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Abstract
Ionic liquids (ILs) have attracted large amount of interest due to their unique properties. Although large effort has been focused on the investigation
of their potential application, characterization of ILs properties and structure–property relationships of ILs are poorly understood. Computer aided
molecular design (CAMD) of ionic liquids (ILs) can only be carried if predictive computational methods for the ILs properties are available. The
limited availability of experimental data and their quality have been preventing the development of such tools. Based on experimental surface
tension data collected from the literature and measured at our laboratory, it is here shown how a quantitative structure–property relationship (QSPR)
correlation for parachors can be used along with an estimation method for the densities to predict the surface tensions of ILs. It is shown that a good
agreement with literature data is obtained. For circa 40 ionic liquids studied a mean percent deviation (MPD) of 5.75% with a maximum deviation
inferior to 16% was observed. A correlation of the surface tensions with the molecular volumes of the ILs was developed for estimation of the
surface tensions at room temperature. It is shown that it can describe the experimental data available within a 4.5% deviation. The correlations here
developed can thus be used to evaluate the surface tension of ILs for use in process design or in the CAMD of new ionic liquids.
© 2008 Elsevier B.V. All rights reserved.
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IL, ionic liquid; CAMD, computer aided molecular design; QSPR, quantitative structure–property relationship; MPD, mean
percentage deviation; TSIL, task-specific ionic liquid; OF, objective function; [Cn mim]+ , 1-alkyl-3-methylimidazolium cation; [C4 mim][BF4 ], 1butyl-3-methylimidazolium tetrafluoroborate; [C5 mim][BF4 ], 1-pentyl-3-methylimidazolium tetrafluoroborate; [C8 mim][BF4 ], 1-octyl-3-methylimidazolium
tetrafluoroborate; [C4 mim][PF6 ], 1-butyl-3-methylimidazolium hexafluorophosphate; [C5 mim][PF6 ], 1-pentyl-3-methylimidazolium hexafluorophosphate;
[C6 mim][PF6 ], 1-hexyl-3-methylimidazolium hexafluorophosphate; [C7 mim][PF6 ], 1-heptyl-3-methylimidazolium hexafluorophosphate; [C8 mim][PF6 ], 1-octyl3-methylimidazolium hexafluorophosphate; [C9 mim][PF6 ], 1-nonyl-3-methylimidazolium hexafluorophosphate; [C4 mmim][PF6 ], 1,3-dimethylimidazolium hexafluorophosphate; [C2 mim][EtSO4 ], 1-ethyl-3-methylimidazolium ethylsulphate; [C4 mim][MeSO4 ], 1-butyl-3-methylimidazolium methylsulphate; [C4 mim][TfO],
1-butyl-3-methylimidazolium trifluoromethansulphonate; [C8 mim][Cl], 1-octyl-3-methylimidazolium chloride; [C4 mim][I], 1-butyl-3-methylimidazolium
iodide; [C6 mim][I], 1-hexyl-3-methylimidazolium iodide; [C4 mim][I3 ], 1-butyl-3-methylimidazolium triiodide; [C2 mim][Tf2 N], 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide; [C3 mim][Tf2 N], 1-propyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide; [C4 mim][Tf2 N], 1-butyl-3methylimidazolium bis(trifluoromethylsulfonyl)imide; [C5 mim][Tf2 N], 1-pentyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide; [C6 mim][Tf2 N], 1-hexyl3-methylimidazolium bis(trifluoromethylsulfonyl)imide; [C7 mim][Tf2 N], 1-heptyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide; [C8 mim][Tf2 N], 1octyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide; [C9 mim][Tf2 N], 1-nonyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide; [C10 mim][Tf2 N],
1-decyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide; [C4 mim][AlCl4 ], 1-butyl-3-methylimidazolium tetrachloroalluminate; [C5 mim][AlCl4 ], 1-pentyl3-methylimidazolium tetrachloroalluminate; [C2 mim][FeCl4 ], 1-ethyl-3-methylimidazolium tetrachloroironate; [C4 mim][FeCl4 ], 1-butyl-3-methylimidazolium
tetrachloroironate; [C2 mim][GaCl4 ], 1-ethyl-3-methylimidazolium tetrachlorogallate; [C4 mim][GaCl4 ], 1-butyl-3-methylimidazolium tetrachlorogallate;
[C5 mim][GaCl4 ], 1-pentyl-3-methylimidazolium tetrachlorogallate; [C6 mim][GaCl4 ], 1-hexyl-3-methylimidazolium tetrachlorogallate; [C2 mim][InCl4 ], 1ethyl-3-methylimidazolium tetrachloroindate; [C4 mim][InCl4 ], 1-butyl-3-methylimidazolium tetrachloroindate; [C5 mim][InCl4 ], 1-pentyl-3-methylimidazolium
tetrachloroindate; [C6 mim][InCl4 ], 1-hexyl-3-methylimidazolium tetrachloroindate.
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1. Introduction
Ionic liquids (ILs) are a fascinating group of green chemicals
with the potential to improve development in organic chemistry and chemical technology. Chemical engineers have been
developing ILs to replace conventional volatile organic solvents
that contribute to serious air pollution. The rapid growth in IL
literature shows that they attract much attention as negligible
vapour pressure alternatives to traditional organic solvents [1–4].
Currently, the interest in ionic liquids can be divided into two categories: the investigation of the usefulness and application of ILs
in various fields, and the characterization of the ILs properties
aiming at the development of structure–property relationships
that may be used for their design. So far, most effort in ILs has
been focused on the investigation of their potential applications,
such as new media for chemical synthesis [5–9], biocatalysis
[10,11], separation science [12,13], and nanomaterial technologies [14], and as solvent- free electrolytes for electrochemical
devices and processes [15–18]. The most widely studied ILs are
comprised of bulky, asymmetric N-containing organic cations
(e.g., imidazole, pyrrole, pyridine, . . .) in combination with any
wide variety of anions, ranging from simple inorganic ions (e.g.,
halides) to more complex organic species (e.g., triflate). Asymmetry of the ions is believed to be responsible for the low melting
points of ionic liquids [19]. The nature of the anion is considered
to be primarily responsible for many of the physical properties
of ionic liquids, such as their miscibility with conventional solvents and hygroscopicity [20]. Changes in the cation and anion
combinations or the nature of the moieties attached to each ion
allow the physical properties of ionic liquids such as hydrophobicity, viscosity, density, coordinating ability, ion selectivity, and
chemical and electrochemical stability, to be tailored for specific applications, as largely manifested by the task-specific ionic
liquids (TSILs) [9].
The versatility of IL has driven increasing interest in using
them in extraction and multiphasic homogeneous catalytic reactions [6,21–27] where one phase is chosen to dissolve the catalyst
and be immiscible, and the second phase contains the reactant
and products. Such processes occur at the interface between
the IL and the overlying aqueous or organic phase, and are
dependent on the access of the material to the surface and the
transfer of material across the interface. A clearer understanding of the mechanisms behind these processes requires a more
detailed examination of the surface properties of the ionic liquids.
The surface tension is an important property in the study
of physics and chemistry at free surfaces. It affects the transfer rates of vapour absorption where a vapour–liquid interface
exists. Such data are of importance to scientists, engineers,
and practitioners in many fields such as chemical process
and reactor engineering, flow and transport in porous media,
materials selection and engineering, biomedical and biochemical engineering, electronic and electrical engineering, etc.
The surface of a liquid is not only interesting for the fundamental aspect but also for its relevance in environmental
problems, biological phenomena, and industrial applications
[28,29].

Experimental data for surface tensions of ionic liquids are
very scarce and limited to imidazolium based ionic liquids.
When developing ionic liquids for a given purpose if experimentally measured surface tension data are not available, theoretical
or empirical methods must be used to establish if the surface tensions are within acceptable limiting values defined in the design
specifications. For this purpose prediction methods for surface
tension of ILs are required.
While much work has been devoted to the wide range of
applications of ILs, the basic understanding and study of their
structure–property relationships is of equivalent importance but
has lagged behind. Very few works have systematically studied the qualitative and/or quantitative relationships between
the structures of ILs and their fundamental properties, such
as melting point, viscosity, density, thermal and electrochemical stability, solvent properties, and surface tension [30–39].
To better understand the nature of ionic liquids and rationally
expand their applications, knowledge of their physical properties
is required. At present, however, data for many other physicochemical properties of ionic liquids are in short supply, or too
unreliable to allow similar structure–property relationship studies.
Recently, Deetlefs et al. [31] attempted, with limited success
due to the lack of experimental data, to predict surface tension
of ILs using parachors and densities. Having assembled a large
database for surface tensions of ionic liquids, the QSPR (quantitative structure–property relationship) correlation of Knotts et
al. [40] for surface tensions is here extended to ionic liquids.
It will be shown that using parachors and densities predicted
from QSPR methods, it is possible to obtain good predictions
for surface tensions of ionic liquids.
2. QSPR correlation
A number of methods have been proposed to estimate the
surface tension of liquids. One of the simplest methods is the
empirical formula proposed by MacLeod [41]. It expresses the
temperature-independent relationship between density, ρ, and
surface tension, σ, Eq. (1).
σ 1/4 = K · ρ

(1)

where K is a constant which is independent of temperature. It is
a characteristic of the compound under consideration. Shortly
afterwards, Sugden [42] slightly modified MacLeod’s original
expression by multiplying each side of the expression with
molecular weight, Mw , to give a constant K × Mw , Eq. (2), which
he called the parachor, Pch , Eq. (3).
Mw · σ 1/4 = K · Mw · ρ
Pch = K · Mw =

Mw · σ 1/4
ρ

(2)
(3)

Sugden [42] showed that the parachor is an additive property
and the parachor of a compound can be expressed as the sum of
its parachor contributions. From the parachors it is possible to
predict the surface tension of a compound from the knowledge of
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its density and vice versa, provided of course, that the parachor
itself can be calculated as the link for the estimations.
Mumford and Phillips [43], and Quayle [44] improved
Sugden’s parachor contribution values for neutral compounds.
Recently, Knotts et al. [40] developed a QSPR correlation for the
parachors using the vast amounts of physical data available for
neutral organics in the DIPPR database. In their study, Knotts
et al. [40] determined two individual parachor contribution data
sets; the first obtained using a training set containing experimental surface tension values with an uncertainty less than 5% and
the second, using surface tension data with uncertainties of less
than 1%. Deviations for multifunctional compounds of 6.5 and
8.0%, respectively, were obtained with maximum deviations of
34%. No studies were attempted to develop QSPR correlations
for ions.
Deetlefs et al. [31] attempted to use for ionic liquids the parachor correlations previously proposed by Knotts et al. [40]. They
calculated parachors of ionic liquids using the neutral parachor
contribution values and showed that the differences between
the corresponding experimental and calculated parachor values were small. Although the data available in their study was
very limited they postulated that the QSPR correlation based on
neutral species could be used for ionic liquids.
Using data measured by ourselves for a number of ionic
liquids along with a database of ionic liquids surface tensions
obtained from the literature, the QSPR correlation of Knotts et
al. will here be investigated for its ability to describe the surface
tensions of ionic liquids and will be further extended to describe
new compounds not available in the parameter table previously
proposed. Using parachors, densities in g cm−3 unit and molecular weight in g mol−1 unit, the prediction of surface tension in
m Nm−1 units for imidazolium based ionic liquids can be done
using Eq. (4),


Pch · ρ 4
σ=
(4)
Mw
The parachors used are shown in Table 1 which are calculated from Knotts et al. [40] parachor QSPR correlation using
the parameter table estimated from the second training set containing experimental surface tension values with an uncertainty
less than 1%.
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To make surface tension thoroughly predictive, by using Eq.
(4), density data are required. Since density data is not always
available, recently, we proposed an extension of the Ye and
Shreeve method [45] for the estimation of ionic liquids densities [39] in a wide range of temperatures (273.15–393.15) K and
pressures (0.10–100) MPa, according to Eq. (5) that can be used
for the estimation of the surface tensions using Eq. (4) above.
ρ=

Mw
NA · V · (a + b · T + c · P)

(5)

where ρ is the density in kg m−3 , Mw is molecular weight in
kg mol−1 , NA is the Avogadro constant, V is the molecular
volume in Å3 , T is the temperature in K and P is the pressure in
MPa. The coefficients a, b and c were estimated by fitting Eq. (5)
to our previously published experimental data [46,47]. 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% confidence level. The average percentage deviation of
calculated densities from the experimental densities is 0.29%.
The experimental density (Y), for the ILs used to obtain
coefficient a, b and c of Eq. (5), is essentially identical to its
calculated density (X): Y = (0.9998 ± 0.0003)X (correlation
coefficient: R2 = 0.9989, at 95% level of confidence). For the
density calculation, volume parameters (V) of ions and groups
were either directly taken from literature [45] or calculated
following the Jenkins’ procedure [48]. A number of groups not
previously available for some anions are reported in reference
[39]. Volume contributions for ions used are shown in Table 1.
3. Results and discussion
A database of experimental surface tension data available
in the open literature or measured at our laboratory was collected and is reported in Table 2. Unfortunately only data for
imidazolium based ionic liquids was available and thus only
the applicability of the QSPR correlations studied to imidazolium based ionic liquids could be tested. A global number
of 361 data points for 38 imidazolium based ILs containing
[BF4 ]− , [PF6 ]− , [Tf2 N]− (bis(trifluoromethylsulfonyl)imide),

Table 1
Calculated parachor ((mN m−1 )1/4 cm3 mol−1 ) and molecular volumes (Å3 ) of imidazolium based ionic liquids
Cation
mim]+

Calculated parachor

Molecular volume

Anion
]−

Calculated parachor

Molecular volume

[C2
[C3 mim]+
[C4 mim]+
[C4 mmim]+
[C5 mim]+
[C6 mim]+
[C7 mim]+
[C8 mim]+
[C9 mim]+

285.59
325.49
365.39
402.34
405.29
445.19
485.09
524.99
564.89

182
210
238
266
266
294
322
350
378

[BF4
[PF6 ]−
[MeSO4 ]−
[EtSO4 ]−
[TfO]−
[Tf2 N]−
[Cl]−
[I]−
[I3 ]−

108.11
169.23
190.21
230.11
189.84
346.27
50.98
90.82
272.46

73
107
116
144
129
248
47
72
171

[C10 mim]+

604.79

406

[AlCl4 ]−
[FeCl4 ]−
[GaCl4 ]−
[InCl4 ]−

278.89
261.47
276.97
292.78

175
170
174
185

60

Table 2
Prediction of surface tensions of imidazolium based ionic liquids
Ionic liquid

Mw (g mol−1 )

Calculated parachor ((mN m−1 )1/4 cm3 mol−1 )

Molecular volume (Å3 )

Temperature range (K)

Data points

Mean percent deviation (%)

Reference

11
6
6
4
1
1
1
1

1.65
4.56
9.85
9.61
6.61
7.77
10.23
11.89

[49]
[50]
[51]
[52]
[31]
[53]
[54]
[55]

226.03

473.50

311

[C5 mim][BF4 ]
[C8 mim][BF4 ]

240.06
282.13

513.40
633.10

339
423

278.15–338.15
293.15–343.15

13
6

2.89
13.96

[56]
[51]

11
10
6
6
1
1
1
1

5.14
6.20
2.14
2.45
2.75
3.19
4.95
9.71

[49]
[57]
[51]
[58]
[59]
[53]
[60]
[55]

[C4 mim][PF6 ]

284.18

534.62

345

288.15–336
300–390
293.15–343.15
288.15–313.15
298
298.15
298.15
298.15

[C5 mim][PF6 ]

298.21

574.52

373

298.15

1

4.49

[60]

293.15–353.15
293.15–313.15
298.15
298.15
299

7
5
1
1
1

6.38
12.95
0.15
2.96
12.36

[51]
[58]
[60]
[55]
[59]

[C6 mim][PF6 ]

312.24

614.42

401

[C7 mim][PF6 ]

326.27

654.32

429

298.15

1

14.05

[60]

5
1
1

11.93
11.48
14.85

[58]
[55]
[60]

[C8 mim][PF6 ]

340.29

694.22

457

293.15–313.15
298.15
298.15

[C9 mim][PF6 ]
[C4 mmim][PF6 ]

354.32
298.21

734.12
571.57

485
373

298.15
303.15–353.15

1
6

15.37
9.56

[60]
[51]

[C2 mim][EtSO4 ]

236.29

515.7

326

288.15–313.15
278.15–328.15

6
6

1.55
2.64

[61]
[62]

[C4 mim][MeSO4 ]
[C4 mim][TfO]
[C8 mim][Cl]
[C4 mim][I]
[C6 mim][I]
[C4 mim][I3 ]

250.32
288.29
230.78
266.13
294.17
519.92

555.60
555.23
575.97
456.21
536.01
637.85

354
367
397
279
366
409

283.15–313.15
293.15–343.15
298.15
298.15
298.45
298.35

7
6
1
1
1
1

6.41
10.46
0.16
0.13
12.69
12.85

[63]
[51]
[55]
[55]
[31]
[31]
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[C4 mim][BF4 ]

288.15–336
298.15–323.15
293.15–343.15
293–360
298.55
298.15
298.15
298.15

Table 2 (Continued )
Ionic liquid

Mw (g mol−1 )

Calculated parachor ((mN m−1 )1/4 cm3 mol−1 )

Molecular volume (Å3 )

Temperature range (K)

[C2 mim][Tf2 N]

391.32

631.86

430

293.15–343.15
302
298.15

6
1
1

5.33
1.63
9.58

[64]
[59]
[60]

[C3 mim][Tf2 N]

405.34

671.76

458

293.15–343.15
298.15

6
1

1.69
7.53

[64]
[60]

6
1
1
1
1

3.48
5.80
6.31
6.10
10.10

[51]
[31]
[55]
[60]
[59]

Data points

Mean percent deviation (%)

Reference

419.37

711.66

486

[C5 mim][Tf2 N]

433.40

751.56

514

293.15–343.15
298.15

6
1

4.97
4.54

[64]
[60]

[C6 mim][Tf2 N]

447.42

791.46

542

293.15–343.15
298.15
304

6
1
1

6.59
2.39
11.79

[64]
[60]
[59]

[C7 mim][Tf2 N]

461.45

831.36

570

293.15–353.15
298.15

7
1

7.67
9.93

[64]
[60]

[C8 mim][Tf2 N]
[C9 mim][Tf2 N]

475.48
489.51

871.26
911.16

598
626

298.15
298.15

1
1

11.81
13.20

[60]
[60]

[C10 mim][Tf2 N]

503.54

951.06

654

298.15
306

1
1

14.67
15.01

[60]
[59]

[C4 mim][AlCl4 ]

308.10

644.28

413

278.2–343.2
303.15–393.15

14
10

3.16
8.77

[65]
[66]

[C5 mim][AlCl4 ]
[C2 mim][FeCl4 ]
[C4 mim][FeCl4 ]
[C2 mim][GaCl4 ]
[C4 mim][GaCl4 ]
[C5 mim][GaCl4 ]
[C6 mim][GaCl4 ]
[C2 mim][InCl4 ]
[C4 mim][InCl4 ]
[C5 mim][InCl4 ]
[C6 mim][InCl4 ]

322.00
308.89
336.85
322.70
350.80
364.80
378.80
367.80
395.79
409.80
423.90

684.18
547.06
626.86
562.56
642.36
682.26
722.16
578.37
658.17
698.07
737.97

441
352
408
356
412
440
468
367
423
451
479

273.15–343.15
293.15–343.15
283.15–343.15
288.15–343.15
268.15–338.15
273.15–343.15
283.15–338.15
293.15–343.15
278.15–343.15
273.15–343.15
283.15–338.15

15
11
13
12
8
15
12
11
14
15
12

3.13
2.98
9.87
8.58
3.20
2.70
5.85
12.67
2.54
2.48
3.36

[67]
[68]
[69]
[70]
[71]
[67]
[72]
[73]
[74]
[67]
[75]

268.15–393.15

361

5.75

Total
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[C4 mim][Tf2 N]

293.15–343.15
298.25
298.15
298.15
303

61

62
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[TfO]− (trifluoromethanesulphonate), [MeSO4 ]− (methylsulphate), [EtSO4 ]− (ethylsulphate), [Cl]− , [I]− , [I3 ]− , [AlCl4 ]− ,
[FeCl4 ]− , [GaCl4 ]− and [InCl4 ]− as anions [31,49–75] were
used in this study. The mean percent deviation (MPD), defined
as,
Np
|(σcal − σexp )/σexp |i
MPD (%) = i=1
(6)
Np
where Np represents the number of data points that were estimated for each system and are reported in Table 2.
The predicted surface tensions (Y) of imidazolium based ILs
using the QSPR correlations studied display a good agreement
with the corresponding experimental surface tensions (X) from
Eq. (4): Y = (0.987 ± 0.004)X (at 95% level of confidence). For
the 38 ionic liquids studied the overall MPD is 5.75% with a
maximum deviation inferior to 16%, which are much lower than
the value reported by Knotts et al. [40] for multifunctional compounds in their study. From these 33.0% of the estimated surface
tensions were within absolute deviation of 0.00–3.00%, 25.2%
were within 3.001–6.00%, 24.1% were within 6.001–10.00%,
11.6% were within 10.001–13.00, and only 6.1% were within
13.001–15.58%. The deviations obtained were surprising since
the QSPR correlation for the parachors was developed for
neutral compounds and not for salts; it was thus developed without taking Columbic interactions into account. The maximum
absolute deviation observed is comparable to the deviations
between experimental data from various authors. The largest
MPD observed in this study is of 15.58% for [C8 mim][BF4 ] (1octyl-3-methylimidazolium tetrafluoroborate) from Freire et al.
[51] at 293.15 K, which is comparable to the deviations observed
of 16.98% for [C6 mim][PF6 ] (1-hexyl-3-methylimidazolium
hexafluorophosphate) at 298.15 K from Pereiro et al. [58]
and Huddleston et al. [55], 14.29% for [C4 mim][PF6 ] (1butyl-3-methylimidazolium hexafluorophosphate) at 298.15 K
from Zhang et al. [53] and Huddleston et al. [55],
12.95% for [C4 mim][Tf2 N] (1-butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide) at 298.15 K from Deetlefs
et al. [31] and Huddleston et al. [55], and 12.10 and
11.18%, respectively, for [C5 mim][Tf2 N] (1-pentyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide) and [C6 mim]
[Tf2 N] (1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide) at 298.15 K from Carvalho et al. [64] and Dzyuba
and Bartsch [60].
It is also shown in Fig. 1 that the experimental surface
tensions of ILs containing imidazolium cations, display linear
relationship with the corresponding predicted surface tensions
in m Nm−1 units using density in g cm−3 unit and molecular
weight in g mol−1 unit in Eq. (4).
To express the relationship between surface tension and temperature, Eötvös [76] suggested, in analogy with the gas law,
P·V = R·T, using the equation


Mw 2/3
= K · (Tc − T )
(7)
σ·
ρ
where K is a constant, and ρ is density in g cm−3 , Mw is molecular weight in g mol−1 and Tc is the critical temperature in K units.

Fig. 1. Linear relationship between experimental and calculated surface tensions
using Eq. (4) for imidazolium based ionic liquids.

Since the surface tension of a liquid decreases with increasing
temperature and vanishes at the critical point, Guggenheim [77]
suggested an alternate form for the temperature dependency of
the surface tension


T 1+r
σ = σ0 · 1 −
(8)
Tc
where σ 0 is a constant and the value of r is 2/9.
The critical temperature values of ILs are not available and
Eqs. (7) and (8) above could be a means to estimate them if surface tension data were available in a wide range of temperatures,
that is not the case. Taking Eq. (7) and considering the fact that
the surface enthalpy varies within a very narrow range for most
of the available ionic liquids [51,64], a new equation relating
the surface tension and the molar or molecular volume can be
proposed
 2/3
d
σ=
(9)
V
where V is the molecular volume in Å3 and its values can be
obtained from the Ye and Shreeve’s work [45] or calculated
following Jenkins’ procedure [48], and d is a constant fitted
to experimental data using the modified Levenberg–Marquardt
optimization with the following objective function (O.F.):
Np
|(σcal − σexp )/σexp |i
O.F. = i=1
(10)
Np
where Np refers to total number of experimental data points.
Experimental surface tension data available in literature at
298.15 K for the imidazolium based ionic liquids were correlated
using Eq. (9). A value of d = 2147.761 ± 18.277 (mN m−1 ) Å2
in Eq. (9), provides a mean percent deviation (MPD) of 4.50%
for the surface tensions at 298.15 K of 47 data points of a
total 22 imidazolium based ILs containing [BF4 ]− , [PF6 ]− ,
[Tf2 N]− , [TfO]− , [MeSO4 ]− , [EtSO4 ]− , [Cl]− , and [I]− as
anions [31,49,50,53–56,58–64]. The predicted surface tensions
(Y) of imidazolium based ILs display good agreement with corresponding experimental surface tensions (X) from Eq. (10):
Y = (0.987 ± 0.008)X (at 95% level of confidence). 17.0% of
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Fig. 2. Linear relationship between experimental and calculated surface tensions
using Eq. (9) at 298.15 K for imidazolium based ionic liquids.

the estimated surface tensions were within absolute deviation of 0.00–1.00%, 21.3% of the estimated surface tensions
were within absolute deviation of 1.001–3.00%, 29.8% were
within 3.001–6.00%, 23.4% were within 6.001–9.00%, and only
8.5% were within 9.001–11.56%. Maximum absolute deviation is 11.56 for [C5 mim][BF4 ] (1-pentyl-3-methylimidazolium
tetrafluoroborate) from Yang et al. [56] at 298.15 K. It is also
shown in Fig. 2 that the predicted surface tensions of the ionic liquids studied display a linear relationship with the experimental
surface tensions at 298.15 K using Eq. (9).
A comparison between the predicted surface tension values
at 298.15 K using Eq. (9) and the QSPR correlation for the
parachors in Eq. (4), for which more than one literature value
available, is reported in Table 3.
From Eq. (3), it is clear that the parachor values are proportional to the molar or molecular volume. The plot of parachors
calculated by the QSPR correlation from Knotts et al. [40] versus molecular volumes estimated by the Ye and Shreeve [45]
method for imidazolium based ILs containing [BF4 ]− , [PF6 ]− ,
[Tf2 N]− , [TfO]− , [MeSO4 ]− , [EtSO4 ]− , [Cl]− , and [I]− as
anions, is shown in Fig. 3. For imidazolium based ILs, parachors
(Y) show a very good linear relationship with molecular volume (X): Y = (1.344 ± 0.024)X + (67.386 ± 10.646) (correlation
coefficient: R2 = 0.993, at 95% level of confidence). Using the
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Fig. 3. Linear relationship between parachors and molecular volumes of imidazolium based ionic liquids.

Fig. 4. Linear relationship between experimental and calculated surface tensions using estimated parachors in Eq. (4) at wide range of temperatures
(278.15–390 K) for imidazolium based ionic liquids.

linear relation of parachor with molecular volume, we estimated
the parachors and use them in Eq. (4) to predict surface tension data for imidazolium based ILs containing BF4 , PF6 , Tf2 N,
TfO, MeSO4 , EtSO4 , Cl, and I as anions at 298.15 K, and also at
wide range of temperatures (278.15–390 K) as shown in Fig. 4.

Table 3
Prediction of surface tensions of imidazolium based ionic liquids using Eq. (9) and using estimated parachor in Eq. (4) along with literature values (in range) at
298.15 K
Ionic liquid

[C4 mim][BF4 ]
[C4 mim][PF6 ]
[C6 mim][PF6 ]
[C8 mim][PF6 ]
[C2 mim][EtSO4 ]
[C2 mim][Tf2 N]
[C3 mim][Tf2 N]
[C4 mim][Tf2 N]
[C5 mim][Tf2 N]
[C6 mim][Tf2 N]
[C7 mim][Tf2 N]
a

Surface tension (mN m−1 )
Predicted using Eq. (9)

Predicted using estimated parachors in Eq. (4)

Literature value (in range)a

46.8
43.7
39.5
36.2
45.3
37.7
36.1
34.7
33.5
32.3
31.2

45.3
42.9
39.9
37.8
44.2
38.7
37.8
36.9
36.2
35.5
34.9

42.9 [50]–46.6 [55]
42.7 [53]–48.8 [55]
37.1 [58]–43.4 [55]
35.43 [60]–36.5 [55]
46.96 [61]–48.79 [62]
36.67 [64]–39.40 [60]
34.55 [64]–38.25 [60]
33.20 [31]–37.5 [55]
32.64 [64]–36.59 [60]
32.02 [64]–35.60 [60]
31.46 [60]–31.61 [64]

Reference numbers are given in parenthesis.
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The experimental surface tensions (Y) of the imidazolium based
ILs studied display good agreement with the corresponding predicted surface tensions (X) at 298.15 K: Y = (1.001 ± 0.010)X
(at 95% level of confidence). For 47 surface tension data
points at 298.15 K of total 22 imidazolium based ILs, available in literature [31,49,50,53–56,58–64], the MPD is 6.03%;
23.4% of the estimated surface tensions were within absolute
deviation of 0.00–2.00%, 25.5% of the estimated surface tensions were within absolute deviation of 2.001–6.00%, 21.3%
were within 6.001–9.00%, 17.0% were within 9.001–11.00%,
and only 12.8% were within 11.001–12.36%. Maximum
absolute deviation is 12.36 for [C10 mim][Tf2 N] (1-decyl3-methylimidazolium bis(trifluoromethylsulfonyl)imide) from
Dzyuba and Bartsch [60] at 298.15 K. At wide range of
temperatures (278.15–390 K), for 198 surface tension data
points of total 25 imidazolium based ILs available in literature [31,49–64], Y = (1.009 ± 0.006)X (at 95% level of
confidence) and the MPD is 7.18%; 14.6% of the estimated surface tensions were within absolute deviation of 0.00–2.00%,
26.3% of the estimated surface tensions were within absolute
deviation of 2.001–6.00%, 25.3% were within 6.001–9.00%,
19.7% were within 9.001–12.00%, and only 14.1% were
within 12.001–18.93%. Maximum absolute deviation is 18.93
for [C4 mim][BF4 ] (1-butyl-3-methylimidazolium tetrafluoroborate) from Zhang et al. [53] at 298.15 K.
4. Conclusions
It is here shown that the QSPR correlation for parachors proposed by Knotts et al. [40] can be successfully extended to ionic
liquids. This correlation, along with a density correlation previously proposed by us [39] allows the prediction of surface
tension of ILs in wide ranges of temperature, 268.15–393.15 K.
The validity of this correlation was evaluated by comparing the
predictions against the experimental surface tensions collected
from literature. For a database of 361 data points for 38 imidazolium based ILs, the mean percent deviation (MPD) observed
was of only 5.75%. Predicted surface tensions are thus in good
agreement with experimental literature data.
A new correlation is here proposed for the estimation of surface tension of ionic liquids at 298.15 K using only information
on the molecular volumes. By using this correlation the MPD
observed is of 4.50% for 47 surface tension data points available
in literature at 298.15 K for a total of 22 imidazolium based ILs.
It is shown that parachors can also be correlated with molecular volumes and this correlation was used to estimate surface
tensions at 298.15 K, and its validity evaluated by comparing its
predictions against 47 experimental surface tension data points,
for 22 imidazolium based ILs, with a MPD of 6.03%.
The three correlations here proposed show maximum absolute deviations for the predicted surface tensions that are inferior
to those presented among literature values for same IL. Although
only data for imidazolium based ionic liquids was available in
the literature at this moment, the results obtained for a large
number of anions makes us confidents that this method can be
applied to other cations with confidence. Due to the lack of ionic
liquid surface tension data in the literature, the use of predictive

methods as illustrated in this work are invaluable for providing
estimates for the ionic liquid surface tension values.
List of symbols
a, b, c coefficients of density correlation
d
constant
K
constant
molecular weight (g mol−1 )
Mw
NA
Avogadro constant
number of data points
Np
Pch
parachor ((mN m−1 )1/4 cm3 mol−1 )
P
pressure (MPa)
R
gas constant
T
temperature (K)
Tc
critical temperature (K)
V
molecular volume (Å3 )
Greek letters
ρ
density (g cm−3 )
σ
surface tension (m Nm−1 )
σ0
constant
Subscripts
cal
calculated property
exp
experimental property
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