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Liquid-liquid phase diagrams of binary mixtures of the ionic liquid 1-dodecyl-3-methylimidazolium
bis((trifluoromethyl)sulfonyl)amide (C12mimNTf2) with n-alkyl alcohols (decan-1-ol, undecan-1-ol, dodecan-
1-ol, tetradecan-1-ol, hexadecan-1-ol, octadecan-1-ol, and eicosan-1-ol) are reported. Applying the cloud-
point method on a set of samples, phase diagrams were obtained at atmospheric pressure in the temperature
range of (280 to 423) K. The investigated systems show partial miscibility with an upper critical solution
temperature between (288 and 352) K. With increasing chain length of the alcohols, the critical point is
shifted toward higher temperatures and slightly higher concentrations, while the shape of the phase diagrams
is nearly unaffected. Ising criticality is presumed for the numerical analysis of the phase diagrams. The
analysis yields the data of the critical point and the parameters of the width and of the asymmetry which
characterize the shape of the phase diagrams. The temperature dependence of the diameter of the phase
diagrams, which describes the asymmetry, is not linear as presumed by the rectilinear diameter rule of
Cailletet-Mathias but, as requested by scaling theories of critical phenomena, depends also on nonlinear,
nonanalytical contributions that are the leading terms when approaching the critical solution point. For the
mixture of C12mimNTf2 + dodecan-1-ol the critical point was determined independently using the equal-
volume criterion. Taking into account the nonlinear temperature dependence of the diameter, the data of the
critical point estimated from the fit of the phase diagram are in good agreement with those determined by
the equal volume criterion.

Introduction

Phase diagrams of liquid-liquid equilibria are important basic
data for chemical engineering applications.1 A reliable descrip-
tion of phase diagrams with a minimum of parameters is useful
and requires a sound theoretical basis.2 By now, it is common
knowledge that the critical behaviors of the liquid-gas and the
liquid-liquid phase transition of nonionic systems both show
the characteristic features of the 3D-Ising model.2-5 This is
remarkable because of the simplicity of the model, which
considers particles on a lattice in three dimensions that have
two possible states and only accounts for next-neighbor interac-
tions described by a single parameter, the sign of which is
positive for neighboring particles in the same state and negative
in the other case. This model allows for a phase transition, where
the two phases differ by the relative occupation of the two states.
When applying the Ising model for analyzing phase diagrams
of the liquid-gas or the liquid-liquid phase transition, the
relative occupation of the two states in the Ising model is
identified with a composition variable, e.g., the density or the
mole fraction. The temperature dependence of the difference
between compositions in the coexisting phases is universally
determined by the power law |T - Tc|� depending on the
separation of the transition temperatures T from the critical
temperature Tc. The exponent � takes up the universal value �
) 0.326.2-5 In variance to experiments that state Ising critical

behavior, all mean-field theories like the van der Waals theory6

or the theory of regular solution and their sophisticated
generalizations always yield � ) 1/2.2,6,7

It has been proven by theory that the Ising model applies if
the phase transition is driven by short-range interactions, which
means that the interaction decays with r-n, where n g 4.97.8

Therefore, it was discussed that in ionic systemssif Coulomb
interactions determine the phase transitionsthe nature of the
phase transition may be different because of the long-range
nature of the Coulomb interactions that vary with r-1.9-12 Thus,
the phase behavior of ionic systems is of fundamental interest:
In variance to the Ising behavior found in nonionic fluids, mean-
field criticality was hypothesized for describing the phase
transitions of ionic fluids.9-12 However, experiments on ionic
solutions corroborating this hypothesis13,14 could not be repro-
duced.15 According to experiments15-21 and simulations,22-24

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-ranged25-27 due to cooperative shielding of the ions as
already described by the Debye-Hückel theory. It is quite likely
that experimental deficiencies are the reason if anything other
than Ising criticality is found.21 For reviews on the story of
criticality in Coulomb systems, see refs 28 and 29.

However, there is a marked difference between the phase
diagram of the Ising model and that of real systems. In variance
to the Ising model, the phase diagrams of fluids are in general
asymmetric. The asymmetry implies that the average composi-
tion of the two phases, termed diameter, is not constant but
varies with temperature. The asymmetry of the phase diagrams
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was known from the time of the first measurements of phase
diagrams and is already included in the van der Waals
equation.2,6 However, the van der Waals equation and all mean-
field theories predict that the diameter of the phase diagram
varies linearly with the temperature2,6,7 near the critical point.
This behavior, which is termed the rectilinear diameter rule of
Cailletet-Mathias,30 appeared well established for almost a
century. It was used as a tool for estimating critical data.2

However, a careful analysis reveals that the temperature
dependence of the diameter is not linear and becomes even
nonanalytical when approaching the critical point, which means
that a Taylor expansion at the critical point with natural numbers
as exponents is not possible. Widom and Rowlinson were the
first to point out this behavior from the theoretical analysis of
the model fluid of penetrable soft spheres.31 They predicted that
the diameter should have a temperature dependence of
|T - Tc|1-R, where R ) 0.11 is the critical exponent determining
the divergence of the specific heat when approaching the critical
temperature.2-5 It was observed that another nonanalytical term
determined by the exponent 2� was often required for describing
the temperature dependence of the diameter.32,33 This term was
regarded as spurious, resulting from a “wrong choice” of the
composition variable.34 However, recent theoretical work leads
to the conclusion that the diameter in general is a sum of a
linear term and nonanalytical terms35-38 with the exponents
1 - R and 2�, respectively. For different choices of the
concentration variables, e.g., mole fraction or volume fraction,
the relative importance of those terms varies, which may lead
to a small amplitude of the 2�-term or even to apparent
cancellation of the nonanalytic terms, so that the linear ap-
proximation appears to work well in many cases.37 The
asymmetry of the phase diagrams of ionic systems has been
known to be particularly large for a long time,39 but systematic
investigations have not been reported.

Ionic liquids (ILs),40 which are defined as salts with melting
points below 373 K, allow for such investigations. The
investigation of ILs is a most active field of research at present
because of their high potential for applications, e.g., for
extractions.41-44 Thus, thermodynamic data of ILs and their
solutions are of actual interest. Quite a few data (the list is not
exhaustive) on phase diagrams of solutions of ILs have been
reported.45-67 Nevertheless, 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. This work is part of an ongoing series
of investigations on this field and aims to contribute to this
program. Investigations of mixtures with alcohols are informa-
tive because variation of the chain length of the alcohols changes
the dielectric permittivity ε of the solvent allowing for a
systematic study of the influence of the dielectric permittivity
on the phase diagrams. In principle, such investigations can
cover the range from highly polar to nonpolar solvents,45,46,54

e.g., from water (ε(T ) 298.15 Κ) ) 78.3868)45-47 to hydro-
carbons (typical value ε(T ) 298.15 Κ) ) 1 to 268).54-57,65

Phase diagrams of solutions of ILs with the anions BF4
- or

PF6
- have been reported in some detail.45-53 Some work

on phase behavior of solutions of ILs with halide-anions has
been reported.54-57 ILs with the anion bis((trifluoromethyl)-
sulfonyl)amide (NTf2

-) are of actual interest because this anion
is rather hydrophobic, and thus the ILs are solvable in nonpolar
solvents. ILs with the NTf2-anion are more stable against
hydrolysis than ILs with the anions BF4

- or PF6
-.69 Work on

solutions of ILs with the NTf2
- anion concerns solutions in

aprotic solvents58-61 and alcohol solutions.51-53,62-67 We extend

investigations51-53,62-66 concerning mixtures of ILs with the
NTf2

- anion with the rather polar n-alkyl alcohols of small chain
length (n ) 2 to 6) toward solutions of less polar alcohols with
larger chain lengths (n ) 10 to 20). For the sake of clarity, the
dielectric permittivities of the alcohols used were calculated for
a fixed temperature of T ) 298.15 K and are given in the
Experimental Section. The investigation of phase diagrams with
long-chain alcohols at ambient conditions requires ILs that have
cations with longer side chains and thus are more hydrophobic.
However, varying the length of the side chain of the methyl-
imidazolium cations not only causes a change of the hydro-
phobicity of the ILs but also causes structural changes. With
increasing length of the side chain, the methyl-imidazolium salts
Cxmim show an increasing tendency for microscopic segregation
of the salts into ionic and hydrophobic regions.70,71 For longer
side chains (x >10), liquid-crystalline domains are formed for
salts with the anions Cl-, Br-, BF4

-, and PF6
- but not with the

NTf2
- anion72 which is definitely nonspherical and has different

conformers.73 We report here seven phase diagrams of mixtures
of 1-dodecyl-3-methylimidazolium bis((trifluoromethyl)sulfo-
nyl)amide (C12mimNTf2) with n-alkyl alcohols (n ) 10, 11, 12,
14, 16, 18, and 20) (Figure 1) supplementing our previous report
on solutions of C8mim NTf2 and C10mim NTf2.

67 For the
investigated mixtures, the liquid-liquid phase transition is in
the region of the liquid solid transition of both the salt (Tm )
289.85 K)72 and the alcohols74 which may cause complications
of the phase diagrams of the solutions of C12mimNTf2 when
compared with the solutions of ILs with shorter length of the
side chain of the imidazolium cation.

The phase diagrams are obtained by the synthetic method,
which means that transition temperatures in a set of samples
are measured. The transition temperatures, termed cloud-points,
are determined by visually observing the onset of the phase
separation. The numerical data analysis yield the location of
the critical point and the parameters describing the shape of
the phase diagrams. In general, it is very difficult to obtain
reliable figures for the various terms. This statement holds for
the most precise measurements carried out with 10-3 K accuracy
on a flame-sealed sample of critical composition15-17 and is
even more pronounced when determining the phase diagrams
using the cloud-point method because the accuracy of the cloud-
point method is limited by uncontrollable traces of impurities
of the different samples and by the uncertainty to determine
the onset of the phase transition especially because of the
appearance of metastable states and kinetic hindrance of phase
separation. Nevertheless, it was observed in former work60 that
replacing the linear diameter by a nonlinear term led to a
substantial improvement of the data representation obtained by
the cloud-point method.

Thus, in the data analysis, Ising criticality is presumed, and
a linear and/or a nonanalytical term are taken into account for
modeling the diameter. We investigate if by considering a
nonanalytic temperature dependence of the diameter an im-
provement of the fits to the phase diagrams is achieved. For
the solution in C12OH, we will also compare the estimates for

Figure 1. Structure of the ionic liquid 1-dodecyl-3-methylimidazolium
bis((trifluoromethyl)sulfonyl)amide, abbreviated as C12mimNTf2.

4196 Journal of Chemical & Engineering Data, Vol. 55, No. 10, 2010



the critical point obtained by the different approximations used
in the fits with those obtained experimentally by the equal
volume criterion.

Experimental Section

Materials. The n-alkyl alcohols decan-1-ol (C10H22O, CAS
No. 112-30-1, purity mass fraction w g 0.99; ε(T ) 298.15 K)
) 7.6668), undecan-1-ol (C11H24O, CAS No. 112-42-5, purity
w g 0.98; ε(T ) 298.15 K) ) 6.7468), dodecan-1-ol (C12H26O,
CAS No. 112-53-8, purity wg 0.99; ε(T ) 298.15 K) ) 6.5368),
tetradecan-1-ol (C14H30O, CAS No. 112-72-1, purity w g 0.98;
ε(T ) 298.15 K) ) 5.1968), hexadecan-1-ol (C16H34O, CAS No.
36653-82-4, purity w g 0.95; ε(T ) 298.15 K) ) 4.1568),
octadecan-1-ol (C18H38O, CAS No. 112-92-5, purity w > 0.99;
ε(T ) 298.15 K) ) 3.8068), and eicosan-1-ol (C20H42O, CAS
No. 629-96-9, purity w g 0.96; ε(T ) 298.15 K) ) 3.5068)
were purchased from Merck (Merck KGaA, Darmstadt, Ger-
many) with a maximum of available purity and were used
without further purification. The ionic liquid 1-dodecyl-3-
methylimidazolium bis((trifluoromethyl)sulfonyl)amide
(C18H31F6N3O4S2, C12mimNTf2, CAS No. 404001-48-5, purity
w > 0.98; water w < 10-4), purchased from IoLiTec (Ionic
Liquids Technologies GmbH, Heilbronn, Germany), was de-
gassed and dried before sample preparation. To remove the water
and any volatiles, the ionic liquid C12mimNTf2 was filled into
a 100 mL round-bottom flask (Schott Duran glass) under an
inert argon atmosphere inside a glovebag (AtmosBag, Sigma-
Aldrich) and dried under continuous stirring at a temperature
of 318 K for about 12 h under a vacuum of 2 ·10-5 bar. The
drying process was frequently monitored by weighing the
sample. We checked the mass loss of a sample of typical 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 ionic liquid and alcohol
of different composition were prepared in culture tubes (glass
type: Schott Duran) with heat-resistant screw caps made of PBT
with a sealing made of PTFE-coated silicon under a protective
gas atmosphere (argon), thus avoiding contact with air and
humidity. In minimum, ten samples with molar fractions
between 0.02 and 0.45 were prepared for each binary mixture
weighing each component directly into the sample tubes; the
typical size of a sample was 2 g. The composition was
determined gravimetrically with an accuracy of 10-3 g which
results in an overall uncertainty of the mole fraction of ∆xIL )
( 10-3.

Cloud-Point Detection. The transition temperatures defining
the liquid-liquid phase diagrams of the IL-alcohol binary
mixtures were determined by the cloud-point method. For
measurements in the lower-temperature region, T ) (290 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 better than ( 0.05 K (Lauda,
Proline RP845/PV15). 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 uncertainty of ( 0.05 K.

The cloud-point temperatures were determined visually as
the onset of the phase transition. For this purpose, the temper-
ature 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 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 repeatability
were determined by repeating this procedure up to five times
starting from the one-phase region at different initial temper-
atures 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. The cooling rate was also varied between (0.05 and
1) K ·min-1 because first-order phase transitions, especially at
the edges of the phase diagram, may occur under highly
supersaturated conditions so that the onset of demixing depends
on the speed of penetration into the metastable region. By this
procedure, uncertainties are minimized that arise from the
subjectivity of the observer, the appearance of metastable states,
and kinetic effects. The uncertainties δT of the cloud-point
temperatures Tcloud given in Table 1 are estimated from the
accuracy of the T measurement and the repeatability of observed
transition temperatures. The influence of uncontrollable traces
of impurities of the substances, which might affect the results
in a systematic way, is 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
results in a slight scatter of the cloud-point temperatures which
could be estimated from the standard deviation of the fits from
the experimental data.

Determination of the Critical Composition. For the solution
in dodecan-1-ol, the critical composition was determined by the
equal-volume criterion. According to this criterion, the volume
in the coexisting phases at the critical composition should be
equal. To determine the corresponding composition, four larger
samples of a volume of 5 mL of near critical composition were
prepared. The formation of a second phase was detected as
described above. The temperature of the observed separation
was then kept constant for 2 h, and the levels of the coexisting
phases inside a graded sample tube were measured with an
uncertaity of 0.05 cm3. For samples with the mass fractions w
) (0.291 ( 0.001, 0.310 ( 0.001, and 0.350 ( 0.001), the
volume ratios (lower to upper phase) were determined to Vl/Vu

) (0.615 ( 0.079, 1.294 ( 0.039, and 3.000 ( 0.012). The
mass fraction w ) 0.304 ( 0.002 of a fourth sample of which
the equal volume ratio should apply was estimated by interpola-
tion. The volume ratio of this sample was Vl/Vu ) 1.04 ( 0.038,
so that this sample had almost critical composition. Further
interpolation yields wc ) 0.302 ( 0.002 for the critical mass
fraction or xc ) 0.132 ( 0.001 for the critical mole fraction.

Results and Discussion

Experimental Results. The data of the phase diagrams are
listed in Table 1. We give the mass fractions, the mole fractions,
the cloud-point temperatures, and the uncertainties of the
measurements for the solutions of C12mimNTf2 in the alcohols
decan-1-ol (C10OH), undecan-1-ol (C11OH), dodecan-1-ol
(C12OH), tetradecan-1-ol (C14OH), hexadecan-1-ol (C16OH),
octadecan-1-ol (C18OH), and eicosan-1-ol (C20OH). The phase
diagrams are shown in Figures 2a, b, c, and d. Figure 2a shows
the complete set of phase diagrams of the mixtures of
C12mimNTf2 with the alcohols C10-20OH obtained in this study;
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Figure 2b those with C10OH, C11OH, and C12OH; Figure 2c
those with C14OH and C16OH; and Figure 2d those with C18OH
and C20OH.

The curves drawn in the figures are fits based on eqs 6 and
7 which will be introduced and explained in the next section.

All binary mixtures investigated show phase diagrams of a
rather asymmetric shape with an upper critical solution tem-
perature (UCST). The binodals are steep at small concentrations
of the salt and become flat at higher concentrations. The critical
composition, which in binary mixtures agrees with the maximum
temperature of the phase diagrams, is located at low concentra-
tions, in the mole fraction range 0.1 < xIL < 0.2.

The critical temperatures increase with the chain length of the
alcohols. This observation is in agreement with the observations
on solutions of ILs with shorter side chain of which measurements
of mixtures with alcohols of smaller chain length62-66 have been
reported. Comparing mixtures of ILs differing in the length of the
side chain of the cation with the same alcohol, the critical
temperatures decrease with the cation size. Thus, phase separation
at ambient temperatures with C12mimNTf2 was observable only
for solutions of CnOH with n ) 10 to 20, while, e.g., for
C8mimNTf2 phase diagrams of n-alcohols with n ) 8 to 20 could
be investigated.67 With increasing length of the side chain of the
cation, both the hydrophobicity of the ILs and the solubility in
weakly polar organic solvents are enhanced, which corresponds
to a decrease of the separation temperature. Analogously reducing
the dielectric permittivity of the solvent by a larger chain length
of the alcohols reduces the stability of the solutions so that the
separation temperature is increased. Those trends are well-known
and have been found on solutions of ILs with the anions BF4

- and
PF6

-45-53 and can be expected from chemical insight. The variation
of the other properties of the phase diagrams with the chain length
of the alcohols cannot be extracted by inspection from the phase
diagrams. The shape of the curves appears very similar for all
systems. The maxima are difficult to determine because the tops
of the curves are very flat. Therefore, a numerical analysis of the
shape of the phase diagrams is required.

Shape Analysis of the Coexistence CurWes. To allow for a
quantitative assessment, the phase diagrams were analyzed by
fits with an expression yielding the parameters characterizing

Table 1. Data Set for the Liquid-Liquid Phase Diagrams of
C12mimNTf2 + n-Alkyl Alcohol (CnOH) Mixtures: Mass Fractions w,
Mole Fractions xIL, and Cloud-Point Temperatures Tcloud Including
Their Uncertainties δT as a Combination of Accuracy of the T
Measurement and the Repeatability of the Determination of Tcloud

a

w xIL Tcloud/K δT/K

C12mimNTf2 + decan-1-ol
0.185 0.063 282.65 0.10
0.232 0.083 287.66 0.10
0.306 0.116 287.96 0.10
0.387 0.158 287.05 0.10
0.450 0.196 287.05 0.10
0.473 0.211 287.01 0.10
0.584 0.295 280.85 0.40

C12mimNTf2 + undecan-1-ol
0.061 0.021 283.85 0.10
0.076 0.026 288.35 0.05
0.131 0.046 290.12 0.08
0.155 0.056 291.18 0.06
0.229 0.088 292.25 0.07
0.296 0.120 293.00 0.10
0.300 0.122 292.90 0.10
0.359 0.154 293.20 0.10
0.402 0.179 293.28 0.10
0.405 0.181 293.20 0.10
0.474 0.226 292.60 0.10
0.510 0.252 292.94 0.05
0.556 0.289 291.20 0.10
0.606 0.333 288.85 0.05
0.645 0.371 286.35 0.10

C12mimNTf2 + dodecan-1-ol
0.051 0.018 296.36 0.08
0.070 0.024 298.97 0.07
0.148 0.053 304.35 0.08
0.197 0.074 305.57 0.05
0.239 0.092 305.79 0.05
0.244 0.095 305.59 0.10
0.291 0.117 305.83 0.05
0.295 0.120 305.94 0.05
0.304 0.124 305.81 0.05
0.310 0.127 305.80 0.05
0.335 0.140 305.81 0.05
0.350 0.149 305.84 0.06
0.367 0.158 305.87 0.05
0.392 0.173 305.67 0.05

>0.433 0.199 305.54 0.05
0.435 0.199 305.54 0.05
0.452 0.211 305.12 0.05
0.484 0.233 304.66 0.05
0.522 0.261 303.67 0.05
0.555 0.288 302.10 0.10
0.572 0.302 301.85 0.10
0.609 0.335 299.81 0.12
0.631 0.356 298.26 0.12

C12mimNTf2 + tetradecan-1-ol
0.054 0.023 311.54 0.30
0.077 0.032 316.35 0.50
0.088 0.037 317.85 0.15
0.141 0.062 319.03 0.07
0.192 0.087 320.45 0.05
0.218 0.101 320.74 0.05
0.293 0.143 320.81 0.05
0.299 0.147 320.83 0.05
0.371 0.192 320.60 0.05
0.439 0.240 319.90 0.05
0.501 0.288 318.44 0.05
0.550 0.330 316.44 0.05
0.577 0.355 314.65 0.10
0.610 0.387 313.55 0.10

C12mimNTf2 + hexadecan-1-ol
0.042 0.020 322.75 0.10
0.057 0.027 327.74 0.05
0.116 0.056 330.75 0.08
0.163 0.082 332.25 0.10
0.236 0.124 333.14 0.08
0.309 0.169 333.00 0.08
0.384 0.221 332.55 0.08
0.397 0.231 332.33 0.10
0.483 0.298 330.45 0.12
0.586 0.392 325.98 0.10
0.524 0.334 330.12 0.07

Table 1. Continued

w xIL Tcloud/K δT/K

C12mimNTf2 + octadecan-1-ol
0.055 0.029 334.65 0.50
0.102 0.055 340.25 0.50
0.179 0.100 342.35 0.50
0.261 0.152 342.75 0.30
0.328 0.199 342.65 0.20
0.404 0.257 341.85 0.30
0.431 0.278 341.15 0.30
0.511 0.347 338.85 0.30
0.549 0.382 336.85 0.30
0.618 0.452 332.15 0.40

C12mimNTf2 + eicosan-1-ol
0.057 0.033 343.85 0.90
0.092 0.054 348.65 0.30
0.160 0.096 350.85 0.30
0.241 0.151 351.65 0.20
0.291 0.187 351.55 0.20
0.378 0.255 350.95 0.20
0.423 0.292 350.35 0.20
0.477 0.339 348.45 0.10
0.558 0.415 344.45 0.50
0.600 0.457 341.75 0.60

a The uncertainty in the mole fraction is due to the accuracy of the weight
measurement and the sample size ∆xIL ) ( 10-3.
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the curves. For the sake of clarity, we recall the main steps
yielding the working equations60 we use for the evaluation of
the experimental data. The expressions applied are based on
scaling laws used in the field of critical phenomena.2-5,32,33

Presuming Ising criticality, the temperature dependence of a
mole fraction x in the coexisting phases near the critical
temperature Tc can be represented by power series in terms of
the Tc - T with universal exponents. For mixtures with an upper
critical solution point, this expansion reads

where

These expansions are nonanalytical because, unlike the Taylor
expansion, the exponents are no natural numbers. Further-
more, these expansions are termed singular because the first
derivative with respect to the temperature diverges at the
critical temperature. The shape of the phase diagram is
characterized by the width parameters B and B1 and the
parameters A, C, and D determining the asymmetry of the
coexistence curve. The plus in eq 1 refers to the region x >
xm and vice versa, and xm is the so-called diameter, defined
by the average xm ) (x+ + x-)/2 of the mole fractions x+
and x- of the coexisting phases. For the Ising model, the
exponents take up the universal values � ) 0.326, R ) 0.11,
and ∆ ) 0.51, where � is the leading exponent for the phase
diagram; R is the exponent of the heat capacity; and ∆ is the
crossover exponent, describing the crossover from Ising to
classical mean-field behavior.3-5 In mean-field theories, �
) 1/2 and R ) 0 holds, so that the rectilinear diameter rule
of Cailletet-Mathias,30 which assumes a linear temperature

Figure 2. Isobaric phase diagrams at ambient pressure for C12mimNTf2 mixtures with n-alkyl alcohols (CnOH): (a) overview with n ) 10, 11, 12, 14, 16,
18, and 20; (b) n ) 10, 11, and 12; (c) n ) 14 and 16; and (d) n ) 18 and 20, with the molar fraction xIL as a concentration variable. The uncertainties in
T and x are not visible in the resolution of the plot. The lines indicate the curves obtained by fitting the experimental data with eqs 6 (full line) and 7 (dashed
line); the parameters are shown in Table 2. The phase diagram for C12mimNTf2 + n-dodecanol is plotted with black symbols.

x( ) xm ( B(Tc - T)�(1 + B1(Tc - T)∆ + ...) (1)

xm ) xc + A(Tc - T) + C(Tc - T)2� + D(Tc - T)1-R + ...
(2)
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dependence of the diameter, applies in mean-field theory.7

By definition, there is no crossover exponent ∆ in mean-
field models. While the exponents are universal, the ampli-
tudes are specific for the system but must satisfy certain sum
rules. In view of the small temperature range investigated
due to the crystallization of the investigated systems and the
limited accuracy of the measurementssresolution in the
∆T ) 10-3 K range was not in the scope of the present
investigationsthe correction to scaling with the coefficient
B1, given in eq 1, may be neglected for the analysis36-38 of
the data in this paper. When analyzing data in a wider
temperature region (outside the temperature range considered
in this investigation), a crossover theory75 should be applied.
However, at large distance from the critical point, other
specific contributions must be considered also besides the
universal crossover scenario.

The nonanalytic temperature dependence of the diameter had
not been noticed for a very long time. Now, the nonlinearity of
the diameter is accepted, although its temperature dependence
is still under discussion.35-38 On the basis of the work of Widom
and Rowlinson,31 it was accepted that a term with the exponent
1 - R is the leading term near the critical point,32,33 while the
2�-term was regarded as spurious, resulting from a nonappro-
priate choice of the concentration variable.34 Now, the recent
developed theory of “complete scaling” requires the 2�-term
as the leading part, which is present in general.35-38 Thus, the
search for a “correct” variable that removes the 2�-term is now
recognized to be obsolet. However, it is almost impossible to
determine uniquely the various coefficients of eq 2 by a
numerical analysis of experimental data. This is the case even
for data15-18 of very high precision obtained by investigations
on flame-sealed samples of critical composition with temperature
stability better than 10-3 K. In particular, the temperature
dependencies of the linear and of the 1 - R term are so similar
that a unique determination of both coefficients A and D in a
fitting procedure is hardly possible. Therefore, the linear and
the 1 - R term may be treated as one term if no additional
information is available. We presume a linear temperature
dependence for this term and approximate the critical exponent
� by � ) 1/3, a value which is near the Ising value of � )
0.3262,3,5 but more convenient for the numerical analysis than

the Ising value. This approximation of � was also used by
Guggenheim.76 The simplified scaling laws applied in the
analysis here are

where

Thus, Ising criticality and the asymmetry of the phase diagrams
are taken into account in an approximate manner. In many cases,

Table 2. Parameters of the Liquid-Liquid Phase Diagrams of Solutions of the Ionic Liquid C12mimNTf2 in n-Alcohols as Obtained by Fitting
the Experimental Curves with Equations 5, 6, and 7 Using the Mole Fraction as the Composition Variablea

Tc B A C σ

solvent eq K xc K-1/3 K-1 K-2/3 Κ

C10OH 6 288.16 ( 0.49 0.134 ( 0.010 0.0532 ( 0.0050 0.0056 ( 0.0016 - 0.88
7 287.98 ( 0.30 0.120 ( 0.011 0.0597 ( 0.0022 - 0.0176 ( 0.0045 0.58

C11OH 6 293.27 ( 0.25 0.156 ( 0.008 0.0866 ( 0.0028 0.0062 ( 0.0015 - 0.72
7 293.17 ( 0.24 0.144 ( 0.009 0.0916 ( 0.0027 - 0.0159 ( 0.0031 0.70

C12OH 6 305.92 ( 0.05 0.147 ( 0.002 0.0821 ( 0.0006 0.0068 ( 0.0003 - 0.18
7 305.81 ( 0.06 0.136 ( 0.002 0.0887 ( 0.0005 - 0.0168 ( 0.0007 0.17
5 305.87 ( 0.06 0.140 ( 0.003 0.0856 ( 0.0014 0.0029 ( 0.0013 0.0102 ( 0.0032 0.15

C14OH 6 320.93 ( 0.20 0.135 ( 0.005 0.0797 ( 0.0022 0.0092 ( 0.0009 - 0.52
7 320.67 ( 0.16 0.125 ( 0.004 0.0914 ( 0.0014 - 0.0231 ( 0.0016 0.41
5 320.70 ( 0.19 0.125 ( 0.004 0.0899 ( 0.0056 0.0012 ( 0.0042 0.02058 ( 0.0089 0.43

C16OH 6 333.05 ( 0.34 0.146 ( 0.010 0.0873 ( 0.0041 0.0094 ( 0.0019 - 0.79
7 332.83 ( 0.28 0.131 ( 0.008 0.0978 ( 0.0033 - 0.0245 ( 0.0034 0.67

C18OH 6 342.88 ( 0.18 0.167 ( 0.005 0.0884 ( 0.0018 0.0063 ( 0.0005 - 0.38
7 342.62 ( 0.05 0.150 ( 0.002 0.0968 ( 0.00039 - 0.0195 ( 0.0006 0.12
5 342.67 ( 0.06 0.151 ( 0.002 0.0950 ( 0.0012 0.0012 ( 0.0008 0.0163 ( 0.0021 0.12

C20OH 6 351.75 ( 0.15 0.174 ( 0.004 0.0909 ( 0.0017 0.0066 ( 0.0005 - 0.32
7 351.52 ( 0.08 0.157 ( 0.003 0.0992 ( 0.0006 - 0.0196 ( 0.0010 0.19
5 351.58 ( 0.11 0.159 ( 0.004 0.0971 ( 0.0025 0.0015 ( 0.0017 0.0157 ( 0.0045 0.20

a Critical mole fractions xc, critical temperatures Tc, widths of the coexistence curve B, and values of the parameters A and C that determine the
rectilinear diameter are given, along with their asymptotic standard errors provided by the fitting routine and the standard deviation (σ) of the fits from
the experimental data.

Figure 3. Near critical region and the diameters obtained for the corre-
sponding fits of the isobaric phase diagram at ambient pressure of
C12mimNTf2 mixtures with n-dodecan-1-ol (C12OH). The uncertainties in
T and x are not visible in the resolution of the plot. The lines are calculated
with the parameters shown in Table 2, which were obtained by fitting the
data with eqs 6 (full line) and 7 (dashed line).

x( - xm ) (B · (Tc - T)1/3 (3)

xm ) xc + A · (Tc - T) + C · (Tc - T)2/3 (4)
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the slope of the diameter is not very large, and an expansion of
|X - Xm|3 in first order of A and C may suffice. Solving for T
and expressing Tc - T in Xm by the asymptotic power law, the
expression for T as a function of X is obtained, which is the
basis of the fitting procedure

The positive and negative sign correspond to the range x < xc

and x > xc, respectively. Note that eq 5 takes the nonclassical
nature of the phase diagrams into account, while straightforward
fits by analytic power series imply classical exponents, which
are fundamentally wrong and often lead to erroneous descrip-
tions, e.g., by showing spurious maxima.

It turned out that for most phase diagrams reported in this
paper the data do not suffice to allow for a fit by eq 5 yielding
all parameters. Only for the mixture of C12OH, eq 5 led to a

reasonable fit because for this system more data points have
been determined than for the other mixtures. Only for this
system, it was possible to determine all coefficients of eq 5 with
reasonable accuracy by fitting the data. The results are given in
Table 2.

The coefficient A determining the linear term comes out
almost a quarter of C, which determines the 2� term. Thus the
2� term is for this system the most important term determining
the asymmetry of the phase diagrams. The asymptotic standard
errors (ASE) obtained from the Levenberg-Marquardt fit are
about 2/5 of the A-value and 1/4 of C. For the other systems,
the number of data points is not sufficient to get reliable fits
for the parameters in eq 5. In some cases, no stable fit could be
obtained. In other cases of which we give the results in Table
2, the ASE figures of the A value typically come out as large as
the A-value and about 1/3 of the value of C.

Because eq 5 yielded reliable fit results only for the solution
of C12OH, we used the simplified versions of eq 5 either
presumingsas in a former worksin eq 4 a linear temperature
dependence of the diameter determined by the coefficient A

or else taking the 2� term with the coefficient C as the only
term determining the asymmetry of the phase diagram.

The results of those fits are also given in Table 2 together with
the ASE for all quantities and standard deviations (σ) of the
fits from the data. At first, we concentrate on the mixtures with
C12OH of which most data points have been measured. Figure
2b shows the phase diagram of the mixture with C12OH with
the fits by eqs 6 and 7. At first glance, the fits with eqs 6 and

Figure 4. Deviation ∆T of the fitting results for the investigated systems
using (a) eq 6 and (b) eq 7; ∆T ) Tfit - Texp. The overall mean-square
deviations σ are marked, and the symbols are the same as that used in Figure
2.

Figure 5. Critical temperatures of the phase diagrams for C12mimNTf2 +
n-alkyl alcohol mixtures as obtained by fitting with eq 6 (0) and eq 7 (O).
The uncertainties in Tc and differences between the results of the two
methods are not visible in the resolution of the plot.

T ) Tc -
|x - xc|

3

B3 ( 3A · |x - xc|
2 ( 3CB|x - xc|

(5)

T ) Tc -
|X - Xc|

3

B3 ( 3A · |X - Xc|
2

(6)

T ) Tc -
|X - Xc|

3

B3 ( 3CB|X - Xc|
(7)
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7 appear to be equally good. Larger deviations are expected
only at temperatures outside the investigated region. However,
Figure 3, which concentrates on the data within a range of 2 K
near the critical temperature, shows that the top of the phase
diagram is better described by the fit with eq 7 than by that
with eq 6. The fit with eq 5 is very similar to that with eq 7 but
is not shown in Figure 3.

The mean-square deviation σ ) 0.17 K obtained with the fit
using eq 7 for the phase diagram of the C12OH mixtures is
smaller than σ ) 0.18 K obtained by the fit with eq 6. The fit
with eq 5 yields the smaller value of σ ) 0.15 K for the mean-
square deviation. The residues of the fits of the phase diagrams
of the solution of C12OH (black dots) with eqs 6 and 7 shown
in Figures 4a and 4b, respectively, illustrate the better perfor-
mance of the fits with eq 7. This statement is true for all other
systems. The mean-square deviations of the fits of the different
systems, shown in Table 2, are systematically smaller for the
fits with eq 7. The overall standard deviation for the fits with

eq 6 of all systems shown in Figure 4a is σ ) 0.44 K, which is
above the corresponding value of σ ) 0.37 K for the fits based
on eq 7.

We now turn to discuss the results for the critical temperature
and the critical mole fraction of the C12OH solution. For the
C12OH solution, the resulting estimates of the critical temper-
ature are Tc ) (305.87 ( 0.06, 305.92 ( 0.05, and 305.81 (
0.06) K for the fits with eqs 5, 6, and 7, respectively, which is
within the accuracy of the measurements.

The results for the critical composition as obtained by the
different fit methods are rather different: the fit assuming the
validity of the rectilinear diameter rule yields a figure for the
critical composition, which is about 0.01 higher than that
obtained by the fit taking only the 2� term into account. This is
visualized in Figure 3, which shows also the diameter as
estimated from the results of the fits with eqs 6 and 7. The
diameter near the critical region is given by Tm ) Tc - (xm -
xc)/A or Tm ) Tc - ((xm - xc)/C)3/2 for the fits with eqs 6 and

Figure 6. Representation of the characteristics of the phase diagrams for C12mimNTf2 and n-alkyl alcohol mixtures as a result of fitting with eqs 6 (0) and
7 (O) as a function of the chain length n of the alcohols CnOH. (a) The critical molar fraction xc, (b) the width of the coexisting region B, (c) the parameter
A, and (d) the parameter C which determine the diameter in eqs 6 and 7, respectively.
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7, respectively. The bend of the nonlinear diameter in eq 7 leads
to a smaller figure for the estimate of critical mole fraction than
the fit with eq 6.

Comparison with the value of the critical composition xc )
0.132 ( 0.002 determined experimentally by the equal volume
criterion for the C12OH system shows that the estimates (xc )
0.136 ( 0.002) obtained by the fits taking the 2� term into
account agree much better with the experimental figure than
the value of xc ) 0.147 ( 0.002 obtained by the fit with eq 6.
Thus, it may be concluded that the phase diagram is better
described by eq 7 that describes the diameter by the 2� term
than by eq 6 based on the rectilinear diameter rule, although
the number of parameters is unchanged.

We now turn to discuss the results for the parameters obtained
by the fits. The results for the fits of the various systems are
given in Table 2. The few data for the solutions of C10OH, which
are obtained near the lower temperature limit accessible with
the equipment used for this investigation, do not allow for a
reliable fit but are given for the sake of completeness. We
discuss how the parameters Tc, xc, B, A, and C vary with the
chain length of the n-alkyl alcohol. With a first glance at Table
2, it seems that with the exception of the critical temperature
Tc all other variables, namely, the critical mole fraction xc, the
parameter of the width B, and the parameters determining the
diameter A and C, do not vary much with the chain length of
the alcohols. Nevertheless, Figures 5 and 6a, b, c, and d show
some regular variation.

Figure 5 shows the critical temperatures Tc of the various
systems. The critical temperatures increase with the chain length
of the alcohols. The slope of this trend is reduced with the chain
length of the alcohols. This is different from the behavior of
ILs with shorter side chain of the imidazolium cation, where
an increase of the slope was found.67 A similar behavior was
observed for alcohol solutions of CnmimBF4 and CnmimPF6.

46

Figures 6a to d show the critical mole fraction xc of the
parameter of the width B and the parameters A and C
determining the diameter as a function of the chain length of
the alcohols.

The critical compositions, shown in Figure 6a, are in a region
0.12 < xc < 0.18. The fits based on eq 6 always yield numbers
which are about 0.01 larger than those obtained from eqs 5 and
7. Comparing the data of the different alcohol solutions, it seems
that the critical composition has a local minimum around n )
14, while the analysis of the phase diagrams of the solutions of
C8mimNTf2 and C10mimNTf2 in n-alkyl alcohols, which we have
reported before,67 yielded a small monotonous increase with
the chain length of the alcohols without noticeable structure.
Similar behavior is found for the other parameters.

The values of the parameters B of the width, shown in Figure
6b, are between (0.08 and 0.1) K-1/3. The figures vary little for
the solutions in the different alcohols. Here, the values resulting
from the fits with eq 7 are systematically below those from the
fits with eq 6 and appear to indicate a minimum near n ) 14.

The parameters A and C describing the diameter, shown in
Figures 6c and 6d, also do not vary much with the chain length
of the alcohols. Here we notice independently of the fit formula
applied a maximum in the region where xc and B show
indications of a minimum.

General Discussion. With the exception of the critical
temperature, all parameters describing the phase diagrams vary
little for the different alcohol solutions as one might expect by
comparing the curves shown in Figures 2a,b,c. The critical mole
fraction and the width appear to pass a shallow local minimum
in the region of the alcohol chain length around n ) 14, while
the asymmetry appears to pass a maximum in this area.

To put our results in the context of other work where phase
diagrams with shorter side chains of CxmimNTf2 were inves-
tigated, we show in Figure 7 the critical temperatures determined
for our systems together with those from the literature52,53,65,66

and of the former report.67

As the critical temperatures for mixtures with C12mimNTf2

approach the region of the melting temperatures of the pure
alcohols, the latter are also included.74 Remarkably, a similar
shape for the curves describing the dependence of the critical
temperatures on the length of the alcohols and of the melting
temperatures of the alcohols is observed. Figure 7 shows the
systematic increase of the UCST with increasing chain length
of the alcohols. The increase of the critical temperatures of the
alcohol mixtures with C12mimNTf2 is, however, reduced with
increasing chain length of the alcohols, which is different from
the behavior found for CnmimNTf2 solutions with n < 10 where
the increase of the critical temperatures is enhanced.

A further elucidation of the critical points and of the shape
of the phase diagrams by searching for correlations with other
properties such as the dielectric permittivities, the densities, or
molecular structures is outside the scope of this work and will
be given elsewhere.

Concerning the data analysis, it is remarkable that by taking
into account the Ising nature and the asymmetry of the phase
diagram a good data description was achieved with a minimum
number of free parameters. The description of the temperature
dependence of the diameter by the 2� term turned out to be
superior to that presuming the validity of the rectilinear diameter
rule. Taking into account 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.
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Figure 7. Dependence of the UCST on the chain length of CnOH for
different CxmimNTf2 (x ) 12, this work; black triangles) and data from
the literature (open symbols)52,53,65,66 and of our previous own work
(filled symbols).67 The melting temperatures of the alcohols (labeled as
mp(CnOH))74 are also shown to illustrate the principle chain-length
dependency of the UCSTs of the investigated systems. Lines in the
picture are given to illustrate trends and to guide the eye.
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