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Liquid-liquid equilibria in binary mixtures of substituted benzenes (toluene, ethylbenzene, propylbenzene,
xylene isomers, trimethylbenzene isomers, aniline, nitrobenzene, phenol, and benzaldehyde) with ionic liquid,
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([emim][Tf2N]), have been measured using
a mass–volume technique over a temperature range from about (293 to 373) K. Trends in both the polarity
and molecular size of the solute with the immiscibility gap were discovered for the alkyl-substituted benzenes.
In general, as the polarity increased and the molecular size decreased, the immiscibility gap became smaller.
The nonalkyl-substituted benzenes containing functional groups (-NH2, -NO2, -OH, and -CHO) were
completely soluble in [emim][Tf2N] over the composition and temperature range studied. The excess molar
volumes for the ionic liquid-rich side solutions range from (-1 to -5) cm3 ·mol-1, and the magnitudes are
somewhat larger than those of ordinary liquid solutions. Observed LLE are well correlated by use of the
nonrandom two liquid (NRTL) solution model.

Introduction

Liquid-liquid equilibria (LLE) of substituted benzenes in
room-temperature ionic liquids (RTILs) are extremely important
in evaluating RTILs as new solvents for chemical separation
and extraction applications.1-4 This report is a continuation of
our previous studies on the phase behavior of halogenated
benzene isomers in RTIL, 1-ethyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)imide ([emim][Tf2N]).5-7 The present
work includes the phase behavior of toluene, ethylbenzene,
propylbenzene, (ortho, meta, para)-xylene, (1,2,3; 1,2,4; 1,3,5)-
trimethylbenzene, aniline, nitrobenzene, phenol, and benzalde-
hyde in [emim][Tf2N] over a temperature range from about (293
to 373) K. We have previously studied the thermodynamic
properties of RTILs with a variety of halogenated hydro-
carbons,8-17 fluorinated ethers,18,19 and carbon dioxide.20-25 The
present phase equilibrium study of substituted benzene isomers
with [emim][Tf2N] is part of our continuing investigations to
understand the interactions (or phase behaviors) of benzene
compounds with RTILs.

There are several solubility studies of RTIL mixtures with
aromatic hydrocarbons and alkanes in the literature;26-34

however, to the best of our knowledge, we are the first to
report LLE for many of these substituted benzene isomers
in [emim][Tf2N]. This report combines both our current work
on the interactions of substituted benzenes and compari-
sons to our original measurements of benzene (C6H6) in
[emim][Tf2N].6

Experimental Section

Materials. Toluene (methylbenzene, C7H8, assay g 99.9
%, Catalog and Lot no. 650579-1 L 10180EE, CAS registry
no. 108-88-3), ortho-xylene (1,2-dimethylbenzene, C8H10,
assay 98 %, Catalog and Lot no. 29,588-4 HS00958TQ, CAS
registry no. 95-47-6), meta-xylene (1,3-dimethylbenzene,
C8H10, assay g 99 %, Catalog and Lot no. 29,632-5

JR21779JR, CAS registry no. 108-38-3), para-xylene (1,4-
dimethylbenzene, C8H10, assay g 99 %, Catalog and Lot no.
31,719-5 TR02257PR, CAS registry no. 106-42-3), ethyl-
benzene (C8H10, assay 99.8 %, Catalog and Batch no. 296848-
100 ML 00749DJ, CAS registry no. 100-41-4), benzaldehyde
(benzenecarbaldehyde, C7H6O, assay g 99.5 %, Catalog and
Batch no. 418099-100 ML 00196HJ, CAS registry no. 100-
52-7), and aniline (phenylamine or aminobenzene, C6H7N,
assay g 99.5 %, Catalog and Batch no. 242284-100G
00914PH, CAS registry no. 62-53-3) were obtained from
Sigma-Aldrich, Inc. (St. Louis, MO). Propylbenzene (C9H12,
assay g 99.8 %, Lot and filling code 1355771 10308207,
CAS registry no. 103-65-1), 1,2,4-trimethylbenzene (pseudoc-
umene, C9H12, assay g 99.5 %, Lot and filling code 1348731
41408284, CAS registry no. 95-63-6), 1,3,5-trimethylbenzene
(mesitylene or mesitelene, C9H12, assay g 99.0 %, Lot and
filling code 1386521 12508370, CAS registry no. 108-67-
8), nitrobenzene (C6H5NO2, assay g 99.5 %, Lot and filling
code 1384909 43908199, CAS registry no. 98-95-3), and
phenol (C6H6O, assay g 99.5 %, Lot and filling code 1373574
21308237, CAS registry no. 108-95-2) were obtained from
Aldrich/Fluka (Buchs, Switzerland). 1,2,3-Trimethylbenzene
(hemimellitene or hemellitol, C9H12, assay 98 %, Catalog and
Lot no. 8776.05 8776.05-5, CAS registry no. 526-73-8) was
obtained from ChemSampCo (Trenton, NJ). The substituted
benzenes were used without further purification.

The ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoro-
methylsulfonyl)imide [emim][Tf2N] (electrochemical grade,
assay g 99.5 %, C8H11F6N3O4S2, Lot and Catalog no. 259095
IL-201-20-E, CAS registry no. 174899-82-2) was purchased
from Covalent Associates Inc. (Corvallis, OR). Figure 1 provides
the chemical structure and molar mass. Elemental analysis was
used to check the purity of the [emim][Tf2N] sample. The purity
was g 99.4 %, and a detailed description of the analysis can
be found in our previous work.9 The [emim][Tf2N] was dried
and degassed by filling a borosilicate glass tube with about 10 g
of the ionic liquid and pulling a coarse vacuum with a diaphragm* Corresponding author. E-mail: mark.b.shiflett@usa.dupont.com.
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pump (Pfeiffer, model MVP055-3, Nashua, NH) followed by
further evacuation using a turbopump (Pfeiffer, model TSH-
071) to a pressure of about 4 ·10-7 kPa while simultaneously
heating and stirring the ionic liquid at a temperature of about
348 K for 5 days. The final water mass fraction was measured
by Karl Fischer titration (AquaStar C3000, solution AquaStar
Coulomat C and A), and the dried sample contained 188 ·10-6

H2O.
Experimental Method. Detailed descriptions of the LLE

experimental equipment and procedures are available in our
previous reports.13,14 Therefore, only the basic experimental
techniques and measurement uncertainties are given here. LLE
measurements were made with samples containing mole frac-
tions of (70 and 90) % substituted benzenes + [emim][Tf2N]
at constant temperatures from about (293 to 373) K using the
volumetric method.13,14

To measure LLE over a wide range of temperatures, two
thermostat baths were utilized. A water-filled thermostat bath
was used for measurements between temperatures of (293
and 333) K. Higher temperature measurements at (353 to
373) K were performed using a silicone oil-filled thermostat
bath (Tamson Instruments, TV4000LT, Zoetermeer, Neth-
erlands). The uncertainty in temperature for both thermostat
baths was ( 0.2 K and was determined using a standard
platinum resistance thermometer [SPRT model 5699, Hart
Scientific, American Fork, UT, range (73 to 933) K] and
readout (Blackstack model 1560 with SPRT module 2560)
with a NIST certified traceable accuracy to ( 0.005 K.

Results

Experimental Data. To use the mass-volume method,13,14

the vapor phase was assumed to contain only substituted
benzenes (negligible vapor pressure for [emim][Tf2N] ionic
liquid). The vapor density for toluene was calculated using
the REFPROP computer program.35 The vapor densities for
ethylbenzene, propylbenzene, (ortho, meta, para)-xylene, and
(1,2,3, 1,2,4, 1,3,5)-trimethylbenzene were calculated as-
suming ideal gas behavior and known vapor pressure data.36

The total uncertainties were estimated by calculating both
the overall random and systematic uncertainties. The fol-
lowing experimental parameters were considered to have an
effect on the random uncertainty: sample container volume
calibration, mass of substituted benzenes and ionic liquid,

and the heights of the lower and upper phases. The heights
had the largest overall effect. The systematic uncertainties
include properly correcting for the area expansion, meniscus,
and vapor phase moles. For additional details on estimation
of total uncertainties, see refs 13 and 14. Total uncertainties
in the final composition and molar volume are provided in
Table 1.

One of the advantages of using the present method is the
ability to obtain the molar volume of each separated liquid
simultaneously with the composition of each liquid at any given
isothermal condition. Then, the excess molar volume of each
liquid solution (VE′ and VE) can be obtained, by use of the pure
component molar volumes V1

0 (substituted benzenes) and V2
0

([emim][Tf2N]) using

VE′ ) Vm - x1′V1
0 - x2′V2

0 or VE ) Vm - x1V1
0 - x2V2

0

(1)

where Vm is the measured molar volume of the mixture (Vm )
V′ for the lower phase L′ or Vm ) V for the upper phase L),
and (x1′ , x2′ or x1, x2) are mole fractions of substituted benzenes
(1) and ionic liquid (2) in phase L′ or L, respectively. Saturated
liquid molar volumes for toluene were calculated using the
REFPROP computer program.35 Saturated liquid molar volumes
for all other substituted benzenes were calculated using the
modified Rackett technique and measured liquid density data
provided in ref 36. Saturated liquid molar volumes for
[emim][Tf2N] were calculated using liquid density data mea-
sured by Krummen et al.37

Thermodynamic Model Analysis. Liquid-liquid equilibria
for an N-component system at low pressures can be described
by the following set of nonlinear equations with liquid mole
fractions, xi, and activity coefficients, γi

38

γi
L1xi

L1 ) γi
L2xi

L2 (i ) 1,...,N) (2)

where N ) 2 for a binary system; superscripts L1 and L2
indicate two liquid phases of LLE; and i ) 1 designates
species 1 (substituted benzenes), while i ) 2 corresponds to
species 2, the ionic liquid [emim][Tf2N]. For the activity
coefficient, we use the NRTL (nonrandom two liquids)
solution model.36

Figure 1. Schematic molecular structure and abbreviation of 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide. Molar mass: 391.31
g ·mol-1.
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Table 1. (a) Toluene (1) + [emim][Tf2N] (2) System, (b) Ethylbenzene (1) + [emim][Tf2N] (2) System, (c) Propylbenzene (1) + [emim][Tf2N] (2)
System, (d) ortho-Xylene (1) + [emim][Tf2N] (2) System, (e) meta-Xylene (1) + [emim][Tf2N] (2) System, (f) para-Xylene (1) + [emim][Tf2N] (2)
System, (g) 1,2,3-Trimethylbenzene (1) + [emim][Tf2N] (2) System, (h) 1,2,4-Trimethylbenzene (1) + [emim][Tf2N] (2) System, and (i)
1,3,5-Trimethybenzene (1) + [emim][Tf2N] (2) Systema

(a) V′ V VE′ VE

T/K 100x1′ 100x1 cm3 ·mol-1 cm3 ·mol-1 cm3 ·mol-1 cm3 ·mol-1

297.7 ( 0.2 65.6 ( 0.2 100.0 - 0.2 155.7 ( 1.3 105.9 ( 0.5 -2.9 ( 1.3 -0.2 ( 0.5
314.2 ( 0.2 64.9 ( 0.2 100.0 - 0.2 158.8 ( 1.3 107.6 ( 0.5 -3.2 ( 1.3 -0.5 ( 0.5
334.2 ( 0.2 64.0 ( 0.3 100.0 - 0.2 162.6 ( 1.6 110.0 ( 0.5 -3.5 ( 1.6 -0.6 ( 0.5
353.1 ( 0.2 63.6 ( 0.3 100.0 - 0.2 164.7 ( 2.2 112.6 ( 0.6 -4.9 ( 2.2 -0.7 ( 0.6
372.9 ( 0.2 63.1 ( 0.2 100.0 - 0.2 167.9 ( 1.3 115.7 ( 0.5 -5.7 ( 1.3 -0.4 ( 0.5

(b) V′ V VE′ VE

T/K 100x1′ 100x1 cm3 ·mol-1 cm3 ·mol-1 cm3 ·mol-1 cm3 ·mol-1

293.4 ( 0.2 51.5 ( 0.4 100.0 - 0.2 186.0 ( 1.6 121.4 ( 0.6 -1.6 ( 1.6 -0.8 ( 0.6
314.0 ( 0.2 50.5 ( 0.3 100.0 - 0.2 191.1 ( 1.8 123.7 ( 0.6 -1.9 ( 1.8 -1.1 ( 0.6
333.9 ( 0.2 50.4 ( 0.3 100.0 - 0.2 193.3 ( 1.5 126.5 ( 0.8 -1.9 ( 1.5 -1.0 ( 0.8
353.1 ( 0.2 50.1 ( 0.3 100.0 - 0.2 196.3 ( 1.4 129.1 ( 0.6 -2.4 ( 1.4 -1.1 ( 0.6
373.0 ( 0.2 49.8 ( 0.3 100.0 - 0.2 199.7 ( 1.4 131.7 ( 0.6 -2.8 ( 1.4 -1.0 ( 0.6

(c) V′ V VE′ VE

T/K 100x1′ 100x1 cm3 ·mol-1 cm3 ·mol-1 cm3 ·mol-1 cm3 ·mol-1

293.1 ( 0.2 36.1 ( 0.4 100.0 - 0.2 212.0 ( 1.2 138.2 ( 0.6 -2.5 ( 1.2 -0.7 ( 0.6
313.9 ( 0.2 35.7 ( 0.4 100.0 - 0.2 215.7 ( 1.2 141.1 ( 0.7 -2.4 ( 1.2 -0.6 ( 0.7
333.9 ( 0.2 35.1 ( 0.4 100.0 - 0.2 221.4 ( 1.2 144.0 ( 0.7 -1.0 ( 1.2 -0.7 ( 0.7
353.1 ( 0.2 34.9 ( 0.5 100.0 - 0.2 225.2 ( 2.9 147.5 ( 0.7 -0.3 ( 2.9 -0.4 ( 0.7
373.0 ( 0.2 34.8 ( 0.5 100.0 - 0.2 229.4 ( 2.9 150.2 ( 0.7 -0.2 ( 2.9 -0.8 ( 0.7

(d) V′ V VE′ VE

T/K 100x1′ 100x1 cm3 ·mol-1 cm3 ·mol-1 cm3 ·mol-1 cm3 ·mol-1

297.7 ( 0.2 55.6 ( 0.5 100.0 - 0.2 177.1 ( 1.7 121.0 ( 1.1 -4.6 ( 1.7 -0.2 ( 1.1
314.2 ( 0.2 54.9 ( 0.5 100.0 - 0.2 180.1 ( 1.6 122.7 ( 1.1 -5.1 ( 1.6 -0.5 ( 1.1
334.2 ( 0.2 54.8 ( 0.5 100.0 - 0.2 182.6 ( 1.8 125.2 ( 1.0 -5.4 ( 1.8 -0.5 ( 1.0
353.1 ( 0.2 54.4 ( 0.8 100.0 - 0.2 187.7 ( 1.8 127.7 ( 1.4 -4.1 ( 1.8 -0.8 ( 1.4
372.9 ( 0.2 53.9 ( 0.8 100.0 - 0.2 191.5 ( 1.9 130.5 ( 1.4 -4.1 ( 1.9 -0.8 ( 1.4

(e) V′ V VE′ VE

T/K 100x1′ 100x1 cm3 ·mol-1 cm3 ·mol-1 cm3 ·mol-1 cm3 ·mol-1

297.7 ( 0.2 50.2 ( 0.5 100.0 - 0.2 186.6 ( 1.9 122.3 ( 1.1 -3.6 ( 1.9 -1.2 ( 1.1
314.2 ( 0.2 49.8 ( 0.5 100.0 - 0.2 188.7 ( 1.2 124.5 ( 1.3 -4.5 ( 1.2 -1.0 ( 1.3
334.2 ( 0.2 49.3 ( 0.5 100.0 - 0.2 192.2 ( 1.0 127.2 ( 1.5 -4.8 ( 1.0 -1.0 ( 1.5
353.1 ( 0.2 48.3 ( 0.5 100.0 - 0.2 197.1 ( 1.9 130.4 ( 2.1 -4.4 ( 1.9 -0.5 ( 2.1
372.9 ( 0.2 48.1 ( 1.0 100.0 - 0.2 200.5 ( 2.0 132.8 ( 2.0 -4.5 ( 2.0 -1.1 ( 2.0

(f) V′ V VE′ VE

T/K 100x1′ 100x1 cm3 ·mol-1 cm3 ·mol-1 cm3 ·mol-1 cm3 ·mol-1

297.7 ( 0.2 49.1 ( 0.5 100.0 - 0.2 191.7 ( 2.0 123.5 ( 1.2 -1.2 ( 2.0 -0.4 ( 1.2
314.2 ( 0.2 48.6 ( 0.5 100.0 - 0.2 194.7 ( 2.0 125.7 ( 1.2 -1.3 ( 2.0 -0.3 ( 1.2
334.2 ( 0.2 48.0 ( 0.6 100.0 - 0.2 198.4 ( 2.1 128.4 ( 1.2 -1.6 ( 2.1 -0.3 ( 1.2
353.1 ( 0.2 47.6 ( 1.1 100.0 - 0.2 201.3 ( 2.2 131.6 ( 1.4 -1.9 ( 2.2 -0.2 ( 1.4
372.9 ( 0.2 47.5 ( 1.1 100.0 - 0.2 203.5 ( 2.6 134.4 ( 1.5 -2.5 ( 2.6 -0.2 ( 1.5

(g) V′ V VE′ VE

T/K 100x1′ 100x1 cm3 ·mol-1 cm3 ·mol-1 cm3 ·mol-1 cm3 ·mol-1

292.7 ( 0.2 42.4 ( 0.6 100.0 - 0.2 200.0 ( 1.9 133.7 ( 0.7 -4.9 ( 1.9 -0.8 ( 0.7
314.1 ( 0.2 41.3 ( 0.6 100.0 - 0.2 204.6 ( 1.5 136.1 ( 0.7 -4.8 ( 1.5 -0.9 ( 0.7
334.0 ( 0.2 41.5 ( 0.6 100.0 - 0.2 206.1 ( 1.4 139.4 ( 0.7 -5.3 ( 1.4 -0.2 ( 0.7
353.1 ( 0.2 42.1 ( 0.8 100.0 - 0.2 207.7 ( 1.6 142.0 ( 0.8 -4.9 ( 1.6 -0.4 ( 0.8
373.0 ( 0.2 41.9 ( 0.8 100.0 - 0.2 212.1 ( 1.6 144.3 ( 0.8 -5.1 ( 1.6 -0.8 ( 0.8

(h) V′ V VE′ VE

T/K 100x1′ 100x1 cm3 ·mol-1 cm3 ·mol-1 cm3 ·mol-1 cm3 ·mol-1

293.8 ( 0.2 36.2 ( 0.5 100.0 - 0.2 213.7 ( 1.5 136.2 ( 0.7 -1.2 ( 1.5 -1.0 ( 0.7
313.9 ( 0.2 35.5 ( 0.7 100.0 - 0.2 217.4 ( 1.5 138.8 ( 0.7 -1.1 ( 1.5 -1.0 ( 0.7
333.7 ( 0.2 35.2 ( 0.7 100.0 - 0.2 220.0 ( 1.6 141.5 ( 0.7 -1.1 ( 1.6 -1.0 ( 0.7
353.1 ( 0.2 35.9 ( 0.7 100.0 - 0.2 221.6 ( 1.7 144.0 ( 0.8 -1.9 ( 1.7 -1.3 ( 0.8
373.0 ( 0.2 36.0 ( 0.7 100.0 - 0.2 225.3 ( 1.6 146.9 ( 0.8 -1.6 ( 1.6 -1.3 ( 0.8

(i) V′ V VE′ VE

T/K 100x1′ 100x1 cm3 ·mol-1 cm3 ·mol-1 cm3 ·mol-1 cm3 ·mol-1

292.7 ( 0.2 30.5 ( 0.7 100.0 - 0.2 220.9 ( 1.9 137.2 ( 0.7 -1.2 ( 1.9 -0.7 ( 0.7
314.1 ( 0.2 30.7 ( 0.7 100.0 - 0.2 223.2 ( 2.2 140.3 ( 0.7 -1.2 ( 2.2 -0.5 ( 0.7
334.0 ( 0.2 31.7 ( 0.7 100.0 - 0.2 225.5 ( 1.6 143.7 ( 0.7 -1.8 ( 1.6 -1.0 ( 0.7
353.1 ( 0.2 31.9 ( 0.7 100.0 - 0.2 228.1 ( 2.1 146.3 ( 0.8 -1.8 ( 2.1 -1.0 ( 0.8
373.0 ( 0.2 32.3 ( 0.7 100.0 - 0.2 229.7 ( 1.6 149.2 ( 0.8 -2.5 ( 1.6 -1.0 ( 0.8

a x1′ , observed molar composition lower phase; x1, observed molar composition upper phase; V′, observed molar volume lower phase; V, observed
molar volume upper phase; VE′, excess molar volume lower phase; VE, excess molar volume upper phase.
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The binary activity coefficients of the NRTL model are given
by

ln γ1 ) x2
2[τ21( G21

x1 + x2G21
)2

+
τ12G12

(x2 + x1G12)
2] (3)

ln γ2 ) x1
2[τ12( G12

x2 + x1G12
)2

+
τ21G21

(x1 + x2G21)
2] (4)

where

G12 ≡ exp(-Rτ12) and G21 ≡ exp(-Rτ21) (5)

τ12 ≡
∆g1

RT
and τ21 ≡

∆g2

RT
(adjustable binary interaction parameters), (6)

R ) 0.2 (assumed to be a constant of 0.2 in this work), and xi

) mole fraction of the ith species.
The temperature-dependent binary interaction parameter (τij)

is modeled here by a two-term empirical equation

τ12 ) τ12
(0) + τ12

(1)/(T/K) and τ21 ) τ21
(0) + τ21

(1)/(T/K)
(7)

Then, the two unknown adjustable parameters τ12 and τ21 at
a given T can be determined from one set of LLE experimental
(the present volumetric method) data, using eq 2 (two nonlin-
early coupled equations). We have five sets of such LLE data
for each binary system, as shown in Table 1, and can obtain a
set of τ12 and τ21 at each respective temperature. Thus, the four
empirical parameters in eq 7 have been determined from the
obtained τij data and are given in Table 2.

Once the binary interaction parameters of the NRTL model
have been determined as a function of temperature, we can
calculate the Tx (temperature-composition) phase diagram at
any temperature by solving eq 2. Numerical solutions of eq 2
have been obtained by use of a robust flash algorithm.38

Calculated Tx diagrams for the present LLE systems were
successfully constructed and compared well with the experi-
mental solubility data as shown in Figures 2 to 4.

Discussion

We have continued our evaluation of the phase behavior of
alkyl-substituted benzenes (C7H8, C8H10-isomers, C9H12-isomers)
and nonalkyl-substituted benzenes (-NH2, -NO2, -OH, -CHO)
with RTIL, [emim][Tf2N], to provide some insight on these
molecular interactions compared with our original work on
fluorinated (C6HnF6-n: n ) 1,...,5)5,6 and other halogenated
benzenes (C6H5X where X ) Cl, Br, I)7 with [emim][Tf2N]. In
our previous works,5-7 we showed that the polarity and the
molecular size of the solute (substituted benzene) played an
important role in determining the solubility in the solvent

(RTIL). The polarity of RTILs is an area of current research
interest. Both solvatochromic and fluorescent dyes have been
utilized to determine the polarity of these molten salts, and
different combinations of cations and anions lead to solvents
with different polarities.39-45 In the case of [emim][Tf2N], both
the cation and anion have dipole moments, and the molecule is
considered to be polar. This leads the novice to the typical
association rule of “like dissolves like” suggesting that for a
substituted benzene a larger dipole moment leads to a greater
degree of solubility in the RTIL ([emim][Tf2N]). In some cases
this is true, but the solute molecular size also plays an important
role in determining the degree of solubility.

Figure 2 provides the phase diagrams (Tx) for the binary
systems toluene (methylbenzene), ethylbenzene, and propyl-
benzene + [emim][Tf2N]. The binary pair of benzene +
[emim][Tf2N] from our previous work5 has also been included
for comparison. The mole fraction immiscibility gaps (∆100x1)
at 298 K for benzene, toluene, ethylbenzene, and propylbenzene
in [emim][Tf2N] are about (23, 34, 49 and 64) %, respectively.
The dipole moments for benzene, toluene, ethylbenzene, and
propylbenzene are (0, 0.4, 0.4, and 0.4) D (1 D ) 3.33564 ·10-30

C ·m).36,46 The measured immiscibility gap does not correlate
with the solute dipole moment.

For an explanation of the immiscibility gap, we compared
the molecular size of the solute. As the solute molecular size
increased (benzene < methylbenzene < ethylbenzene < propyl-
benzene) with the length of the alkyl side chain, the immiscibil-
ity gap also increased. One explanation using molecular dynamic
calculations by Huang et al.47 for the binary system (CO2 +
[bmim][PF6]) indicates that small angular rearrangements of the
anion can occur which create localized cavities where molecules
can fit above and below the imidazolium ring. In this case,
angular rearrangements of the [Tf2N] anion must create cavities
where the alkyl-substituted benzenes can fit around the [emim]
cation. The size of the solute determines the amount of the
substituted benzene which can fill these cavities and exist in
the ionic liquid-rich phase. As the solute molecular size
increases, less solute can fill these cavities resulting in the
increase in the immiscibility gap. As discussed in our previous
work,5-7 when the solutes (substituted benzenes) have similar
polarities, other factors such as molecular size become important.

Figure 3 provides the phase diagrams (Tx) for the binary
systems 1,2-dimethylbenzene (o-xylene), 1,3-dimethylben-
zene (m-xylene), and 1,4-dimethylbenzene (p-xylene) +
[emim][Tf2N]. The mole fraction immiscibility gaps (∆100x1)
at 298 K for o-xylene, m-xylene, and p-xylene in [emim][Tf2N]
are about (44, 50, and 51) %, respectively. In this case the
immiscibility gap increases as the dipole moment decreases (i.e.,
immiscibility gap correlates with the dipole moment). The dipole
moments for o-xylene, m-xylene, and p-xylene are (0.5, 0.3,
and 0.1) D, respectively.36,46 The immiscibility gap also
correlates with the maximum molecular size of the solute
(o-xylene < m-xylene < p-xylene).48

Figure 4 provides the phase diagrams (Tx) for the binary
systems 1,2,3-trimethylbenzene (hemimellitene), 1,2,4-trimeth-
ylbenzene (pseudocumene), and 1,3,5-trimethylbenzene (mesi-
tylene) + [emim][Tf2N]. The mole fraction immiscibility gaps
(∆100x1) at 298 K for (1,2,3; 1,2,4; and 1,3,5)-trimethylbenzene
in [emim][Tf2N] are about (58, 63, and 67) %, respectively.
The measured immiscibility gap correlates with the solute dipole
moment. The dipole moments for (1,2,3; 1,2,4; and 1,3,5)-
trimethylbenzene are (0.6, 0.3, and 0.1) D, respectively.36,46

Similar to that of the xylene isomers, the immiscibility gap also

Table 2. NRTL Binary Interaction Parameters in Equation 7

compound (1) in
[emim][Tf2N] (2) τ12

(0) τ12
(1)/K τ21

(0) τ21
(1)/K

toluene 7.9825 246.50 -1.4184 -226.18
ethylbenzene 7.6376 103.19 -1.0399 -104.11
propylbenzene 7.0534 76.72 -0.3866 -86.42
ortho-xylene 7.8026 119.94 -1.2137 -117.58
meta-xylene 7.3983 161.38 -0.7931 -164.45
para-xylene 7.4886 116.28 -0.8829 -119.21
1,2,3-trimethylbenzene 7.5275 9.47 -0.9148 -10.11
1,2,4-trimethylbenzene 7.2913 3.88 -0.6546 -4.35
1,3,5-trimethylbenzene 7.4440 -104.22 -0.8355 121.37
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correlates with the maximum molecular size of the solute (1,2,3-
trimethylbenzene < 1,2,4-trimethylbenzene < 1,3,5-trimethyl-
benzene).48

Furthermore, a comparison of the mole fraction immiscibility
gap (∆100x1) at 298 K for C6H6 about 23 %, C7H8 about 34 %,
C8H10-isomers about (44 to 51) %, and C9H12-isomers about
(58 to 67) % shows a correlation with molecular size which is
independent of polarity.

The phase behaviors for nonalkyl-substituted benzenes (phe-
nol, aniline, benzaldehyde, and nitrobenzene) were also mea-
sured in RTIL ([emim][Tf2N]). Unexpectedly, we have found
that all four of these nonalkyl-substituted benzenes were soluble
for samples containing mole fractions of (70 and 90) % at
constant temperatures from about (293 to 373) K. Additional
samples with compositions containing nonalkyl-substituted
benzene mole fractions from (1 to 99) % were prepared, and
aniline, nitrobenzene, and benzaldehyde were completely soluble
in RTIL ([emim][Tf2N]) over the temperature range from about
(293 to 373) K. Phenol, which is a solid at room temperature,
dissolves in RTIL ([emim][Tf2N] when heated to about 323 K
and remains a single liquid phase upon cooling to 293 K for
mixtures containing mole fractions from (1 to 90) % phenol.
Therefore, the choice of functional group on the benzene ring
(-OH, -NH2, -CHO, and -NO2) affects the solute’s ability
to dissolve in a RTIL ([emim][Tf2N]). The dipole moments for
phenol, aniline, benzaldehyde, and nitrobenzene are (1.4, 1.5,
3.0, and 4.2) D, respectively.49 In the present work, we have
shown that both the solute polarity and molecular size play an
important role in controlling the miscibility in RTIL
([emim][Tf2N]) and may be the most dominant effects.

However, we have presented examples in our previous work
for binary mixtures containing hydrofluorocarbons (HFCs) and

RTILs that show no correlation between dipole moment and
miscibility in RTILs.9,14,17 In the case of HFCs, additional
intermolecular interactions may be playing a role such as the
unique hydrogen-bonding capability (H-F-H) between flu-
orinated compounds and ionic liquids. In addition, other
interactions such as higher-order moments (quadrupole, octu-
pole)50-52 and π-electron (π-cation and π-anion) effects50,53-55

may also be important. The unique interactions between
substituted benzene molecules in ionic liquids continue to pose
a unique and interesting challenge for theoretical modelers.

The present LLE data have been well correlated with the
nonelectrolyte NRTL solution model. In the present case, as
the temperature increases, the immiscibility gap widens as shown
in Figures 2 and 3 or remains essentially constant as shown in
Figure 4, and the LLE behavior is similar to other substituted
benzenes (fluorinated benzenes) we have measured in
[emim][Tf2N].6 The present volumetric method for LLE also
provides information for the liquid molar volume and excess
molar volume for each liquid phase. In the present work, the
substituted benzene-rich phase contains a mole fraction of (99.8
to 100.0) % substituted benzene with an excess molar volume
from about (0 to -1) cm3 ·mol-1. The [emim][Tf2N]-rich phase
has an excess molar volume from about (-1 to -5) cm3 ·mol-1.
In ordinary binary mixtures,56,57 the excess molar volume is at
most ( (1 to 2) cm3 ·mol-1; therefore, like various HFC mixtures
with RTILs,13-15 these mixtures do not behave ideally. Such
information provides new insights on the physical structures in
the liquid solutions containing RTILs.

Conclusions

The phase behavior in binary mixtures of substituted benzenes
(toluene, ethylbenzene, propylbenzene, dimethylbenzene iso-

Figure 2. Tx phase diagrams for LLE of (a) benzene (1) + [emim][Tf2N] (2), taken from ref 5; (b) toluene (1) + [emim][Tf2N] (2); (c) ethylbenzene (1) +
[emim][Tf2N] (2); and (d) propylbenzene (1) + [emim][Tf2N] (2). Solid line: the NRTL model calculation. Broken lines: experimental LLE tie lines. Symbols:
0, experimental data by the volumetric method.
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mers, trimethylbenzene isomers, aniline, nitrobenzene, phenol,
and benzaldehyde) with RTIL [emim][Tf2N] have been mea-
sured with the volumetric method. A trend in the miscibility
with polarity and molecular size of the solute was found. In
general, as the polarity increased and the molecular size
decreased, the immiscibility gap became smaller. The smaller
size allows more of the solute to exist in localized cavities above
and below the imidazolium ring. As the solute molecular size
increases (e.g., methybenzene < ethylbenzene < propylbenzene),
less of the solute can fill these cavities, resulting in a larger
immiscibility region. In the case of dimethylbenzene and
trimethylbenzene isomers, as the polarity increased and the
molecular size decreased, the immiscibility gap became smaller.
The nonalkyl-substituted benzenes containing functional groups

(-NH2, -NO2, -OH, and -CHO) were completely soluble in
[emim][Tf2N] over the composition and temperature range
studied. LLE data are well correlated with the nonelectrolyte
NRTL model, and the negative excess molar volumes in the
ionic liquid-rich side solutions range from about (-1 to -5)
cm3 ·mol-1.
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