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Heterosegmented statistical associating fluid theory is used to represent the density of ionic liquid. Ionic
liquid molecule is divided into several groups representing the alkyls, cation head, and anion. The cation of
ionic liquid is modeled as a chain molecule that consists of one spherical segment representing the cation
head and groups of segments of different types representing different substituents (alkyls). The anion of
ionic liquid is modeled as a spherical segment of different type. To account for the electrostatic/polar
interaction between the cation and anion, the spherical segments representing cation head and anion
each have one association site, which can only cross associate to each other. The parameters for alkyls
are obtained from those of the corresponding n-alkanes and the parameters of groups representing cation
head and anion, including the two association parameters, are fitted to a group of experimental ionic
liquid data. The performance of the model is examined by describing the densities of three important
series of imidazolium-based ionic liquids, i.e., [Cnmim][Tf2N], [Cnmim][BF4], and [Cnmim][PF6]. The model
is found to well represent the densities of these ionic liquids from 293.15 to 415K and up to 650bar, and
well capture the effects of temperature, pressure, and alkyl types on density.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Ionic liquids (ILs) have been the subject of increasing attention
due to their unique physicochemical properties such as high thermal
stability, large liquid range, high ionic conductivity, high solvating
capacity, negligible vapor pressure, and non-flammability that make
them ideal solvents for green chemistry. ILs also offer significant
cost reduction and environmental benefits because they can be used
without losses, in contrast to the volatile organic compounds used
nowadays. ILs are often referred to as designer solvents because the
cation head, anion, and alkyl chains of an IL can be selected from
among a huge diversity to obtain an appropriate IL for a specific
purpose.

The designs of industrial processes and new products involving
ILs are only possible when the thermophysical properties of ILs are
adequately known. A growing number of experimental investiga-
tions on IL properties have been reported (Gardas et al., 2007a,b;
Tomida et al., 2006, 2007a,b; de Azevedo et al., 2005a,b; Tekin
et al., 2007; Esperanca et al., 2006, 2008; Jacquemin et al., 2007), but
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due to the vast number of ILs that can be tailored the number of
experimental investigations needed is less than adequate. Since ex-
perimental measurements are usually time-consuming and expen-
sive, it is desirable to have predictive models for calculating the IL
properties.

Several thermodynamic models have been proposed to represent
the properties of ILs. Excess Gibbs energymodels and cubic equations
of state, in which an IL molecule was modeled as a single molecular
species or assumed to completely dissociate into cation and anion
(Simoni et al., 2008; Gardas et al., 2008; Shiflett and Yokozeki, 2007;
Shin et al., 2008), have been investigated. Statistical associating
fluid theory (SAFT)-based models were proposed recently, where
an IL molecule was modeled as a neutral ion pair with one set of
parameters (Karakatsani et al., 2007; Kroon et al., 2006; Andreu and
Vega, 2007). In the models of heteronuclear square-well chain fluids
(Wang et al., 2007), group-contribution non-random lattice fluid
equation of state (Kim et al., 2007), and group contribution equation
of state (Breure et al., 2007), the imidazolium ring-anion pair was
modeled as one segment or functional group. As can be concluded
from those works, all of these models utilize model parameters that
are not completely transferable. Since the types of alkyl substituents,
cation head, and anion of ILs are known to affect the properties of
ILs, it is still highly desirable to have a model that can predict the
properties of ILs based on the information of their alkyl substituents,
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cation head, and anion. This could be done by using, for example, a
heterosegmented SAFT equation of state.

In our previous work, a heterosegmented SAFT, referred to as
SAFT1, has been developed to describe the properties of copolymer
solutions, which were modeled as molecules having two different
segments (Adidharma and Radosz, 1998). By using the same model,
the properties of n-alkanes were also well represented (Adidharma
and Radosz, 1998). We have also developed another version of SAFT,
i.e., SAFT2 (Tan et al., 2006; Ji et al., 2006; Ji and Adidharma, 2006,
2007, 2008), which will be extended in this work to describing the
properties of ILs. In this first attempt, the densities of three important
series of imidazolium-based ILs, i.e., [Cnmim][Tf2N], [Cnmim][BF4],
and [Cnmim][PF6], in wide temperature and pressure ranges are
modeled.

2. Thermodynamic modeling

Generally, IL consists of a large organic cation and a weakly coor-
dinating inorganic or organic anion. The large organic cation consists
of a cation head and several alkyls. It has been stated that IL dissoci-
ates into cation and anion (Simoni et al., 2008), but due to the strong
interaction between the cation and the anion the IL molecules take
the form of ionic pairs. For example, for [bmim][PF6], it was con-
cluded from quantum-mechanical and molecular dynamics studies
that the strong interaction between the cation and the anion, lead-
ing to the formation of ionic pairs, was due to hydrogen bonding be-
tween the fluorine atom in the anion and the hydrogen atom at C2
in the aromatic ring of the cation (cation head) (Meng et al., 2002;
Antony et al., 2004).

Therefore, in this work, the IL is modeled as a chain molecule rep-
resenting the cationwith a spherical segment representing the anion.
The chain molecule consists of one spherical segment representing
the cation head of the IL and groups of segments of different types
representing different substituents (alkyls). The segments are not
necessarily identical with functional groups. The effective number of
segments representing the alkyls thus may or may not be an integer.
For example, IL [bmim][PF6], as shown in Fig. 1, consists of [bmim]+

(cation) and [PF6]
− (anion). The cation consists of three groups with

different types of segments representing butyl (A), methyl (B), and
imidazolium cation head (C). The anion is assumed to be a single
segment representing [PF6]

− as a whole (D). The spherical segments
representing cation head (C) and anion (D) each have one association
site, which can only cross associate to each other; the occurrence of
ionic pairs due to the occurrence of the hydrogen bonding in addi-
tion to the Coulombic interactions between the cation and the anion
allows us to lump the electrostatic/polar interactions between the
cation and anion together as association interaction.

F

BC

NCH3-CH2-CH2-CH2 CH3N
+ P–

FF
F

FF

[bmim]+ [PF6]–

DAAA A

Fig. 1. Schematic of molecular models for [bmim][PF6].

2.1. Heterosegmented SAFT

The heterosegmented SAFT is defined in terms of the dimension-
less residual Helmholtz free energy as follows:

ãres = ãhs + ãdisp + ãchain + ãassoc (1)

where the superscripts on the right side refer to terms accounting
for the hard-sphere, dispersion, chain, and association interactions,
respectively.

IL molecule is divided into several groups representing the alkyls,
cation head, and anion. Similar to the backbone-branch groups ap-
proximation (Tan, 2004) (a simplified group contribution approach),
for this heterosegmented SAFT, each group has five parameters, i.e.,
segment number m, segment volume voo, segment energy u/k, the
reduced range of the potential well �, and group bond number nB,
which is the effective number of bonds contributed by the group
and used to calculate the bond fraction in the chain term. Unlike
cation, the anion of IL is represented by a single spherical segment,
not a chain molecule, and thus its group bond number is zero (no
chain term for the anion). The mixing rules for parameters voo, u,
and � are the same as those in our previous work (Ji and Adidharma,
2007). In addition to these parameters, the groups representing
cation head and anion also have two association parameters, i.e., the
well depth of the association site–site potential � and the parameter
related to the volume available for bonding �. The association inter-
action can only occur between two different association sites (cross
association).

The hard-sphere, dispersion, and chain terms have been described
in our previous work (Ji and Adidharma, 2007). The association
term for homosegmented molecule is extended to heterosegmented
molecule as follows:

ãassoc =
∑
i
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∑
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where Xi is the mol fraction of component i, n(��i) is the number
of association sites on segment � in molecule i, and XA�i is the mole
fraction of molecule i not bonded at side A of segment � calculated
from
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In Eq. (3), �n is the number density and
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where �(�) and the pair distribution function of hard-sphere
segments ghs have been described in our previous work (Ji and
Adidharma, 2007), and
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In Eq. (6), 
� is the diameter of segment �, NAv is the Avogadro
number, and the superscript A�iB�j denotes the cross association
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parameter between site A on segment � in component i and site B
on segment � in component j.

To capture the effect of temperature on the properties of ILs,
we allow the segment energies for the groups representing cation
head and anion to be temperature-dependent with the following
expressions:

u
k

=
{
c1 + c2 · T + c3 · T2 cation head
c1 + c2 · T anion

(7)

where T is the temperature in Kelvin, and c1, c2, and c3 are coeffi-
cients.

2.2. Parameter estimation

To represent the properties of ILs with the heterosegmented SAFT,
the parameters of groups representing alkyls, cation head, and anion
are required. In the works that have been done (Wang et al., 2007;
Adidharma and Radosz, 1998), the parameters of alkyls were ap-
proximated by those of the corresponding n-alkanes, which implies
that the properties of alkyls were assumed to be the same as those
of the corresponding n-alkanes. This is of course untrue, especially
for shorter alkyls. In this paper, a method used in backbone-branch
groups approximation (Tan, 2004) is implemented to estimate the
parameters for alkyls. The parameters for groups representing cation
head and anion, including the two association parameters, are fitted
to a group of experimental IL data.

2.2.1. Parameters for alkyls
In the backbone-branch groups approximation (Tan, 2004), a

n-alkane molecule is assumed to consist of two alkyl groups, i.e., one
methyl group and the balance group, for example: ethane consists
of two methyl groups; propane consists of one methyl and one ethyl
group, n-pentane consists of one methyl and one butyl group; etc.
The sum of m of these two alkyl groups gives the effective number
of segments of the n-alkane and the sum of nB of these two alkyl
groups gives the effective number of bonds (m–1) of the n-alkane.
The m-weighted average of parameters voo, u/k, and � of these two
alkyl groups gives the parameters of the n-alkane. Thus, the param-
eters for these alkyl groups can be estimated directly from those for
n-alkanes, which are taken from our previous work (Tan et al., 2006).

Specifically, the parameters of methyl are obtained from those
of ethane. Since the ethane molecule consists of two methyl groups,
the parameters voo, u/k, and � of a methyl group are identical to
those of ethane, while its number of segments m is equal to 2

3 (the
number of segments of ethane is 4

3 ) and its bond number nB is 1
6

(the number of bonds of ethane is 1
3 ). The parameters of other alkyls

are then derived from those of methyl group and the corresponding
n-alkanes. For m and nB of alkyls, we have

m = n + 1
3

(8a)

nB = 2n − 1
6

(8b)

where n is the number of carbons. The other parameters of alkyls
obtained in this work are listed in Table 1.

We plot the parameters of voo, u/k, and � against the molecule
weight (MW), as shown in Fig. 2. As expected, the parameters are
well behaved and can be represented by the following equations:

mvoo = 0.600713MW + 2.22445 (9a)

m
u
k

= 6.72171MW + 29.6527 (9b)

m� = 0.0377047MW + 0.48767 (9c)

Table 1
Parameters voo , u/k, and � for alkyls.

n MW (g/mol) voo (cm3/mol) u/k (K) �

1 15.035 16.9740 194.6721 1.5628
2 29.062 19.7362 227.0978 1.5666
3 43.088 21.1998 238.8779 1.5846
4 57.115 21.8387 247.2764 1.5897
5 71.142 22.4333 253.2574 1.5897
6 85.169 22.8280 256.9062 1.5910
7 99.196 23.1253 259.1726 1.5926
8 113.222 23.4905 262.1160 1.5908
9 127.249 23.4833 267.4389 1.5832
11 155.303 23.9364 271.5238 1.5802
13 183.356 24.1598 271.7395 1.5829
15 211.410 24.1988 271.0103 1.5872
19 267.517 24.4288 273.4217 1.5865
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Fig. 2. The parameters for alkyls as functions of molecular weight. �, values listed
in Table 1;—, Eq. (9).

These equations provide a basis for estimating parameters for longer
alkyls.

2.2.2. Parameters for groups representing cation head and anion
The parameters for groups representing cation head and anion,

including the two association parameters, are fitted to a group of
experimental IL data. At the temperature and pressure of interest,
most of ILs have very low or negligible saturation vapor pressures
and, to the best of our knowledge, no reliable experimental mea-
surements of saturation vapor pressure are available. Therefore, only
experimental liquid densities of ILs are used in parameter fitting.

The [Cnmim][Tf2N], [Cnmim][BF4], and [Cnmim][PF6] ILs are of
our interest, in this work, because their experimental liquid densities
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Table 2
Experimental data used for parameter fitting.

Ionic liquid T , K Pmax , bar ARD1 (%) ARD2 (%) Ref.

[C2mim][Tf2N] 293.15–393.15 300 0.12 0.17 Gardas et al. (2007a)
[C7mim][Tf2N] 293.15–393.15 300 0.12 0.11 Gardas et al. (2007a)
[C8mim][Tf2N] 293.15–393.15 300 0.13 0.11 Gardas et al. (2007a)

[C2mim][BF4] 293.15–393.15 300 0.22 0.21 Gardas et al. (2007a)
[C4mim][BF4] 293.15–393.15 100 0.68 0.71 Gardas et al. (2007b)

293.15–353.15 200 0.24 – Tomida et al. (2006)
298.15–398.15 400 0.24 – Tekin et al. (2007)

[C8mim][BF4] 293.15–393.15 100 0.31 0.30 Gardas et al. (2007b)

[C4mim][PF6] 293.15–353.15 200 0.09 – Tomida et al. (2006)
298.15–398.15 400 0.28 – Tekin et al. (2007)

[C6mim][PF6] 293.15–393.15 100 0.12 0.11 Gardas et al. (2007b)
293.15–353.15 200 0.10 – Tomida et al. (2007a)

[C8mim][PF6] 293.15–393.15 100 0.19 0.18 Gardas et al. (2007b)
293.15–353.15 200 0.13 – Tomida et al. (2007a)

Table 3
Parameters for imidazolium cation head (imi+), Tf2N− , BF−

4 , and PF−
6 .

imi+ Tf2N− BF−
4 PF−

6

voo (cm3/mol) 22.1794 78.7377 22.7970 34.9781
� 2.3089 1.6373 1.1014 1.1071
nB 1.2922 0 0 0
c1 (K) 1 007.7533 1 048.7711 352.2533 −344.5960
c2 −8.595206 −1.882762 −0.768297 4.477235
c3 (K−1) 0.0260940286 – – –
� (K) 1 633.7442 1 788.8889 1 208.1711 8 873.4790
104� 2.060446 2.423795 5.203447 52.882628

have been extensively investigated. For some of those ILs, several
groups of experimental data are available from different research
groups. In parameter fitting, we choose the experimental data from
the research group of Ferrira (Gardas et al., 2007a,b) because of their
extensive experimental work on the ILs of interest and the wide
temperature range of the data. For BF4 and PF6 series of ILs, the ex-
perimental data from Yokoyama group (Tomida et al., 2006, 2007a)
are included because of the wide pressure range of the data. In ad-
dition, the liquid density data for [C4mim][BF4] and [C4mim][PF6]
from Tekin et al. (2007) are also included because of the disagree-
ment between the experimental [C4mim][BF4] data of Gardas et al.
(2007b) and those of Tomida et al. (2006), and the unavailability of
experimental [C4mim][PF6] data of Ferrira and Yokoyama at tem-
peratures higher than 353.15K.

The data from Gardas et al. (2007a,b) at temperatures of 293.15,
313.15, 333.15, 353.15, and 393.15K and all the data from Tomida
et al. (2006, 2007a) and Tekin et al. (2007) are used to fit one set of
parameters for imidazolium cation head (imi+), Tf2N−, BF−

4 , and PF−
6 .

The experimental data used for parameter fitting are summarized in
Table 2. The fit results for the parameters are listed in Table 3 where
c1, c2, and c3 are the coefficients in Eq. (7). We find that Eq. (7) with
the obtained coefficients yields segment energy that is reasonable
at least from room temperature up to 450K. Of course, beyond this
temperature range, one should use Eq. (7) with care. The average
relative deviation (ARD(%) =∑N

i=1 (|�exp − �cal|/�exp)100/N where N
is the number of data points) is 0.21%. The extent of deviation at
different temperatures and pressures is shown in Fig. 3. As shown
in Fig. 3, the relative deviation is less than 0.6% for most of the data
points. The largest relative deviation is 1.08% for the data point of
[C4mim][PF6] from Tekin et al. (2007) at 398.15K and 7.3bar.

The ARD for each IL is summarized in Table 2 where ARD1 rep-
resents the deviation based on the data points used in parameter
fitting. As shown in Table 2, the ARD1 is less than 0.3% for most of
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Fig. 3. Percent relative deviation of the calculated liquid densities from the experi-
mental liquid densities used in parameter fitting.

the ILs. For [C4mim][BF4], the ARD1 based on the experimental data
of Gardas et al. (2007b) is 0.68% while it is only 0.24% based on the
experimental data of Tomida et al. (2006) and Tekin et al. (2007).
Fig. 4 shows the comparison of the calculated and experimental
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liquid densities for [C4mim][BF4] at temperatures of 293.15, 333.15,
353.15, and 393.15K where the experimental data are taken from
Gardas et al. (2007b) and Tomida et al. (2006). The experimental
data of Gardas et al. (2007b) are lower than those of Tomida et al.
(2006) and the calculated results. The calculated results agree well
with the experimental data of Tomida et al. (2006).

Fig. 5 shows the comparison of the calculated and experimental
liquid densities for [C4mim][BF4] at 298.15 and 398.15K where the
experimental data are taken from Tekin et al. (2007). At 298.15K,
the model agrees well with the experimental data. At 398.15K, the
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Fig. 6. Liquid densities of [C4mim][PF6] and [C8mim][PF6]. ©, experimental data
of Tomida et al. (2006); 	, experimental data Gardas et al. (2007b); Tomida et al.
(2007a);—, calculated results.

model shows some discrepancies at high pressures with the largest
deviation of 0.84%.

As shown in Table 2, the ARD1 of [C8mim][BF4] is not as good as
that of others. The comparison of the calculated results with the ex-
perimental data (Gardas et al., 2007b) at 293.15, 333.15, and 393.15K
is also depicted in Fig. 4. At high temperatures, the model agrees well
with the experimental data, while at low temperatures, the calcu-
lated results are lower than the experimental data with the largest
deviation of 0.61% at 293.15K and 1.0bar.

For the other ILs, the ARD1 is always less than 0.3% suggest-
ing the agreement of the model with the experimental data.
Fig. 5 also shows the comparison of the calculated and experimental
liquid densities for [C4mim][PF6] at 298.15, 348.15, and 398.15K
where the experimental data are taken from Tekin et al. (2007).
At 298.15K, the model agrees well with the experimental data. At
348.15K, the calculated results are slightly higher at low pressures
and slightly lower at high pressures than the experimental data. At
398.15K, the calculated results show obvious discrepancies at low
pressures. The deviation at 398.15K and 7.3bar is 1.08%, which is
the largest deviation for the whole data points used in parameter
fitting.

However, for the same IL, as shown in Fig. 6, themodel agreeswell
with the experimental data of Tomida et al. (2006) at temperatures
up to 353.15K and 200bar. This means that the experimental data of
Tekin et al. (2007) and Tomida et al. (2006) are inconsistent at least
around 348 to 353K. Unfortunately, there is no other experimental
data available at temperatures higher than 353.15K and, thus, we
are unable to verify the accuracy of the experimental data of Tekin
et al. (2007) at high temperatures. Fig. 6 also shows the comparison
of the calculated and experimental liquid densities for [C8mim][PF6]
at 293.15, 333.15, and 393.15K. The experimental data are from two
different research groups (Gardas et al., 2007b; Tomida et al., 2007a)
and they agree with the calculated results.

Fig. 7 shows the comparison of the calculated and experimental
liquid densities for some Tf2N series ILs. The model agrees well with
the experimental data throughout the whole range of temperature
and pressure.
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3. Model prediction

As mentioned earlier, the liquid densities for the ILs studied have
been determined extensively. Gardas et al. (2007a,b) measured the
liquid densities of imidazolium-based ILs extensively at tempera-
tures from 293.15 to 393.15K, but only data points at 293.15, 313.15,
333.15, 353.15, and 393.15K are used in parameter fitting. Themodel
with the parameters obtained is then initially used to calculate the
liquid densities at other temperatures to investigate its interpolation
capability. The calculated results are compared with the experimen-
tal data of Gardas et al. (2007a,b) at all temperatures. The average
relative deviation of this comparison is given in Table 2 as ARD2.
ARD2s have similar values to ARD1s for all the investigated ILs, which
means that the model is reliable to represent the densities of these
ILs at temperatures from 293.15 to 393.15K.

For the IL series investigated in this work, the experimental liquid
densities at higher pressures have been measured by other research
groups. For [Cnmim][Tf2N] series ILs, Esperanca et al. (2006) mea-
sured the liquid densities of [C3mim][Tf2N] and [C5mim][Tf2N] at
temperatures from 298.15 to 333.15K and pressures up to 600bar.
Esperanca et al. (2008) also reported the experimental liquid den-
sities of [C6mim][Tf2N] at temperatures from 293.15 to 338.15K
and pressures up to 650bar. de Azevedo et al. (2005a) measured
the liquid densities of [C4mim][Tf2N] at temperatures of 298.15 to
328.20K and pressures up to 600bar and of [C6mim][Tf2N] at tem-
peratures of 298.15 to 333.15K and pressures up to 600bar. For all of
these experimental works, the temperature range was narrow, but th
e maximum pressure was high (up to 650bar).

The model is used to predict the liquid densities of these ILs
and compared with the experimental data. The ARD based on the
data of Esperanca et al. (2006) is 0.17% and 0.16% for [C3mim][Tf2N]
and [C5mim][Tf2N], respectively. Fig. 8 shows the experimental and
predicted liquid densities for these two ILs at temperatures of 298.15
and 333.15K and pressures up to 600bar. The comparison shows
noticeable discrepancies at high pressures. For these two ILs, the
largest deviation is 0.57% for the data point of [C3mim][Tf2N] from
Esperanca et al. (2006) at 333.15K and 600bar. The low ARD and the
results shown in Fig. 8 both demonstrate that the model is reliable
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to predict the liquid densities for these two ILs at pressures up to
600bar.

Fig. 9 illustrates the comparison of the predicted results with the
experimental data of de Azevedo et al. (2005a) for [C4mim][Tf2N] and
[C6mim][Tf2N] at several temperatures and pressures up to 600bar.
The corresponding ARD s for [C4mim][Tf2N] and [C6mim][Tf2N]
are 0.19% and 0.30%, respectively. The result for [C6mim][Tf2N] at
298.15K and 600bar shows the largest deviation with a value of
0.70%. The comparison of the predicted results with the experimen-
tal data of Esperanca et al. (2008) for [C6mim][Tf2N] up to 650bar
is also performed. The ARD is 0.23% with the maximum deviation
of 0.73% at 293.15K and 650bar. Therefore, throughout the whole
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Table 4
ARDs of the predicted liquid densities of ILs.

Ionic liquid T , K Pmax , bar ARD (%) Ref.

[C2mim][Tf2N] 293–415 400 0.24 Jacquemin et al. (2007)
[C3mim][Tf2N] 298.15–333.15 600 0.17 Esperanca et al. (2006)
[C4mim][Tf2N] 293–415 400 0.31 Jacquemin et al. (2007)

298.15–328.20 591 0.19 de Azevedo et al. (2005a)
[C5mim][Tf2N] 298.15–333.15 600 0.16 Esperanca et al. (2006)
[C6mim][Tf2N] 298.15–333.15 600 0.30 de Azevedo et al. (2005a)

293.15–338.15 650 0.23 Esperanca et al. (2008)

[C4mim][BF4] 293–415 400 0.88 Jacquemin et al. (2007)
298–333 600 0.52 de Azevedo et al. (2005b)

[C4mim][PF6] 295–335 200 0.08 Tomida et al. (2007b)
293–415 400 0.24 Jacquemin et al. (2007)

[C6mim][PF6] 295–335 200 0.10 Tomida et al. (2007b)
[C8mim][PF6] 295–335 200 0.11 Tomida et al. (2007b)
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Fig. 10. Liquid densities at 400bar. �: experimental data of Jacquemin et al. (2007);—,
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temperature and pressure range, the model agrees well with the
experimental data, which again verifies the reliability of the model
prediction at pressures up to 650bar.

Jacquemin et al. (2007) measured the liquid densities of
[C2mim][Tf2N] and [C4mim][Tf2N] at temperatures from 293 to
415K and pressures up to 400bar. The model is used to predict the
liquid densities and the result is compared with this group of data
to verify the model prediction at higher temperatures. Table 4 lists
the ARD s of these two ILs, i.e., 0.24% and 0.31% for [C2mim][Tf2N]
and [C4mim][Tf2N], respectively. Fig. 10 shows the model predic-
tion at 400bar. The model represents the experimental data well
throughout the whole temperature range and captures the effect of
temperature and alkyl types on the liquid densities of these ILs.

Liquid densities of [C4mim][BF4] also have been measured in
other research groups. de Azevedo et al. (2005b) measured the liq-
uid densities of [C4mim][BF4] at temperatures from 298 to 333K and
pressures up to 600bar, and Jacquemin et al. (2007) measured the
liquid densities of the same IL at temperatures from 293 to 415K and
pressures up to 400bar. The comparison of the predicted results with
these two groups of experimental data is performed and the ARDs are
also summarized in Table 4. The comparison with the experimental
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data of de Azevedo et al. (2005b) at 298.15 and 332.73K and pres-
sures up to 600bar is depicted in Fig. 5. The model agrees well with
the experimental data of de Azevedo et al. (2005b) at 332.73K, but
not at 298.15K; the experimental data of de Azevedo et al. (2005b)
at 298.15K are slightly lower than those of Tekin et al. (2007), which
agrees well with the model. The comparison of the predicted results
with the experimental data of Jacquemin et al. (2007) at 400bar is
also depicted in Fig. 10. Again, the model is consistent with the ex-
perimental data at temperatures up to 415K.

For [Cnmim][PF6] series ILs, Jacquemin et al. (2007) measured
liquid densities of [C4mim][PF6] at temperatures up to 415K. The
ARD of the predicted liquid densities of this IL is summarized in
Table 4. Fig. 10 also shows the comparison of the predicted re-
sults with the experimental data of Jacquemin et al. (2007) for
[C4mim][PF6] at 400bar with good agreement. Along with the re-
sults for [C4mim][Tf2N] and [C4mim][BF4], the effect of anion on liq-
uid densities can be observed in that figure. Tomida et al. (2007b)
measured the liquid densities of [C4mim][PF6], [C6mim][PF6], and
[C8mim][PF6] at temperatures from 295 to 335K and pressures up
to 200bar. The comparisons with the predicted results at 295 and
335K are shown in Fig. 11 with very good agreement. The ARD s for
these three ILs are 0.08, 0.10 and 0.11%, respectively.

4. Conclusion

Heterosegmented statistical associating fluid theory is used to
represent the density of ionic liquid. Ionic liquid molecule is divided
into several groups representing the alkyls, cation head, and anion.
The cation of ionic liquid is modeled as a chain molecule that consists
of one spherical segment representing the cation head and groups
of segments of different types representing different substituents
(alkyls). The anion of ionic liquid is modeled as a spherical segment
of different type. To account for the electrostatic/polar interaction
between the cation and anion, the spherical segments representing
cation head and anion each have one association site, which can
only cross associate to each other. Each group has five parameters,
i.e. segment number m, segment volume voo, segment energy u/k,
the reduced range of the potential well �, and group bond number
nB. In addition to these five parameters, the groups representing
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cation head and anion also have two association parameters, i.e., the
well depth of the association site-site potential � and the parameter
related to the volume available for bonding �.

The parameters of alkyls are obtained from those of the corre-
sponding n-alkanes by implementing a method used in backbone-
branch groups approximation. The parameters of alkyls are found to
be well behaved and well represented by simple equations, which
provide a basis for estimating parameters for longer alkyls. The pa-
rameters of the groups representing cation head and anion, including
the two association parameters, are fitted to a group of experimen-
tal IL data. The segment energy parameters for the cation head and
anion are allowed to vary with temperatures.

The performance of the model is examined by describing the
densities of three important series of imidazolium-based ILs, i.e.,
[Cnmim][Tf2N], [Cnmim][BF4], and [Cnmim][PF6]. From experimental
data, the density of these ILs increases with decreasing temperature,
decreasing carbon number in alkyls, and increasing pressure, but the
effect of pressure is much less than that of temperature. With a set
of parameters for alkyls, imidazolium cation head, Tf2N−, BF−

4 , and
PF−

6 , the model is found to well represent the densities of these ILs
from 293.15 to 415K and up to 650bar, and well capture the effects
of temperature, pressure, and alkyl types on density.

Acknowledgment
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