + octan-1-ol (2)}; dotted line, solid–solid phase
quilibrium temperature; full lines drawn to guide the eye.

inary system {[(C8H17OCH2)2IM][Tf2N] (1) + benzene (2)}

as T1,e = 271.8 K, x1,e = 0.331. In every system with

(C4H9OCH2)2IM][BF4] the solid–solid phase transition was
oted in a phase diagram.

ig. 9. Solid–liquid and liquid–liquid equilibrium diagram of binary system
[(C4H9OCH2)2IM][BF4] (1) + benzene (2)}; dotted line, solid–solid phase
quilibrium temperature; full lines drawn to guide the eye.

I
T
i

F
I
u

ig. 10. Solid–liquid equilibrium diagram of binary system {[(C8H17OCH2)2

M][Tf2N] (1) + ethanol (2)}; �, experimental points; dotted line, ideal solubil-
ty; solid line, calculated by the UNIQUAC ASM equation.

The influence of the alkoxy-chain length of cation for two

Ls with the same anion can be observed from Table 3 and
ables 4S–6S. The longer alkoxy-chain causes the higher melt-

ng temperature of the compound and the lower solubility.

ig. 11. Solid–liquid equilibrium diagram of binary system {[(C8H17OCH2)2

M][Tf2N] (1) + octan-1-ol (2)}; �, experimental points; dotted line, ideal sol-
bility; solid line, calculated by the UNIQUAC ASM equation.
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ig. 12. Solid–liquid equilibrium diagram of binary system {[(C8H17OCH2)2

M][Tf2N] (1) + benzene (2)}; full lines drawn to guide the eye.

The influence of the pyridinium ring, or the imidazolium
ing on the solubility can be partly discussed from the solu-
ility measurements of N-decyloxymethyl-3-amido-pyridinium
etrafluoroborate, [Pyr][BF4] in alcohols (ethanol, butan-1-ol,

exan-1-ol, dodecan-1-ol) and in benzene (see Tables 7S–9S).
nfortunately, this compound has only one alkoxy-group and
ne new amido-group which causes additional interaction with

ig. 13. Solid–liquid equilibrium diagram of binary system {[Pyr][BF4]
1) + ethanol (2)}; �, experimental points; dotted line, ideal solubility; solid
ine, calculated by the UNIQUAC ASM equation.

o
w
m
a
e
i
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d
m
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f

m
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w
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ig. 14. Solid–liquid and liquid–liquid equilibrium diagram of binary system
[Pyr][BF4] (1) + dodecan-1-ol (2)}; dotted line, solid–solid phase equilibrium
emperature; full lines drawn to guide the eye.

he solvent. Anyway, the melting temperature is higher than it
as observed for the alkoxy-imidazolium salts; the solubility

s lower (see for example Fig. 13). Complete miscibility was
bserved for alcohols with the exception of dodecan-1-ol, for
hich the small area of immiscibility was observed in low IL
ole fraction. The eutectic points in the systems with alcohols

re shifted to the very low IL mole fraction (see Fig. 14). Implied
utectic point in binary system {[Pyr][BF4] (1) + benzene (2)}
s T1,e = 332.5 K, x1,e = 0.150.

. Correlation of the experimental data

The data of LLE, obtained for the solvent high mole fraction
oes not authorize to do any calculations in the area of LLE. In
any binary mixtures it was impossible to detect the equilibrium

urve at the low IL mole fraction area by the visual method. The
bservation of the liquid–liquid demixing was inhibited by the
ermanently foggy solution. The spectroscopic or other tech-
iques are necessary to use in the mixtures under study in the
uture.

The solid–liquid equilibria in a mixture of a solid 1 in a liquid
ay be expressed in a very general manner by Eq. (1):

ln x1 = �fusH1

R

(
1

T
− 1

Tfus,1

)

−�fusCp,1
(

ln
T + Tfus,1 − 1

)
+ ln γ1 (1)
R Tfus,1 T

here x1, γ1, �fusH1, �fusCp,1, Tfus,1 and T stand for mole frac-
ion, solute activity coefficient, enthalpy of fusion, difference in
olute heat capacity between the liquid and solid at the melting
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Table 4
Correlation of the solubility data (SLE) of {IL (1) + solvent (2)} mixtures, by means of the Wilson, UNIQUAC ASM and NRTL1 equations: values of parameters
and measures of deviations

Solvent Parameters Deviations

Wilson UNIQUAC ASM NRTL1a σT (K)

g21 − g11, g12 − g22 (J mol−1) �u21, �u12 (J mol−1) �g21, �g12 (J mol−1) Wilson UNIQUAC ASM NRTL1

[(C8H17OCH2)2IM][Tf2N]
Ethanol 2537.5, 4296.3 713.64, −904.9 4377.6, 6775.9 2.92 8.60 2.79
Octan-1-ol 3057.0, 3331.4 377.6, −422.3 3032.8, 1353.4 2.25 4.66 2.75

[(C10H21OCH2)2IM][Tf2N]
Ethanol −2808.3, 6601.6 1503.2, −1587.9 8273.0, −9418.9 1.55 2.65 2.12
Benzene −556.4, 505.37 – 505.26, −578.7 0.84 – 0.84

[Pyr][BF4]
Ethanol 9231.8, 2513.1 1137.2, −1552.8 3415.2, 10200.5 3.66 9.52 1.62
Butan-1-ol – – 2235.1, 12653.0 – – 1.84

t
t
a
i
U
t
l
m

b
b

σ

w
m
T
t
f
6
[
[
t
p
a
c
w
t
e

s
A
p
o
t
m

I
b
t
T
a
m
d

5

b
r
g
i
w
a
d
t
A
s
c
a

a
C
o
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l
t
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Hexan-1-ol 29526.2, 1563.3 –

a Calculated with the third non-randomness parameter α = 0.3.

emperature (this value is unknown for the testing ILs), melting
emperature of the solute (1) and measured equilibrium temper-
ture, respectively. The procedure of correlation was described
n our previous papers [35,39,42]. In this study the Wilson [45],
NIQUAC ASM [46] and the NTRTL 1 [47] models were used

o fit the solute activity coefficients, γ1 to the so-called corre-
ation equations that describe the Gibbs excess free energy of

ixing (GEx) in some mixtures with alcohols and benzene.
The root-mean-square deviation of temperature [σT defined

y Eq. (2)] was used as a measure of the goodness of the solu-
ility correlation:

T =
(

n∑
i=1

((Ti)exp − (Ti)cal)
2

n − 2

)1/2

(2)

here n is the number of experimental points (including the
elting point) and 2 is the number of adjustable parameters.
he molar volumes Vm of pure component at 298.15 K for

he hypothetical subcooled substances at 298.15 K, calculated
rom the group contribution method [48] were 295.9, 542.9,
07.3 and 325.3 cm3 mol−1 for [(C4H9OCH2)2IM][BF4],
(C8H17OCH2)2IM][Tf2N], [(C10H21OCH2)2IM][Tf2N] and
Pyr][BF4], respectively. The calculations were carried out by
he use of the set of association parameters for alcohols described
reviously [42]. The Mecke–Kempter model for alcohol associ-
tion was used. Table 4 lists the results of fitting the solubility
urves for the chosen systems by these three equations together
ith the values of the parameter α12, a constant of propor-

ionality similar to the non-randomness constant of the NRTL
quations.

For the systems presented in this table, the description of
olid–liquid equilibrium in alcohols given by the UNIQUAC
SM equation (assuming the association of alcohols) did not

resent any better results. It can be understood as a picture
f a very complicated interaction between the molecules in
he solution: it means that not only the association of alcohol

olecules but also between alcohol–IL molecules and between

t
s
I
b

1360.7, 11835.1 2.50 – 2.34

L molecules exists. The average deviation for alcohols and
enzene given by the NRTL1 model was σT < 2.8 K, whilst by
he UNIQUAC ASM model was σT < 6 K. Parameters shown in
able 4 may be helpful for the describing activity coefficients for
ny concentration, temperature and for the description of ternary
ixtures. They are also useful for the complete thermodynamic

escription of the solution.

. Concluding remarks

Ionic liquids can be considered as highly ordered hydrogen-
onded substances and can have strong effects on chemical
eactions and processes. Thus, the ability of IL to form hydro-
en bonds or other possible interactions with potential solvents
s an important feature of its behavior. Alcohols used in this
ork are also good hydrogen bond donors/acceptors, but not

s good as ionic liquids. Greater interaction was observed for
ialkoxy-salts than the alkoxy-salts. We believe this was due to
he stronger interaction of two oxygen atoms with the solvent.
lso the [Tf2N]− anion has shown better interaction with the

olvent than the [BF4]− anion with the solvent. Therefore, the
hoice of anion can have huge effect on the phase behavior of
mmonium and imidazolium ionic liquids.

In polar solvents like alcohols one can expect stronger inter-
ction between unlike molecules than in alcohol, or IL itself.
learly, hydrogen bonding, or n–�, or other interaction of cation,
r anion of IL with solvent plays an important role in control-
ing liquid–liquid and solid–liquid phase behavior of ammo-
ium and imidazolium-based ILs. However, the existence of the
iquid–liquid phase equilibria in these mixtures is the evidence
hat the interaction between some of the IL and the solvent is
ot significant.

The binary mixture under study exhibited simple eutectic sys-

ems. The liquid–liquid phase diagrams for the mixtures under
tudy exhibited upper critical solution temperatures (USCT).
n many mixtures, the observations of USCT were limited
y the boiling temperature of the solvent. Sometimes, it was
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mpossible to detect by the visual method the mutual solubility
f IL with the solvent in the solvent rich phase. The spec-
roscopic or other techniques are necessary in the mentioned

ixtures.
As compared to conventional organic solvents, ILs are much

ore complex solvents, capable of undergoing many types of
nteractions. Characterizing them with a single “polarity” term
ails to describe the type and magnitude of individual interac-
ions that make each IL unique.
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31] U. Domańska, A. Marciniak, J. Chem. Eng. Data 48 (2003) 451.
32] U. Domańska, A. Marciniak, J. Phys. Chem. B 108 (2004) 2376.
33] J.M. Crosthwaite, S.N.V. Aki, E.J. Maginn, J.F. Brennecke, Fluid Phase

Equilib. 228–229 (2005) 303.
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39] U. Domańska, E. Bogel-Łukasik, Ind. Eng. Chem. Res. 42 (2003) 6986.
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