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Abstract

This work addresses the experimental measurements of the surface tension of eight imidazolium based ionic liquids (ILs) and their dependence
with the temperature (288–353 K) and water content. The set of selected ionic liquids was chosen to provide a comprehensive study of the
influence of the cation alkyl chain length, the number of cation substitutions and the anion on the properties under study. The influence of water
content in the surface tension was studied for several ILs as a function of the temperature as well as a function of water mole fraction, for the
most hydrophobic IL investigated, [omim][PF6], and one of the more hygroscopic IL, [bmim][PF6]. The surface thermodynamic functions such
as surface entropy and enthalpy were derived from the temperature dependence of the surface tension values.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Room-temperature ionic liquids (RTILs) are a class of or-
ganic salts commonly composed of relatively large organic
cations and inorganic or organic anions that cannot form an
ordered crystal and thus remain liquid at or near room tempera-
ture. Unlike molecular liquids, the ionic nature of these liquids
results in an unique combination of intrinsic physical proper-
ties such as high thermal stability, large liquidus range, high
ionic conductivity, negligible vapor pressures, nonflammabil-
ity and a highly solvating capacity, for both polar and nonpolar
compounds [1–3]. These features simplify their manipulation
and purification facilitating their use in multiple reaction and
extraction cycles and lead to the recognition of a number of
ionic liquids as environmentally friendly “green” solvents [4].
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Among the several applications foreseeable for ionic liquids
in the chemical industry such as solvents in organic synthe-
sis, as homogeneous and biphasic transfer catalysts, and in
electrochemistry, there has been considerable interest in the
potential of ILs for separation processes as extraction media
where, among others, ILs have shown promising in the liquid–
liquid extraction of organics from water, alcohols or hydrocar-
bons [5,6].

The complete design of industrial processes and new prod-
ucts based on ILs are only achieved when their thermophysical
properties, such as viscosity, density and interfacial tension, are
adequately characterized. Unfortunately, adequate thermophys-
ical characterization of ILs is still limited and therefore it is
necessary to accumulate a sufficiently large data bank not only
for process and product design but also for the development of
correlations for these properties.

In this work the influence of temperature, anion, cation and
water content on the surface tension of eight imidazolium based
ionic liquids, viz. [bmim][BF4], [omim][BF4], [bmim][Tf2N],
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[bmim][PF6], [omim][PF6], [hmim][PF6], [bmmim][PF6] and
[bmim][CF3SO3], were investigated.

An extensive study of the effect of the water content in the
surface tension was carried. The presence of low water con-
tents leads to a decrease on the surface tension to a minimum
followed by an increase to a higher and constant value.

Using the quasi-linear surface tension variation with tem-
perature observed for all the ILs the surface thermodynamic
properties, such as surface entropy and surface enthalpy, were
derived as well as the critical temperature, by means of the
Eötvos [7] and Guggenheim [8] equations.

Since the thermophysical properties of the ionic liquids are
related to their ionic nature, the surface tensions were correlated
with the molar conductivity ratio, expressed as the effective
ionic concentration [9].

2. Experimental

2.1. Materials

Surface tensions were measured for eight imidazolium based
ILs, namely, 1-butyl-3-methyl-imidazolium tetrafluoroborate,
[bmim][BF4], 3-methyl-1-octyl-imidazolium tetrafluoroborate,
[omim][BF4], 1-butyl-3-methyl-imidazolium bis(trifluoro-
methylsulfonyl)imide, [bmim][Tf2N], 1-butyl-3-methyl-imid-
azolium hexafluorophosphate, [bmim][PF6], 3-methyl-1-
octyl-imidazolium hexafluorophosphate, [omim][PF6], 1-hexyl-
3-methyl-imidazolium hexafluorophosphate, [hmim][PF6],
1-butyl-2,3-dimethyl-imidazolium hexafluorophosphate,
[bmmim][PF6], and 1-butyl-3-methyl-imidazolium trifluoro-
methansulfonate [bmim][CF3SO3]. The [bmim][BF4] was ac-
quired at Solvent Innovation with a stated mass fraction
purity state >98% and a mass fraction of chloride ion of
<100 ppm. The [bmim][PF6], [hmim][PF6], [omim][BF4] and
[bmim][CF3SO3] were acquired at IoLiTec with mass frac-
tion purities >99%. The bromide impurity mass fraction in the
[bmim][PF6] is 85 ppm, in the [hmim][PF6] is <100 ppm, in
the [omim][BF4] is 64 ppm and the [bmim][CF3SO3] is halo-
gen free since it was produced directly from butylimidazole
and methyltriflate. The [omim][PF6] and [bmmim][PF6] were
acquired at Solchemar with mass fraction purities >99%. The
chloride mass fraction content in both ILs is <80 ppm. The
[bmim][Tf2N] was synthesized in our laboratory based on a
metathesis anion exchange reaction of 1-butyl-3-methylimid-
azolium bromide, [bmim][Br], with 1.2 equivalent amount of
[Li][Tf2N] in water, followed by repeatedly washing, as de-
scribed in literature [10,11]. The reagents [bmim][Br] and
[Li][Tf2N] were acquired at IoLiTec with purities of >99% and
>98%, respectively. The mass fraction bromide impurity in the
[bmim][Tf2N], determined by ion chromatography, is 37 ppm.
The purities of each ionic liquid were checked by 1H NMR,
13C NMR and 19F NMR. The water used was double distilled,
passed by a reverse osmosis system and further treated with a
Milli-Q plus 185 water purification apparatus. It has a resistiv-
ity of 18.2 M� cm, a TOC smaller than 5 µg L−1 and it is free
of particles greater than 0.22 µm.
In order to reduce the water content and volatile com-
pounds to negligible values, vacuum (0.1 Pa), steering and
moderate temperature (353 K) for at least 48 h were ap-
plied to all the ILs samples prior to the measurements. Af-
ter this proceeding, the water content in the ILs was de-
termined with a Metrohm 831 Karl–Fischer coulometer in-
dicating very low levels of water mass fraction content, as
(485,371,181,87,18,601,121,21) × 10−6 for [bmim][BF4],
[omim][BF4], [bmim][CF3SO3], [bmmim][PF6], [omim][PF6],
[bmim][PF6], [bmim][Tf2N] and [hmim][PF6], respectively.

The influence of water content in the surface tensions was
studied for both water saturated and atmospheric saturated ILs.
With this purpose two highly hydrophobic, [omim][PF6] and
[bmim][Tf2N], and two less hydrophobic and highly hygro-
scopic ILs, [omim][BF4] and [bmim][PF6] were studied. These
compounds were saturated with ultra pure water, maintain-
ing the two phases in equilibrium, at 293.15 K for at least
48 h, which was previously found to be the necessary time
to achieve equilibrium [12]. Between each temperature mea-
surements the ILs were kept in equilibrium with ultra pure
water inside the measurement cell, being the water removed
and the interface carefully cleaned, by aspiration, and the water
content determined before each new measurement. At satura-
tion, for the same temperature, the ILs present a water mass
fraction content of (15259,14492,25621,171789) × 10−6 for
[bmim][Tf2N], [omim][PF6], [bmim][PF6] and [omim][BF4],
respectively [12,13].

The atmospheric saturated ILs were dry and kept in contact
with atmospheric air covered with a permeable membrane for
several days, for each temperature measured. The water mass
fraction content of [omim][PF6], [bmim][Tf2N], [omim][BF4]
and [bmim][PF6] was (1340,1252,3530 and 3381)× 10−6, re-
spectively, as determined by Karl Fisher coulometry.

To have a more complete picture of the effect of water con-
centration in the ionic liquid surface tension, the surface tension
of [bmim][PF6] and [omim][PF6] for various water concentra-
tions was also studied.

2.2. Experimental measurements

The surface tension of each IL was measured with a NIMA
DST 9005 tensiometer from NIMA Technology, Ltd. with a
Pt/Ir Du Noüy ring, based on force measurements, for which
it has a precision balance able to measure down to 10−9 N.
The sample surface was cleaned before each measurement by
aspiration to remove the surface active impurities present at
the interface and to allow the formation of a new interface.
The measurements were carried in the temperature range from
293 to 353 K and at atmospheric pressure. The sample under
measurement was kept thermostatized in a double-jackted glass
cell by means of a water bath, using an HAAKE F6 circula-
tor equipped with a Pt100 probe, immersed in the solution, and
able to control the temperature within ±0.01 K.

For each sample at least five sets of three immersion/
detachment cycles were measured, giving a minimum of at least
15 surface tension values, which allow the determination of
an average surface tension value for each temperature as well
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as the expanded associated uncertainty [14,15]. Further details
about the equipment and method can be found elsewhere [16–
18].

For mass spectrometry ionic liquids were used as acetonitrile
solutions (1.5 × 10−4 M). Electrospray ionization mass spec-
trometry (ESI-MS) and tandem spectrometry (ESI-MS-MS)
were acquired with Micromass Q-Tof 2 operating in the positive
ion mode. Source and desolvation temperatures were 80 and
100 ◦C, respectively. Capillary voltage was 2600 V and cone
voltage 25 V. ESI-MS-MS spectra were acquired by selecting
the precursor ion with the quadrupole, performing collisions
with argon at energies of 2–30 eV in the hexapole, followed by
mass analysis of product ions by the TOF analyzer. N2 was used
as nebulization gas. The ionic liquid solutions were introduced
at a 10 µL min−1 flow. The breakdown graphs were obtained
by acquiring the ESI-MS-MS spectra of each ion investigated
at increasing collision energies and plotting the relative abun-
dance of precursor and fragment ions as a function of collision
energy. The relative order of hydrogen bond strength between
cation and anion in each ion-pair studied, was obtained by ac-
quiring the ESI-MS-MS spectra, at 10 eV collision energy, of
the cluster ions [C1 . . .A . . .C2]+ and measuring the relative
abundances of the two fragment ions observed.

3. Results and discussion

3.1. Surface tension measurements

Previous measurements have confirmed the ability of the
equipment used to accurately measure interfacial tensions
for hydrocarbons and fluorocarbon systems, validating the
methodology and experimental procedure adopted in this work
[16–19]. The liquid densities of the pure compounds necessary
for the surface tension measurements using the Du Noüy ring
were obtained from the literature [20–24].

The surface tension data of the dry ILs are reported in Ta-
ble 1. The relative deviations between the experimental data
obtained in this work and those reported by other authors
[20,25–31] are presented in Fig. 1. The data measured show av-
erage deviations of 4%, in respect with the available literature
data. These deviations are larger than those previously observed
for hydrocarbon and fluorocarbon compounds [16–19] using
the same equipment, but it must also be stressed that large dis-
crepancies were also observed among the data from different
authors [20,25–31] as can be observed in Fig. 1. Not only the
surface tension data available today for ionic liquids are rather
scarce but also most of the measurements were carried either
using compounds of low purity or without a careful attention
towards the preparation of the sample, in particular drying, and
often those measurements have been carried for purposes other
than an accurate determination of the surface tensions.

The experimental values show that both the anion and cation
have an influence on the surface tensions. Within the imid-
azolium family the increase in the cation alkyl chain length
reduces the surface tension values. Both compounds with the
octyl chain present surface tensions lower than the correspond-
ing butyl homologue. Surprisingly the introduction of a methyl
group on the [bmim][PF6] IL, substituting the most acidic hy-
drogen at the C2 position in the imidazolium ring [32], leads to
an increase in the surface tension values of the [bmmim][PF6],
when compared with [bmim][PF6]. Hunt [33] reported the same
odd behavior for melting points and viscosity and hypothesized
that the effects due to the loss in hydrogen bonding are less
significant than those due to the loss of entropy. The loss of
entropy enhances the alkyl chain interactions by lowering the
amount of disorder in the system, eliminating the ion-pair con-
formers, and increasing the rotational barrier of the alkyl chain.
Thus, the reduction in the entropy leads to a greater ordering
within the liquid and consequently to the surface, leading to a
slight increase in the surface tension.

Similarly, an increase in the size of the anion leads to a de-
crease on the surface tensions with their values following the
sequence [BF4] > [PF6] > [CF3SO3] > [Tf2N], which agrees
with Deetlefs et al. [34] hypothesis that the increase of the an-
Table 1
Experimental surface tension (γ ) of the dry ionic liquids studied

[bmim][BF4] [bmim][PF6] [bmim][Tf2N] [bmim][CF3SO3]

T

(K)

γ ± σ a

(mN m−1)
T

(K)

γ ± σ a

(mN m−1)
T

(K)

γ ± σ a

(mN m−1)
T

(K)

γ ± σ a

(mN m−1)

293.15 44.81 ± 0.02 293.15 44.10 ± 0.02 293.15 33.60 ± 0.01 293.20 35.52 ± 0.03
303.15 44.18 ± 0.02 303.15 43.52 ± 0.04 303.15 33.09 ± 0.02 303.20 35.05 ± 0.03
312.65 43.58 ± 0.02 313.15 42.90 ± 0.03 313.15 32.50 ± 0.01 313.20 34.62 ± 0.02
322.15 42.90 ± 0.02 323.15 42.21 ± 0.03 323.15 31.92 ± 0.01 323.20 34.19 ± 0.02
331.45 42.27 ± 0.03 333.15 41.53 ± 0.03 333.15 31.35 ± 0.02 333.20 33.71 ± 0.02
341.35 41.64 ± 0.02 343.15 41.07 ± 0.01 343.15 30.90 ± 0.02 343.20 33.30 ± 0.03

[omim][PF6] [bmmim][PF6] [omim][BF4] [hmim][PF6]

293.15 35.16 ± 0.01 303.15 44.80 ± 0.03 288.15 34.15 ± 0.03 293.15 39.02 ± 0.02
303.15 34.60 ± 0.02 313.15 44.07 ± 0.01 293.15 33.62 ± 0.02 303.15 38.35 ± 0.02
313.15 33.89 ± 0.02 323.15 43.52 ± 0.04 303.15 33.04 ± 0.02 313.15 37.71 ± 0.01
323.15 33.14 ± 0.02 333.15 42.68 ± 0.02 313.15 32.26 ± 0.01 323.15 37.09 ± 0.01
333.15 32.67 ± 0.01 343.15 42.02 ± 0.02 323.15 31.67 ± 0.01 333.15 36.47 ± 0.01
343.15 31.98 ± 0.01 353.15 41.37 ± 0.02 333.15 30.87 ± 0.02 343.15 35.91 ± 0.04

343.15 30.20 ± 0.02 353.15 35.15 ± 0.02

a Expanded uncertainty with an approximately 95% level of confidence.
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Fig. 1. Relative deviations between the experimental surface tension data of this work and those reported in the literature: (1) [bmim][BF4] [20]; (+) [bmim][BF4]
[25]; (a) [bmim][BF4] [28]; (?) [bmim][BF4] [31]; ( ) [bmim][BF4] [26]; (E) [bmim][PF6] [25]; (�) [bmim][PF6] [28]; (–) [bmim][PF6] [31]; (u) [bmim][PF6]
[30]; (M) [bmim][PF6] [27]; (Q) [bmim][PF6] [29]; (×) [bmim][PF6] [26]; (!) [omim][PF6] [25]; (3) [omim][PF6] [28]; (t) [omim][PF6] [31]; (P) [omim][PF6]
[30]; (✩) [omim][PF6] [27]; ( ) [omim][PF6] [26]; ( ) [omim][BF4] [25]; (e) [omim][BF4] [31]; (2) [omim][BF4] [26]; ( ) [bmim][Tf2N] [28]; (T)
[bmim][Tf2N] [26]; (F) [bmim][Tf2N] [27]; ( ) [hmim][PF6] [30]; (#) [hmim][PF6] [26].
ion size and the increasing of the diffuse nature of the anion
negative charge lead to a more delocalized charge and there-
fore to a decrease on the ability to hydrogen bonding. This is
an odd result as, usually, the surface tensions of organic com-
pounds increase with the size of the molecules. However these
changes are actually a result of the energetic rather than steric
interactions, contrary to the suggestion of Law and Watson [25].
Since the surface tension is a measure of the surface cohesive
energy, it is thus related to the strength of the interactions that
are established between the anions and cations in an ionic liq-
uid. The increase in surface tensions with size in most organic
compounds results from an increase in the forces between the
molecules with their size. Ionic liquids are complex molecules
where coulombic forces, hydrogen bonds and Van der Waals
forces all are present in the interaction between the molecules
with the hydrogen bonds being probably the most important
forces in ionic liquids [11,34,35]. Although the increase in size
of the molecule leads to an increase of the Van der Walls forces
it will also contribute to a dispersion of the ion charge and a
reduction on the hydrogen bond strength.

The measured data presents surface tension values well
above those of conventional organic solvents, such as methanol
(22.07 mN m−1) [36] and acetone (23.5 mN m−1) [36], as well
as those of n-alkanes [16–18], but still lower than those of water
(71.98 mN m−1) [36].

Complex molecules tend to minimize their surface energies
by exposing to the vapor phase their parts with lower surface en-
ergy. An alcohol will have a surface tension close to an alkane
and not to water as the alkyl chains will be facing upwards at
surface to minimize the surface energy. Yet the surface tensions
for the ionic liquids are close to those of imidazole extrapolated
to the same temperatures [31]. According to the Langmuir’s
principle of independent surface action [37] this is an indi-
cation of the presence of the imidazolium ring at the surface
rather than the alkyl chain as usual in compounds with alkyl
chains. That the surface may be made up of mainly of anions
is also precluded by the surface tensions that the surface would
present in this case. The [PF6] should have a surface tension
close to [SF6] that has a value of circa 10 mN m−1 at −50 ◦C
[38], other fluorinated ions should also have very low surface
tensions. The only explanation for these high surface tensions
are the hydrogen bonds that exist between the cations, and the
anions and cations, as discussed below, that increase the inter-
actions between the ions leading to enhanced values of surface
tension.

3.2. Mass spectrometry and hydrogen bonding

Mass spectrometry measurements have been carried out as
described above to establish the relative strength of the hydro-
gen bonds in ionic liquids for the anions and cations studied
here. A higher abundance of ion C+

1 in the ESI-MS-MS spec-
tra of the heterodimer [C1 . . .A . . .C2]+ will imply a stronger
bond between the cation C+

2 and the anion A [39]. The analysis
of the ESI-MS-MS spectra obtained for the binary mixtures of
ionic liquids used to form the clusters, shows that the relative
strength of the hydrogen bonds observed in [C1 . . .BF4 . . .C2]+
and in [C1 . . .PF6 . . .C2]+ is the following

[bmmim]+ < [omim]+ < [hmim]+ < [bmim]+,

while that observed in [A . . .bmim . . .A]− is

[BF4]− > [CF3SO3]− > [PF6]− > [Tf2N]−.
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Fig. 2. Surface tension vs temperature of ILs with the common [bmim] cation: (Q) [bmim][Tf2N]; (") [bmim][CF3SO3]; (F) [bmim][PF6]; (×) [bmim][BF4];
(2) [bmmim][PF6].

Fig. 3. Surface tension vs temperature of ILs with the common [PF6] and [BF4] anions: (2) [bmmim][PF6]; (—) [bmim][BF4]; (F) [bmim][PF6]; (") [hmim][PF6];
(Q) [omim][PF6]; (+) [omim][BF4].
The relative strength of the hydrogen bonds observed for the
cations can be rationalized in terms of chain length increase
on the N1-alkyl group of the imidazolium, which reduces the
H. . . F distance, and of the introduction of a second methyl
group, which removes the most acidic hydrogen from carbon 2.
Both factors contribute to a reduction in the interactions be-
tween cations and anions. For the anions, the relative position
of [CF3SO3]− will probably be explained by the larger nega-
tive charge on the oxygen atoms as compared with the fluorine
atoms [40].

The relative strength of the hydrogen bonds observed is,
with two exceptions, in agreement with the surface tensions
measured showing that the surface tension data measured and
reported in Table 1 and in Figs. 2, 3 and S1 (in Supporting
information) are dependent on the strength of the interactions
established between the anions and cations. A possible expla-
nation for the increase in surface tensions of [bmmim][PF6],
contrary to what was expected based on relative hydrogen bond
strength, has already been discussed above. The second ex-
ception refers to the relative position of anions [PF6]− and
[CF3SO3]−, which is reversed when compared with surface
tension values of [bmim][PF6] and [bmim][CF3SO3]. This may
be due to entropic rather than energetic effects due to the shape
and symmetry of the [PF6]− anion, which could lead to a
greater ordering within the liquid.

3.3. Thermodynamic properties

Using the quasi-linear surface tension variation with temper-
ature for all the ILs observed in the studied temperature range,
the surface thermodynamic properties, surface entropy and sur-
face enthalpy, were derived. The surface entropy, Sγ , can be
obtained from [41,42]

(1)Sγ = − dγ

dT
,
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Table 2
Surface thermodynamic functions for the ionic liquids studied

RTILs Dry ILs Saturated ILs

(Sγ ± σ) × 10−5

(J m−2 K−1)

(Hγ ±σ)×10−2

(J m−2)

(Sγ ± σ) × 10−5

(J m−2 K−1)

(Hγ ±σ)×10−2

(J m−2)

[bmim][PF6] 6.2 ± 0.1 6.23 ± 0.05 6.4 ± 0.4 6.3 ± 0.2
[hmim][PF6] 6.34 ± 0.08 5.76 ± 0.03
[omim][PF6] 6.7 ± 0.1 5.49 ± 0.05 6.3 ± 0.2 5.30 ± 0.07
[bmmim][PF6] 6.9 ± 0.1 6.57 ± 0.05
[bmim][BF4] 6.35 ± 0.07 6.34 ± 0.02
[omim][BF4] 7.1 ± 0.1 5.44 ± 0.04 6.9 ± 0.4 5.4 ± 0.1
[bmim][Tf2N] 5.5 ± 0.1 4.97 ± 0.03 5.4 ± 0.2 4.96 ± 0.06
[bmim][CF3SO3] 4.45 ± 0.04 4.86 ± 0.01
and the surface enthalpy, Hγ , can be obtained from the follow-
ing expression [41,42]

(2)Hγ = γ − T

(
dγ

dT

)
,

where γ stands for the surface tension and T for the tempera-
ture.

The thermodynamic functions for all the ILs studied at
298.15 K and the respective expanded uncertainties, derived
from the slope of the curve γ = f (T ) in combination with the
law of propagation of uncertainty, are presented in Table 2 [43].

The most important indication from the surface thermody-
namic properties is the low surface entropies. Compared to
other organic compounds the surface entropies are remarkably
low. Even the n-alkanes, which are an example of surface orga-
nization [44] have surface entropies that are 50 to 100% higher
than the ionic liquids here studied. This is a clear indication of
high surface organization in these fluids in agreement with the
simulation results by Lynden-Bell [45] and the surface studies
of Watson and Law [25,31,46] using direct recoil spectroscopy,
Iimori et al. [47] using sum frequency generation, Bowers et al.
[48] using neutron reflectometry measurements, and Slouskin et
al. [49] using X-ray reflectometry measurements. On a previous
work [50], using a completely different approach, we have also
shown that the surface of ionic liquids was highly organized.
Using experimental and simulation values of heats of vapor-
ization for imidazolium based ionic liquids with alkyl chain
lengths ranging from ethyl to octyl, and with the [Tf2N] anion,
it was shown that a high degree of organization was present
in the ionic liquids. Although that work put the emphasis on
the bulk organization rather than the surface, the direct rela-
tion between the heats of vaporization and the surface tensions
makes those results even more significant to the understand-
ing of surface structure than the bulk and indicate that a great
organization is present at surface as well. Although all these
studies do not fully agree on the model of the surface struc-
ture, all of them indicate that a significant degree of surface
ordering would be present and thus would be the cause for the
reduced surface entropy observed. It is thus not surprising that
the surface entropies increase with the size of the alkyl chain
as can be seen in Table 2 for the [PF6] and [BF4] compounds.
The surface cannot be made up just of cations, but both cations
and anions should be present, and the surface entropies seem
to be more affected by the anion type than by the cation chain
length. The surface enthalpy by its turn seems to decrease with
the increasing chain length of the cation and also to suffer an
important dependence on the anion. The change in the surface
enthalpies seems to follow the decrease in strength of the hy-
drogen bonding observed for these ionic liquids with, again,
the curious exception of the [bmmim][PF6]. More good qual-
ity data for other ionic liquids, however, are required to make
reliable generalizations of these observations.

3.4. Influence of the water content on the surface tension of
ionic liquids

A major issue concerning ionic liquids thermophysical prop-
erties is the influence of the water content on their values. This
is well established for densities [24,28], viscosities [11,28],
melting points, glass transitions [28], and gas solubilities [51],
among others. Although Huddleston et al. [28] show some re-
sults on the influence of water on the surface tensions, the sur-
face tension data available do not allow any discussion on the
effect of water on the surface tensions of ionic liquids. Also
some references [52,53] seem to indicate that the water content
has little or no influence on the surface tension values. In this
work, besides a careful determination of the surface tensions
of dry ionic liquids, the surface tensions of four water satu-
rated ionic liquids ([bmim][Tf2N], [omim][BF4], [bmim][PF6]
and [omim][PF6]) were measured along with the dependence
on the water content for two ionic liquids ([bmim][PF6] and
[omim][PF6]). These surface tension values are reported in
Supporting information. The respective surface thermodynamic
properties are reported in Table 2. Here it is possible to observe
that both the surface entropies and the surface enthalpies are not
significantly affected by the water content of the saturated ionic
liquids.

The measured surface tension values of saturated ILs indi-
cate that, for the more hydrophobic ILs, the surface tensions of
the saturated ILs are very similar to those obtained for the dry
ones. Nonetheless, in both cases it shows a decrease in the sur-
face tension for low water content. The same behavior can be
seen for [omim][BF4] (as shown in Fig. S2 in Supporting in-
formation), [omim][PF6] and [bmim][PF6] as well as for the
hydrophobic (yet somewhat hygroscopic) [bmim][Tf2N] ionic
liquid, with a decrease in the surface tension for low water con-
tents.
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For a more complete information on the effect of the water
content in the surface tension, measurements have been carried
for the [bmim][PF6] and [omim][PF6] as a function of the wa-
ter content at 303 K as shown in Figs. 4a and 4b. Both ILs
studied present a minimum in the surface tension for low water
contents increasing for a higher and constant value. The effect
of the water on the surface tensions seems to be more important
for the more hydrophilic ionic liquids. In effect for [omim][PF6]
this variation is almost insignificant, while for [bmim][PF6] this
variation is quite considerable, 6%. It is well established that
water accommodates in the ionic liquid structure by establish-
ing hydrogen bonds with both the anion and the cation, leading
to the decrease of the IL physical properties by means of the
reduction of the electrostatic attractions between the ions and

(a)

(b)

Fig. 4. (a) Surface tension dependency with [bmim][PF6] water content, mole
fraction at 303.15 K. (b) Surface tension dependency with [omim][PF6] water
content, mole fraction at 303.15 K.
therefore to a decrease on the overall cohesive energy. The pres-
ence of low water content forces the ionic liquid to rearrange
into a new different internal order in which more water can be
accommodated, till a point where further addition of water leads
to a complete solvation of the ions and to the appearance of wa-
ter molecules not hydrogen-bonded to the IL and thus to a new
structural rearrangement leading to an increase in the physical
properties [6,11,54].

This dependency of the surface tension on the water content
of the ionic liquid may explain the discrepancies between some
results of this work when compared to literature data. Most au-
thors who measured Ils surface tensions neither report the ILs
water content and impurity levels nor make reference to any
drying methodology [25,27,31]. Only Huddleston et al. [28]
seems to have dried the ILs used although for a short period
of just 4 h, leading to a final water content higher than those
achieved in this work and, as consequence, obtaining values of
surface tensions lower than those obtained for dry Ils.

3.5. Estimated critical temperatures

Critical temperatures (Tc) of ionic liquids are one of the
most relevant thermophysical properties since they can be used
in many corresponding states correlations for equilibrium and
transport properties of fluids [55]. Due to ILs intrinsic nature,
with negligible vapor pressures and low decomposition temper-
atures, the determination of critical temperature can be at least
challenging. Nonetheless several methods for critical tempera-
ture estimation based on surface tension data can be found in
literature [7,8,55]. The estimation of the critical temperature of
the used ionic liquids based on the temperature dependence of
the surface tension and liquid density were carried by means
of the Eötvos [7] and Guggenheim [8] empirical equations de-
scribed below and are reported in Table 3.

(3)γ

(
M

ρ

)2/3

= K(Tc − T ),

(4)γ = K

(
1 − T

Tc

)11/9

,

respectively, where γ is the surface tension, Tc the critical tem-
perature, M the molecular weight and ρ the density of the ionic
liquid. Both equations reflect the fact that γ becomes null at
Table 3
Estimated critical temperatures, Tc ( K), using both Eötvos [7] (Eot) and Guggenheim [8] (Gug) equations, comparison and relative deviation from literature data

RTILs This work data Rebelo et al. [26] Valderrama et al. [56]

(Eot) (Gug) (Eot) (Gug) (GCM) (Eot) (Gug)

Tc (K) Tc (K) Tc (K) RD (%) Tc (K) RD (%) Tc (K) RD (%) RD (%)

[bmim][PF6] 977±22 958±17 1187 17.7 1102 13.1 544.0 −79.6 −76.1
[hmim][PF6] 1116±15 1039±10 1109 −0.6 1050 1.0 589.7 −89.2 −76.2
[omim][PF6] 977±22 958±17 997 2.0 972 1.4 625.5 −53.7 −50.7
[bmmim][PF6] 1159±19 1091±16
[bmim][BF4] 1183±12 1113±8 1240 4.6 1158 3.9 632.3 −87.1 −76.0
[omim][BF4] 870±16 873±11 1027 15.3 990 11.8 726.1 −19.8 −20.2
[bmim][Tf2N] 1110±18 1032±13 1077 −3.1 1012 −2.0 851.8 −30.3 −21.2
[bmim][CF3SO3] 1628±55 1264±8 697.1 −133.5 −81.3

(GCM), Group Contribution Method.
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the critical point and are based on corresponding states corre-
lations [55]. The critical temperature values estimated in this
work are compared in Table 3 with the values reported by Re-
belo et al. [26] estimated using the same approach and the
values reported by Valderrama and Robles [56] estimated using
an extended group contribution method, based on the models
of Lydersen [57] and Joback [58] and Reid [59]. Rebelo’s val-
ues are in good agreement with the critical temperatures here
reported unlike Valderrama and Robles critical temperatures
that are much lower than the values obtained from the surface
tension data. It is well established that this approach of extrapo-
lating the surface tension data (at 1 atm) to estimate the critical
temperature provides estimates of the critical temperatures that
are lower than those directly measured since it does not take
into account the influence of the critical pressure on the surface
tension [57]. This implies that the estimated values for the criti-
cal temperatures using the Valderrama and Robles approach are
unreliable.

Based on what is known today concerning the relative
volatilities of ionic liquids [50,60] the values of critical tem-
peratures obtained by this approach are to be used with care
since predictions of relative volatilities based on these data were
found contrary to the experimental observations for a number of
cases. This approach to the estimation of the critical tempera-
tures, using data from a limited temperature range and requiring
a too large extrapolation introduces an important error in the es-
timation of the critical temperature values.

3.6. Effective ionic concentration and surface tension relation

Being the surface tensions dependent on the interactions be-
tween the IL molecules it should be possible to relate those
values to obtain a correlation for the surface tensions. The tech-
nique used above cannot however establish a quantitative value
for the hydrogen bond energies in spite of the attempts carried
by some authors [61] in this direction. Nevertheless, recently,
a new approach on the direction of correlating thermophysi-
cal properties of ionic liquids with molecular interactions was
proposed by Tokuda et al. [9]. They suggested that ILs ther-
mophysical properties are related to their ionic nature and thus
used the molar conductivity ratio (Λimp/ΛNMR), where Λimp is
the molar conductivity obtained by electrochemical impedance
measurements and ΛNMR is that calculated from the pulse-
field-gradient spin-echo NMR ionic self-diffusion coefficients
and the Nernst–Einstein equation, expressed as the effective
ionic concentration (Ceff), to correlate properties such as vis-
cosities and glass transitions. The Ceff illustrates the degree of
the cation–anion aggregation at the equilibrium and can be ex-
plained by the effects of anionic donor and cationic acceptor
abilities and by the inductive and dispersive forces for the alkyl
chain lengths in the cations [9]. In this work this approach was
extended to the surface tensions using Ceff values obtained from
literature [9,62,63]. As shown in Fig. 5 there is a correlation of
the surface tension with the effective ionic concentration de-
scribed by the following equation

(5)γ = 21.115e0.2215Ceff .
Fig. 5. Ceff dependency of surface tension for [bmim][BF4], [bmim][CF3SO3],
[bmim][PF6], [omim][PF6] and [bmim][Tf2N] at 303.15 K: (F) this work sur-
face tension data; (2) Law et al. [25] surface tension data; (!) Yang et al. [20]
surface tension data. (A) Umecky et al. [63] Ceff data; (B) Tokuda et al. [9,62]
Ceff data.

Although it should be noted that it is possible to obtain a corre-
lation between the measured surface tensions and the effective
ionic concentration (Ceff) this does not imply that the surface
tensions are solely controlled by the electrostatic forces alone.
Instead a subtle balance between these and other intermolecu-
lar forces are acting in ionic liquids resulting in the observed
surface tension. Although more data are required for develop-
ing a sound correlation the results here obtained indicate that
the Ceff could be an useful parameter for the estimation of the
ILs surface tensions.

4. Conclusions

Many engineering applications in the chemical process in-
dustry, such as the mass-transfer operations like distillation,
extraction, absorption and adsorption, require surface tension
data. The ILs interfacial properties are particularly important as
they determine the mass transfer enhancement in gas–liquid–
liquid or liquid–liquid extraction systems.

New experimental data are reported for the surface tensions
of eight ionic liquids in the temperature range from 288 to
353 K and at atmospheric pressure. The ILs present surface ten-
sions lower than those observed for conventional salts but still
much higher than those reported for common organic solvents.
Very low surface entropies were observed for all ionic liquids
indicating an high surface ordering.

The results presented indicate that the anion cation inter-
actions are more relevant for the understanding of the surface
tensions than the interactions between the ion pairs. Similarly
to what is commonly observed for most organic compounds,
the increase in size of the ionic liquid molecule leads to an in-
crease of the interaction forces between the IL ion pairs [49] but
this size increase leads to a decrease of the surface tension due
to the dispersion of the ion charge and the reduction on the hy-
drogen bond strength between the anion and cation as observed
from mass spectrometry. This peculiar behavior precludes the
application of the Stefan equation to obtain a relation between
the surface tensions and the heats of vaporization for ionic liq-
uids. The surface interactions of ionic liquids are however a
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very complex matter and exceptions to the rule of increasing
surface tensions with increasing cation–anion interaction were
observed notably with the [bmmim] cation. The substitution of
the most acidic hydrogen, on the carbon 2, by a methyl group,
leads to a state of less entropy and therefore to an enhance of the
alkyl chain interactions. Lowering the disorder in the surface
leads to a increase on the surface tensions of this ionic liquid
when compared with the homologous unsubstituted compound.

The influence of the water content on the surface tensions
was also investigated. Low water contents contribute to a de-
crease on the surface tension of ionic liquids. This decrease is
more prominent for the less hydrophobic ionic liquids being al-
most insignificant for the most hydrophobic ones. Nevertheless
the decrease on the surface tension is followed by an increase to
a higher and constant value, that for the more hydrophobic ionic
liquids is similar to the surface tension values of the dry IL. The
surface tension decrease is due to the water accommodation in
the ionic liquid structure, by establishing hydrogen bonds with
both the anion and cation, leading to a reduction of the electro-
static attractions between the ions and therefore to a decrease
on the overall cohesive energy.

Being shown that the surface tensions depend on the strength
of the interactions between anion and cation, and in particular
that they could be related with the hydrogen bond strength as
measured by mass spectrometry, it was attempted to develop
a correlation for surface tensions with the cation–anion inter-
actions. For that purpose, a correlation with the effective ionic
concentration (Ceff) was developed showing that this could be
a useful parameter for the estimation of the surface tension of
ionic liquids.
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