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ABSTRACT: Liquid�liquid phase diagrams of binary mixtures of the ionic liquid 1-hexyl-3-methylimidazolium bis
((trifluoromethyl)sulfonyl)amide (C6mimNTf2) with n-alkyl alcohols (hexan-1-ol, heptan-1-ol, octan-1-ol, nonan-1-ol, decan-1-
ol, undecan-1-ol, dodecan-1-ol, and tetradecan-1-ol) are reported. By application of the cloud-point method on a set of samples,
phase diagrams were obtained at atmospheric pressure over the temperature range (280 to 423) K. The investigated systems show
partial miscibility with an upper critical solution temperature (UCST) between (306 and 401) K.With increasing chain length of the
alcohol, the UCST shifts toward higher temperatures and slightly higher concentrations. Ising criticality was assumed in the
numerical analysis of the phase diagrams. The analysis yielded the UCST, the corresponding critical composition, and the width and
diameter parameters that characterize the shape of the phase diagrams. The temperature dependence of the diameter of the phase
diagram, which determines the asymmetry of the phase diagram, is not linear as presumed by the rectilinear diameter rule of
Cailletet-Mathias. Instead, as requested by the theory of complete scaling, it also depends on nonlinear, nonanalytical contributions
that are the leading terms when the critical solution point is approached. The shapes of the phase diagrams of the investigated
solutions are very similar when the data are represented in terms of corresponding-states variables.

’ INTRODUCTION

In this work, we continued our systematic investigation of
solutions of ionic liquids (ILs) of the type 1-alkyl-3-methylimi-
dazolium bis((trifluoromethyl)sulfonyl)amide (CxmimNTf2) in
n-alkyl alkohols1,2 by considering solutions of 1-hexyl-3-methyl-
imidazolium bis((trifluoromethyl)sulfonyl)amide (C6mimNTf2).
Former studies concerned the ILsCxmimNTf2with x= 8, 10, 12.

1,2

The data are intended to provide the basis for chemical
engineering work3�5 and the development of equations of state
for solutions of ILs with relevance (e.g., for extractions6�9 and
two-phase reactions10). We have systematically studied the
influence of the chain length of the alcohol and the length of
the side chains of the IL on the thermodynamic properties of the
IL solutions. Of particular interest is the behavior when the salt
and the alcohol become highly hydrophobic.

A reliable representation of thermodynamic data (e.g., phase
diagrams) with a minimum of parameters is useful and can be
achieved on the basis of adequate models.3,4 Theoretical models
refining the van der Waals equation3,4,11 or the theory of regular
solutions3,4,12 or using the quasi-chemical approximation3,5,13

have proved to be useful tools in chemical engineering. However,
all of these approaches are mean-field theories that do not take
into account fluctuations, which become important in the vicinity
of critical points (CPs), including the upper critical solution
point (UCSP) of liquid�liquid phase transitions as considered in
this paper. Mean-field models fail fundamentally, for example,
when describing phase diagrams in the region near such critical
points. By now it is appreciated that both the liquid�gas and
liquid�liquid phase transitions of nonionic systems show the
same universal critical properties as the 3D Ising model,4,14�16

which is a simple lattice model. The temperature dependence
of the difference between the compositions in the coexisting
phases is universally determined by the power law |T� Tc|

β, which
depends on the separation of the transition temperatures T from
the critical temperature Tc of the phase transition considered.
The exponent β takes up the universal value β = 0.326,4,14�16

while all mean-field theories yield a β value of 0.5, in contrast to
the experiments. The Ising model is the simplest model that
allows for a two-phase equilibrium. It is simple enough to allow
simulations in the critical region, which require a large number of
particles.17 Clearly, such a simple model is not apt to take into
account the specific molecular properties, as the elaborated
mean-field models do.3�5,11�13 Thus, approximate methods that
fill this gap have been proposed,18�20 they are urgently required
for application and are a field of current research.21

Ising criticality is generally expected when the phase transition
is driven by short-range r�n interactions, where ng 4.97.22 Thus,
mean-field criticality is expected for phase transitions in ionic
systems because the long-range Coulomb interactions vary with
r�1 .23�26 According to experiments27�33 and simulations that
apply finite-size scaling techniques,34�36 it is now almost certain
that the liquid�gas phase transition of salts and the liquid�liquid
phase transition in ionic solutions also show Ising behavior
because the correlations become short-ranged as a result of
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cooperative shielding of the ions,37�39 as already described by the
Debye�H€uckel theory. Experiments on ionic solutions yielding
mean-field critical behavior40,41 could not be reproduced.27

Quite likely, experimental deficiencies are the reason when other
than Ising criticality is found.33 For reviews of the story of
criticality in Coulombic systems, see refs 26, 42, and 43.

However, there is a marked difference between the phase
diagram of the Ising model and those for real systems. While the
Ising model is symmetric, the phase diagrams of the liquid�gas
and liquid�liquid phase transitions are in general asymmetric.
The asymmetry of the phase diagrams of ionic systems is known
to be particularly large,44 but systematic investigations are
missing. The asymmetry implies that the average composition
of the two phases, called the diameter, is not constant but varies
with temperature. This is already included in the van der Waals
equation.4,11 However, the van der Waals equation and all mean-
field theories predict that the diameter of the phase diagram
should vary linearly with the temperature4,11,22 near the critical
point. This behavior, termed the rectilinear diameter rule of
Cailletet-Mathias,45 appeared to be well-established for almost a
century and was used as a tool for estimating critical data.4

However, the temperature dependence of the diameters of
coexistence curves of liquid�gas and liquid�liquid transitions
in binary mixtures is not linear and even becomes nonanalytical
as a CP is approached. According to the recently developed
theory of “complete scaling”, the temperature dependence of the
diameter can be described by a power series in |T�Tc| involving
a linear term andnonanalytical terms46�49 with exponents of 1�R
and 2β, respectively. Thus, a Taylor expansion in powers of
|T � Tc| with natural numbers as exponents is not appropriate.
The term determined by the exponent 2β is in general the leading
term.50�52 We recall that R = 0.11 is the critical exponent
determining the divergence of the specific heat.4,14�16,46�49 An
overview of the crossover from Ising to mean-field criticality and
complete scaling for the liquid�gas transition of one-component
systems and the liquid�liquid transition in binary mixtures is
provided in a recent review by Behnejad et al.53

Quite a few phase diagrams for liquid�liquid phase transitions
of solutions of ILs have been reported lately.1,2,54�76 Never-
theless, systematic studies are still required for assessing the
relations between the phase diagrams and the chemical structures
of the components by empirical analysis and theoretical methods.
Investigations of mixtures with alcohols are informative be-
cause varying the chain length of the alcohol changes not only
the relative size of the components of the solution but also the
dielectric permittivity and the ratio of the polarOHgroup to the non-
polar tail. In principle, such investigations can cover the range
fromhighly polar to nonpolar solvents54,56,63 (e.g., fromwater54�56

to hydrocarbons63�66). Phase diagrams of solutions of ILs with
BF4

� or PF6
� as the anion have been reported in some detail,54�62

as have those for solutions of ILs with halide anions.63�66 ILs
with the anion bis((trifluoromethyl)sulfonyl)amide (NTf2

�) are
of particular interest because this anion is rather hydrophobic,
making the ILs soluble in nonpolar solvents.67�70 ILs with the
NTf2

� anion are more stable against hydrolysis than ILs with
either BF4

� or PF6
�.77 Work on solutions of ILs with the NTf2

�

anion has involved solutions in aprotic solvents67�70 and alcohol
solutions.1,2,60�62,71�76 Here we extend the investigations of the
rather polar n-alkyl alcohols with small chain lengths (n = 2 to 6)
to solutions of less polar alcohols with longer chain lengths (n =
10 to 14). Phase diagrams of solutions of ILs with long-chain
alcohols that have an upper critical solution temperature (UCST)

near ambient conditions can be expected for ILs that are rather
hydrophobic, which in addition to the hydrophobic NTf2

� anion
requires a cation with a long side chain. However, varying the
length of the side chain of the methylimidazolium cations causes
not only changes in the hydrophobicity of the ILs but also
structural changes. With increasing length of the side chain, the
methylimidazolium salts Cxmim show an increasing tendency
for microscopic segregation of the salts into ionic and hydro-
phobic regions.78,79 For longer side chains (x > 10), liquid-crystalline
domains are formed for salts with the anions Cl�, Br�, BF4

�, and
PF6

�. This complication can be avoided by considering ILs with
the NTf2

� anion,80 which is nonspherical and has different
conformers.81 We report here eight phase diagrams for mixtures
of 1-hexyl-3-methylimidazolium bis((trifluoromethyl)sulfonyl)-
amide (C6mimNTf2) (Figure 1) with n-alkyl alcohols (n = 6, 7, 8,
9, 10, 11, 12, 14), supplementing our previous report on
solutions of C8mimNTf2,

1 C10mimNTf2,
1 and C12mimNTf2.

2

We have included data for solutions in butan-1-ol75 and pentan-
1-ol75 in the analysis and also made comparisons with data for
solutions in hexan-1-ol62,73,75,76 and octan-1-ol75,76 reported by
others. A numerical data analysis was carried out in order to get
the parameters characterizing the phase diagrams and allow for a
quantitative assessment of the influence of the chain length of the
alcohol on the location and shape of the phase diagram. For the
data analysis, Ising criticality was assumed, and a linear term or a
nonanalytical term with an exponent of 2β was taken into
account for modeling of the diameter. A subsequent correspond-
ing-states analysis with the reduced variables |T � Tc|/Tc and
(x � xc)/xc, where x is the mole fraction of the IL and xc is the
mole fraction at the UCST obtained by the preceding analysis,
demonstrated that the phase diagrams in the scaled variables are
almost the same.

’EXPERIMENTAL SECTION

Materials.The n-alkyl alcohols hexan-1-ol [C6H14O, CAS no.
111-27-3, mass-fraction purity w g 0.98, dielectric permittivity
ε(T = 298.15 K) = 12.1782], heptan-1-ol [C7H16O, CAS no. 111-
70-6,wg 0.99, ε(T = 298.15 K) = 10.7882], octan-1-ol [C8H18O,
CAS no. 111-87-5, wg 0.99, ε(T = 298.15 K) = 9.6082], nonan-
1-ol [C9H20O, CAS no. 143-08-8, w g 0.98, ε(T = 298.15 K) =
8.1882], decan-1-ol [C10H22O, CAS no. 112-30-1, wg 0.99, ε(T =
298.15 K) = 7.6682], undecan-1-ol [C11H24O, CAS no. 112-42-5,
wg 0.98, ε(T= 298.15K) = 6.7482], dodecan-1-ol [C12H26O,CAS
no. 112-53-8, wg 0.99, ε(T = 298.15 K) = 6.5382], and tetradecan-
1-ol [C14H30O, CAS no. 112-72-1, w g 0.98, ε(T = 298.15
K) = 5.1982] were purchased fromMerck (Darmstadt, Germany)
with a maximum of available purity and were used without
further purification. The IL C6mimNTf2 (C12H19F6N3O4S2,
CAS no. 382150-50-7, w > 0.99, H2O < 100 ppm) was purchased
from IoLiTec (Ionic Liquids Technologies GmbH, Heilbronn,
Germany) and degassed and dried before sample preparation. In
order to remove the water and any volatiles, the IL C6mimNTf2
was added to a 100 mL round-bottom flask (Schott Duran glass)

Figure 1. Structure of the ionic liquid 1-hexyl-3-methylimidazolium
bis((trifluoromethyl)sulfonyl) amide, abbreviated as C6mimNTf2.
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Table 1. Data Set for the Liquid�Liquid Phase Diagrams of
C6mimNTf2 þ n-Alkyl Alcohol (CnOH) Mixtures: Mass
Fractions (w), Mole Fractions (xIL), Cloud-Point Tempera-
tures (Tcloud), and the Repeatabilities of the Determination of
Tcloud (δT)

a

w xIL Tcloud/K δT/K

C6mimNTf2þHexan-1-ol

0.078 0.019 294.28 0.05

0.119 0.030 299.48 0.05

0.178 0.047 303.19 0.05

0.218 0.060 304.57 0.05

0.273 0.079 305.49 0.05

0.327 0.100 305.92 0.05

0.432 0.148 306.05 0.05

0.521 0.199 305.69 0.05

0.591 0.248 304.81 0.05

0.651 0.299 302.73 0.05

0.695 0.342 300.62 0.05

0.745 0.400 296.65 0.05

0.780 0.447 292.71 0.05

C6mimNTf2þHeptan-1-ol
0.070 0.019 306.42 0.05

0.112 0.032 312.44 0.06

0.127 0.036 315.13 0.08

0.160 0.047 316.20 0.05

0.237 0.075 318.81 0.06

0.299 0.100 319.85 0.07

0.402 0.149 320.30 0.05

0.487 0.198 320.14 0.07

0.564 0.251 319.33 0.05

0.615 0.293 317.98 0.06

0.672 0.348 315.63 0.05

0.722 0.403 312.15 0.06

0.757 0.448 309.00 0.11

0.795 0.501 304.33 0.18

C6mimNTf2þOctan-1-ol
0.059 0.018 321.15 0.05

0.096 0.030 325.06 0.05

0.121 0.039 327.90 0.06

0.154 0.050 330.51 0.05

0.218 0.075 332.36 0.11

0.277 0.100 333.23 0.05

0.375 0.149 333.52 0.06

0.462 0.200 333.42 0.05

0.534 0.250 332.73 0.07

0.594 0.299 331.26 0.05

0.644 0.345 329.34 0.06

0.692 0.396 326.19 0.08

0.729 0.440 323.35 0.05

C6mimNTf2þNonan-1-ol
0.093 0.032 334.69 0.05

0.141 0.050 339.47 0.05

0.211 0.079 340.94 0.05

0.256 0.100 341.95 0.05

Table 1. Continued
0.310 0.126 343.04 0.05

0.351 0.149 344.06 0.05

0.435 0.199 344.26 0.06

0.510 0.251 344.07 0.06

0.567 0.297 342.49 0.05

0.624 0.349 340.59 0.08

0.672 0.397 338.06 0.06

0.719 0.452 333.87 0.05

C6mimNTf2þDecan-1-ol
0.053 0.020 340.98 0.05

0.081 0.030 348.81 0.05

0.105 0.040 349.99 0.05

0.128 0.050 352.32 0.05

0.190 0.077 354.35 0.07

0.239 0.100 355.71 0.05

0.273 0.117 355.63 0.06

0.329 0.148 356.34 0.05

0.416 0.201 356.15 0.06

0.483 0.248 355.77 0.09

0.545 0.297 354.63 0.05

0.608 0.354 353.13 0.05

0.650 0.397 350.82 0.05

0.702 0.455 348.05 0.05

C6mimNTf2þUndecan-1-ol
0.074 0.030 350.39 0.06

0.120 0.050 356.05 0.05

0.224 0.100 363.21 0.05

0.313 0.149 364.09 0.05

0.393 0.200 364.22 0.05

0.462 0.249 364.18 0.05

0.523 0.297 364.10 0.05

0.587 0.354 362.65 0.07

0.634 0.400 360.67 0.05

0.685 0.456 358.28 0.05

C6mimNTf2þDodecan-1-ol
0.059 0.025 364.39 0.05

0.068 0.030 365.18 0.05

0.108 0.048 371.31 0.05

0.141 0.064 373.80 0.05

0.187 0.087 375.38 0.05

0.229 0.110 376.19 0.05

0.308 0.156 376.69 0.05

0.393 0.213 376.72 0.05

0.500 0.294 376.08 0.05

0.531 0.321 375.24 0.05

0.592 0.377 373.92 0.05

0.629 0.414 371.88 0.05

0.678 0.467 368.85 0.05

C6mimNTf2þTetradecan-1-ol
0.099 0.050 394.02 0.10

0.191 0.102 399.56 0.06

0.267 0.149 401.25 0.05

0.339 0.197 401.06 0.05
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under an inert argon atmosphere inside a glovebag (AtmosBag,
Sigma-Aldrich) and dried under continuous stirring at a tem-
perature of 318 K for about 12 h under a vacuum of 2 3 10

�5 bar.
The drying process was frequently monitored by weighing the
sample. We checked the mass loss of a sample containing
typically 40 g of IL after the process of drying and found that
the detectable loss of mass was less than 10�3 g within a period
of 2 h.
Sample Preparation. The phase diagrams were determined

using the synthetic method. Mixtures of IL and alcohol with
different compositions were prepared in culture tubes (Schott
Duran glass) with heat-resistant screw caps made of PBT with a
PTFE-coated silicon seal under a protective gas atmosphere
(argon), thus avoiding contact with air and humidity. A mini-
mum of 10 samples with mole fractions between 0.02 and 0.45
were prepared for each binary mixture by weighing each compo-
nent directly into the sample tube; the typical size of a sample was
2 g. The composition was determined gravimetrically with an
accuracy of 10�3 g, resulting in an overall uncertainty in the mole
fraction of ΔxIL = ( 10�3.
Cloud-Point Detection.The transition temperatures defining

the liquid�liquid phase diagrams of the IL þ alcohol binary
mixtures were determined by the cloud-point method. For
measurements in the lower temperature region [T = (280 to
340) K], a transparent water bath was used. The temperature
stability was( 0.02 K controlled by a thermostat (Haake DC 30,
Thermo, Karlsruhe, Germany). In the higher temperature range
[T = (340 to 430) K], measurements were carried out in a silicon
oil bath with a temperature stability of better than ( 0.05 K
(Proline RP845/PV15, Lauda, Lauda-K€onigshofen, Germany).
In either case, the temperature was measured using a Pt-100
sensor connected to a high-precision resistance thermometer
(Kelvimat 4323, Burster, Gernsbach, Germany) with an uncer-
tainty of ( 0.05 K.
The cloud-point temperatures were determined visually as the

onset of the phase transition. For this purpose, the temperature
range and the temperature steps in the considered range were
systematically reduced. At first, the prepared samples with known
mole fraction were heated to about 5 K above the critical
temperature for about 20 min and homogenized using either a
vortex mixer or a magnetic stirrer. The temperature was then
decreased in steps of typically (0.5 to 5) K until the two-phase
region was reached. The temperature was increased again until
the sample reached the one-phase region. These steps were
repeated until the temperature interval in which the cloud-point
temperature was observed within a time of up to 10 min reached
0.1 K near the critical point and (0.1 to 0.3) K near the edges of
the phase diagrams. The cloud points and their repeatabilities
(δT) were determined by repeating this procedure up to five
times starting from the one-phase region at different initial

temperatures followed by reducing the temperature in steps of
0.05 K at the top of the phase diagrams and in steps of (0.2 to 1)
K at the edges. In Table 1, the cloud-point temperatures Tcloud

and the values of δT are given. The influence of uncontrollable
traces of impurities of the substances, which might have affected
the results in a systematic way, was not taken into account.
However, checks on different batches of the substances used in
this study showed no significant variations. Together with the
statistical error, this effect results in a slight scatter of the cloud-
point temperatures, which can be estimated from the standard
deviation of the fits from the experimental data (see Figure 3a,b).
The combination of the accuracy of the T measurement and the
standard deviation of the fits from the experimental data, which
includes δT, results in an expanded uncertainty (coverage factor
k = 2) of ΔT = 0.75 K.

’RESULTS AND DISCUSSION

Experimental Results. The data for the phase diagrams are
listed in Table 1. We give the mass fractions, the IL mole
fractions, and the cloud-point temperatures and their repeatabil-
ities for the solutions of C6mimNTf2 in the n-alkyl alcohols
hexan-1-ol (C6OH), heptan-1-ol (C7OH), octan-1-ol (C8OH),
nonan-1-ol (C9OH), decan-1-ol (C10OH), undecan-1-ol
(C11OH), dodecan-1-ol (C12OH), and tetradecan-1-ol (C14OH).
The phase diagrams are shown in Figure 2a�c. The composi-

tion variable is x, the mole fraction of the IL. Figure 2a provides
an overview of all eight phase diagrams of the mixtures of
C6mimNTf2 determined in this work. Figure 2b,c gives a closer
look at the phase diagrams, with those for the alcohols C6OH,
C7OH, C8OH, and C9OH shown in Figure 2b and those for
C10OH, C11OH, C12OH, and C14OH in Figure 2c.
The phase diagrams for all of the binary mixtures investigated

are rather asymmetric and have a UCST. The binodals are steep
at small concentrations of the salt and become flat at higher
concentrations. The critical composition, which in binary mix-
tures agrees with the maximum temperature of the phase
diagrams, is located at low concentrations, in the mole fraction
range 0.1 < xIL < 0.2 .
The UCST increases with the chain length of the alcohol. This

is a general observation that is expected on the basis of polarity
considerations and in agreement with observations for other
solutions of ILs.1,2,71�75 Reducing the polarity of the solvent by
using a larger chain length of the alcohol reduces the stability of
the ionic solution, thereby increasing the separation temperature.
Analogously, increasing the length of the side chain of the cation
enhances the hydrophobicity of the IL and thus the solubility in
weakly polar organic solvents, which corresponds to a decrease in
the separation temperature. These trends are well-known and
have been found for solutions of ILs with BF4

� or PF6
� as the

anion.54�62 Thus, phase separation with a UCST near ambient
temperature was observable for solutions of C12mimNTf2 in n-
alkyl alcohols with n = 10 to 20,2 for solutions of C8mimNTf2 and
C10mimNTf2 in n-alkyl alcohols with n = 8 to 20,1 and for
solutions of C6mimNTf2 in n-alkyl alcohols with n = 6 to 14.
Measurements on solutions with larger or smaller alcohol chain
lengths were outside the temperature range accessible with the
present equipment.
The curves drawn in Figure 2a�c are fits based on eq 4 (solid

lines) and eq 5 (dashed lines), which will be introduced and
explained in the next section. The difference in the fits is not
noticeable on the scale of Figure 2a. Although the difference

Table 1. Continued
0.411 0.250 401.35 0.05

0.471 0.299 400.18 0.06

0.525 0.346 398.89 0.05

0.571 0.389 396.75 0.05

0.636 0.455 394.55 0.05

0.676 0.500 390.95 0.05

aThe expanded uncertainty (k = 2) of Tcloud was ΔT = ( 0.75 K. The
uncertainty in the mole fraction due to the accuracy of the weight
measurement and the sample size was ΔxIL = ( 10�3.
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between the two fits appears not to be important for the region
investigated, it would be expected to become relevant at higher
concentrations of the salt. Therefore, we have shown the fits also
at mole fractions higher than those considered in the present
experiment. A detailed discussion of the phase diagrams required
a numerical analysis, as the maxima were difficult to determine
because the tops of the curves were very flat and the shape of the
curves appeared rather similar for all of the systems. In the
following section, we will discuss the results of the fits, which
provide a quantitative assessment of the critical data and the
parameters describing the shape of the phase diagrams.
ShapeAnalysis of the Coexistence Curves. In order to allow

for a quantitative assessment, the phase diagrams were analyzed
by fitting the data in order to yield the parameters characterizing
the curves. The steps that led to the working equations have been
explained in detail in former work.2,69 Therefore, we give here
only the working equations with a short explanation of the
background. The expressions applied are based on the scaling
laws used in the field of critical phenomena.4,14�16,50,51 For
liquid�liquid phase transitions of binary solutions, the so-called
Wegner expansion describes the temperature dependence of the
mole fractions xþ and x� in the two phases and that of the so-
called diameter xm = (xþ þ x�)/2 as power series in Tc � T,
where Tc is the UCST. We neglected some contributions that
were expected to be small because of the rather small tempera-
ture range of (10 to 15) K in the vicinity of the critical point
investigated in this work. We treated the linear term and the term
with the exponent 1 � R that contributes to the temperature
dependence of the diameter as a single linear term, because those
two terms could hardly be separated in the fitting procedure. The
resulting simplified scaling laws are

x( � xm ¼ ( B 3 ðTc � TÞβ ð1Þ
where

xm ¼ xc þ A 3 ðTc � TÞ þ C 3 ðTc � TÞ2β ð2Þ
We approximated the critical exponent β as β = 1/3, as was done
by Guggenheim.83 This value is near the Ising value β =
0.3264,14,16 but more convenient for the numerical analysis.
Expanding |x � xm|

3 to first order in A and C, solving for T,
and expressing Tc� T in the formula for xm using the asymptotic
power law yields T as a function of x:

T ¼ Tc � jx� xcj3
B3 ( 3A 3 jx� xcj2 ( 3 3C 3Bjx� xcj

ð3Þ

The positive and negative signs correspond to the ranges x < xc
and x > xc, respectively. Thus, Ising criticality and the asymmetry
of the phase diagrams are taken into account in a manner suitable
for a fitting procedure. However, it turned out that the data for most
of the phase diagrams analyzed in this paper did not allow for an
unambiguous determination of both of the parameters A and C in
eq 3. In some cases, no stable fit could be obtained. In other cases,
the asymptotic standard errors (ASEs) of the parameters A and C
came out as large as or even larger than the parameters themselves.
Therefore, we applied two simplified versions of eq 3. One

presumed a linear temperature dependence of the diameter in eq 2
that was determined by the coefficient A, yielding the expression

T ¼ Tc � jx� xcj3
B3 ( 3A 3 jx� xcj2

ð4Þ

Figure 2. Isobaric phase diagrams [temperature (T) vs IL mole fraction
(x)] at ambient pressure for C6mimNTf2 mixtures with n-alkyl alcohols
(CnOH). (a) Overview:O, n = 6;0, n = 7;4, n = 8;3, n = 9;], n = 10;
", n = 11;O with cross, n = 12;0 with cross, n = 14. (b) Expanded view
for n = 6, 7, 8, 9. (c) Expanded view for n = 10, 11, 12, 14. The
uncertainties in T and x are not visible in the resolution of the plot. The
curves were obtained by fitting the experimental data with eq 4 (solid
lines) and eq 5 (dashed lines). The values of the fitting parameters are
shown in Table 2.
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The other included the 2β term with the coefficient C as the only
term determining the asymmetry of the phase diagram, leading to
the equation

T ¼ Tc � jx� xcj3
B3 ( 3 3C 3 Bjx� xcj ð5Þ

The results of the fits using these two simplified equations are given
in Table 2 together with the ASEs provided by the fitting routine for
all of the quantities as well as the standard deviations of the fit
residuals (σ). The residuals of the fits with eqs 4 and 5 are shown in
Figure 3a,b, respectively. At small concentrations, where the phase
diagrams are steep and thus the uncertainties in the measured
temperatures are large, the scatter of the data is outside the standard
deviation. From a visual comparison of the residuals, the difference
in the two fits appears to be marginal. However, the mean square
deviations of the fits for the different systems (shown inTable 2) are
systematically smaller for the fits with eq 5. Although the number of
parameters is identical, the overall standard deviation for the fitswith

eq 4 for all of the systems was σ = 0.42 K, which is greater than the
corresponding σ value of 0.37 K for the fits based on eq 5.
We now discuss how the parameters Tc, xc, B, A, and C

obtained from the fits vary with the chain length of the n-alkyl
alcohol. Table 2 shows that with the exception of the critical
temperature Tc, all of the other variables, namely, the critical
mole fraction xc, the width parameter B, and the parameters A
andC determining the diameter, do not vary much with the chain
length of the alcohol.
At first we discuss the results obtained for the critical-point

data of the solutions of C6mimNTf2. Figure 4a shows the critical
temperatureTc as function of the chain length of the alcohol. The
figure includes results for solutions in butan-1-ol, pentan-1-ol,
hexan-1-ol, and octan-1-ol obtained from the analysis of the data
reported by other groups.62,75,76 The agreement with the data
reported by other groups for solutions in C6OH

62,75,76 and
C8OH

75,76 is perfect. The solid symbols are the results obtained
using the data reported in this work, while the open symbols are
based on data reported by others. The squares are the results

Table 2. Parameters for the Liquid�Liquid Phase Diagrams of Solutions of the Ionic Liquid C6mimNTf2 in n-Alkyl Alcohols As
Obtained by Fitting the Experimental Curves with Equations 4 and 5Using theMole Fraction as the Composition Variable: Upper
Critical Solution Temperatures (Tc), Critical Mole Fractions (xc), Widths of the Coexistence Curves (B), and Values of the
Parameters A and C That Determine the Rectilinear Diameter, Along with Their Asymptotic Standard Errors Provided by the
Fitting Routine; Standard Deviation of the Residuals (σ); Coefficients (B* and C*) and Standard Deviations of the Residuals (σ*)
Obtained by Fitting the Phase Diagrams Represented Using Corresponding-State Variables

Tc B A C σ

solvent fit eq K xc K�1/3 K�1 K�2/3 K B* C* 104 3 σ*

C4OH
a 4 269.42( 0.07 0.120( 0.002 0.069( 0.001 0.0068( 0.0007 � 0.17 3.69( 0.03 15.17( 0.66 6.49

5 269.25 ( 0.06 0.114( 0.001 0.076( 0.001 � 0.0160( 0.0005 0.16 4.33( 0.03 5.85( 0.20 5.78

C5OH
a 4 289.84( 0.15 0.135( 0.003 0.073( 0.001 0.0061( 0.0009 � 0.44 3.59( 0.04 13.09( 0.55 15.37

5 289.38( 0.07 0.127( 0.001 0.086( 0.000 � 0.0180( 0.0004 0.22 4.47 ( 0.02 6.22( 0.11 7.76

C6OH
b 4 306.32( 0.21 0.146( 0.005 0.078( 0.002 0.0062( 0.0015 � 0.34 3.58( 0.07 12.99( 1.13 11.29

5 306.04 ( 0.07 0.136( 0.002 0.087( 0.000 � 0.0171( 0.0004 0.12 4.30( 0.02 5.73( 0.16 3.86

C6OH
a 4 306.81( 0.23 0.157( 0.004 0.078( 0.001 0.0047( 0.0013 � 0.69 3.35( 0.05 9.21( 0.41 22.74

5 305.89( 0.16 0.140( 0.003 0.092( 0.001 � 0.0188( 0.0006 0.52 4.44 ( 0.03 6.11( 0.20 16.81

C6OH 4 306.39( 0.17 0.149( 0.003 0.078( 0.001 0.0058( 0.0012 � 0.36 3.54( 0.05 11.93( 0.64 11.89

5 305.87( 0.07 0.136( 0.002 0.089( 0.001 � 0.0183( 0.0004 0.15 4.42 ( 0.02 6.09( 0.14 5.07

C7OH 4 320.60( 0.25 0.162( 0.004 0.083( 0.002 0.0057( 0.0016 � 0.56 3.49( 0.07 11.36( 0.71 16.97

5 319.95( 0.16 0.148( 0.003 0.095( 0.001 � 0.0189( 0.0007 0.38 4.38 ( 0.03 5.96( 0.24 11.25

C8OH
a 4 334.15( 0.64 0.197( 0.009 0.089( 0.004 0.0032( 0.0036 � 1.75 3.14( 0.13 5.36( 0.45 52.40

5 333.36 ( 0.16 0.154( 0.003 0.097( 0.001 � 0.0188( 0.0006 0.50 4.38( 0.03 5.86( 0.18 15.13

C8OH
c 4 332.03( 0.21 0.163( 0.006 0.080( 0.002 0.0065( 0.0020 � 0.49 3.38( 0.09 13.21( 1.61 14.83

5 331.78( 0.17 0.150( 0.005 0.087( 0.001 � 0.0181( 0.0012 0.41 4.04 ( 0.06 5.81( 0.51 12.21

C8OH 4 333.69( 0.16 0.166( 0.003 0.087( 0.001 0.0060( 0.0004 � 0.32 3.62( 0.04 12.06( 0.74 9.49

5 333.40( 0.16 0.158( 0.003 0.095( 0.001 � 0.0161( 0.0009 0.33 4.18 ( 0.05 4.90( 0.29 9.92

C9OH 4 343.83( 0.23 0.196( 0.007 0.095( 0.002 0.0043( 0.0020 � 0.50 3.38( 0.07 7.53( 1.44 14.26

5 343.70( 0.25 0.188( 0.009 0.099( 0.002 � 0.0114( 0.0018 0.54 3.68 ( 0.07 2.98( 0.66 15.65

C10OH 4 356.17( 0.22 0.169( 0.004 0.094( 0.002 0.0091( 0.0021 � 0.53 3.95( 0.09 19.16( 1.65 13.41

5 355.92( 0.21 0.160( 0.004 0.105( 0.002 � 0.0221( 0.0021 0.52 4.67 ( 0.09 6.95( 0.45 12.99

C11OH 4 364.41( 0.22 0.217( 0.004 0.104( 0.002 0.0062( 0.0021 � 0.31 3.40( 0.06 10.32( 1.23 8.62

5 364.34( 0.16 0.207( 0.004 0.108( 0.002 � 0.0150( 0.0019 0.29 3.72 ( 0.06 3.69( 0.34 7.93

C12OH 4 376.96( 0.20 0.194( 0.004 0.100( 0.002 0.0072( 0.0017 � 0.39 3.72( 0.06 13.99( 1.36 10.29

5 376.75( 0.16 0.184( 0.004 0.107( 0.002 � 0.0180( 0.0015 0.32 4.21 ( 0.06 5.10( 0.35 8.58

C14OH 4 401.16( 0.20 0.202( 0.006 0.098( 0.002 0.0065( 0.0025 � 0.35 3.58( 0.09 12.99( 1.49 8.82

5 400.96( 0.22 0.187( 0.012 0.106( 0.002 � 0.0189( 0.0018 0.41 4.18 ( 0.07 5.49( 1.04 10.36
aData from ref 75. bData from ref 62. cData from ref 76.
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obtained by fitting with eq 4, and the circles represent the results
obtained by fitting with eq 5. The symbols are kept the same for
the other panels of Figure 4 showing results for the other
parameters.
The estimates of the critical temperature obtained from the fits

with eqs 4 and 5 are very similar and cannot be distinguished on
the temperature scale of Figure 4a. The ASE figures are too small
to be seen on the scale of this plot. Comparing the data from the
numerical analysis (Table 2), we see that the analysis using eq 4
yields somewhat higher figures; the differences, however, are
essentially within the ASE estimated for the fit.
The relation between the chain length of the solvent and the

UCST is almost linear but has a minute S-shaped bend. This
observation corroborates the observation of a bend to higher
temperatures for large alcohol chain lengths in solutions of C8mim-
NTf2 and C10mimNTf2,

1 while for solutions of C12mimNTf2,
2 a

bend to lower temperatures was observed. Similar behavior was
observed for alcohol solutions of CxmimBF4 and CxmimPF6.

55

Figure 4. Representations of the characteristics of the phase diagrams
for C6mimNTf2þ n-alkyl alcohol mixtures as result of fitting with eqs 4
(0) and 5 (O) as functions of the chain length n of the n-alkyl alcohol
CnOH: (a) critical temperature (Tc); (b) critical mole fraction (xc); (c)
width of the coexistence region (B). The uncertainties in Tc and the
differences between the results for the two fittingmethods are not visible in
the resolution of the plot. Results from the present study are marked with
solid symbols and data from the literature62,75,76 with open symbols.

Figure 3. Deviations of the fitting results (ΔT = Tfit � Texptl) for the
investigated systems using (a) eq 4 and (b) eq 5. The overall standard
deviations (σ) are marked; the symbols denote the same n-alkyl alcohols
(CnOH) as in Figure 2:O, n= 6;0, n= 7;4, n= 8;3, n= 9;], n= 10;",
n = 11; O with cross, n = 12; 0 with cross, n = 14.
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Figure 4b shows the critical mole fraction xc as a function of
the chain length of the alcohol. As for the critical temperature, we
have included results obtained by evaluating the data reported by
other groups. The value of the critical composition increases with
the chain length of the alcohol, leveling off at large chain lengths.
It seems, however, that the increase is stronger when the chain
length of the alcohol is an odd number, so xc appears to oscillate.
The analysis of the phase diagrams of the ILs C8mimNTf2,

1

C10mimNTf2,
1and C12mim NTf2

2 in n-alkyl alcohols also
yielded an increase with the chain length of the alcohols, with
indications of a similar modulation. The results for the critical
composition as obtained by the different fit methods are notice-
ably different: the fits assuming the validity of the rectilinear
diameter rule yield figures for the critical composition that are
always about 0.01 higher than those obtained from the fits taking
only the 2β term into account. The bend in the nonlinear
diameter in eq 5 leads to a smaller figure for the estimate of
the critical mole fraction than the fit based on eq 4. This deviation
is larger than the ASE value obtained for the fits. In a preceding
publication,2 a comparison between the estimates of the critical
composition xc with the figure obtained by determining the cri-
tical mole fraction experimentally applying the equal volume
criteria showed that the figure obtained with eq 5 is in better
agreementwith the experimental value than that obtained using eq 4.
We now turn to a discussion of the parameters describing the

shape of the phase diagrams. Figure 4c shows the values of the
width B obtained from the fits with the two methods. The widths
obtained using eq 4 are larger than those from eq 5. The
observable trends are similar to those found for xc . We see an
increase with the chain length of the alcohol, with indications of a
maximum for n= 11 and aminutemodulation between the values
for even and odd numbers of carbon atoms in the alcohol chain,
although this modulation is smaller than the ASE value of the fits.
While the Tc, xc, and B values vary systematically with the

chain length of the alcohol, the parameters A and C obtained
using eqs 4 and 5, respectively, show no clear trend. The data
appear to be randomly scattered. The particularly large ASE value
for the fits with eq 4 is noteworthy and may be taken as a further
indication that the phase diagrams are better described by eq 5,
which approximates the diameter by the 2β term, than by eq 4,
which is based on the rectilinear diameter rule.
Corresponding-States Analysis of the Phase Diagrams. In

view of the large number of new systems, it is appropriate to
search for a comprehensive overview. A powerful tool for
reducing data and pinpointing general aspects of the systems
under consideration is the concept of corresponding states,83

which goes back to van der Waals.11 Guggenheim’s analysis of
the phase diagrams of the liquid�gas phase transitions of the
noble gases83 demonstrated not only the approximate validity of
the corresponding-states approach for this group of compounds but
also showed that the coexistence curves are in accordance with the
Ising model but not with any mean-field theory. Corresponding-
states analysis allows the selection of certain groups for which the
corresponding-states principle is satisfied, as was demonstrated, for
example, by analyzing surface tensions84,85 and phase diagrams.86,87

The theorem of corresponding states implies that scaling the
thermodynamic variables by their critical values leads to a
universal representation of the thermodynamic properties (e.g.,
of the phase diagrams). The phase diagrams match on a master
curve when represented in terms of variables that are scaled in
such a manner. This was observed also for solutions of ionic
liquids.30,55,63,66,69,86,87

Figure 5a shows the master plot of the phase diagrams of the
solutions of C6mimNTf2 in alcohols based on critical data taken
from fits using eq 5. The reduced temperature is |T� Tc|/Tc and
the reduced the mole fraction is (x� xc)/xc. The very reasonable
representation of the phase diagrams of the solutions of
C6mimNTf2 in alcohols is remarkable because of the rather large
changes in the molecular shape and dielectric permittivity of the
solvent. Wemention that the analogous plot based on the critical
data obtained from eq 4 leads to a less satisfactory representation
with a larger scatter of the data points. The figure also shows the
fits to the reduced data for C6mimNTf2þ octan-1-ol from ref 75,
which cover a wider temperature range than our data. The fits
were obtained using eq 4 (solid line) and eq 5 (dashed line) with
the critical point fixed at the origin. It is obvious that eq 5, which

Figure 5. (a) Master plot of the phase diagrams of the solutions of
C6mimNTf2 in n-alkyl alcohols and fits to the reduced data for
C6mimNTf2 þ octan-1-ol (4).75 The fits were obtained using eq 4
(solid line) and eq 5 (dashed line). Symbols denote the same n-alkyl
alcohols (CnOH) as in Figure 2:O, n = 6;0, n = 7;4, n = 8;3, n = 9;],
n = 10;", n = 11;Owith cross, n = 12;0with cross, n = 14. (b)Width of
the coexistence region of the phase diagram (B*) as obtained using eq 5.
In both panels, the results of the present study are marked with solid
symbols and data from the the literature62,75,76 with open symbols.
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describes the diameter by the 2β term, allows for a much better
representation of the data than eq 4, which presumes a linear
temperature dependence of the diameter.
Figure 5b shows that the width parameter B* in the corre-

sponding-states representation becomes constant, leading to the
conclusion that the width B of the phase diagrams is a linear
function of the critical mole fraction xc. For the parameter C*
determining the diameter, no systematic trend can be identified.
General Discussion. In this work, we have reported phase

diagrams of binary solutions of the IL C6mimNTf2 in the n-alkyl
alcohols CnOH with 6 < n < 14 obtained by the synthetic
method. The phase diagrams are accurate enough to allow for
fitting with an approximate scaling relation that presumes Ising
critical behavior and takes the asymmetry of the phase diagrams
into account. The phase diagrams are described by a minimum
set of four parameters, namely, the upper critical solution
temperature (Tc) , the critical mole fraction (xc), the width
(B), and one parameter (A or C) for the diameter. As noticed in
former work,2,69 the assumption of a nonlinear temperature
dependence determined by (Tc � T)2β with β = 1/3 led to an
improved representation of the data in comparison with the
assumption of a linear temperature dependence.
As a result of the analysis, we found that the UCST increases

almost linearly with the chain length of the solvent. The minute
S-shaped bend was also observed for solutions of C8mimNTf2
and C10mimNTf2.

1 Data from other work were included into the
analysis and found to fit nicely into this correlation. In compar-
ison with the critical temperature, all of the other parameters
describing the phase diagrams vary little for the different alcohol
solutions. The numerical analysis showed that the critical mole
fraction and the width increase with the chain length of the
alcohol and appear to pass a shallow local maximum in the region
of the alcohol chain length around n = 11. Indications of
differences between alcohols with even and odd numbers of
carbon atoms need to be substantiated. Again, the parameters

obtained by analyzing the data of others were in agreement
with this correlation. The fits that presume the temperature
variation of the diameter with the exponent 2β led to lower
values of the critical mole fraction than those obtai-
ned from the fits that presume the rectilinear diameter rule.
The lower value was found to be in better agreement with the
experimental one.2 The phase diagrams of the solutions of
C6mimNTf2 in alcohols in terms of the reduced variables
|T � Tc|/Tc and (x � xc)/xc became almost identical, which is
remarkable because of the rather large changes in the molecular
shape anddielectric permittivity of the solvent. Again, the correspond-
ing-states diagram included the data of other researchers. The
width of the phase diagrams was the same for all systems. The
description of the diameter by the 2β term yields a much better
representation of the data for C6mimNTf2þ octan-1-ol obtained by
Lachwa et al.,75 which cover awider temperature range than our data,
than the fit based on the assumption of a linear temperature
dependence. Thus, use of the theoretically based critical exponents
of the phase diagram is advantageous even for data obtained by the
cloud-point method, which are limited in their precision.
In order to put our results in the context of other work where

phase diagrams with shorter and longer side chains of Cxmim-
NTf2 were investigated, we show in Figure 6 the critical tempera-
tures determined for our systems together with those from the
literature61,62,74�76 and the former reports.1,2

Figure 6 shows a systematic increase in the UCST with
increasing chain length of the alcohol, with the slope decreasing
as the length of the side chain increases. The increase in the
critical temperatures of the alcohol mixtures with C12mimNTf2,
however, becomes smaller with increasing chain length of the
alcohols; this is different from the behavior found for CxmimNTf2
solutionswith x<10, where the increase in the critical temperatures
is enhanced. The newmeasurements on the C6mimNTf2 solutions
corroborate this observation.
The figure also includes the melting temperatures of the

pure alcohols.88 The curves describing how the critical tempera-
tures of the solutions of the ILs with long side chains depend on
the chain length of the alcohol are remarkably similar to the curve
showing the melting temperatures of the alcohols.
Further elucidation of the critical data and the shape of the

phase diagrams by correlation with other properties, such as the
dielectric permittivity, the density, and the molecular structure, is
beyond the scope of this work and will be given elsewhere.
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