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Abstract

An extension of the Ye and Shreeve group contribution method [C. Ye, J.M. Shreeve, J. Phys. Chem. A 111 (2007) 1456–1461] for the estimation
of densities of ionic liquids (ILs) is here proposed. The new version here presented allows the estimation of densities of ionic liquids in wide ranges
of temperature and pressure using the previously proposed parameter table. Coefficients of new density correlation proposed were estimated using
experimental densities of nine imidazolium-based ionic liquids. The new density correlation was tested against experimental densities available in
literature for ionic liquids based on imidazolium, pyridinium, pyrrolidinium and phosphonium cations. Predicted densities are in good agreement
with experimental literature data in a wide range of temperatures (273.15–393.15 K) and pressures (0.10–100 MPa). For imidazolium-based ILs,
the mean percent deviation (MPD) is 0.45% and 1.49% for phosphonium-based ILs. A low MPD ranging from 0.41% to 1.57% was also observed
for pyridinium and pyrrolidinium-based ILs.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Ionic liquids (ILs) are a combination of bulky, asymmetric
N-containing organic cations (e.g., imidazole, pyrrole, pyridine,
etc.) and anions of wide variety, ranging from simple inorganic
ions (e.g., halides) to more complex organic species (e.g., tri-
flate). Since a large number of cationic and anionic structures

Abbreviations: IL, ionic liquid; PVT, pressure, volume and temperature; EOS, equation-of-state; AAV, average atom volume; MPD, mean percent
deviation; [C2mim][NTf2], 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide; [C3mim][NTf2], 1-propyl-3-methylimidazolium bis(trifluoromethyls-
ulfonyl)imide; [C4mim][NTf2], 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide; [C5mim][NTf2], 1-pentyl-3-methylimidazolium bis(trifluoro-
methylsulfonyl)imide; [C6mim][NTf2], 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide; [C7mim][NTf2], 1-heptyl-3-methylimidazolium bis(tri-
fluoromethylsulfonyl)imide; [C8mim][NTf2], 1-octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide; [C10mim][NTf2], 1-decyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide; [C2mim][BF4], 1-ethyl-3-methylimidazolium tetrafluoroborate; [C4mim][BF4], 1-butyl-3-methylimidazolium tetrafluo-
roborate; [C8mim][BF4], 1-octyl-3-methylimidazolium tetrafluoroborate; [C4mim][PF6], 1-butyl-3-methylimidazolium hexafluorophosphate; [C6mim][PF6],
1-hexyl-3-methylimidazolium hexafluorophosphate; [C8mim][PF6], 1-octyl-3-methylimidazolium hexafluorophosphate; [C4mim][C(CN)3], 1-butyl-3-
methylimidazolium tricyanomethane; [C4mim][MeSO4], 1-butyl-3-methylimidazolium methylsulphate; [(C6H13)3P(C14H29)][NTf2], trihexyl(tetradecyl)
phosphonium bis[(trifluoromethyl) sulfonyl]imide; [(C6H13)3P(C14H29)][Cl], trihexyl(tetradecyl) phosphonium chloride; [(C6H13)3P(C14H29)][Ac], tri-
hexyl(tetradecyl) phosphonium acetate; [C2py][NTf2], 1-ethylpyridinium bis[(trifluoromethyl) sulfonyl]imide; [C2py][BF4], 1-ethylpyridinium tetrafluoroborate;
[C4py][BF4], 1-butylpyridinium tetrafluoroborate; [C4mpy][BF4], 1-butyl-4-methyl pyridinium tetrafluoroborate; [C4mpyr][NTf2], 1-butyl-1-methyl pyrrolidinium
bis[(trifluoromethyl) sulfonyl]imide.

∗ Corresponding author. Tel.: +351 234 370200; fax: +351 234 370084.
E-mail address: jcoutinho@dq.ua.pt (J.A.P. Coutinho).

combinations are possible it is impossible to measure the ther-
mophysical properties for all conceivable ionic liquids. During
the last few years, measurements of the thermophysical and ther-
modynamic properties of ILs have increased remarkably but they
are by no means exhaustive [1–34]. Although experimental mea-
surements are available for common fluids, experimental data for
many new fluids of industrial interest are non-existent or tend
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to be restricted to limited regions of the phase diagram. It is
necessary to accumulate a sufficiently large data bank on the
fundamental physical and chemical properties of ILs, not only
for process and product design, but also for the development of
adequate correlations and predictive methods for the estimation
of these properties in wide ranges of pressure and temperature.

The relationship between pressure, volume and temperature
is one of the most fundamental and useful from both a theoretical
and a practical standpoint. PVT data are particularly important to
describe the thermodynamic behavior of fluids and are important
for efficient design of chemical products and processes.

The two most commonly used methods of calculating PVT
properties are equation-of-state (EOS) and PVT correlations.
The EOSs are computationally demanding, in particular for
complex fluids, where they require adequate knowledge and
representation of the molecular interactions. On the other hand,
PVT correlations involve simple mathematical computations and
they only require readily available experimental data for a small
number of representative compounds.

Several researchers [35–40] proposed different types of
parameters for atoms or groups for the density estimation of neu-
tral molecules by group contribution. Hofmann [41] achieved the
same by the average atom volume (AAV) method. Density of
both neutral molecule as well as ionic species can be computed
by high-level ab initio calculations [42,43] which are very expen-
sive and time-consuming. Rebelo and co-workers [12,13,44,45]
have proposed a simple model for ILs molar volume prediction,
where the molar volume of a given ionic liquid is considered as
the sum of the effective molar volumes occupied by the cation
and the anion. Using this approach, for a given IL knowing
the effective size of the anion it is possible to determine the
molar volume of the cation and vice versa. Moreover, it was
verified that there is a proportional increment with the methyl
groups and that is irrespective to the anion identity. Thus, it was
possible to use the molar volumes presented by Rebelo and co-
workers [12,13,44,45] for the estimation of the volume of a new
anion or cation group. This method has been applied by us to
describe the densities of ionic liquids measured at our laboratory
[34,46]. On the development of Rebelo’s approach Jacquemin
[47] also proposed a group contribution method for the ionic
liquids density.

In 1999 Jenkins and Roobottom [48] proposed a predictive
method for lattice potential energies/enthalpies of ionic solids.
They developed an approach to estimate thermochemical radius
and close packed single ion volume data for ions for which no
salts have yet been prepared, by virtue of the extended database
of ion parameters which they provided. The capability of pre-
diction of the molecular (formula unit) volume of new and as
yet unprepared materials by combination of single ion volumes
can also provide an estimate of the density of that material, con-
sidering the fact that effective close-packing ion volumes are
additive. Thus the density may be estimated by

ρ = W

NV
(1)

where ρ is the density in kg m−3, W is the molar mass in
kg mol−1, N is the Avogadro constant and V is the molecular

volume of the salt, in m3 molecule−1 unit, which is assumed as
the linear sum of the volumes of cation (V+) and anion (V−).

This method was recently extended to ionic liquids by Ye and
Shreeve [49] with success but limited to the estimation of densi-
ties at atmospheric pressure and room temperature. Based on this
approach it is here proposed an extension of the Ye and Shreeve
group contribution method for the estimation of ionic liquids
densities in a wide range of temperatures (273.15–393.15 K)
and pressures (0.10–100 MPa).

A limited amount of literature data is available on densities of
ILs binary mixtures [50–52] and they show that the ILs mixtures
studied can be considered as quasi-ideal mixtures. Therefore the
ability of the density model here proposed will be evaluated for
the estimation of the density of homogeneous binary mixtures of
ILs having same cation or anion by comparison with available
literature values.

2. Discussion

Most of the ionic liquids are based on imidazolium,
phosphonium, pyridinium, pyrrrolidinium and tetraalkylam-
monium cations with anions, such as BF4

−, PF6
−, (bis(tri-

fluoromethanesulfonyl) amide (NTf2
−) and so forth. Therefore,

combining the known volumes of cations with the volumes of
other functional groups, it is a very convenient way to derive
the molecular volume of the various substituted imidazolium,
phosphonium, pyridinium or pyrrrolidinium-based ionic liquids.

Recently Ye and Shreeve [49] proposed of group addivity
method for the estimation of densities of room-temperature ionic
liquids (RTILs) and salts. They estimated the density by using
Eq. (1) and for that purpose molecular volumes are either calcu-
lated following Jenkins’ procedure described above, or directly
taken from literature [45]. Eq. (1) can be used to estimate the den-
sities of a broad range of ionic liquids with a good accuracy but its
application is restricted to 298.15 K and atmospheric pressure.
This model is here extended to make it valid for a wide range of
temperatures (273.15–393.15 K) and pressures (0.10–100 MPa),
as described below.

The isothermal compressibility, κT, is defined as

κT = − 1

V

(
∂V

∂P

)
T

(2)

and the isobaric expansivity, αP is defined as

αP = 1

V

(
∂V

∂T

)
P

(3)

Combining the pressure and temperature dependence of the
molecular volume and integrating this equation the dependency
of the molecular volume in pressure and temperature is obtained
as

V = V0 e(x+αPT+κT P) (4)

where V0 is constant and x is equal to −(αPT0 + κTP0).
Expanding Eq. (4) in a Taylor series and retaining just the

first members of the series Eq. (4) is simplified on

V = V0(a + bT + cP) (5)
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where V0 is the molecular volume at the reference temperature
(T0) and pressure (P0) in m3 molecule−1, whereas the coeffi-
cients a are (1 + x), b is αP and c is κT. The b and c constants will
be taken as ionic liquid independent as the αP and κT for most
of the ionic liquids investigated seem to have a fairly constant
value.

Using Eq. (5), it is possible to obtain a pressure and temper-
ature dependent version of Eq. (1):

ρ = W

NV0(a + bT + cP)
(6)

The coefficients a, b and c can be estimated by fitting Eq. (6)
to experimental data. Here they were estimated by correlating
the experimental densities of nine ILs previously measured by
us [34,46] covering the density range (986.7–1547.1 kg m−3),
temperature range (293.15–393.15 K) and pressure range

Fig. 1. Relative deviations between the calculated and experimental den-
sity data as a function of temperature: (a) [C2mim][NTf2]: (�) at 0.10 MPa,
(�) at 10.00 MPa, (�) at 30.00 MPa; [C7mim][NTf2]: (*) at 0.10 MPa, (©)
at 10.00 MPa, ( ) at 30.00 MPa; [C8mim][NTf2]: (+) at 0.10 MPa, (×)
at 10.00 MPa, (−) at 30.00 MPa; [C2mim][BF4]: (♦) at 0.10 MPa, (�) at
10.00 MPa, (—) at 30.00 MPa; [C4mim][C(CN)3]: (×) at 0.10 MPa, (+) at
10.00 MPa, (�) at 30.00 MPa. (b) [C4mim][BF4]: (�) at 0.10 MPa, (�) at
10.00 MPa; [C8mim][BF4]: (�) at 0.10 MPa, (♦) at 10.00 MPa; [C6mim][PF6]:
(�) at 0.10 MPa, (�) at 10.00 MPa; [C8mim][PF6]: (+) at 0.10 MPa, (−) at
10.00 MPa.
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Table 2
Prediction of densities of imidazolium-based ionic liquids

Ionic liquid W (g mol−1) Volume (Å3) Temperature range
(K)

Pressure range
(MPa)

Data points Mean percent
deviation (%)

Reference

Cation Anion

[C2mim][NTf2] 391.31 182 248 293.1–353.1 0.10 13 0.38 [26]
[C3mim][NTf2] 405.34 210 248 298.15–333.15 0.10–59.59 165 0.21 [13]
[C4mim][NTf2] 419.36 238 248 298.15–328.20 0.10–59.10 168 0.22 [11]
[C5mim][NTf2] 433.39 266 248 298.15–333.15 0.10–59.59 165 0.18 [13]

[C6mim][NTf2] 447.42 294 248
298.15–333.15 0.10–50.75 156 0.34 [11]
298.15–358.15 0.10 14 0.22 [16]

[C8mim][NTf2] 475.48 350 248 298.15–343.15 0.10 10 0.17 [16]
[C2mim][BF4] 197.97 182 73 293.15–323.15 0.101 07 3.56 [21]

[C4mim][BF4] 226.02 238 73
298.34–332.73 0.10–59.92 67 0.80 [10]
278.15–333.15 0.1–60.0 26 0.64 [15]
293.15–353.15 0.10–20.00 20 0.21 [23]

[C8mim][BF4] 282.13 350 73
298.2–323.2 0.10–69.39 07 2.02 [17]
273.1–363.1 0.10 13 0.44 [19]

[C4mim][PF6] 284.18 238 73

298.15–323.15 0.–100 144 1.15 [10]
298.2–323.2 0.10–69.39 06 1.39 [17]

293.15–353.15 0.10–20.00 20 0.32 [23]
283.13–343.27 0.10 13 0.07 [22]

273.1–363.1 0.10 14 0.14 [24]
298.23–353.47 0.10 10 0.14 [25]
283.15–323.15 0.10 09 0.23 [14]
289.10–309.15 0.10 11 0.34 [27]

[C6mim][PF6] 312.24 294 107 278.15–318.15 0.10 09 0.08 [28]

[C8mim][PF6] 340.29 350 107
298.2–323.2 0.10–69.73 06 1.69 [17]
273.1–363.1 0.10 13 0.11 [19]

Total 1086 0.45

(0.10–30.00 MPa) as described in detail in Table 1. A total
amount of circa 800 density data points were used. The values of
coefficient a, b and c obtained are 8.005 × 10−1 ± 2.333 × 10−4,
6.652 × 10−4 ± 6.907 × 10−7 K−1 and
−5.919 × 10−4 ± 2.410 × 10−6 MPa−1, respectively, at
95% level of confidence. The relative deviations between cal-
culated and experimental density data are presented in Fig. 1(a)
and (b). The mean percent deviation of calculated densities
from the experimental densities is 0.28%. The experimental
density (Y), for the nine ILs used to obtain coefficient a, b and
c of Eq. (6), is essentially identical to its calculated density (X):
Y = (1.0001 ± 0.0003)X (correlation coefficient: R2 = 0.9989, at
95% level of confidence).

For the density calculation, volume parameters of ions and
groups were directly taken from literature [48], except for two
anions, [C(CN)3]− and [CH3CO2]−. Following Jenkins’ proce-
dure [48], volume of anion, [C(CN)3]−, is estimated as 123 Å3

from the values of [C(NO2)3]− (141 Å3), NO2 (36 Å3) and
CN (30 Å3), and volume of anion, [CH3CO2]−, is estimated
as 85.5 Å3 from [CF3CO2]− (141 Å3), F (12.5 Å3) and H(5 Å3).

Experimental densities available in literature for ILs based
on imidazolium, pyridinium, pyrrolidinium and phosphonium-
based ionic liquids, were predicted by using Eq. (6). Predicted
densities are in good agreement with experimental literature
data. Table 2 shows predicted densities with the mean percent
deviation (MPD) of 1086 data points of total 12 imidazolium-

Table 3
Prediction of densities of phosphonium, pyridinium and pyrrolidinium-based ionic liquids

Ionic liquid W (g mol−1) Volume (Å3) Temperature range
(K)

Pressure range
(MPa)

Data points Mean percent
deviation (%)

Reference

Cation Anion

[(C6H13)3P(C14H29)][NTf2] 764.01 947 248 298.15–333.43 0.21–65.01 126 0.24 [12]
[(C6H13)3P(C14H29)][Cl] 519.32 947 47 298.13–333.14 0.19–65.00 134 2.43 [12]
[(C6H13)3P(C14H29)][Ac] 542.91 947 85.5 298.15–334.11 0.21–65.01 144 1.69 [12]
[C2py][NTf2] 388.31 174 248 298.15–333.15 0.10 08 0.43 [20]
[C2py][BF4] 194.97 174 73 293.1 0.10 01 1.14 [53]
[C4py][BF4] 223.02 230 73 298.2–323.2 0.10–71.46 06 1.57 [17]
[C4mpy][BF4] 237.05 258 73 298.15–323.15 0.101 05 0.62 [18]
[C4mpyr][NTf2] 422.41 253 248 298.15–348.15 0.10 11 0.41 [16]

Total 435 1.43
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based ILs containing NTf2
−, BF4

− and PF6
− anions.

The mean percent deviation (MPD) was defined as

MPD (%) = 100 × ∑Np
i=1|(ρcal − ρexp)/ρexp|i

Np
(7)

where Np represents the number of data points.
The experimental densities (Y) of imidazolium-based ILs

containing NTf2
−, BF4

− and PF6
− anions display a very

good agreement with corresponding predicted densities (X)
from Eq. (6): Y = (0.9968 ± 0.0004)X (correlation coefficient:
R2 = 0.9903, at 95% level of confidence). For 12 imidazolium-
based ILs, from Rebelo and co-workers [10,11,13–15],
Gmehling and co-workers [16,26], Harris et al. [19,24], Gu and
Brennecke [17], Zhang et al. [21], Jacquemin et al. [22], Tomida
et al. [23], Kabo et al. [25], Kumelan et al. [27] and Pereiro et
al. [28], the MPD is 0.48%; 42.6% of the estimated densities
were within absolute deviation of 0.00–0.20, 27.1% were within
0.201–0.40, 11.0% were within 0.401–0.60, 8.0% were within
0.601–1.00, 7.5% were within 1.001–2.00 and only 3.9% were
within 2.001–3.78.

Predicted densities with the mean percent deviation (MPD)
of phosphonium, pyridinium and pyrrolidinium-based ILs
are shown in Table 3. The experimental densities (Y) of
phosphonium-based ILs containing NTf2

−, Cl− and CH3CO2
−

anions display a very good relationship with corresponding
predicted densities (X) from Eq. (6): Y = (1.0133 ± 0.0010)X
(correlation coefficient: R2 = 0.9874, at 95% level of con-
fidence). For phosphonium-based ILs, from Rebelo and
co-workers [12], the MPD is 1.49%; 8.2% of the estimated den-
sities were within absolute deviation of 0.00–0.20, 23.0% were
within 0.201–0.40, 37.4% were within 0.401–2.00 and 31.4%
were within 2.001–2.61. The low MPD ranging from 0.41%
to 1.57% was also observed for pyridinium and pyrrolidinium-
based ILs. It is also shown in Fig. 2 that the experimental
densities of ILs, containing imidazolium, pyridinium, pyrroli-
dinium and phosphonium cations, display a very good linear
relationship with the corresponding predicted densities.

Fig. 2. Experimental densities vs. calculated densities of ionic liquids: (a) (×)
imidazolium cation; (b) (�) pyridinium, (�) pyrrolidinium, and (+) phospho-
nium cations.

Torres [50] was the first to show that homogeneous binary
mixtures of ionic liquids can be considered ideal. The experi-
mental data of Lopes et al. [51] and Navia et al. [52] further
confirmed that densities of homogeneous binary mixtures of
ILs having same cation or anion do not deviate significantly
from the ideal mixture and can be consider as quasi-ideal mix-
ture. The proposed model was here evaluated for the estimation

Table 4
Density prediction of binary mixtures of imidazolium-based ionic liquids having common anion or cation

Binary mixture Temperature range (K) Data points Mean percent deviation (%) Reference

Binary mixtures of ILs having common anion
[C6mim][BF4] + [C2mim][BF4] 298.15–308.15 135 1.24 [52]
[C6mim][BF4] + [C4mim][BF4] 298.15–308.15 108 0.60 [52]
[C2mim][NTf2] + [C10mim][NTf2] 298.15–333.15 14 2.63 [51]
[C4mim][NTf2] + [C10mim][NTf2] 298.15–333.15 08 2.09 [51]
[C6mim][NTf2] + [C10mim][NTf2] 298.15–333.15 14 1.62 [51]
[C8mim][NTf2] + [C10mim][NTf2] 298.15–333.15 06 2.08 [51]
[C4mim][NTf2] + [C8mim][NTf2] 298.15–333.15 08 0.64 [51]
[C2mim][NTf2] + [C8mim][NTf2] 298.15–333.15 10 1.01 [51]

Binary mixtures of ILs having common cation
[C4mim][MeSO4] + [C4mim][BF4] 298.15–308.15 144 1.28 [52]

[C4mim][PF6] + [C4mim][BF4]
298.15–308.15 126 0.14 [52]
298.15–333.15 10 0.13 [51]

[C4mim][PF6] + [C4mim][NTf2] 298.15–333.15 10 0.16 [51]
[C4mim][BF4] + [C4mim][NTf2] 303.15–333.15 16 0.79 [51]
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of densities of mixtures of ionic liquids by comparing its pre-
dictions with the data by Lopes et al. [51] and Navia et al.
[52]. The deviations between the estimated densities and the
literature data [51,52] at 298.15 K are reported in Table 4 and
deviations at other temperatures are of similar. The predicted
densities for mixtures of ionic liquids are thus in good agree-
ment with experimental data showing that the model can provide
a good estimate for densities of mixtures as for pure ionic liq-
uids.

3. Conclusions

The Ye and Shreeve’s group contribution method for estima-
tion of ionic liquids densities was here successfully extended
to predict densities of ILs for a wide range of temperature
(273.15–393.15 K) and pressure (0.10–100 MPa). The validity
of this new method was checked by predicting experimental den-
sities available in literature, 1521 data points, of ionic liquids
based on imidazolium, pyridinium, pyrrolidinium and phospho-
nium cations. For 12 imidazolium-based ILs, the mean percent
deviation (MPD) is 0.45% and for phosphonium-based ILs, the
MPD is 1.49%. The low MPD ranging from 0.41% to 1.57%
was also observed for pyridinium and pyrrolidinium-based ILs.
Predicted densities of pure and homogeneous binary mixtures
of ILs having same cation or anion are in good agreement with
available experimental literature values.

List of symbols
a, b, c coefficients of density correlation
Np number of data points
P pressure
T temperature
V molecular volume
V+ volume of cation
V− volume of anion
W molar mass

Greek letters
αP thermal expansivity
κT isothermal compressibility
ρ density

Subscripts
cal calculated property
exp experimental property
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