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Some of the most active scientific research fronts of the past decade are centered on ionic liquids.

These fluids present characteristic surface behavior and distinctive trends of their surface tension

versus temperature. One way to explore and understand their unique nature is to study their

surface properties. This critical review analyses most of the surface tension data reported between

2001 and 2010 (187 references).

1. Introduction

Ionic liquids are salts—substances composed essentially of

ions—exhibiting a melting point below a conventional

temperature of 100 1C. The interest in this class of compounds

was rekindled in the 1990s with the synthesis and use of novel

water- and air-stable ionic liquids. Since the beginning of the

21st century, one of the enormous challenges issued to the

scientific community has been the thermophysical characteri-

zation of this new and unique class of fluids.

Among the many unique properties of ionic liquids, their

surface tension plays a special role for different reasons.

Even at conditions well above room temperature, ionic

liquids typically exhibit extremely low vapour pressure

values.1 This fact is a consequence of their ionic nature and

makes it difficult to accurately determine the cohesive forces

present in the liquid. The use of corresponding states

principles and other powerful correlation techniques commonly

used for molecular fluids are also difficult to implement.

Surface tension values are a way to circumvent an issue that

is hard to solve for the bulk fluid but it is possible to access at

the liquid–vacuum boundary—surface tension is a measure of

cohesive forces between liquid molecules present at the surface

and it represents the quantification of force per unit length of

free energy per unit area. Thus, the measurement of surface

tension of ionic liquids is one of the most effective ways to

(indirectly) access the intrinsic energetics that are involved in

the interactions between the ions. Such measurements are also

vital to anchor theoretical models that are able to describe
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realistically, at a molecular level, the fluid properties and

structural nature of ionic liquids.

Another distinctive characteristic of ionic liquids is their

nano-segregated nature, i.e. ionic liquids are complex, highly

non-isotropic fluids from a structural point of view. This fact

is a consequence of the interplay between two types of

important interactions present in the fluid (electrostatic and

dispersive) acting at different length scales between distinct

atoms that constitute the ions. The lack of fluid isotropy

already present in the bulk is also present (and sometimes

enhanced) at the surface.2 This means that surface tension

data are also a powerful means to explore the different types of

segregation/orientation that occur at an ionic/molecular level

and how these influence the interactions with other molecules.3

Finally, it must be stressed that surface tension data per se

are central in research areas related to colloid and interface

sciences. The use of ionic liquids in those areas (and also in

many other fields of chemistry, physics and biology) has

grown immensely in the last decade and justifies the increasing

number of publications per year reporting surface tension

results for ionic liquids and their mixtures.

The current review tries to give a critical assessment of the

available literature on the subject of surface tension of ionic

liquids and ionic liquid solutions. The amount of available

data made it possible to compile a database (given as ESIw)

where a substantial part of the surface tension results reported

in literature between 2001 and 2010 could be listed in a

systematic way. This has allowed the comparison between

different systems, the evaluation and interpretation of trends

within selected series of ionic liquids (homologous or not) and

the making of summary tables that allow for a quick examina-

tion of the existing data for a given system. It has also allowed

the sorting, rationalizing and distinguishing between high-

quality and doubtful data. Pure ionic liquids are discussed in

Section 3, whereas mixtures and solutions containing ionic

liquids are analysed in Section 4. These two sections are

preceded by a section in which different experimental methods

used to determine the surface tension of ionic liquids are

presented and critically discussed, and followed by two short

sections describing empirical methods used to correlate surface

tension data for ionic liquids and to estimate it using theore-

tical models, respectively. We believe that the present effort

comes at an appropriate time since the presently available data

still afford a comprehensive (but not exhaustive) review. The

work can also be viewed as a roadmap for future studies

related to the surface tension of systems involving ionic

liquids, either for the development of predictive models and

structure–property correlations, or for the a priori selection of

ionic liquids, solvents and techniques to apply to new experi-

mental determinations.
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2. Experimental methods

Most of the techniques commonly used to determine the

surface tension of liquids have been applied to ionic liquids.

In general, researchers use methods available at their labora-

tory and only in rare cases experimental results have been

obtained using different techniques with the same sample. The

most commonly used methods for measuring the surface

tension of ionic liquids are the Du Noüy ring (DNR), pendant

drop (PD) and capillary rise (CR) techniques (cf. Table 3 and

Fig. 7a in Section 3.3). The choice of these techniques does not

necessarily mean that they are especially adequate for measuring

ionic liquids, but rather reflects their availability.

In this section we describe briefly the common methods for

measuring surface tensions giving emphasis to the advantages

and disadvantages they offer relative to their application to

ionic liquids. In general, ionic liquids are hygroscopic, viscous

and, sometimes, expensive. Thus, the most adequate methods

are those that ensure a controlled atmosphere, allowing time

for equilibration and requiring a small volume. For more

details on surface tension measuring techniques and theories,

we recommend consulting the review paper by Korenko and

the book chapters by Rusanov and Adamson.4

The most common methods for measuring surface tension

may be grouped into the five following classes: (i) methods

based on drop/meniscus shape: capillary rise (CR) and

pendant drop (PD); (ii) detachment methods: du Noüy ring

(DNR) and Wilhelmy plate (WP); (iii) methods based on

menisci at the stability limit: drop weight/volume (DW or DV)

and maximum bubble pressure (BP); (iv) spinning drop method

(SD); and (v) dynamic light scattering methods (DLS).

The capillary rise technique (CR) is the oldest method for

measuring the surface tension of liquids and, probably, the

most accurate because it relies on a direct relation between the

measurement and the surface tension. The basis of the method

is the equilibrium between capillary and gravitational forces

acting on a liquid inside a capillary tube. If the wall of the tube

is totally or partially wetted by the liquid, a concave meniscus

is formed that is responsible for the pressure difference

between the liquid and the gas, the so-called Laplace pressure.

As a result, the liquid rises in the capillary until the hydrostatic

pressure is balanced by the Laplace pressure. For small-

diameter tubes, the shape of the meniscus is spherical, and

the surface tension, s, can be calculated directly through the

following equation:

s ¼ DrghR
2 cos y

ð1Þ

where Dr is the difference between the liquid and the vapor

densities, g is the gravity acceleration, h is the capillary rise,

R is the capillary radius and y is the liquid contact angle on the

capillary wall. A more rigorous equation, deduced by Lord

Rayleigh, may also be used:

s ¼ DrghR
2 cos y

1þ R

3h
� 0:1288

R2

h2
þ 0:1312

R3

h3
þ � � �

� �
ð2Þ

in which the second term of the expansion takes into account

the weight of the liquid above the meniscus apex and the

succeeding terms correct the deviation from sphericity.

The capillary rise method allows for measurements under

controlled atmospheric conditions and does not require a very

large amount of liquid. It has been applied to ionic liquids by

several research groups.5–9 Ghatee and Zolghadr5 used a

home-made cell sealed under vacuum while Martino et al.7

kept the meniscus dry by a small flow of dry gas. The

measurements of Ghatee5 were made at temperatures up to

120 1C using a thermostat oil bath where the temperature

readings were accurate within �1 1C.

The measurement of the contact angle, y, is not an easy task.

However, it is usually assumed that, although the vapor pressure

of the ionic liquids is very low, the glass surface is saturated by

the vapor after an adequate equilibration time, and then y E 0.

Another difficulty is the experimental determination of the

meniscus height, h, measured between the bottom of the

meniscus and the flat liquid surface in the reservoir. This

means that the reservoir should be large enough to minimize

the curvature but this requirement is not compatible with the

minimization of sample consumption. According to Martino

et al.,7 the measurement of h is the major source of error,

which is in the range of 5%. To decrease this error a variant of

the method using several capillaries has been used, the

so-called differential capillary rise method.10 In this case,

surface tension is determined for different pairs of tubes and

then averaged. The variability of the capillary radius may be

another source of error. According to these authors, this error

is generally smaller than 1% if each capillary is calibrated

along its length and non-uniform capillaries are rejected.

The detachment methods in the versions of du Noüy Ring

(DNR) and Wilhelmy Plate (WP) are based on the measure-

ment of the maximum force necessary to detach the ring or the

plate from the surface of the liquid. The maximum force, Fmax,

is proportional to surface tension. In the case of the ring, the

surface tension is given by the following equation:

s ¼ Fmax

4pR
f

R

r
� R

3

V

� �
ð3Þ

where f is the Harkins correction factor10 that is a function of

the volume, V, of the liquid raised by the ring, of the radius of

the ring, R, and of the radius of the ring’s wire, r. Hugh and

Mason11 proposed the most recent functional form for f, based

on a rigorous theory. In the case of the Wilhelmy Plate the

surface tension is calculated directly from the weight, W,

according to the equation:

W = Wplate + sp cos y � I (4)

where Wplate is the weight of the plate, p is the plate perimeter,

y is the contact angle of the liquid on the plate and I is the

buoyant force. A null contact angle is usually achieved with

adequate treatment of the plate surface. The determination of

the buoyant force may be avoided through the use of an

electromagnetic zero-adjustment balance that prevents immersion

of the plate. The Wilhelmy Plate method may be used in

dynamical or static conditions. The latter case cannot be

considered a detachment method but rather one based on

the shape of the meniscus. In this case, it is useful to measure

time-dependent surface tensions.

Although the detachment methods are quite popular, they

have several limitations in the case of ionic liquids. They need
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a large sample, usually larger than 10 cm3, to avoid the wall

effects. Furthermore, when applied in dynamic conditions,

they cause a non-equilibrium state in the liquid as the ring

or the plate is pulled through the surface and cannot be used to

measure variations in surface tension over time. In spite of

these problems, the detachment methods have been widely

used to measure the surface tension of ionic liquids12–28

because they are available in many laboratories. The need

for a controlled atmosphere has been frequently addressed in

recent years18,21,23,25,26 through the modification of commer-

cial equipment in order to ensure a dry argon or nitrogen

environment during measurements.

The pendant drop (PD) method may be considered as one of

the best suited for measuring the surface tension of ionic

liquids. It allows for observations of long-term changes in

surface tension that are important when dealing with viscous

liquids, as is often the case of ionic liquids. A small amount of

liquid is required and a controlled atmosphere inside the

measuring cell is easily achieved. Accuracies between 0.05

and 0.1 mN m�1 are usually claimed (cf. references cited in

the previous paragraph). The main disadvantage of the method

is the difficulty in forming drops of very viscous liquids.

The shape of a pendant drop in a gravitational field (Fig. 1)

depends on the competition between the capillary and gravitational

forces and can be described by the Bashforth–Adams equation:29

s
1

R1
þ sinj

x

� �
¼ 2s

R0
þ Drgz; ð5Þ

according to which R0 is the radius of curvature at the apex of

curvature, R1 is the radius of curvature on the plane of the

drawing and the meaning of symbols x, z and f is given in Fig. 1.

The experimental setup requires a CCD camera with a low-

magnification lens to record the shape of the drop and the

image is analyzed using suitable software. The surface tension

is obtained from the best fit to the experimental drop profile of

a theoretical curve that describes the shape of the drop.

A number of research groups30–49 have been using the

pendant drop method to measure the surface tension of ionic

liquids. In some cases the drops were kept inside a dry argon

or nitrogen atmosphere during the measurement.32–34,38,45

Recent papers reported high temperature surface tension data

obtained with this method in an extended temperature range

up to 180 1C33,34 and 260 1C.32 They used a home-built

chamber where the liquid drops were held between the parallel

faces of a metallic block, with its temperature maintained

constant, within �0.05 K, using a PID controller.

The methods of drop volume (DP) or drop weight (DW)

are very simple and have been used in a few ionic liquid

measurements.50–55 In these methods, the volume or weight of

a drop of the liquid falling from a capillary at constant rate is

determined. The volume or weight of the drop correlates with

the surface tension through the equation:

s ¼ VDrg

2prf r
V1=3

� � ð6Þ

in which V is the volume of the liquid detached in the form of a

single drop, Dr is the difference between the liquid and

the vapor density, r is the radius of the capillary tip, and f is

the Harkins and Brown correction56 for the portion of the

drop remaining in the tip after detachment. This empirical

correction was recently validated by theoretical calculations

based on the dynamics of drop formation.57 The main dis-

advantage is that equilibrium composition at the interface may

not be achieved for viscous ionic liquids or multicomponent

systems.

The maximum bubble pressure (BP) is a method based on

the idea that when a bubble of gas is blown out of a capillary

immersed in a liquid, the bubble attains a hemispherical shape

when the pressure is maximum. After that, the bubble becomes

unstable and it will detach from the capillary. The maximum

pressure, pmax is related to the surface tension of the liquid by

the Laplace equation corrected by the hydrostatic pressure due

to the immersion of the capillary:

pmax = 2s/r + Drgh, (7)

where r is the bubble radius that equals that of the capillary

and h is the depth of immersion of the capillary. In spite of

being very demanding, this technique has a good accuracy

(�0.1 mN m�1) and is very useful for dynamic measurements.

It has been applied to measure the surface tension of several

ionic liquids.58–78 Jin et al.58 used a home-made apparatus

with two capillaries to avoid the problem of the determination

of the depth of immersion, h, which is the main source of error

in this method. According to these authors, the accuracy of the

measurements in this case is mainly determined by the accu-

racy of the pressure readings, and it can be as high as 0.1%.

The technique of spinning drop (SD) is particularly appro-

priate for measuring very low surface tensions, which is

usually not the case of ionic liquids. This is certainly the

reason why there is only one group applying this method to

ionic liquids.79 The method is based on the elongation of a

drop spinning inside its vapor (or a gas bubble inside a liquid):

the elongation of the bubble stops when the centrifugal forces

are balanced by those of surface tension. The surface tension

may be calculated by the Young–Laplace equation modified

by the presence of a centrifugal field (eqn (8)), assuming that

the length of the bubble is larger than its radius.

s
1

R1
þ 1

R2

� �
¼ 2s

R0
þ Dro2l2 ð8Þ

Fig. 1 Schematic representation of a pendant drop setup showing the

parameters used in the working equations that define the shape of the

drop.
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where R1 and R2 are the curvature radii of the elongated drop

(or bubble), R0 is the radius of the initially spherical drop

(or bubble), o is the angular velocity and l is the drop’s

displacement from the axis of rotation (R0 � R2) caused by the

gravitational field. The scheme of the rotating process is given

in Fig. 2. This method is usually limited to measuring surface

tensions smaller than 50 mN m�1, since, for higher values, the

centrifugal force required to maintain the cylindrical drop

shape is too high. The advantage of the spinning drop method

is that it is not necessary either to measure the contact angle

between a solid surface and the liquid or to estimate the

curvature at the interface.

In recent years, dynamic light scattering (DLS), a more

sophisticated technique, has been used to measure surface

tension of ionic liquids. This is a non-perturbative optical

technique based on the scattering of laser light by the capillary

waves on the liquid surface.80 The light scattered at small angles

is optically mixed at a photomultiplier with a coherent reference

beam generated by a diffraction grating. The output of the

detector is processed with a spectrum analyzer. In a simple fluid

of low viscosity, the surface tension, s, and the bulk viscosity, Z,
are directly related to the maximum frequency, om, and the

half-width, Doq, respectively, of the spectrum of scattered light

with wave vector, q, of the surface mode. For high viscosities,

the surface waves are over damped and the half-width depends

both on s and Z.Halka et al.81 used DLS to obtain the capillary

wave (CW) spectra of several ionic liquids and compared the

experimental spectra with that calculated from the surface

tension data measured with the maximum bubble pressure

method. The group of Ohmasa26 used a home built dynamic

light scattering apparatus to obtain the CW spectra. In contrast

with Halka et al.,81 who took only the peak position of the

power spectrum into account, they consider other information,

such as the peak width. Through an improved analysis based on

hydrodynamics and the fluctuation dissipation theorem, they

were able to determine the surface tension of several ionic

liquids in a wide temperature range, from 30 to around

140 1C. The results were confirmed by comparison with

independent determinations using a du Noüy tensiometer

enclosed in Ar-gas environment. The great advantage of the

DLS method is the minimum interaction with the surface and

the fact that the sample can be tightly encapsulated in the

measuring cell. The disadvantage is the complexity of the

method both in theoretical and experimental respects.

In conclusion, several experimental techniques have been

used to measure the surface tension of ionic liquids in various

experimental conditions, from ambient atmosphere to highly

controlled environments, at different temperatures. When

using commercial apparatus the measurements are normally

done at ambient environment in a temperature range

controlled by water bath thermostats (ambient to 80 1C). In

other cases, the apparatuses are modified or home-built to

comply with the requirements of the experiments. The quality

of the measurements depends both on the experimental

conditions and the nature of the ionic liquid. For example,

hygroscopic liquids demand dry atmospheres, while viscous

liquids should be measured with static methods to avoid the

influence of the viscous drag on the surface tension values.

3. Surface tension of pure ionic liquids

The surface energy of a liquid is the amount of energy needed

to create a unit area of a new surface. If this area is generated

from the separation in two parts of a column of liquid of unit

cross-sectional area, the surface energy is half of the energy

that must be supplied to overcome the interactions between

the molecules on either side. Surface tension is defined as the

force to close a cut of unit length in the surface of a liquid.

Surface tension is related to the surface energy (and inter-

molecular forces) but they are not identical. The former is

related to the excess Helmholtz (or Gibbs) energy, while the

latter is related to the excess internal energy. The magnitude of

the slope of the temperature dependence of the surface tension

of a pure liquid is the surface entropy, which is a measure of

the surface disorder with respect to the bulk liquid. It is the

competition between the excess internal energy and the excess

entropy that determines the equilibrium state of the interface.

For liquids composed of spherical molecules, e.g. liquid

argon or methane, the surface ordering effects are negligible

and the surface tension correlates well with the intermolecular

interactions in the bulk. In contrast, for liquids composed of

non-spherical molecules with polar and non-polar groups, the

molecules at the interface may be strongly oriented. According

to the Langmuir’s principle of independent surface action,

each part of a molecule that is actually present at the interface

contributes with its own surface free energy to the surface

tension of the liquid. In the case of spherical molecules the

liquid surface should represent a random truncation of the

bulk, in contrast for non-spherical molecules, the interface is

different from the bulk and the surface tension results from the

contributions of the groups that form the outer layer of

the interface. Langmuir’s principle was successfully applied

to the surface tension of ionic liquids,33,82,83 but its application

demands the knowledge of the surface tensions of the

separated ions and their moieties. Analysis of a large set of

experimental values of surface tension of ionic liquids led

Kolbeck et al.83 to conclude that the ‘‘observed behavior can

be explained in a consistent way considering Langmuir’s

principle, namely that the surface composition is determined

by the interplay of cohesive energy and surface orientation’’.

This means for instance that ionic liquids with long alkyl side

chains on either the cation or the anion have the surface region

dominated by these tails, which are oriented away from the

bulk. However, if the alkyl chains are short or functionalized

different effects may occur.

As stated in the two previous paragraphs, the surface

tension of pure liquids is an important physical property that,

unlike other bulk properties, is not easily correlated with the

characteristics of the substances at a molecular level: the

Fig. 2 Schematic representation of a spinning drop setup showing the

parameters used in the working equations that define the shape of the drop.
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structure and molecular distribution at the surface are, in

many cases, quite different from that present in the bulk. In

the case of ionic liquids this situation is particularly significant

due to the fact that these are substances composed by two

ionic species that generally possess a high degree of structural

and charge anisotropy, which often leads to the existence of

nano-segregated domains, even in the bulk phase.82,83

In the past decade several studies have focused on the

thermophysical properties of pure ionic liquids. Most were

devoted to the study of bulk properties such as density

or viscosity, with a comparatively modest fraction being

dedicated to surface tension measurements.

Nevertheless, a thorough survey of the literature from 2001

to the end of 2010 has yielded 845–9,12–27,30–55,58–79,81,84–97

articles in which the surface tension of pure ionic liquids is

discussed, including experimental surface tension data in tabu-

lated form for 208 different ionic liquids and a total of 2030 data

points—Fig. 3. The figure also shows that the amount of

surface tension data has been increasing rapidly over recent

years. It must be stressed at this point that there are still many

accuracy issues related to the reported values and that the effect

of water and other impurities, which has been investigated in

the case of density and viscosity measurements,98,99 is still not

well understood in the case of surface tension data.

Taking this caveat into due consideration, we have collected

all surface tension data available in the literature for pure ionic

liquids and have built an extensive database that is provided as

ESIw to the present review paper.

The data contained in the database have been deemed

adequate to define general trends of surface tension as a

function of temperature or structural variations within specific

homologous series (families) of ionic liquids. These will be

analyzed in the following sub-chapters.

3.1. Database rationale

The database has been compiled to include the different

factors that have an effect on the surface tension of an ionic

liquid (viz., temperature, water and halide contents,

methodology, and/or structural variations within or between

homologous series of ionic liquids).

All data related to the surface tension of neat aprotic ionic

liquids reported between 2001 and 2010 have been listed in

chronological order (cf. STDB.xls file given as ESIw).
For each set of data the database includes: the name and

acronym of the analyzed ionic liquid; the experimental method

used in the surface tension measurements; the temperature

range studied; the corresponding surface tension data; the

slope of the surface tension versus temperature functions; the

number of data points reported; and the bibliographical

reference. The ions have been given uniform designations

and acronyms, in agreement with IUPAC nomenclature rules

and/or their most commonly used names. These can be found

in Table S1 of the ESIw. A summary of the compiled data

allowing for quick comparisons between the pure ionic liquid

surface tension data is also given in Table 1.

Further analysis of the data, namely the effect of structural

variation within homologous ionic liquid series, was imple-

mented by classifying the available ionic liquids into homo-

logous or near-homologous series based on the nature of their

cations (cf. Table 2). The choice of the cations (and not the

anions) as classification criteria is based on the fact that: (i) the

number of non-homologous anions or anion families is much

larger than that of cations—many inorganic anions yield ionic

liquids when combined with the appropriate cations but the

reverse is not true; (ii) most studies focus on a particular cation

or cation family and combine it with different anions, which

means that some analyses can be made without the uncertainty

introduced by the comparison between different sources/

measurement methods; and (iii) most ionic liquids exhibit

alkyl residues connected to the cation (notable exceptions

are, for instance, the alkylsulfate and alkylsulfonate anion

families), which means that the effect of the alkyl side chains

can be compared within each series.

Accordingly, the available ionic liquids have been divided

into 5 families based on the following cationic residues:

imidazolium (im), pyridinium (py), ammonium (am),

phosphonium (ph), and guanidinium (gu). The ammonium

family includes cyclic aliphatic rings such as pyrrolidinium or

piperidinium. In some cases these families have been further

subdivided into several groups in order to emphasize the

influence of the different substituents in the cation, the nature

of the anion, and the size, number and branching of the alkyl

side chains. The different families and groups discussed in the

present chapter are listed in Table 2.

Family 1 is by far the largest and includes all ionic liquids

containing imidazolium-based cations (im). Groups 1A to 1W

represent a subdivision within this family in which the anion is

kept constant within each group in order to emphasize the

effect of alkyl substitution and chain length variation in the

cation. For instance, groups 1A, 1B and 1C include

several imidazolium-based ionic liquids that contain the

bis(trifluoromethylsulfonyl)imide, hexafluorophosphate, and

tetrafluoroborate anions ([Ntf2]
�, [PF6]

�, and [BF4]
�) as

counter ions, respectively. Conversely, groups 1A* to 1Q*

represent an alternative subdivision of the im family where within

each group a given cation is kept constant and is combined with

Fig. 3 Surface tension data for pure ionic liquids, from 2001 to 2010:

number of articles (solid bars); number of distinct ionic liquids

analysed (white bars); number of data points (red line/scale).
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Table 1 Summary of surface tension data for pure ionic liquids. Each entry contains the acronym of the ionic liquid (cf. Table S1, ESIw) followed
by the surface tension data in mN m�1, the corresponding temperature range in K (between parentheses), the experimental method (cf. Section 2)
and the literature reference

1-Alkyl-3-methylimidazolium-based ionic liquids, [CnC1im][X]

[C1C1im][Ntf2] [C2C1im][C2SO4] [C4C1im][N(CN)2] [C4C1im][ClO4]

36.9–36.3 (293–298) PD49 42.5 (298) CR7 46.5 (296) CR8 43.9–42.5 (293–333) BP93

[C1C1im][N(CN)2] 50.5 (298) DNR21 48.6–45.0 (293–344) DNR18 [C4C1im][Ala]

61.6 (298) CR7 47.2–45.1 (293–332) WP25 38.1 (293) PD30 48.1–44.7 (293–343) BP62

[C1C1im][C1SO4] 46.1 (293) PD30 47.9–45.5 (303–333) DNR85
[C4C1im][Glu]

65.1 (298) DNR21 48.0–35.3 (298–453) PD34
[C4C1im][SCN] 49.3–37.1 (308–343) BP90

59.4–59.0 (298–313) PD36 46.8 (313) PD36 46.9–36.6 (296–351) DNR18
[C5C1im][Ntf2]

60.9–58.9 (288–313) PD42 47 (298) PD37 47.5–44.1 (298–338) DNR88 32.9–30.3 (293–343) DNR13

56.46 (298) DNR86 46.7–43.4 (278–328) PD38 [C4C1im][Au(CN)2] 29.5–20.1 (313–513) PD32

[C1C1im][C2-4SO4] 47.3–45.7 (303–333) PD39 46.6 (298) CR7 [C5C1im][BF4]

58.3; 51.9; 41.8 (298) DNR21 47.9–45.8 (288–313) PD41 43.8–42.1 (303–333) DNR85 40.3–38.4 (278–338) BP78

[C2C1im] [Otf] 50.4–47.0 (278–328) BP75 [C4C1im] [PF6] [C5C1im] [AlCl4]
39.2 (298) CR7

[C2C1im][Gly] 47.5–40.8 (298–393) CR5 42.6 (298) BP59

44.5–42.5 (296–353) DNR12 49.6–48 (288–343) BP76 47.9–45.4 (298–336) DNR12 44–40 (273–343) BP72

53.7 (300) DW50 [C3C1im][Ntf2] 48.8 (298) DNR14 [C5C1im][GaCl4]

[C2C1im][Ntf2] 34.9–32.2 (293–343) DNR13 44.1–41.1 (293–343) DNR15 44.4–40.4 (273–343) BP72

35.2 (298) CR7 32.5–24.6 (313–476) PD32 42.7 (298) DNR16
[C5C1im][InCl4]

41.6–39.9 (299–331) DNR12
[C3C1im][PF6] 42.9 (336) DNR17 45.1–41.0 (273–343) BP72

36.9–34.6 (293–343) DNR13 46.4–44.3 (318–352) WP20 44.5–40.8 (288–353) DNR20
[C5C1im][Ala]

36.8–33.4 (283–352) WP19 46.8–44.4 (318–352) DNR20 44.4–40.5 (288–353) WP20 46.4–42.9 (293–343) BP62

37.1–33.2 (283–352) DNR19 [C3C1im][C1-4SO4] 43; 42.6 (303) DLS; DNR26 [C5C1im][Gly]

35.2–23.7 (313–532) PD32 52.3; 48.6; 42.1; 38.2 (298) DNR21 46.8 (298) WP27 41.8–38.8 (293–343) BP64

37.3–34.3 (279–328) PD38 [C3C1im][Ala] 53.1 (298) PD40 [C6C1im][Ntf2]

34.7–32.8 (302–338) PD47 50.5–47.0 (293–343) BP62 43.7–41.8 (288–313) PD44 36.0–33.4 (297–346) DNR12

40.5 (300) DW50
[C3C1im][Glu] 44.7–42.3 (313–343) PD47 32.3–29.6 (293–343) DNR13

[C2C1im][BF4] 60.8–48.7 (298–338) BP92 42.9–40.3 (298–338) PD47 32.3–28.9 (283–351) WP19

44.3 (298) CR7 [C4C1im][Otf] 47.2 (300) DW50 31.2–27.6 (283–348) DNR24

53 (293) DNR23 35.5–33.3 (293–343) DNR15 40.9 (298) BP58 31.2; 30.8 (303) DLS; DNR26

54.4 (298) PD48 34.0 (298) PD45 44–41 (290–400) BP81 29.4–18.5 (313–532) PD32

54.6–53.9 (293–298) PD49 23.4–19.2 (283–363) DNR96
[C4C1im]Cl 30.6–28.6 (304–338) PD47

48.3–46.4 (283–363) DNR96
[C4C1im][Ntf2] 48.2–41.8 (298–393) CR5 30.7–30.2 (293–298) PD49

52.8 (298) DV55 33.6–30.9 (293–343) DNR13 47.0–43.0 (370–450) BP61 36.4 (300) DW50

[C2C1im][C1,2BF3] 37.5 (298) DNR14 [C4C1im]I 32.5–28.6 (298–338) SD79

45.2; 42.5 (298) PD48 33.6–30.9 (293–343) DNR15 53.3–45.6 (298–393) CR5 [C6C1im][BF4]

[C2C1im][C2H3BF3] 46.3 (298) DNR16 54.7 (298) DNR14 39.2–34.3 (298–393) CR5

44.3 (298) PD48 33.5–30.5 (284–352) WP19 [C4C1im][I3,5,7] 37.3 (298) DV55

[C2C1im][C3,4,5BF3] 33.5–30.4 (284–348) DNR19 51.8; 55.3; 58.2 (298) PD45 36.8–32.7 (298–338) SD79

38.0; 34,2; 33.8 (298) PD48 33.8; 33.4 (303) DLS;DNR26
[C4C1im][FeCl4] [C6C1im][PF6]

[C2C1im][PF3(C2F5)3] 35.4 (298) WP27 44.9 (298) CR7 43.4–38.8 (298–393) CR5

35.3–33.4 (283–338) BP89 38.4 (298) PD30 47.2–43.5 (283–343) BP67 43.4 (298) DNR14

[C2C1im][N(CN)2] 31.9–24.6 (313–475) PD32 [C4C1im][GaCl4] 39.0–35.2 (293–353) DNR15

42.6 (298) CR7 33.8–31.3 (279–328) PD38 41.5 (298) CR7 39.1–38.6 (284–354) WP20

64 (293) DNR23 33.2 (298) PD45 46.9–43.4 (268–338) BP65 39.1–34.9 (284–354) DNR20

[C2C1im][C(CN)3] 31.5–29.6 (303–338) PD47
[C4C1im][AlCl4] 37.9; 38.6 (303) DLS; DNR26

47.9 (298) CR7 31.1–30.7 (293–298) PD49 45.6 (298) BP59 37.5–36.1 (293–313) PD44

[C2C1im][SCN] 33 (298) BP58 47.0–43.1 (278–343) BP60 37.4–35.1 (299–338) PD47

49 (298) CR7 [C4C1im][Ctf3] 47.0–41.0 (300–420) BP61 42.1–36.6 (298–338) SD79

57.8–57.0 (298–338) DNR22 35.1 (298) BP58 [C4C1im][Zn3Cl7] [C6C1im]Cl

[C2C1im][I7,9] [C4C1im][BF4] 78.3–76.4 (318–343) BP87 41.8–36.2 (298–393) CR5

63.4; 64.2 (298) PD45 43.6–38.2 (298–393) CR5
[C4C1im][ZnCl3] 42.5 (298) DNR14

[C2C1im][FeCl4] 36.4 (298) CR6 57.5–54.8 (313–343) BP66
[C6C1im]I

47.7 (298) CR7 46.6 (298) DNR14
[C4C1im] [C1SO4] 43.5–36.5 (298–393) CR5

[C2C1im][GaCl4] 44.8–41.6 (293–341) DNR15 42.9–37.7 (295–354) DNR18 40.2 (298) PD45

50 (298) CR7 38.1 (298) DNR16 44.1 (298) DNR21 [C6C1im][AlCl4]

52.9–46.8 (288–343) BP77 38.4 (336) DNR17 43.3–42.1 (298–313) PD36 40.4–37.5 (283–338) BP59

[C2C1im][InCl4] 44.6–40.3 (294–361) DNR18 42.7–41.0 (303–333) PD39
[C6C1im][GaCl4]

52.8–49.5 (293–343) BP69 45.4–40.9 (284–351) DNR19 45.9–41.8 (283–313) PD43 41.2–38.2 (283–338) BP74

[C2C1im][C1HPO3], [C1SO3] 45.3–40.9 (284–351) WP19 41.4 (298) DNR86
[C6C1im][C1SO4]

45.5; 50.7 (293) PD35 44.3 (293) PD30 [C4C1im][C2SO4] 33.6–33.5 (298–313) PD36

[C2C1im][C1SO4] 46.0–37.6 (298–453) PD34 41.7 (298) DNR21 [C6C1im][C2SO4]

62.9 (298) DNR21 43.9 (299) PD45 36.4–33.9 (298–313) PD36 31.8–29.6 (298–313) PD36

[C2C1im][C3,4SO4] 45.7 (298) PD46 [C4C1im][C3,4,8SO4] [C6C1im][Ala]

44.0; 40.8 (298) DNR21 39.7–37.9 (314–344) PD47 36.7; 31.1; 25.2 (298) DNR21 43.8–40.3 (293–343) BP62

[C2C1im][C8SO4] 45.3 (298) DV55 28.1–25.0 (279–328) PD38
[C6C1im][Gly]

31 (293) PD35 44 (298) BP58 28.4 (298) DNR86 41.3–37.9 (293–343) BP64

[C6C1im][InCl4] [C8C1im][N(C2F5SO2)2] [C8C1im]Br [C10C1im][Ntf2]

42.0–38.9 (283–338) BP73 28–27.7 (293–298) PD49 32 (336) DNR17 32.1–28.7 (293–343) DNR13

[C7C1im][Ntf2] [C8C1im][PF6] 34–31.4 (313–343) PD47 28.7–16.9 (313–533) PD32

32.0–28.3 (293–343)DNR13 36.5 (298) DNR14 32–31.6 (293–298) PD49 29.1–26.8 (306–338) PD47
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different anions: for instance group 1A* contains ionic liquids

formed by the combination of the 1-3-dimethylimidazolium

cation, [C1C1im]+, with six different anions.

The other four families are represented by a substantially

smaller number of ionic liquids/experimental data (cf. Fig. 4),

which means that, in most cases, only a few sub-divisions

Table 1 (continued )

1-Alkyl-3-methylimidazolium-based ionic liquids, [CnC1im][X]

[C8C1im][Otf] 35.2–32.0 (293–343) DNR15
[C8C1im]Cl 29.9–29.5 (293–298) PD49

28.5 (298) PD49 32.8 (336) DNR17 31.9–26.7 (298–393) CR5 [C10C1im][PF6]

[C8C1im][Ntf2] 34.6–30.9 (284–354) WP20 33.8 (298) DNR14 30.7–28.4 (301–338) PD47

31.9–28.9 (293–343) DNR13 34.8–30.8 (284–354) DNR20 30.5 (336) DNR17 [C10C1im] [N(CN)2]
30.6 (293) PD30 33.8; 32.9 (303) DLS;DNR26 26.2 (293) PD30 31.2 (293) PD30

29.2–19.2 (313–513) PD32 36.5–35.2 (293–313) PD44 31.9–30.7 (313–333) PD47
[C12C1im][Ntf2]

29.9–29.5 (293–298) PD49 34.3–32.4 (313–343) PD47 30.9 (298) PD49 26.4–16.9 (333–533) PD32

[C8C1im][BF4] 32.9–32.5 (293–298) PD49 [C8C1im][C1SO4] 30.2–29.8 (293–298) PD49

30.7–26.0 (298–393) CR5 [C8C1im][PF3(C2F5)3] 30.4–30.0 (298–313) PD36 [C12C1im][BF4]

34.2–30.2 (288–343) DNR15 30.7–30.3 (293–298) PD49 30.4–30.1 (293–298) PD49 25.2 (336) DNR17

29.8 (336) DNR17
[C8C1im][N(CN)2] [C8C1im][C2SO4] 26.5–24.9 (313–343) PD47

32.3–28.7 (298–362) DNR18 36.9 (293) PD30 28.7–27.9 (298–313) PD36
[C12C1im][PF6]

33.2 (293) PD30
[C8C1im][B(CN)4] [C8C1im][NO3] 23.6 (336) DNR17

32.7–23.7 (298–471) PD33 39.2–38.6 (293–298) PD49 33.7–33.3 (293–298) PD49 22.7–21.1 (313–343) PD47

30.6–29 (313–343) PD47 [C8C1im]I [C10C1im][BF4] [C14C1im][Ntf2]

31.2–30.8 (293–298) PD49 33.1–32.7 (293–298) PD49 23.7 (293) PD30 26.3–15.5 (313–513) PD32

32.8 (298) DV55

Other imidazolium-based ionic liquids, [(X)CnCnCnim]

[iC4C1im][N(CN)2] [C4C1C1im][Ntf2] [(C2SO2)C2C1im][Otf] [(NH2)C2C1im][BF4]; [PF6]

45.7 (296) CR8 26.7 (293) PD30 53.7 (300) DW50 53.4; 55.4 (298) unknown84

[C2C2im][Ntf2] 37.4–28.7 (293–343) DNR97
[(CN)C3C1C1im][N(CN)2]; [Ntf2] [(NH2)C4C1im][BF4]

35.8–33.7 (293–343) DNR97
[iC4H7C1im][BF4] 40.5; 45.2 (298) DNR16 50.4–48.3 (303–333) DNR85

[C4C4im][Ntf2] 51.8 (298) PD40
[(CN)C3C1im][N(CN)2]; [Ntf2];[BF4] [(NH2)C4C1im][N(CN)2]

29.6 (293) PD35 [PhC1–3C1im][Ntf2] 48.3; 51.4; 52.2 (298) DNR16 45.2–43.6 (303–333) DNR85

[C3C1C1im][Ntf2] 40.8; 42.1; 43.5 (�) CR9 [(COC)2C1C1im][Ntf2] [(OH)C2C1im][BF4]

41 (293) DNR23 [PhC3C1im][PF6] 37–36.5 (293–298) PD49 64.7–53.6 (299–471) PD33

[C4C1C1im][N(CN)2] 33 (�) CR9
[(COC)C1C1im][BF4] [(OH)C2C1im][N(CN)2]

48.9 (296) CR8
[C4(C1im)2][N(CN)2] 35.3 (293) PD30 45.8 (293) PD30

[C4C1C1im][PF6] 35.8 (296) CR8
[(COOH)C1C1im][BF4]; [PF6] [(OH)C2C1im][Ntf2]

44.8–41.4 (303–353) DNR15 56.3; 52.9 (298) unknown84 34 (298) BP58

Pyridinium, ammonium (inc. pyrrolidinium and piperidinium), phosphonium and guanidinium-based ionic liquids, [(X)CnCnCnim]

Pyridinium (py) [C4-4-C1py] [SCN] [N1 1 i3 3] [Ntf2] Phosphonium (P)

[C2py][Ntf2] 47.7–38.4 (303–342) DNR18 34.3 (298) BP58 [P2 4 4 4][C2C2PO4]

37.7–35.6 (288–338) BP94 [C8-3-C1py][BF4] [N1 1 i3 4][Ntf2] 33.6–29.6 (297–351) DNR12

[C2py][ReO4] 39.8–34.0 (278–328) DV52 38.4–36.9 (299–325) DNR12 [P6 6 6 14][N(CN)2]

48.6–45 (293–343) BP91 [(CN)C3py][N(CN)2]; [Ntf2] 32.8 (298) BP58 35.2–31.1 (295–348) DNR12

[C3py][ReO4] 39.1; 44.8 (298) DNR16
[N1 1 i3 6][Ntf2] 31.0 (293) PD30

45.0–41.6 (293–343) BP70
Ammonium (N, pyrr, pip) 36.7–35.0 (300–323) DNR12

[P6 6 6 14][Ntf2]

[C4py][BF4] [N1 1 1 3][Ntf2] 31.4 (298) BP58 33.1–28.9 (298–350) DNR12

47.9–44.2 (278–338) DV54 35; 35.1 (303) DLS; DNR26 [N1 1 i3OH i3OH][Ntf2] 30.8–27.6 (293–343) DNR97

[C4py][Ntf2] [N1 1 1 4][Ntf2] 38 (298) BP58 [P6 6 6 14][tolSO3]

33.4–31.5 (298–338) BP94 33.3–30.6 (279–328) PD38 [C1C3pyrr][Ntf2] 23.2 (293) PD30

[C4py][Otf] 38.1–36.5 (298–341) DNR12 34.4 (298) BP58
[P6 6 6 14]Cl

36.5–34.8 (298–338) DV54
[N1 1 1 6][Ntf2] 32.5–30.0 (293–343) DNR97 33.6–29.6 (298–348) DNR12

[C4py][ReO4] 35.9–33.8 (300–333) DNR12
[C1C4pyrr][CF3CO2] 30.7 (293) PD30

41.6–38.2 (293–343) BP63 [N1 1 1 10][Ntf2] 35.7–33.3 (292–358) DNR18 Guanidinium (gu)

[C5py] [Ntf2] 35.4–32.2 (301–347) DNR12 [C1C4pyrr][N(CN)2] [gu1 1 6 6 6 6][N(CN)2]

33.1–30.5 (283–338) BP94 [N1 8 8 8][N(CN)2]; [NTf2]; Cl 56.2–51.2 (293–353) DNR18 21.4 (293) PD30

[C6py][ReO4] 28.8; 22.8; 26.4 (293) PD30 [C1C4pyrr][Ntf2] [gu1 1 6 6 6 6][Ntf2]

34.4–31.1 (293–343) BP68
[N1 8 8 8] [Ntf2] 32.7–32.3 (293–298) PD49 32.8 (298) PD31

[C2-3-mpy][C2SO4] 29.1–26.7 (299–337) DNR12 33 (298) BP58
[gu1 1 6 6 6 6]Cl

46.4–38.6 (298–398) PD34 29.7–26.0 (279–328) PD38 34.5–33.0 (283–363) DNR96 29.0 (293) PD30

[C3-3-mpy][Ntf2] [N2 2 2 6][Ntf2] 34.9–32.0 (293–343) DNR97 [gu1 1 C2H3 2 C2H3 2][Ntf2]

36.0–33.6 (293–343) DNR97 35.2–31.5 (299–347) DNR12 [C1C4pyrr][PF3(C2F5)3] 36.4 (298) PD31

[C4-2-C1py][BF4] [N0 0 0 2OH][C4COO] 38 (293) DNR23 [gu1 1 C2H3 C2H3 C2H3 C2H3][Ntf2]

46.3–43.2 (288–338) DV53 34.8–33.1 (288–323) WP95
[C1C4pyrr][SCN] 37.5 (298) PD31

[C4-3-C1py][BF4] [N0 0 2OH 2OH][C4COO] 49.8–44.7 (303–344) DNR18
[gu1 C2H3 C2H3 C2H3 C2H3]

46.4–42.9 (278–328) DV51 34.6–32.9 (288–323) WP95
[C1C6;10pyrr][Ntf2] [C7F15COO]

[C4-3-C1py][N(CN)2] [N0 2OH 2OH 2OH][C4COO] 31.7; 31.4 (298) BP58 25.3 (298) PD31

43.4–36.3 (293–350) DNR18 33.8–32.0 (288–323) WP95 [(OH)C2C1pyrr][Ntf2]

[C4-4-C1py][BF4] [N1 1 i3 10][Ntf2] 38 (298) BP58

45.1–42.5 (291–351) DNR18 36.1–33.8 (300–328) DNR12 [C1C3pip][Ntf2]

47.2–43.4 (278–328) DV51 31.3 (298) BP58 34.4; 34.5 (303) DLS; DNR26
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Table 2 Ionic liquid families (pure IL data): 1—imidazolium (im): orange/yellow; 2—pyridinium (py): green; 3—ammonium (am): blue;
4—phosphonium (ph): red; 5—guanidinium (gu): grey
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(groups) have been analysed. Nevertheless the designation of

each group (family number plus letter) and the use of an

asterisk mark to indicate groups composed by ionic liquids

with common cations have been maintained.

3.2. Temperature effects

Most of the studies dealing with the effect of temperature on

the surface tension of ionic liquids are restricted to a relatively

narrow temperature range, typically from around room

temperature (280–300 K) up to around 350 K. This 50–70 K

interval is quite limited when compared with the entire liquid

range of many ionic liquids that exhibit melting points well

below room temperature and a workable liquid range up to

their decomposition temperature, typically above 570 K. For

instance some ionic liquids based on 1-alkyl-3-methyl-

imidazolium cations combined with bistriflamide anions,

[CnC1im][Ntf2], can exist as stable fluids between 225 and

500 K, a temperature interval of almost 300 K. In most cases,

such limitations are imposed by the chosen experimental

methodology and/or setup (cf. Section 2).

Only a few reports are available in which the upper

temperature limit was extended beyond 370 K: Ghatee et al.5

measured the surface tension of different imidazolium-based

ionic liquids up to 395 K using the capillary-rise method;

Restolho et al.33 measured the surface tension of 1-ethanol-

3-methylimidazolium tetrafluoroborate, [(OH)C2C1im][BF4],

and 1-octyl-3-methylimidazolium tetrafluoroborate,

[C8C1im][BF4], up to 455 K using the drop-shape analysis

method equipped with a thermostatic chamber; the same

method/setup was used by Tariq et al.32 to measure the surface

tension of 1-alkyl-3-methylimidazolium bistriflamide,

[CnC1im][Ntf2] (n = 2–14), ionic liquids up to 530 K

(quite close to the onset of decomposition temperature); Osada

et al.26 determined the surface tension of imidazolium-,

ammonium- and piperidinium-based ionic liquids up to

475 K using a dynamic light scattering method.

The surface tension of a selected set of ionic liquids

(including those mentioned in the previous paragraph) is

represented in Fig. 5 as a function of temperature. For

comparison purposes four fluids (water, n-octane, n-perfluoro-

butane and molten sodium chloride) have been also included.

For each fluid surface tension decreases with temperature in

an almost linear manner, the exceptions being water and the

[C8-4-C1py][BF4] ionic liquid (cf. discussion below). This

linearity over extended temperature ranges (as high as 530 K

in some cases) supports the use of the Guggenheim or Eötvos

equations to correlate the trends of ionic liquid surface tension

data with temperature and their use in extrapolation schemes

that allow for the estimation of the hypothetical critical and

normal boiling temperatures of ionic liquids.47

The graph also shows that the surface tensions of most ionic

liquids fall between those of water and octane. It must be

stressed that some molecular fluids with particularly high

values of surface tension (e.g. ethylene glycol or dimethylsulfoxide)

have not been included in the graph, not only for the sake of

clarity but also because of the lack of data over extended

temperature ranges.

Fig. 5 also shows that for most ionic liquids the decrease of

s with increasing temperature (the surface entropy can be

estimated from the slopes of such plots, Ss = �(ds/dT)) is
smaller than that of water,100 and similar to those of n-octane,

n-perfluorobutane or NaCl. Unlike water (where, as tempera-

ture increases, there are profound structural modifications

of the fluid due to the disappearance of its hydrogen-bond

network) the electrostatic and van der Waals interactions

responsible for most of the internal cohesive energy of ionic

Fig. 4 Data regarding surface tension of pure ionic liquids (number

of independent studies) as a function of different combinations of

cations and anions. The different cation families are color-coded as in

Table 2.

Fig. 5 Effect of temperature on the surface tension of different fluids.

The four black lines show the trends for three common molecular

solvents and one molten salt with distinct surface tension ranges. The

markers represent selected ionic liquids, including those for which

experiments over extended temperature ranges have been performed:

(a) [C4C1im][Zn3Cl7]; (b) [(OH)C2C1im][BF4]; (c) [C1C1im][C1SO4];

(d) [C4C1im][ZnCl3]; (e) [C4C1im]I; (f) [C4C1im][PF6]; (g) [C4-4-C1py][BF4];

(h) [C6C1im][AlCl4]; (i) [C8-4-C1py][BF4]; (j) [C8C1im][BF4];

(k) [C6C1im][Ntf2]; (l) [N8 8 8 1][Ntf2]; (m) [C4C1im][C8SO4];

(n) [C12C1im][PF6].
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liquids remain active throughout the analysed temperature

ranges and yield the rather modest values of Ss. For most of

the ionic liquids studied a 20 K increase in temperature

corresponds to a 1 to 2 mN m�1 drop in surface tension, i.e.

(ds/dT) slopes in the �0.05 to �0.10 mJ m�2 K�1 range,

cf. Fig. 6.

A few of the reported ionic liquid data sets show higher

slopes: the three sets reported by Muhammad et al.79 for

[C6C1im][BF4], [C6C1im][PF6] and [C6C1im][Ntf2] with slopes

of �0.11, �0.14 and �0.10 mJ m�2 K�1, respectively; the

data of Pereiro et al.43 for [C4C1im][C1SO4] with a slope of

�0.14 mJ m�2 K�1; the data of Guan et al.92 and Wei et al.90

for glutamate-based ionic liquids, [C3C1im][Glu] and

[C4C1im][Glu], with slopes of �0.36 and �0.30 mJ m�2 K�1,

respectively; the sets reported by Sánchez et al.18 for

[C4C1im][SCN] and [C4-4-C1py][SCN] with slopes of �0.25
and�0.20 mJ m�2 K�1; and the results by Carvalho et al.97 for

[C4C1C1im][Ntf2] with a slope of �0.17 mJ m�2 K�1. These

higher slopes can be attributed, on the one hand, to the

relatively narrow temperature ranges used during the surface

tension determinations (Fig. 6 shows that the higher slopes are

only found for sets of data with temperature ranges of 30 to 55 K)

and the inherent error associated with the determination of the

slope of a short linear segment, and, on the other hand, to the

non-linear dependence of the surface tension data with tem-

perature, to systematic errors associated with the experimental

setup and its calibration over the studied temperature range, to

the purity and nature of the ionic liquid, and to the methodol-

ogy used to determine the surface tension of the pure ionic

liquids. For instance, the results for glutamate-based ionic

liquids have been obtained using surface tension data for

aqueous solutions of those ionic liquids and an extrapolation

scheme to zero water content;90,92 the data on thiocyanate-

based ionic liquids have been obtained with samples with

purities of 95 to 98% mass fraction (and over 1% chloride

mass content).18 The [C6C1im][BF4], [C6C1im][PF6] and

[C6C1im][Ntf2] sets79 show systematic deviations from the

results reported by other authors,5,12,13,15,19,20,24,32,44 which

seem to indicate experimental setup or sample purity issues;

the data on [C4C1im][C1SO4]
43 that show a non-linear trend in

the studied temperature range, whilst, finally, the

[C4C1C1im][Ntf2] results
97 also seem to indicate the possibility

of non-linear behaviour and would benefit from further

experiments over an extended temperature range. The issue

of non-linearity (depicted in series i of Fig. 5) is also present in

the data set from Royo et al.52 for [C8-3-C1py][BF4], measured

in the 278–353 K temperature range. It must be stressed that

results for other [Cn-3-C1Py]-based ionic liquids reported by

the same authors51,53,54 do not show this kind of behaviour.

The authors attributed this discrepancy to sample purity

(98%) or experimental setup problems.

Besides the slope issue, the second important information

that can be inferred from Fig. 5 is that all ionic liquids have

surface tensions higher than most common molecular solvents.

When the two facts are put together (higher surface tensions at

a given temperature, modest temperature dependence) this

means that ionic liquids will reach their (hypothetical) critical

points at a rather high and unattainable temperature, as

evidenced by the different extrapolation schemes mentioned

before.47 Regarding the surface tension magnitudes them-

selves, [C4C1im][Zn3Cl7]
87 exhibits the highest surface tension

values—78.3 to 76.4 mN m�1 in the 318 to 343 K range—

whereas [C12C1im][PF6] and other ionic liquids with large

alkyl side chains exhibit surface tension values around

room temperature in the 22 to 28 mN m�1 range. At

higher temperatures these values can be even lower than

20 mN m�1.

Unlike common molecular solvents—the vast majority of

which exhibit surface tensions at room temperature in the

12–20 mN m�1, water is a complete outsider with a surface

tension of 72 mN m�1, and only a few fluids (ethylene glycol,

DMSO) exhibit surface tension between the two extremes—

ionic liquids seem to bridge quite easily the 20-to-72 mN m�1

gap. In fact, the much-publicized versatility of ionic liquids

also applies to their surface tensions: the relation between the

electrostatic and dispersive contributions to the total inter-

actions in a given ionic liquid can be used to tailor its surface

tension behaviour. This is obvious if we think of

[C4mim][Zn3Cl7] as a mixture of [C4mim][Cl] + [ZnCl2] in a

ratio of (1 : 3),87 i.e. [C4mim]Cl with a surface tension of

48 mN m�1 at room temperature can be doped with an

inorganic salt (ZnCl2) and the enhanced electrostatic contri-

butions raise its surface tension to 78 mN m�1. On the other

hand, if [C4mim]Cl is replaced by another ionic liquid with a

longer alkyl chain, the increased segregation of the longer

alkyl side chains to the surface and away from the bulk will

contribute to decreasing the corresponding surface tension

values—[C8C1im]Cl exhibits a value of 31 mN m�1 at room

temperature. Changing the nature of the counter-ion or

introducing functional groups in the alkyl side chains of the

ions (including those that are capable of interacting via

hydrogen bonds) are other important ways to change the

balance between the different types of interaction present in

ionic liquids, as will be discussed in the next section.

Fig. 6 Temperature dependence of the surface tension, (ds/dT) as a
function of the temperature range (DT) of each experimental set of

results: (J) ionic liquid surface tension data sets with more than one

s(T) result; (’) molecular fluids/molten salt data sets: (1) water;

(2) n-octane; (3) n-perfluorobutane; and (4) NaCl. The labelled circles

represent sets of data with anomalously steep slopes: (a) [C3C1im][Glu];

(b) [C4C1im][Glu]; (c) [C4C1im][SCN]; (d) [C4-4-C1py][SCN];

(e) [C4C1C1im][Ntf2]; (f) [C4C1im][C1SO4]; and (g) [C6C1im][PF6].
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3.3 Effect of water and other impurities

From the above discussion it is clear that there are important

discrepancies in the reported values of surface tension data. The

next section (3.4) will highlight that fact even further (cf. below).

Such discrepancies can be partially explained by the use of

samples with different amounts of water or other impurities,

namely halides. It must be stressed that most ionic liquids are

hygroscopic and readily absorb water when exposed to air.98

This means that if during the surface tension measurements the

samples are exposed to air, the water content of the samples

will increase continuously. Proper sample handling and the

measurement of water content before and after the measurements

are important issues to be considered in this context. Unfortu-

nately many surface tension studies do not report these details.

Several attempts have been made by Huddleston et al.,14 Freire

et al.,15 Fang et al.62 and more recently by Klomfar et al.,20 to

quantify the effect of water. However, other authors101,102 main-

tain that the influence of water on surface tension values is almost

negligible. Klomfar et al.20 suggested that these conflicting views

can be reconciled if the differences in sample-handling and

experimental methodologies are also taken into account.

To evaluate the effect of water and halide content on the

surface tension of neat ionic liquids we have compiled relevant

information reported by different groups. Table 3 shows the

Table 3 Surface tension at 298 K, s, water and halide content and experimental method of a representative group of ionic liquid systems. Method
acronyms as in Section 2

Ionic liquid s/mN m�1 Water (ppm) Chloride (ppm) Method Ref. s/mN m�1 Water (ppm) Halide (ppm) Method Ref.

[C2C1im][Ntf2] 41.61 1090 na DNR 50 35.2a na na CR 7
36.68 42 na DNR 13 34.7b na na PD 47
35.71 200 na PD 38 40.5 na 200 DV 12

[C4C1im][Ntf2] 33.34 44 na DNR 13 37.5 474 na DNR 14
33.2 68 na PD 45 33 12 na BP 58
32.8b 215 na PD 38 33.34 121 37 DNR 15
31.5 na na PD 47 35.4 276 na WP 27

[C6C1im][Ntf2] 35.92 1050 na DNR 50 36.4 na 200 DV 12
32.01a 43 na DNR 13 32.5 268 28 SD 79
30.6b na na PD 47

[C10C1im][Ntf2] 31.75a 50 na DNR 13 29.1 na na PD 47
[C2C1im][BF4] 44.3 na na CR 6 54.4 200 10 000 PD 48
[C4C1im][BF4] 43.6 na na CR 5 44.41a na na DNR 15

46.6 4530 na DNR 14 43.8 na na DNR 85
44 61 na BP 58 45.74 na na PD 46
43.92 295 5 PD 45

[C6C1im][BF4] 39.2 na na CR 5 36.8 324 34 SD 79
[C8C1im][BF4] 32.95 340 na PD 33 33.6 371 na DNR 15

30.7 na na CR 5
[C4C1im][PF6] 47.92 1920 na DNR 50 40.9 45 na BP 58

43.78 1520 na WP 20 43.81 601 85 DNR 15
43.97 1520 na DNR 20 42.9 300 na PD 44
47.5 na na CR 5 46.8 500 na WP 27
48.8 590 na DNR 14

[C6C1im][PF6] 38.27 1840 na WP 20 37.1 300 na PD 44
38.28 1840 na DNR 20 42.1 456 45 SD 79
43.4 na na CR 5 38.78 21 100 DNR 15
43.4 472 na DNR 14

[C8C1im][PF6] 33.86 1760 na WP 20 34.86 18 80 DNR 15
33.93 1760 — DNR 20 36.2 300 na PD 44
36.5 388 — DNR 14

[C2C1im][C2SO4] 47 475 30 PD 37 48.79 na na BP 75
46.96 180 na PD 38 42.5 na na CR 6
47.55 2000 30 PD 39

[C1C1im][C1SO4] 59.8 300 na PD 42 56.46 190 na DNR 86
59.42 2000 na PD 36

[C4C1im][C1SO4] 42.98 1000 30 PD 39 41.42 190 na DNR 86
43.3 2000 na PD 36 43.3 300 na PD 43

[C4C1im][C8SO4] 26.71 180 na PD 38 28.37 190 na DNR 86
25.2 na na DNR 120

[C4C1im]I 53.3 na na CR 5 54.7 1870 na DNR 14
[C6C1im]I 43.5 na na CR 5 40.23 294 na PD 45
[C6C1im]Cl 41.8 na na CR 5 42.5 1130 na DNR 14
[C8C1im]Cl 31.9 na na CR 5 33.8 890 na DNR 14
[C2C1im][GaCl4] 50 na na CR 6 51.51 na na BP 77
[C4C1im][GaCl4] 41.5 na na CR 6 45.14 na na BP 65
[C2C1im][Otf] 44.2 9060 na DNR 50 47.6 na 200 DV 12

39.2b na na CR 6
[C4C1im][Otf] 33.97 298 7 PD 45 35.3c 181 na DNR 15
[C4C1im][N(CN)2] 46.5a na na CR 8 47.9 na na DNR 85
[N1 1 1 4][Ntf2] 38.08 1080 2700 DNR 50 32.46 160 na PD 38

a Surface tension values at 300 K. b Surface tension values at 303 K. c Surface tension values at 296 K.
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surface tension values at 298 K for a select group of ionic

liquids along with the used methodology and the reported

water and halide contents, all converted to w/w ppm. Most

multiple measurements (experiments performed by different

authors on a given system) refer to imidazolium-based ionic

liquids (Family 1).

Table 3 shows that there is no obvious trend between the

reported amounts of water present in the samples and the

magnitude of the surface tension values. For instance, a

[C2C1im][Ntf2] sample containing 42 ppm water has a

reported surface tension value of 36.48 mN m�1,13 whereas a

second sample containing 200 ppm water shows a value of

35.71 mNm�1, and a third sample containing 1090 ppm shows

a value of 41.61 mN m�1.

In order to provide a more systematic view, the data are also

presented in Fig. 7, where the relative deviations from the

average surface tension values for each type of system are

grouped by experimental method (Fig. 7a) or given as a

function of the water content of the corresponding samples

(Fig. 7b).

Fig. 7a shows that in general there are no systematic

deviations between the s values reported using a specific

method and the average s value for a given system. The only

exception is the drop volume (DV) method where for the

studied systems the reported s values are always higher than

the average values. Amongst the three most commonly used

methods—Du Noüy ring detachment (DNR), pendant drop

(PD) and capillary rise (CR)—the former tends to yield

slightly higher results (on average) than the other two. The

figure also shows that the agreement between results from

different sources can be almost one order of magnitude worse

(around 10%) than the reported internal consistency of each

set of reported data (usually around 1%), even when the

experimental technique is the same.

Klomfar et al.19,20 recently suggested that it is always better

to validate the measurements using two different techniques.

Osada et al.26 adopted a similar methodology. However such

precautions do not preclude errors stemming from the purity

and handling of the samples.

Fig. 7b shows that for water contents below 500 ppm

(500 mg of water per kg of ionic liquid) there is no systematic

deviation between the s value reported using a specific method

for a given system and the corresponding average value for

that system (dark-shaded area). However, as the water content

increases (above 500 ppm) the reported s values tend to be

higher than average (light-shaded area). In other words, this

general trend seems to indicate that below a given threshold

value the surface tension of ionic liquids is not very sensitive to

the presence of small amounts of water (this residual water is

probably tightly bound to the polar network and is not

segregated to the surface). Beyond that threshold (which

may be different for different ionic liquids) the surface tension

of ionic liquids tends to increase with increasing water content

in the ionic liquid samples.

The six values between 1500 and 2000 ppm that lie outside

the light-shaded area correspond to values reported by

Klomfar et al.20 This apparent contradiction between samples

with high water content but lower-than-the-average s values

cannot be dismissed arguing that this particular source does

not provide accurate data: in fact, these particular results

represent one of the most extensive sets of surface tension

data on hexafluorophosphate-based ionic liquids, [CnC1im][PF6]

(n= 4, 6, 8), and have been validated using experiments based

on two different methods (DNR and WP). The source of the

contradiction lies in the fact that there is a large inconsistency

between the published surface tension data of [CnC1im][PF6]

(n = 4, 6, 8) ionic liquids, with the results falling between two

groups of sources. This state of affairs cannot be attributed

either to the use of a specific experimental technique or to the

water content of the samples and is a recurrent situation found

for other systems. For this particular case, the amount and

validation procedure of the data produced by Klomfar et al.,20

as supported by the results of Freire et al.,15 who also

measured the halide content of the sample, seem to indicate

that these are the most reliable results.

The lack of data concerning the halide content of most of

the studied ionic liquids precludes an effective analysis of the

effect of this parameter on the surface tension of the samples.

The presence of chloride anions in non-negligible amounts

stems from the fact that chloride-based salts are used as

precursors in the synthesis of the target ionic liquids. In other

words, if the halide content of a given ionic liquid is not

properly accounted for, then a major purity issue arises: the

results do not correspond to pure ionic liquids but rather to

mixtures of two ionic liquids (one of them chloride-based).

The presence of other substances other than water or halides

is also possible. Organic compounds used in the synthesis

process of the ionic liquids either as reactants or solvents are

Fig. 7 Deviations of each experimental datum from the average surface tension values for each type of system presented in Table 2. The results

are (a) grouped according to experimental technique or (b) as a function of water content.
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generally eliminated either by common separation techniques

(solvent extraction) or by degassing of the IL samples. Such

purification procedures are more difficult when the volatility

(and solubility) of the organic compounds is low. This means

that ionic liquids with long alkyl side chains are generally more

sensitive to purity issues. No data concerning this issue have

been found in the context of surface tension measurements.

Thus, the use of different experimental techniques or samples

with different water or halide content can only partially explain

the discrepancies found between reported surface tension

values. The most important sources of error are probably

related to the incorrect handling of the samples (before or

during the surface tension measurements), their incomplete

characterisation and the use of a single technique to obtain

the experimental data (always prone to calibration issues).

3.4. Structural effects

The structural variations within and between the different

ionic liquid families defined in Section 3.2 will be discussed

with the help of Table 2.

3.4.1. Family 1—imidazolium cations (im). Family 1 contains

ionic liquids based on the imidazolium cation and is by far the

family with the greatest quantity of surface tension data

(around 80% of all data base entries). According to Table 2,

the family was further subdivided into groups 1A–1W, in

which a given type of anion is combined with different

imidazolium cations, or, alternatively, into groups 1A* to

1Q*, where a given imidazolium cation is combined with

different types of anion. In order to rationalize all subsequent

analyses some of these groups will be discussed together.

Groups 1A–1W. In these groups, a given anion is combined

with different imidazolium cations. The first includes cations of the

1-alkyl-3-methylimidazolium type, [CnC1im]+, with one variable,

non-functionalized alkyl side chain; the second comprises all other

types of imidazolium-based cations, [(X)CiCjCkim]+, with one or

more, functionalized or not, alkyl side chains and possible sub-

stitution at the C2 position of the imidazolium ring.

For selected groups we have plotted comparison graphs of

surface tension data at room temperature (298 K). In cases

where data were not available at the selected temperature, we

have performed linear interpolations or extrapolations in

order to make the correct comparisons. Where no extra-

polation was possible, we have indicated the point along with

the temperature at which the measurement was carried out.

Fig. 8(a to d) show the data for groups 1A, 1B, 1C and 1E

(ionic liquids containing [Ntf2]
�, [PF6]

�, [BF4]
� and [N(CN)2]

�,

respectively).

Fig. 8 Surface tension at 298 K of imidazolium-based ionic liquids belonging to groups 1A, 1B, 1C and 1E of Table 2. Each group contains the

listed cations combined with the following anions: (a) [Ntf2]
�; (b) [PF6]

�; (c) [BF4]
�; and (d) [N(CN)2]

�. The shaded areas correspond to ionic

liquids containing 1-alkyl-3-methylimidazolium cations, [CnC1im]+, the non-shaded areas contain all other types of imidazolium-based cations,

[(X)CiCjCkim]+. (a): �a: 58; �b: 38; �c: 7; �d: 45; �e: 15; �f: 79; �g: 27; �h: 26 (DLS, 303 K); �i: 26 (ring, 303 K);&: 50;J: 13;B: 47 (303 K);

n: 12 (300 K);’: 16;K: 9;E: 35(293 K); +: 14. (b)�a: 12;�b: 20;�c: 5;�d: 16;�e: 17;�f: 81;�g: 15;�h: 79;�i: 27;�j: 26;�k: 26;�l: 50;�m:

47;�n: 44;�o: 58;&: 20;J: 47;B: 40; n: 14;’: 84;K: 9. (c)�a: 33;�b: 14;�c: 16;�d: 58;�e: 45;�: 6;�g: 15;�h: 79;�i: 85;�j: 46;&: 5;J:

17;B: 55; n: 47; ’: 40; K: 84; *: 78; +: 48; —: 7. (d) J: 7; ’: 16; +: 8; *: 85.
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Fig. 8 shows that it is much easier to interpret trends within

an homologous series in which the only variable is the growth

of the n-alkyl side chain attached to the imidazolium ring

(shaded areas in the figure), than to compare ionic liquids that,

albeit based on the same anion and imidazolium core, can

contain diverse types of functionalization or different alkyl,

allyl or phenyl substituents. The shaded areas of Fig. 8a–c

show that the surface tension within the [CnC1im][Ntf2],

[CnC1im][PF6] and [CnC1im][BF4] series decreases with the

increase of n. This decrease is more intense in the two last

situations.

In the case of [CnC1im][Ntf2] ionic liquids (group 1A), the

slow fall of surface tension with n (at 298 K the value of s is in

the 35 to 42 mN m�1 range for [C2C1im][Ntf2], decreasing to

values in the 29 to 32 mN m�1 range for [C10C1im][Ntf2]) led

some authors (Carvalho et al.,13 Dzyuba et al.9) to suggest that

such a trend was not linear and that around n equal or greater

than six the surface tension became almost constant. However

if one considers the uncertainty associated with most experi-

mental determinations, even those carried out within the same

laboratory using samples obtained by similar methods, it is

hard to verify the validity of such claim. In fact the

[CnC1im][Ntf2] surface tension data by Rebelo et al.47 using

drop shape analysis in the temperature range starting at 303 K

show a very slight decrease in surface tension from

[C6C1im][Ntf2] to [C10C1im][Ntf2]. More recently, Tariq

et al.32 confirmed this last trend from [C6C1im][Ntf2] to

[C10C1im][Ntf2] and found a more pronounced decrease when

the s values of [C12C1im][Ntf2] to [C14C1im][Ntf2] are

included. In summary the trend of s versus n in the

[CnC1im][Ntf2] series is not linear, at least when results from

a single series of experiments are considered.

In the case of [CnC1im][PF6] and [CnC1im][BF4] ionic liquids

(groups 1B and 1C), the decrease of s with increasing n is

much more pronounced. Interestingly, this difference is caused

by the short-chained cations side; whereas the values of s at

298 K for [C2C1im][PF6] and [C2C1im][BF4] (around 50 mNm�1)

are considerably larger than that for [C2C1im][Ntf2] (below

40 mN m�1), the values for [C8C1im][Ntf2], [C8C1im][BF4] and

[C8C1im][PF6] are all similar (all around 30 mN m�1). This

state of affairs is a first indication that, as the alkyl side chain

becomes longer, the surface tension tends to values not far

from those of liquid n-alkanes at room temperature (around

20–30 mN m�1). This supports both experimental and theore-

tical evidence2 that suggest that the long alkyl side chains tend

to be segregated towards the surface, forming an alkane-like

layer. On the other hand, the s differences observed for the

short-chained cations (where the polar network formed by the

high charge density moieties of the ions is not shielded from

the surface by the alkane-like layer) reflect the different

electrostatic contributions to the cohesive energy from the

interactions between different ions (in this case the bulkier

[Ntf2] anion is outperformed by the smaller [PF6] and [BF4]

anions).

A similar general trend—the gradual decrease of s with

increasing n in [CnC1im]-based ionic liquids—can also be

found in groups 1D to 1W. However, due to the scarcity

and inherent uncertainty of the available data (sometimes

obtained within a given homologous series from different

sources and using different methods), such trends are not

always obvious. A case in point are the [CnC1im][N(CN)2]

ionic liquids contained in group 1E (depicted in Fig. 8d). In

this case, the available value of s for [C2C1im][N(CN)2]
7 is

lower than that obtained for [C4C1im][N(CN)2],
8,85 although

all came from different sources using different methods. The

only two members of the homologous series obtained by the

same source/method, [C1C1im][N(CN)2] and [C2C1im][N(CN)2],
7

show the normal trend, although its significance is hard to

estimate due to the insufficient amount of s data on

[C1C1im]+-based ionic liquids, a consequence of their

relatively high melting point temperatures and the fact that,

for many properties, this symmetrical cation is generally an

outlier relative to other members of the corresponding homo-

logous series.

As stated above, the effect on s of the functionalization of

the alkyl side chains of the imidazolium ring or the alkylation

of the ring itself at different positions is harder to interpret

(non-shaded areas of Fig. 8a to 8d) not only because of the

non-homologous character of the different results but also due

to their scarcity and disparate origin.

For instance, the introduction of a hydroxyl group at the

terminal carbon of the ethyl chain of the [C2C1im]+ cation to

yield the [(OH)C2C1im][Ntf2] ionic liquid (group 1A,

Fig. 8a),58 seems to have a very small effect on the value of

s, whereas the same substitution in group 1C to yield

[(OH)C2C1im][BF4] (Fig. 8c),33 is accompanied by a large

increase in s. In both cases, the functionalized cation data

come from unique data sets that are distinct (different source/

method) from those containing the non-functionalized values.

Conversely, the substitution of a nitrile group at the terminal

carbon of the propyl chain of the [C3C1im]+ cation to yield

[(CN)C3C1im][Ntf2] (group 1A, Fig. 8a), corresponds to a

marked increase in s, whereas the same type of substitution

in group 1C to yield [(CN)C3C1im][BF4] (Fig. 8c) exhibits a

much more subdued effect.16

However, and even taking these different trends into

account, the general rule is that the functionalization of the

terminal position of the longer alkyl chain of a [CnC1im]+

cation generally leads to higher values of s, and that the

increase depends not only on the substituting group but also

on the nature of the anion of the ionic liquid. This rule is

observed in groups 1B and 1C (Fig. 8b and c), in which

substitution by carboxyl or primary amine groups—yielding

[(COOH)C1C1im] and (NH2)CnC1im]-based ionic liquids—

leads to slightly increased values of s, as compared to their

non-functionalized counterparts.84,85 But the intensity of the

increases is neither the same between the two groups

([BF4]- versus [PF6]-based ionic liquids) nor between the two

types of substitution (carboxyl versus primary amine).

These findings can be interpreted taking into account that

functionalization at the end of the alkyl chain will generally

decrease the ability of the alky chains to be segregated towards

the surface since they will interact more strongly with the polar

network via their terminal groups. As discussed above, a more

‘‘exposed’’ polar network leads to higher s values. Moreover,

the interactions between different terminal groups and distinct

sorts of polar networks (as dictated by the nature of the anions

combined with the imidazolium cations) can explain the
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diverse trends found for the increase of s values (ranging from

almost null to pronounced).

The substitution of the imidazolium ring by non-polar

groups (additional alkyl chains, allyl or aromatic groups)

should have effects in line with this general rule. The first

example is given by the surface tension of [C4C4im][Ntf2]

(around 29.5 mN m�1) that is lower than that of

[C4C1im][Ntf2] (around 34.5 mN m�1) and closer to those of

[C7C1im][Ntf2] or [C8C1im][Ntf2] (around 30 mN m�1),

cf. group 1A data in Fig. 8a.35 Another example is 1-isobutyl-

3-methylimidazolium dicyanamide, [iC4mim][N(CN)2] that

has a s value slightly lower than that of [C4mim][N(CN)2],

cf. group 1E data in Fig. 8d.8

On the other hand, the substitution of a butyl chain by

the slightly more interactive isobutenyl group with two

unsaturated carbons, leads to slightly increased surface tension

values for [i(C4H7)C1im][BF4], as compared to those of

[C4C1im][BF4], cf. group 1C data in Fig. 8c.40 Similar trends

can be observed for the addition of aromatic groups (such as

phenyl, Ph) at the end of the alkyl side chains of some ionic

liquids. The series [(Ph)C1C1im][Ntf2], [(Ph)C2C1im][Ntf2] and

[(Ph)C3C1im][Ntf2], shows s values higher than that corres-

ponding to [C1 to 3C1im][Ntf2] ionic liquids, cf. group 1A data

in Fig. 8a.9 However, the most surprising effect in this case is

the increasing values of s for longer alkyl chains. The only

possible explanation is that it is known that aromatic

compounds like benzene or toluene can perform specific

quadrupole-ion interactions with both the cations and anions

of ionic liquids and that, in the case of [Ntf2]-based ionic

liquids, such interactions even lead to the occurrence of

extremely stable inclusion crystals.103 One can, thus, infer that

slightly longer alkyl side chains between the imidazolium ring

and the phenyl group enhance the mobility of the latter,

increase its interactions with the charged parts of the polar

network, inhibit the segregation of the alkyl chains to the

surface and increase the surface tension of the ionic liquids.

However, in the case of [(Ph)C3C1im][PF6] (group 1B) the

surface tension value is lower than that for [C3C1im][PF6]

and similar to those of [C4C1im][PF6] or [C6C1im][PF6],

cf. Fig. 8b.9 This seems to indicate that the specific interactions

between the phenyl group and the anion are no longer

significant in this case.

Finally, there is the case of alkyl substitution at the C2

position (between the two nitrogen atoms) of the imidazolium

ring. This replacement is important because the hydrogen

atom usually present at that position is frequently the most

acidic (and interactive) atom of the ring. Its substitution by an

aprotic group (such as methyl) generally leads to changes in

the number and intensity of interactions between the cation

and the anions, leading, concomitantly, to modifications in the

physical properties, reactivity and solvation power of the ionic

liquid. In the case of surface tension, the C2-substituted

[C4C1C1im][PF6] ionic liquid seems to have slightly higher

s values (45.1 mN m�1 at 298 K) than the corresponding

[C4C1im][PF6] one (43.8 mN m�1 at 298 K) reported by the

same authors using the same experimental method, cf. Fig. 8b

(comparisons with [C4C1im][PF6] values from other authors are

not conclusive due to the scatter of the experimental data15). A

similar trend (increased s values for the C2-substituted ionic liquid)

was also found for the group 1E [C4C1C1im][N(CN)2] ionic

liquid, cf. Fig. 8d.8 On the other hand, C2 substitution

on a functionalized ionic liquid leads to the inverse trend;

addition of a methylene group to [(CN)C3C1im] yields

[(CN)C3C1C1im], with a much lower s value (from 52.2 mN m�1

to 45.2 mN m�1 at 298 K), cf. Fig. 8a.16

Lastly, joining two imidazolium rings at their C2 positions

yields the cation 1-butyl-10,3-dimethyl-2,20-biimidazolium,

[C4(C1im)2]
+, which, when combined with the [N(CN)2]

�

anion, forms the group 1E ionic liquid with the lowest surface

tension value. The large heteroaromatic neutral moiety of the

cation is probably segregated to the surface, contributing to

the low observed value.8

As stated above, most of the other imidazolium-based ionic

liquids contained in groups 1D and 1F to 1W are of the 1-alkyl-

3-methylimidazolium type, [C1Cnim]+, with one variable,

non-functionalized alkyl side chain. One exception is

group 1D that contains the functionalized ionic liquid

1-diethylsulfonyl-3-methylimidazolium trifluoromethane sulfo-

nate [(C2SO2)C2C1im][Otf], reported by Kilaru et al.50 As in the

case of other functionalized ionic liquids, the thioether side

chain confers higher surface tension values to the ionic liquid.

Groups 1A*–1Q*. In these groups a given imidazolium

cation is combined with different anions. Groups 1A* to 1I*

include 1-alkyl-3-methylimidazolium cations, [C1Cnim]+, with

one variable, non-functionalized alkyl side chain, whereas

groups 1J* to 1Q* contain all other types of imidazolium-

based cations, [(X)CiCjCkim]+, with one or more, functionalized

or not, alkyl side chains and possible substitution at the C2

position of the imidazolium ring. For groups 1B* and 1D* we

have plotted comparison graphs of surface tension data at

room temperature (298 K). These will be considered first.

Fig. 9a shows surface tension data at 298 K for ionic liquids

based on the 1-ethyl-3-methylimidazolium cation, [C2C1im]+

(selected from group B*), combined with the 27 different

anions listed in the graph x-axis. In order to facilitate compar-

ison within and between groups, the anions have been grouped

into different shaded/nonshaded areas, corresponding to the

anion classes presented in Fig. 4. The first three classes contain

the four ubiquitous anions that have been discussed in detail in

the previous section—[Ntf2]
�, [PF6]

�, [BF4]
� and [N(CN)2]

�.

In the case of [C2C1im][PF6] no surface tension is available at

298 K due to the relatively high melting point temperature of

this ionic liquid. The surface tension values of the other three

ionic liquids is, in increasing order, [C2C1im][Ntf2] o
[C2C1im][N(CN)2] o [C2C1im][BF4], if single-source data are

taken into account (for instance7).On the other hand, if multi-

ple sources are considered12,13,38,47,48,50,55 the intrinsic overall

uncertainty of the results does not yield meaningful compar-

isons. Nevertheless, the general conclusion is that ionic liquids

based on the [Ntf2]
� anion exhibit low surface tension values

when compared with the values obtained for other ionic

liquids containing the same cation combined with other

common, non-alkylated anions like [BF4]
� or [N(CN)2]

�. This

seems to indicate that larger, flexible and/or asymmetrical

anions where the charge is delocalized between several atoms

tend to yield ionic liquids with lower surface tension values.

Other useful comparisons in this context are between [Ntf2]
�
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and [Otf]�, where ‘‘half’’ the number of triflil (tf) groups seems

to increase the s values of the corresponding ionic liquid, and

between [N(CN)2]
� and [SCN]�, where a decrease in the

number of cyano groups (CN)—and the concomitant

disappearance of the charge delocalization between the three

nitrogen atoms of [N(CN)2]
�—also yields an increase in s.

Interestingly, the [C(CN)3]
� anion also shows a rather high s

value, probably due to the fact that, in spite of the existence of

an extra cyano group, the charge delocalization is now

confined to the three (symmetrical) nitrogen atoms of the

periphery of the ion.7

The second class of anions comprising [BF4]
� and its

alkylated derivatives, [CnBF3]
�, exhibit a trend already found

and discussed in the previous section for alkylated imidazo-

lium cations; as the length n of the alkyl chain attached to the

polar ‘‘head’’ of the ion is increased, the surface tension of the

corresponding ionic liquids is decreased.

Thus, [C2C1im][C1BF3], [C2C1im][C2BF3], [C2C1im][C3BF3],

[C2C1im][C4BF3], and [C2C1im][C5BF3] ionic liquids show a

clear decreasing trend as the alkyl group increases in the anion

from methyl to pentyl.48 1-Ethyl-3-methylimidazolium vinyl-

trifluoroborate, [C2C1im][CH2CHBF3], was also studied by

the same authors using the same technique and shows a

surface tension value falling in between that of the [C1BF3]-

and [C2BF3]-based ionic liquids.

A similar trend is also shown in the Group 1B* anion

class that includes alkylsulfate, alkylsulfonate and alkyl-

phosphate anions: [C2C1im][CnSO4] ionic liquids (with n =

1,2,3,4,8)7,21,35,38,39,41,77 show s values that decrease with

increasing n. Other ionic liquids in this class include

[C2C1im][C1SO3] and [C2C1im][C1HPO3]
35 which in terms of

alkylation are similar to [C2C1im][C1SO4] but whose surface

tension values are closer to that of [C2C1im][C2SO4].

Due to the relatively high melting point temperatures of

halogen-based [C2C1im][X] ionic liquids, the corresponding

surface tensions at 298 K are available only for the hepta-

iodide [I7] and eneaiodide [I9] salts.45 Both fluids show

extremely elevated values of s,with the [I9]-based ionic liquid

showing even higher values. This trend will be fully analysed

during the discussion of Group 1D*, which includes a more

complete halogen-based series (starting in chloride).

Finally, ionic liquids based on tetrachlorometallate anions

exhibit rather high surface tension values, with chloroalumi-

nate [AlCl4],
59 chloroindium [InCl4],

69 chloroferrate [FeCl4]
7

and chlorogallate [GaCl4]
7,77 following the trend:

52.6 mN m�1 = [InCl4] B [AlCl4] > [GaCl4] > [FeCl4] =

47.7 mN m�1. The small number of independent measure-

ments and the rather narrow range of s values prevent further

analysis. The same comments also apply to ionic liquids based

on aminoacid-derivative anions such as aminoacetate

(or glycinate, Gly)76 or a-aminopropanoate (alaninate, Ala),62

with surface tension values of 49.2 and 52.7 mN m�1,

respectively.

Fig. 9b shows data selected from group 1D*, where the

1-butyl-3-methylimidazolium cation [C4C1im]+ is attached to

23 different anions. The subgroup division adopted for group

1B* (presented in Fig. 9a as alternate gray/white shaded areas)

has been maintained in order to allow intra- and inter-group

comparisons.

As in group 1B* (Fig. 9a), ionic liquids containing the

bistriflamide [Ntf2], tetrafluoroborate [BF4], triflate [Otf] and

dicynamide [N(CN)2] anions follow the approximate, general

trend : [C4C1im][N(CN)2] B [C4C1im][BF4] > [C4C1im][Otf]

> [C4C1im][Ntf2]. [C4C1im][PF6] exhibits s values generally

larger than [C4C1im][BF4]. However, it must be stressed that

even considering the rather large amount of surface tension

measurements performed in some of these systems (specially

[C4C1im][Ntf2], [C4C1im][PF6] and [C4C1im][BF4]), the degree

of experimental uncertainty is so large that a definite

conclusion regarding possible s value trends is impossible

at this stage. Ionic liquids containing aurocyanide and

tris(trifluoromethylsulfonyl)methide anions, [C4C1im][Au(CN)2]

and [C4C1im][Ctf3], respectively, are also included in group

1D*. The reported data7,58 show s values similar to those of

the corresponding subgroups (cyano- and triflil-containing

anions, cf. Fig. 9b).

Group 1D* also contains the [C4C1im][CnSO4] homologous

series (n = 1, 2, 3, 4 and 8).21,36,38,39,86 The series exhibits the

Fig. 9 Surface tension at 298 K of ionic liquids belonging to groups 1B* and 1D* of Table 2, composed of the listed anions combined with the

(a) [C2C1im]+ and (b) [C4C1im]+ cations. The anions have been grouped into several classes included in the different shaded areas (cf. Fig. 2). The

labels refer to the cross markers of each category and are listed in decreasing order of surface tension value. (a): �a: 47 (300 K); �b: 13; �c:38; �d:
36; �e: 41; �f: 39; �g: 55; �h: 59; &: 48; n: 35 (293.15 K); J: 45;B: 21; ’: 12 (DNR); m: 50 (300 K, PD); K: 69;E: 62; *: 75, 76, 77; +: 7.

(b):�a: 13;�b: 38;�c: 47;�d: 27;�e: 16;�f: 17;�g: 6;�h: 46;�i: 40;�j: 50;�k: 20 (WP);�l: 20 (DNR);�m: 43,44;�n: 39;�o: 86;�p: 26 (DLS);�q:
26 (DNR); �r: 55; �s: 15; �t: 58; �u: 85; �v: 62; �w: 8; �x: 66; �y: 87; &: 36; n: 21; J: 5; ’: 61, 81; m: 65; K: 7;E: 59; *: 45; +: 14.
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usual inverse proportion between s and n. The outlier

character of some of the data (lower than average results for

[C4C1im][C1SO4]
86 and [C4C1im][C2SO4]

36) can be attributed

to the measurement of isolated systems using different

methodologies. Another important point to be made in this

context is that the [C4C1im][CnSO4] series (Fig. 9b) exhibits

lower s values than the corresponding results (same given n)

for the [C2C1im][CnSO4] series (Fig. 9a). In other words, the

effect of the length of the alkyl side chain on the surface

tension of the system is felt both with alkyl-substituted anions

and alkyl-substituted cations.

Since the melting point temperatures of [C4C1im]Cl and

[C4C1im]I are significantly lower than those of [C2C1im]Cl and

[C2C1im]I, respectively, halide-based systems are better repre-

sented in group 1D* than in group 1B*. The s values5,14,45,61

follow the order [C4C1im][I7] > [C4C1im][I5] > [C4C1im]I >

[C4C1im][I3] > [C4C1im]Cl. The delocalization of the negative

charge in the particularly stable triiodide anion probably justifies

its lower s value relative to iodide or the other polyiodide anions.

However, the basic trend observed among halide-based ionic

liquids is that the surface tension of the corresponding ionic

liquid tends to be higher as the (inorganic) anion increases in size.

Tetrachlorometallate-based ionic liquids are also present in

group 1D*. In addition to those already present in group 1B*,

group 1D* also contains chlorozincate anions obtained from

(1 : 1) and (1 : 3) mixtures of [C4mim][Cl] and ZnCl2. The s
values7,16,59,65,66,87 follow the order [C4C1im][Zn3Cl7] >

[C4C1im][ZnCl3] > [C4C1im][FeCl4] > [C4C1im][AlCl4] >

[C4C1im] [GaCl4] which is different from the one observed in

group 1B*. [C4C1im][Zn3Cl7]
87 exhibits extremely high surface

tension values, even larger than those of water around or

slightly above room temperature (Fig. 9b).100 The addition of

an inorganic salt to a chloride-based ionic liquid to form a new

polychlorometallate-based ionic liquid certainly increases the

electrostatic character of the ionic liquid, and concomitantly

its surface tension values.

Finally, the aminoacid-derivative ionic liquid [C4C1im][Ala],62

shows a s value lower than that of [C2C1im][Ala],62 as

expected from the effect of the larger alkyl side chain.

Groups 1A*, 1C* and 1E* to 1Q* contain a given cation

combined with a limited number of different anions. No

graphical representation was deemed necessary in these cases.

A brief description of each group follows.

Group 1A* contains the [C1C1im][C1SO4], [C1C1im][C2SO4],

[C1C1im][C3SO4], [C1C1im][C4SO4],[C1C1im][N(CN)2] and

[C1C1im][Ntf2] ionic liquids.7,21,36,42,86 The homologous series

comprising the first four ionic liquids exhibits the usual trend

of decreasing s values with increasing n. Moreover all

[C1C1im][CnSO4] s values are larger than the corresponding

ones (same given n) for the [C2C1im][CnSO4] series. Outlier

results to the general trend (Domanska et al.86) can be

attributed to determinations in isolated systems using different

methods. The [C1C1im][N(CN)2] ionic liquid shows s values7

between those of [C1mim] [C1SO4] and [C1mim] [C2SO4]. As

expected, [C1C1im][Ntf2] exhibits relatively low s values.

Group 1C* contains [C3C1im][C1SO4], [C3C1im][C2SO4],

[C3C1im][C3SO4], [C3C1im][C4SO4], [C3C1im][PF6], [C3C1im][Ntf2],

[C3C1im][Ala] and [C3C1im][Glu] ionic liquids.13,20,21,62

The data show the usual s value trend with increasing alkyl

chain length (first four ionic liquids) and the predictably low s
values for [C3C1im][Ntf2].

Group 1E* contains [C5C1im][Ntf2], [C5C1im][BF4],

[C5C1im][AlCl4], [C5C1im][GaCl4], [C5C1im][InCl4], [C5C1im]-

[Ala] and [C5C1im][Gly] ionic liquids.13,59,62,72,78 The order of

s values corroborates that observed for groups 1B* or 1D*.

Groups 1F* to 1I* contain ionic liquids based on [CnC1im]+

cations with n = 6, 8, 10 and 12, respectively. The data

presented in those groups corroborate the general trends

previously observed for groups 1A* to 1E*. For the longer

alkyl chains—ionic liquids based on [C10C1im]+ and

[C12C1im]+ cations—surface tension values tend to be very

low (below 30 mN m�1), with some authors reporting anom-

alous trends in the relation between the surface tension values

of [C10C1im][Ntf2] and [C10C1im][PF6]
13,47 and [C12C1im][BF4]

and [C12C1im][PF6].
17,47 It must be stressed that the proximity,

low quantities and disparate sources of the data limits the full

assessment of such claims.

Groups 1J* to 1Q* include imidazolium-based [(X)CiCjCkim]+

cations, with one or more (functionalized or not) alkyl side chains

and possible substitution on the C2 position of the imidazolium

ring: 1J*: 1-ethanol-3-methylimidazolium, [(OH)C2C1im]+;33,58

1K*: 1-butyl-2,3-dimethylimidazolium, [C4C1C1im]+;8,15 1L*:

1-carboxylmethyl-3-methylimimidazolium, [(COOH)C1C1im] +;84

1M*: 1-aminoethyl-3-methylimimidazolium, [(NH2)C2C1im]+;84

1N*: 1-aminobutyl-3-methylimidazolium, [(NH2)C4C1im]+;85

1O*: 1-butyronitrile-3-methylimidazolium, [(CN)C4C1im]+;16

1P*: 1-butyronitrile-2,3-dimethylimidazolium, [(CN)C3C1C1im]+;16

and 1Q*: 1-(o-Phenylpropyl)-3-methylimidazolium, [(ph)C3C1im]+.9

All of these cations are attached to the most commonly used

anions, viz., [Ntf2]
�, [PF6]

�, [BF4]
� and/or [N(CN)2]

�.

Comparisons within and between groups are very difficult in

this case due to the inexistence of homologous series and the

limited quantity of available data.

3.4.2 Family 2—pyridinium cations (py). Family 2 contains

ionic liquids based on N-alkylpyridinium cations, [Cnpy]
+.

One of the particularities of this family is the possible variation

in the location of the methylation of the pyridinium ring

(ortho, meta or para) relative to the nitrogen atom, allowing

for studies along the series of different positional isomers,

[Cn-i-C1py]
+ (i = 2, 3 or 4). As far as surface tension

measurements are concerned, the amount of available experi-

mental data is relatively modest and the different systems can

be readily grouped in just (3 plus 4) groups: groups 2A to 2C

contain ionic liquids based on [BF4]
�, [Ntf2]

� and [ReO4]
�

anions, respectively; groups 2A* to 2D* contain ionic

liquids based on [(CN)C3py]
+, [C4py]

+, [C4-3-C1py]
+ and

[C4-4-C1py]
+, respectively. Interestingly, the studied systems

contain a not-so-common anion ([ReO4]
�), the absence of a

quite-common one ([PF6]
�), and more studies with methyl-

substituted pyridinium rings ([Cn-i-C1py]
+) than with the

N-alkylpyridinium cations themselves ([Cnpy]
+).

All groups show trends already observed in imidazolium-based

ionic liquids (Family 1), i.e. the decrease of surface tension values

with the increase of alkyl side chain length: [C4-3-C1py][BF4] >

[C8-3-C1py][BF4] (group 2A);51–53 [C2py][Ntf2] > [C4py][Ntf2] >

[C5py][Ntf2] (group 2C);94 or [C2py][ReO4] > [C3py]-

[ReO4] > [C4py][ReO4] > [C6py][ReO4] (group 2B).68 On the
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other hand, the effect of positional isomerism on the surface

tension of the substituted pyridinium rings is quite small. The

effect of the nature of the anion (groups 2A* to 2D*) is quite

difficult to interpret due to the highly limited quantity of

available data.

3.4.3. Family 3—ammonium cations (am). Family 3 contains

ionic liquids based on tetra-alkylammonium cations and is the

family with the second largest number (around 10%) of

surface tension data. It includes not only ammonium cations

attached to four independent (linear or branched) alkyl

groups, but also cations where two of those groups are joined

to form five- or six-membered heteronuclear aliphatic rings,

designated as pyrrolidinium and piperidinium.

All ionic liquids contained in group 3A contain the [Ntf2]
�

anion. Surface tension data with tetra-alkylammonium, [Ni j k l]
+

are shown in Fig. 10a whereas data corresponding to N,N-

dialkylpyrrolidinium and N,N-dialkylpiperidinium cations,

[CmCnpyrr]
+ and [CmCnpip]

+ are depicted in Fig. 10b.

Both figures show that the surface tension tends to be lower

as the length of the alkyl chains connected to the nitrogen

atom increases: the trend is obvious in the series [N1 1 1 4][Ntf2] >

[N1 1 1 6][Ntf2] > [N1 1 1 10][Ntf2] > [N2 2 2 6][Ntf2] > [N1 8 8 8]-

[Ntf2];
12 [N1 1 i3 3][Ntf2] > [N1 1 i3 4][Ntf2] > [N1 1 i3 6][Ntf2] >

[N1 1 1 10][Ntf2] (the i3 subscript stands for the isopropyl

group);58 [N1 1 i3 4][Ntf2] > [N1 1 i3 6][Ntf2] > [N1 1 1 10]-

[Ntf2];
12 or [C3C1pyrr][Ntf2] > [C4C1pyrr][Ntf2] >

[C6C1pyrr][Ntf2] > [C10C1pyrr][Ntf2].
58 It must be noted that

those trends can only be established based on single-source

data and that large discrepancies are found between data

measured by different authors/methods.12,38,58 Other secondary

effects, such as the number of the long alkyl side chains, their

linear or branched nature or even the existence of cyclic aliphatic

rings (in pyrrolidinium or piperidinium cations), are difficult to

access given the limited number and accuracy of the available

data. Nevertheless it is possible to ascertain that hydroxylation at

the end of the longer alkyl chain in tetra-alkylammonium and

N,N-pyrrolidinium cations (as in [N1 1 i3 (OH)2][Ntf2]
58 and

[(OH)C2C1Pyrr][Ntf2]
58) increases the surface tension values

relative to their non-functionalized counterparts.

3.4.4 Families 4 and 5—phosphonium and guanidinium

cations (ph and gu). Families 4 and 5 will be discussed together

due to the limited quantity of available surface tension results.

Family 4 contains ionic liquids based on tetra-alkylphosphonium

cations, [Pj k l m]
+, whereas family 5 includes those based on

polyalkylguanidinium cations, [gui j k l m n]
+. Although the

charged moieties of the two families are quite distinct

(the tetra-coordinated and formally positive phosphorus atom

versus the resonance-delocalized four-atom planar structure of

guanidinium), both cations are characterized by the possibility

of more or less extended multiple alkyl chains (four and six,

respectively) attached to their charged cores. This apparent multi-

plicity and versatility proved, in fact, to be overwhelming, with

most studies focusing on just a few archetypal cations. In family

4 ([P6 6 6 14]
+was the preferred target, whilst [gu1 1 n n n n]

+received

most attention in family 5. This inhibited the study of homologous

series, at least as far as surface tension measurements are

concerned. Thus, only one group was considered in family 4

(4A*) and three in family 5 (5A, 5B and 5A*).

Group 4A* contains three commonly used ionic liquids12

with the following trend of increasing surface tension:

[P6 6 6 14][Ntf2] o [P6 6 6 14]Cl o [P6 6 6 14][N(CN)2]. All

surface tension values are quite low (below 35 mNm�1 around

room temperature) due to the rather large number of carbon

atoms in the alkyl chains of the cation. It must be stressed,

however, that four long alkyl chains are apparently not as

effective in reducing the surface tension as just one very long

alkyl side chain. At room temperature, the surface tensions of

[C10C1im][Ntf2] and [P6 6 6 14][Ntf2] are similar in spite of the

‘‘total alkyl chain length’’ of the former ionic liquid being just

one third that of the latter. On the other hand, the [Ntf2]
�

anion maintains its ability to decrease the surface tension of

the ionic liquids that comprise it, regardless of its bulky

nature.

Group 5A contains three [Ntf2]
�-based ionic liquids

containing guanidinium cations substituted with different

combinations of methyl, ethyl, hexyl and allyl (C2H3) groups:

[gu1 1 6 6 6 6][Ntf2], [gu1 1 2 2 C2H3 C2H3][Ntf2] and [gu1 1 C2H3

C2H3 C2H3 C2H3][Ntf2]. As expected, the ionic liquid with the

longer side chains, [gu1 1 6 6 6 6][Ntf2], exhibits lower surface

Fig. 10 Surface tension at 298 K of ionic liquids belonging to group 3A of Table 2, composed of the [Ntf2]
� anion combined with the listed

(a) tetra-alkylammonium cations and (b) pyrrolidinium cations. (a) J: 12; K: 38; �: 26 (300 K, DLS); &: 26 (300 K, DNR); n: 58.(b) J: 58.
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tension values. Group 5A* contains the cation of the

latter ionic liquid combined with three different anions:

[gu1 1 6 6 6 6][Ntf2], [gu1 1 6 6 6 6][N(CN)2] and [gu1 1 6 6 6 6]Cl.

In this case the results (all from the same research group, using

the same experimental method30,31) do not show the same

behaviour as that observed for other ionic liquids, with

[gu1 1 6 6 6 6][Ntf2] exhibiting larger s values than the other

two. The unexpected character of the guanidinium-based ionic

liquids (which certainly deserves further investigation) is con-

firmed by the results of the ionic liquids included in group 5B*,

[gu1 1 C2H3 C2H3 C2H3 C2H3][Ntf2] and [gu1 1 C2H3 C2H3 C2H3 C2H3]-

[C7F15COO], where the surface tension of the former is greater

than that of the latter. It is also interesting to point out that the

use of a long perfluorinated alkyl chain in the alkylcarboxylate

anion can promote one of the lowest surface tension values

found in the present review (around 25 mN m�1). This fact is

probably related to surface segregation of the long perfluori-

nated chains (away from the charged polar network composed

of the carboxylate anion head and the guanidinium cation

core) and the intrinsically low surface tension values of

perfluorinated compounds.

4. Surface tension of ionic liquid solutions

The effect of molecular co-solvents on the physical properties

of ionic liquids is very important in terms of engineering

design. However, most studies have been devoted to effects

on the bulk properties of ionic liquids and their mixtures with

only a relatively small quantity of data focusing on surface

properties. Moreover, in the case of ionic liquids, the surface

tension of liquid mixtures and solutions is a concept far less

explored and understood than its counterpart for pure sub-

stances. Finally, the large number of possible ionic liquids and

molecular solvents combined over different composition

ranges turns the rather limited results into fragmented (sometimes

hard to interpret) sets of data.

The surface tension of mixtures is not easily correlated with

the surface tension of the pure components. The local

concentration at a binary mixture interface differs from that

in the bulk due to the positive adsorption of the component

with lower surface tension. This means that adding an ionic

liquid to water leads to a decrease of the surface tension, while

adding it to an organic solvent has the opposite effect. There is

no simple definition for an ideal mixture in terms of its surface,

but, on grounds of convenience, it is common practice to

consider ideality as the linear dependence of the surface

tension s of a binary mixture, i.e. s ¼ x1s�1 þ x2s�2, where xi
is the molar fraction of pure component i and s�i is its surface
tension at the same temperature. Different approaches have

been used to predict the surface tension of mixtures and its

variation with composition but they usually require para-

meters that are difficult to obtain. One of the oldest and easiest

approaches is the regular solution theory of Guggenheim104

that associates deviations from the linear dependence of the

surface tension with the values of the interchange energy.

Values of this energy may be obtained from experimental

determinations of the excess Gibbs energy or the excess

enthalpy of the bulk mixture. Modern statistical theories,

perturbation theory as well as computer simulations have been

used to calculate the surface tension of liquid mixtures but

details of their application are outside the scope of the present

review. To our knowledge, application of these approaches to

ionic liquid mixtures has not been reported yet.

From 2001 till the end of 2010, we found 56 papers containing

surface tension data on ionic liquid mixtures and

solutions.6,14,15,24,33,37,38,46,55,78,86,88,90,101,102,105–145 These

correspond to 129 unique ionic liquids combined with 37

distinct molecular solvents and a total number of 4934 data

points, Fig. 11.

Most of the available surface tension data presented in

Fig. 11 correspond to mixtures of ionic liquids and water.

Typically, studies involving aqueous solutions of ionic

liquids use surface tension measurements as a tool for inter-

preting the aggregation behaviour and accessing the thermo-

dynamic properties of surfactant-like ionic liquids and the

corresponding micellization phenomena. Long-chain ionic

liquids typically consist of a charged and hydrophilic head-

group and at least one hydrophobic alkyl tail. In the presence

of sufficiently long alkyl tails, and due to their structure and

inherent charge, ionic liquids can self-assemble in the most

diverse media. Thus, long-chain substituted ionic liquids

resemble conventional surfactants and can form aggregates

in solution. The concentration at which surfactants form

micelles is classically known as critical micelle concentration

(CMC). Indeed, surface tension measurements of mixtures in

specific concentration regimes represent the basis of different

classical methods for studying the surface activity of

archetypal surfactants. Surface tension data can also be used

to determine the chemical composition of a binary mixture

at the surface through the calculation of Gibbs adsorption

isotherms.

Of the 56 manuscripts published regarding ionic liquid

mixtures, 32 focus on the study of aggregation phenomena

over limited/diluted concentration ranges; 22 report surface

tension data in broad/finite concentration ranges and 2 study

inclusion complexes, such as b-cyclodextrin, b-CD, with ionic

liquids.6,14,15,24,33,37,38,46,55,78,86,88,90,101,102,105–145

Fig. 11 Surface tension data for ionic liquid mixtures, from 2001 to

2010: number of articles (black bars); number of distinct ionic liquids

(white bars); number of distinct molecular solvents analysed

(gray bars); number of data points (red line/scale).
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4.1. Database rationale

All data related to the surface tension of ionic liquid mixtures

reported between 2001 and 2010 have been listed in chrono-

logical order (cf. STDB.xls file given as ESIw). In addition, the

name and acronym of each ionic liquid, the experimental

method used in the surface tension determinations, the

number of experimental data points, the surface tension and

temperature ranges, the molecular solvent used in the mixture,

the concentration regimes and the main focus of each

publication (surface tension of mixtures per se, CMC deter-

mination, or study of inclusion complexes) are also

listed.6,14,15,24,33,37,38,46,55,78,86,88,90,101,102,105–145A summary of

the database is given in Table 4.

As in the case of pure ionic liquids, those contained in the

mixtures have been grouped according to their cations, Table 5:

imidazolium (im) (Family 1); pyridinium (py) (Family 2); and

ammonium (am) (Family 3). Piperidinium- and pyrrolidinium-

based ionic liquids have been included in Family 3. Each family

is further sub-divided into groups in which a constant anion is

combined with different cations of that family (for instance

groups 1A to 1L represent such subdivision within Family 1) or

a given cation is combined with different anions (groups 1A* to

1J* represent the alternative subdivision of Family 1).

Table 5 shows that imidazolium-based ionic liquids represent

around 91% of the reported surface tension data for ionic liquid

mixtures, followed by ammonium-based (6%), and pyridinium-

based (3%) ones.6,14,15,24,33,37,38,46,55,78,86,88,90,101,102,105–145 No

data have been found for mixtures containing phosphonium-

or guanidinium-based ionic liquids. On the other hand, the

imidazolium cores present in Family 1 show a larger diversity

than those listed in Table 2 for pure ionic liquid data, not only

by the introduction of large functionalized groups like

carbazole but also by tailoring the number and length of the

alkyl side chains and the number of polar heads (like in

the gemini surfactants found in group 1L). Fig. 12 depicts

the mixtures’ surface tension data presented in Table 5

grouped in terms of different cation/anion combinations.

Fig. 12 shows that 1-alkyl-3-methylimidazolium-based ionic

liquids have been by far the most commonly analysed in terms of

surface tension data of mixtures. Within this class, [C4C1im][BF4]

has been the most utilised.6,46,55,101,102,106,118,120,122,139,144 More-

over, and unlike the data involving pure ionic liquids, cations

with long alkyl side chain lengths have been frequently used:

within their homologous series, [C12C1im]Br and [C14C1im]Br are

recurrently cited.105,110,115,119,124,132,133,135,136,141 Finally, the

surface tension results of ionic liquid mixtures and solutions

are characterized by a relatively limited number of examined

anions, as compared to the number and range of the corres-

ponding cations. This reflects, on one hand, the use of surfactant-

like compounds with long alkyl side chains (that are generally

found in the cations) and, on the other, the use of anions that

promote the solubility of the ionic liquids in aqueous solution

and the concomitant possibility of self-aggregation phenomena.

4.2 Temperature effects

The main focus of most studies regarding the surface tension

of ionic liquid mixtures has been on the effect of the nature of

the ionic liquid or co-solvent (including CMC determinations)

and not on temperature effects. This means that, with only

a few exceptions,15,24,33,78,86,88,90,101,105,110,131 most surface

tension determinations have been performed only at tempera-

tures near room temperature (293 K or 298 K).

Works that assessed temperature effects on the surface

tension of ionic liquid mixtures can be divided in two groups:

those that measured the influence of temperature on the

surface tensions of binary mixtures,15,24,33,78,86,88,90,101,131

and those that evaluated the effect of temperature at the

CMC of different ionic liquid solutions.105,110

Regarding the first group, Ahosseini et al.24 reported surface

tension data for [C6C1im][Ntf2] saturated with 1-octene, at

four distinct temperatures, and Matsuda et al.131 presented

surface tension values of [C6C1im][PF6] saturated with

n-hexane, n-decane or n-perfluorohexane, in the 298 K to

308 K temperature range. In both cases, the surface tension

measured at a given composition decreases with increasing

temperature. It was also found that at higher temperatures the

surface tension drop caused by the molecular solvent becomes

less significant.24 Domańska et al.86,88 measured the surface

tension of binary mixtures of several ionic liquids combined

with different alcohols as a function of temperature. In the

first study,86 the ionic liquids [C6OCH2C1im][BF4] and

[(C6OCH2)2im][BF4] were mixed with methanol, 1-butanol

and 1-hexanol and investigated at 308.15 K and 318.15 K; in

a second report, Domańska and Królikowska88 measured the

surface tension of binary mixtures of [C4C1im][SCN] mixed

with 1-butanol, 1-pentanol or 1-hexanol at five different

temperatures. Freire et al.15 studied the influence of tempera-

ture on binary mixtures of water and [C4C1im][Ntf2],

[C4C1im][PF6], [C8C1im][PF6] and [C8C1im][BF4]. Also in the

same line of investigation, Malham et al.101 and Restolho

et al.33 studied the effect of temperature on the surface tensions

of binary mixtures composed of [BF4]-based ionic liquids and

water. In all these cases the surface tension of the binary aqueous

mixtures decreased with increasing temperature.15,33,101 Fig. 13

illustrates the dependency of the surface tension values with

temperature for three selected binary mixtures.15,24,88 For the

sake of comparison, the surface tension dependences of the

corresponding pure ionic liquids are also included.15,24,88

Although the general trend of decreasing surface tensions

with increasing temperature is always present, Fig. 13 shows

that the temperature effect on the surface tension of ionic

liquid mixtures is quite diverse. For instance, the mixture

([C6C1im][Ntf2] + 1-octene) exhibits a surface tension depen-

dence on temperature that is less significant than the one

verified for the pure ionic liquid, whilst for the mixture of

([C4C1im][SCN] + 1-pentanol) the surface tension dependence

with temperature is minimal and much smaller than that

observed for pure [C4C1im][SCN]. It should be pointed out

that this last trend has been verified for other alcohols and for

several mole fraction compositions.88 On the other hand, for

([C8C1im][PF6] + water) mixtures, the dependency of the

surface tension with temperature is almost equal to that of

the pure ionic liquid.15 This similarity has also been observed

for other ionic liquids.15,33

While the presence of water does not significantly change

the temperature effect on the surface tension of ionic liquids,

such change is much more pronounced in the case of alcohols.
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Table 4 Summary of surface tension data for ionic liquid mixtures. Notation as in Table 1

Binary mixtures: (ionic liquid + water) solutions � finite concentration range

[im]Cl [C4C1im][BF4] [C4C1im][C1SO4] (pH = 2) [C12C1im]Cl

73–55 (298) WP111 73.1–36.4 (298.15) CR5 73–35 (298) WP130 70–25 (298, 308) WP130

[C(1 or 2)im]Cl 74.1–45.7 (298) PD46 [C5C1im][BF4] [C12C1im]Cl (pH = 2)

73–40 (298) WP111 71.3–45.3 (298) DV55 39.1–42.6 (278–338) FB78 70–20 (298) WP130

[C2C1im][BF4] 39–74 (280–294) WP101 [C6C1im][BF4] [N1 1 2 OH2][BF4]

71.3–53.0 (298) DV55 40–74 (298) DNR102 37.9–37.3 (298) DV55 61.8–49.0 (298) DNR86

[C2C1im][C2SO4] 74.1–45.7 (298) PD118
[C6C1im][PF6] [N1 1 2 OH2][N(CN)2]

50.1–47.0 (298) PD37 40–74 (298) DNR139 36.8 (298) DNR14 66.9–48.2 (298) DNR86

46.5–70.7 (293) PD129
[C4C1im][Glu] [C6C1im]Cl [N1 1 2 OH2][PF6]

[C2C1im]Br 51.1–37.1 (308–343) FB90 73–41 (298) WP111 61.8–45.3 (298) DNR86

74.1–61.3 (298) PD118 [C4C1im]Br [C8C1im][BF4] [N1 1 2 OH2]Br

[(OH)C2C1im][BF4] 74.1–61.7 (298) PD118 33.7–31.0 (293–333) DNR15 71.8–64.0 (298) DNR86

65–57 (298–328) PD33
[C4C1im]Cl [C8C1im][PF6] [N1 1 3 OH2]Br

[C4C1im][Ntf2] 73–46 (298) WP111 34.0–31.7 (298–335) DNR15 52.0–47.7 (298) DNR86

33.7–31.0 (293–343) DNR15 74.1–51.2 (298) PD118 34.2 (298) DNR14
[N1 1 4 OH2]Br

36.8 (298) DNR14 [C4C1im][PF6] (pH = 2) [C8C1im]Cl 46.7–34.6 (298) DNR86

[C4C1im][PF6] 73–54 (298) WP130 73–36 (298) WP111 [N1 1 6 OH2]Br

49.8 (298) DNR14 [C4C1im][PF6] (pH = 10) [C10C1im]Cl 48.1–35.3 (298) DNR86

43.6–40.9 (303–343) DNR15 68–65 (298) WP130 70–20 (298) WP130

Binary mixtures: (ionic liquid + water) solutions � limited concentration range

[im][C5-8CO2] [C8C1im][Npf2] [carbazoleC10C1im]Br [C16C1im]Cl

65–50 (298) unknown112 75–45 (295) DNR141 72–56 (298) unknown108 73–40 (298) PD117

[C2C1im][Npf2] [C8C1im][BF4] [C10C4im]Br 73–38 (298) DNR134

75–45 (295) DNR141 73–30 (298) DV106 36 (298) DNR135 74–35 (unknown) WP138

[C2C1im][C8SO4] [C8C1im][C1SO3] [C12C1im][BF4] [C16(OCOCH2)C1im]Br

73–35 (298) DV106 73–43 (295) PD113 65–35 (298) unknown132 55–35 (unknown) DNR115

[C2C1im][Ntf2] [C8C1im][C4SO3] [C12C1im][C1SO3] [C16C1C1im]Cl

75–53 (295) DNR141 73–30 (295) PD113 73–43 (295) PD113 73–40 (298) PD117

[C4C1im][Npf2] [C8C1im][C8SO3] [C12C1im]Br [C16C4im]Br

75–45 (295) DNR141 73–25 (295) PD113 65.0–37.1 (278–328)DNR105 45 (298) DNR135

[C4C1im][BF4] [C8C1im][C8SO4] 70–40 (298) unknown 119
[C1im-C10-C1im]Br2

73–40 (298) DV106 73–20 (298) DV106 65–35 (298) unknown132 38 (298) DNR135

72–35 (298) WP144 [C8C1im][Ntf2] 35 (298) DNR135 [C4im-C8-C4im]Br2
[C4C1im][C1SO4] 73–40 (298) DV106 75–38 (295) DNR141 70–50 (298) DNR135

73–35 (298) DV106 75–45 (295) DNR141
[C12C1im]Cl [C4im-C10-C4im]Br2

[C4C1im][C4SO3] [C8C1im]Br 73–40 (296) PD128 38 (298) DNR135

73–43 (295) PD113 41 (298) DNR135
[C12C1C1im]Br [C4im-C12-C4im]Br2

[C4C1im][C8SO3] [C8C1im] Cl 75–40 (295) DNR141 46 (298) DNR135

73–43 (295) PD113 73–40 (298) DV106 [carbazoleC12C1im]Br [C10im-C4-C10im]Br2
[C4C1im][C8SO4] 73–40 (298) PD117 72–56 (298) unknown108 56.0–35.2 (298) DNR125

73–30 (298) DV106 73–48 (296) PD128 [C12C4im]Br 35 (298) DNR135

[C4C1im][Ntf2] 72–35 (298) WP144 38 (298) DNR135
[C10im-C12-C10im]Br2

75–47 (295) DNR141
[C8C1im] I [C12C12im] Br 48 (298) DNR135

[C4C1im] [Otf] 72–35 (298) WP144 28 (298) DNR135
[C12im-C2-C12im] Br2

73–30 (298) DV106 [C8C4im]Br [C14C1im]Br 55.0–33.6 (298) DNR116

[C4C1im][PF6] 40 (298) DNR135 64.7–36.4 (278–328) DNR105 [C12im-C4-C12im]Br2
73–55 (298) DV106 [C8C8im]Br 55–30 (unknown) DNR115 55.0–35.7 (298) DNR116

[C4C1im][Tos] 70–30 (298) DNR135 70–40 (298) unknown119 56.0–35.7 (298) DNR125

73–35 (298) DV106
[C10C1im][BF4] 60–25 (298) BP136

[C12im-C6-C12im]Br2
[C4C1im]Br 73–35 (298) DV106 75–35 (295) DNR141 58.0–39.5 (298) DNR116

74–55 (298) DNR145 [C10C1im][C1SO3] [C14C1im]Cl [C14im-C4-C14im]Br2
[C4C1im]Cl 73–43 (295) PD113 73–40 (298) PD117 56.0–37.2 (298) DNR125

73–50 (298) DV106 [C10C1im][Ntf2] 73–40 (296) PD128 74–24 (298) BP136

73–45 (298) PD117 73–45 (296) PD128 74–38 (296) PD127 [C10-3-C1py]Cl

73–58 (296) PD128
[C10C1im][PF6] [C14(NHCOCH2)C1im]Br 74–40 (296) PD127

73–45 (unknown) WP128 73–45 (296) PD128 60–33 (unknown) DNR115
[C12-3-C1py]Cl

[(CH3)3SiC4im][PF6] [C10C1im]Br [C14(OCOCH2)C1im]Br 74–40 (296) PD127

70.6–66.0 (293) WP137 55–26 (unknown) DNR115 55–35 (unknown) DNR115 [C12-3-C1py]Br

[C6C1im] [Npf2] 73–40 (298) PD123 [C14C1C1im] Br 74–35 (296) PD127

75–45 (295) DNR141 65–35 (298) unknown132 75–40 (295) DNR141 [C16-3-C1py]Cl

[C6C1im][Ntf2] 39 (298) DNR135
[C16C1C1im]Br 74–38 (296) PD127

75–45 (295) DNR141 60–40 (295) DNR141 75–40 (295) DNR141
[C18-3-C1py]Cl

[C6C1im]Br 65–35 (298) DNR145
[C16C1im][BF4] 74–38 (296) PD127

39 (298) DNR135 [C10C1im]Cl 73–30 (313) DNR134 [N1 16OH13,14(CH2NHCOO)]Br

[C6C1im]Cl 73–35 (298) DV106 [C16C1im]Br 60–35 (unkn.) unkn.126

72–38 (298) DNR109 73–40 (298) PD117 69.2–36.0 (278–328) DNR105 [pyrr][C5-8CO2]

73–45 (298) PD117 73–40 (296) PD128 55–35 (unknown) DNR115 63–45 (298) unknown112

73–45 (296) PD128 74–25 (unknown) WP138 70–40 (298) unknown119 [C12C1pyrr]Br
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Table 4 (continued )

Binary mixtures: (ionic liquid + water) solutions � limited concentration range

[carbazoleC6C1im]Br [C10(NHCOCH2)C1im]Br 70–40 (298) DNR135 74–30 (296) PD127

72–60 (298) unknown108 63–48 (unknown) DNR115 75–35 (295) DNR141 [C12C1pip]Br

[C6C4im]Br [C10(OCOCH2)C1im]Br [C16(NHCOCH2)C1im]Br 74–35 (296) PD127

42 (298) DNR135 55–25 (unknown) DNR115 53–30 (unknown) DNR115

Binary mixtures: (ionic liquid + alcohol) solutions � finite concentration range

[C1C1im][C1SO4] + MeOH [C2C1im][C2SO4] + EtOH [C4C1im][C1SO4] + BuOH [(C6OCH2)2im][BF4] + HexOH

22.1–56.5 (298) DNR86 46.5–21.6 (293) PD129 23.7–41.4 (298) DNR86 23.0–23.5 (308–318) DNR86

[C4C1im][C1SO4] + MeOH [C4C1im][BF4] + EtOH [C4C1im][C8SO4] + BuOH [C4C1im][SCN] + HexOH

21.8–41.4 (298) DNR86 22.8–45.3 (298) DV55 23.7–28.4 (298) DNR86 22.2–47.4 (298–338) DNR88

[C4C1im][C8SO4] + MeOH [C4C1im][C1SO4] + EtOH [C4C1im][Ntf2] + BuOH [C6(OCH2)C1im][BF4] + HexOH

21.8–28.4 (298) DNR86 21.4–41.4 (298) DNR86 24.0–32.8 (298) PD38 23.0–23.9 (308–318) DNR86

[C6(OCH2)C1im][BF4] + MeOH [C6C1im][BF4] + EtOH [C4C1im][SCN] + BuOH [C8C1im][Ntf2] + HexOH

20.5–21.1 (308–318) DNR86 23.1–37.3 (298) DV55 20.3–47.4 (298–338) DNR88 15–20 (unknown) unknown121

[(C6OCH2)2im] [BF4] + MeOH [C8C1im] [BF4] + EtOH [C6(OCH2)C1im][BF4] + BuOH [C10C1im] Cl + OctOH

20.5–21.4 (308–318) DNR86 23.3–32.8 (298) DV55 22.3–23.2 (308–318) DNR86 26–25 (298) WP130

[C1C1im][C1SO4] + EtOH [C4C1im][Ntf2] + PrOH [(C6OCH2)2im][BF4] + BuOH [N1 1 2 6OH]Br + OctOH

21.5–56.5 (298) DNR86 23.3–32.8 (298) PD38 22.3–23.2 (308–318) DNR86 26.5–26.6 (298) DNR86

[C2C1im][BF4] + EtOH [C1C1im][C1SO4] + BuOH [C4C1im][SCN] + PentOH

52.8–53.0 (298) DV55 23.7–56.5 (298) DNR86 21.3–47.4 (298–338) DNR88

Binary mixtures: (ionic liquid + other organic molecule) solutions � finite concentration range

[C4C1im][PF6] + C6H6 [C6C1im][PF6] + C6H14 [C6C1im][Ntf2] + 1-C8H16

43–29 (298) DNR120 10–40 (288–308) PD131 15.7–30.9 (283–348) DNR24

[C4C1im][BF4] + C6H6 [C6C1im][PF6] + C10H22 [C6C1im][PF6] + C6F14

43–29 (298) DNR120 10–40 (288–308) PD131 10–40 (288–308) PD131

Binary mixtures: (ionic liquid + surfactant) solutions � diluted concentration range

[C4C1im][BF4] + FC4 [C4C1im][PF6] + FC4 [C4C1im][PF6] + TX100

65–20 (298) DNR122 65–20 (298) DNR122 33–46 (298) unknown143

Binary mixtures: (ionic liquid + ionic liquid) solutions � limited concentration range

[C16C1im][BF4] or Cl + [N0 0 0 2][NO3] [N0 0 0 (5,8,10 or 12)][NO3] + [N0 0 0 2][NO3] [C(10,12,14 or 16)C1im]Br + [C4C1im][BF4]

51–36 (298) DNR134 49–33 (298) unknown142 48–36 (298) DNR124

Ternary mixtures: (ionic liquid + water + salt) solutions � diluted concentration range

[C6C1im]Cl + NaCl [C12C1im]Br + NaCl [C14C1im]Br + NaBr [C12im-C6-C12im]Br2 + NaCl

65–35 (298) DNR109 70–30 (298) unknown119 70–30 (298) unknown119 58.0–37.3 (298) DNR116

[C6C1im]Cl + NaBr 70–35 (296) PD128 65–35 (298) unknown132 [C12im-C2-C12im]Br2 + NaBr

60–30 (298) DNR109 65–35 (298) unknown132 65–35 (298) unknown132 50.0–30.5 (298) DNR116

[C6C1im]Cl + NaI [C12C1im]Br + NaBr [C16C1im]Br + NaCl [C12im-C4-C12im]Br2 + NaBr

50–20 (298) DNR109 70–30 (298) unknown119 70–30 (298) unknown119 50.0–33.9 (298) DNR116

[C10C1im]Br + NaCl 65–35 (298) unknown132 [C16C1im]Br + NaBr [C12im-C6-C12im]Br2 + NaBr

65–35 (298) unknown132 [C12C1im]Br + NaI 70–30 (298) unknown119 50.0–36.2 (298) DNR116

[C10C1im]Br + NaBr 70–30 (298) unknown119 [C16C1im]Br + NaI [C12im-C2-C12im]Br2 + NaI

65–35 (298) unknown132 65–35 (298) unknown132 70–30 (298) unknown119 40.0–28.6 (298) DNR116

[C10C1im]Br + NaI [C14C1im]Br + NaCl [C12im-C2-C12im]Br2 + NaCl [C12im-C4-C12im]Br2 + NaI

65–35 (298) unknown132 70–30 (298) unknown119 55.0–32.9 (298) DNR116 40.0–30.1 (298) DNR116

[C12C1im]Cl + NaCl 65–35 (298) unknown132 [C12im-C4-C12im]Br2 + NaCl [C12im-C6-C12im]Br2 + NaI

70–40 (296) PD128 [C14C1im]Br + NaI 55.0–35.3 (298) DNR116 40.0–31.0 (298) DNR116

70–30 (298) unknown119

Ternary mixtures: (ionic liquid + water + organic molecule) solutions � limited concentration range

[C12C12im]Br + C1,3-5OH [C16C1im]Br + C1,3-5OH [C12C12im]Br + CH3CN [C16C1im]Br + CH3CN

70–30 (293) DNR114 70–40 (293) DNR114 70–30 (293) DNR114 70–40 (293) DNR114

Ternary mixtures: (ionic liquid + water + surfactant/macromolecule) solutions � limited concentration range

[C(2,4,6,8 or10)mim]Cl + SDS [C8C1im]Cl + gelatin [C12mim]Br + b-CD [C14mim][PF6] + b-CD

70–25 (296) PD128 42–38 (298) WP107 46–47 (unkn.)unknown133 46–68 (unkn.) unknown140

[C4C1im][C8SO4] + gelatin [C14mim]Br + BSA [C12mim][PF6] + b-CD [C16mim][PF6] + b-CD

42–32 (298) WP107 70–35 (298–318) DNR110 46–68 (unkn.) unknown133,140 42–57 (unkn.) unknown140

This fact can be interpreted if one considers that each molecule

located at the interface contributes with its own surface free

energy to the surface tension of the overall fluid. An increase in

temperature will substantially decrease the intensity of

hydrogen-bonding interactions between the ionic liquids’ ions,

and between these and water. As a result, surface tensions tend
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to decrease as temperature increases. In the case of

([C8C1im][PF6] + water) the rather low surface tension values

reflect the segregation of the alkyl side chains to the surface.

The presence of water at the demonstrated concentration

regimes, even if interfering with the regular hydrogen-bonded

ionic liquid network, has minimal effects at the surface. On the

other hand, hydrogen-bonding is not the only type of interaction

in ([C4C1im][SCN] + 1-pentanol) mixtures: for long-chain

n-alcohols the side chains can interact via dispersive forces

with the alkyl side chains of the ionic liquid.88 In this case, the

disruption of the hydrogen-bonding interactions as tempera-

ture increases can be compensated for by dispersive-type

Table 5 Ionic liquid families (IL mixtures data): 1—imidazolium (im): orange/yellow; 2—pyridinium (py): green; 3—ammonium (am): blue

Fig. 12 Graphical representation of the available data on the surface

tension of ionic liquid mixtures as a function of different combinations

of cations and anions. The different cation families are color-coded as

in Table 5.
Fig. 13 Surface tension as a function of temperature for three (ionic

liquid +molecular solvent) binary systems. Data for the corresponding

pure ionic liquids are also included. &: ([C6C1im][NTf2] + 1-octene,

xIL = 0.85) and ’: [C6C1im][NTf2];
24 B: ([C8C1im][PF6] + water,

xIL= 0.7) andE: [C8C1im][PF6];
15 n: ([C4C1im][SCN] + 1-pentanol,

xIL= 0.88) and m: [C4C1im][SCN].88
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interactions and favourable interstitial accommodation of the

alcohol chains at the interface.

Concerning the temperature effects on the determination of

the CMC of ionic liquids (second group of results), Geng

et al.105,110 demonstrated that temperature does not signifi-

cantly affect the CMC of ionic liquids in aqueous solutions nor

their surface tension values at the CMC. Nevertheless, a slight

minimum in CMC has been observed by the authors105 at

temperatures close to room temperature—the typical trend

found for conventional surfactants.

4.3 Molecular component effects

The literature on surface tension of ionic liquid mixtures and

solutions includes molecular components as diverse as water,

alcohols, n-alkanes, 1-octene, benzene and n-perfluoro-

hexane.6,14,15,24,37,38,46,55,78,86,88,90,101,102,111,118,120,128,129,130,131,139

The most commonly used component is water, with 17

publications referring to surface tension values of ionic liquid

aqueous solutions.6,14,15,37,46,55,78,86,90,101,102,111,118,128,129,130,139

The effect of water as an impurity in the surface tension of

pure ionic liquids was discussed in Section 3.3. In this section,

we evaluate the effect of water as a general mixture component

and compare it with other solvents.

The study of the effect of water on the physical properties of

ionic liquids was pioneered by Huddleston et al.14 These

authors measured the surface tensions of four hydrophobic

ionic liquids equilibrated with water at 298 K.14 Nonetheless,

aside from the importance and accuracy of the measurements

themselves, no clear conclusions have yet been drawn,

cf. Section 3.3.14 Later works reported results on the surface

tension of binary mixtures of hydrophilic ionic liquids and

water over extended concentration ranges.6,46,55,101,102,118,139

Sung et al.102,139 investigated the surface tensions of mixtures

between water and [C4C1im][BF4] and Malham et al.101 the

surface tensions of mixtures between [C4C1im][BF4] or

[C4C1C1im][BF4] and water, in the entire concentration range.

Both research groups101,102 found that, in the water-rich

phase, surface tension decreases rapidly until a mole fraction

of ionic liquid of 0.16 for [C4C1im][BF4] and 0.04 for

[C4C1C1im][BF4] is reached. Upon addition of more ionic

liquid, the surface tension (which is already quite close to that

of the pure ionic liquid) increases slightly until the value for

the pure ionic liquid is reached. In other words, both

authors101,102 found a (shallow) minimum in the surface

tension values at the ionic liquid mole fractions mentioned

above. They explained this anomalous behaviour considering

differential surface segregation of anions and cations at

different concentration regimes (cations are the predominant

species at the interface at very low ionic liquid concentrations;

as the ionic liquid concentration increases the anions start

to balance their distribution until both species are equally

present).101,102 However, it is worth mentioning that the

presence of a minimum around the breakpoint is in many

cases just an indication of the presence of impurities, working

as highly active substances, at the interface. On the other

hand, the choice of the anion to investigate such a pattern was

not ideal since [BF4]-based ionic liquids are known to suffer

hydrolysis in the presence of water.146 As a matter of fact, it is

interesting to speculate if the minimum would remain with

anions that do not suffer from decomposition issues. Indeed,

latter reports6,46,55,118 for the surface tensions of the mixture

[C4C1im][BF4] + water did not suggest the presence of the

minimum surface tension around the breakpoint. The purity

of the ionic liquids and the times of equilibration required by

the measurement technique maybe the major contributors

to the discrepancies found between different sets of

data.6,46,101,102,118 It must also be stressed that even when the

same type of behaviour is reported for a given system by

different authors, there are some cases where considerable

discrepancies between data sets still occur, cf. Fig. 14.6,55 In

fact, such discrepancies among surface tension data for ionic

liquid mixtures and solutions are larger than those found

amongst surface tension values for pure ionic liquids. Further

work is still necessary to fill in the existing gaps and sort out

the remaining conflicts.

Besides the extensively studied [C4C1im][BF4] plus water

system, there are further investigations involving aqueous

solutions of other ionic liquids.15,37,78,90,118 Liu et al.118 presented

the surface tensions of binary mixtures of [C4C1im]Cl,

[C4C1im]Br and [C4C1im][BF4] with water at a single tempera-

ture and over the whole concentration range. Whereas the

surface tension values of ([C4C1im][BF4] + water) systems

showed a trend similar to those presented in Fig. 14 (sharp

decrease followed by a weak dependence of s on increasing

ionic liquid concentration, xIL), the other two systems exhibited

a more regular decrease of s with increasing xIL (although

sharper at water-rich concentrations).118 This issue—the

influence of the ionic liquid’s nature on the surface tension

of the mixtures—will be discussed in the next section. Other

works have investigated aqueous solutions of the ionic liquids

[C2C1im][C2SO4], [C4C1im][Ntf2], [C4C1im][PF6], [C4C1im][Glu],

[C5C1im][BF4], [C8C1im][PF6] and [C8C1im][BF4], but only in

the ionic-liquid-rich phase. Decreasing s values with increasing

xIL were the norm.15,37,78,90

In summary, all studies involving aqueous solutions of ionic

liquids,15,37,78,90,118 show a more or less pronounced drop

of surface tension at water-rich concentrations and a more

subdued decrease of s with increasing xIL at ionic-liquid-rich

concentrations. It must be stressed, however, that the contrast

Fig. 14 Comparison between two sets of surface tension data of the

binary mixture ([C4C1im][BF4] + water) at 298 K. ’: 55;E: 6.
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between the two regimes (water-rich side versus ionic-liquid-

rich side) is also a consequence of the significant difference

between the molar mass and molar volumes of most ionic

liquids and that of water (at least one order of magnitude); any

diagram plotted as a function of the mixture molar fraction

will enhance variations on the water-rich side.

Alcohols represent the second largest class of solvents, with

(ionic liquid + alcohol) mixture surface tension results

presented in 6 different publications.38,55,86,88,129,130

Wandschneider et al.38 measured the surface tension of

([C4C1im][Ntf2] + 1-propanol or 1-butanol) mixtures at

298.15 K. Domańska and Królikowska88 reported the surface

tension of the ([C4C1im][SCN] + 1-butanol, 1-pentanol or

1-hexanol) systems. Fig. 15 presents a general overview of the

effect of alcohol alkyl chain length on the surface tension of

(ionic liquid + alcohol) mixtures.38,86,88

In all cases, the surface tension of (ionic liquid + alcohol)

mixtures decreases with increasing concentration of alcohol

and the slope is more pronounced (on the ionic-liquid-rich

side) when the alkyl chain of the alcohol is longer, Fig. 15.

Moreover the differences in the surface tension trends are

larger between alcohols with short alkyl chains, Fig. 15a.

Curiously, for alcohols with very short alkyl chains, such as

methanol, the plot of surface tension as a function of the

mixture mole fraction is almost linear. This trend was also

observed by the same authors86 with other ionic liquids,

[C1C1im][C1SO4] and [C4C1im][C8SO4], combined with methanol.

However, results for the same ionic liquids with ethanol and

1-butanol show non-linear trends characterized by an insipient

curvature breakpoint. This may indicate the presence of

segregation and aggregation phenomena at the surface

controlled by the hydrophobicity of the alcohol alkyl chain.86

Increasing the length of the alkyl chain of the alcohol moves

the onset of the aggregation phenomena (or the breakpoint at

which the surface tensions become nearly constant and equal

to the those of the pure alcohols) towards higher ionic liquid

mole fractions.86 In other words, the existence of surface

tension plateau regions suggests that IL-alcohol aggregates

are present at the surface and that long-chain alcohols favour

those association complexes. Nevertheless, it should be

pointed out that despite favourable van der Waals interactions

between long alcohols and the alkyl side chains of some ionic

liquids, other structural and entropic contributions may

also exist: the capability of alcohols to hydrogen-bond with

the polar network of ionic liquids is also important which

means that the nature of the ionic liquid will also play a

pivotal role.

Other authors have compared the surface tension behaviour

of alcohol-based and water-based ionic liquid mixtures. Fröba

et al.129 and Rilo et al.55 studied binary mixtures of

[C2C1im][C2SO4] and [CnC1im][BF4] (2 r n r 8) with water

or ethanol, respectively. Modaressi et al.130 measured the

surface tension of [C4C1im][PF6], [C4C1im][C1SO4],

[C10C1im]Cl and [C12C1im]Cl with water and [C10C1im]Cl

with 1-octanol. Domańska et al.86 studied [C1C1im][C1SO4],

[C4C1im][C1SO4], [C4C1im][C8SO4], [C6OCH2C1im][BF4] and

[(C6OCH2)2][BF4] combined either with water or alcohols.86

Fig. 16 illustrates the surface tension behaviour of ionic liquid

mixtures in the presence of water and ethanol.129

The surface tension behaviour of alcohol-based or water-

based ionic liquid mixtures exhibits opposite trends, Fig. 16;

whereas, in the case of aqueous mixtures, surface tension

sharply decreases with increasing ionic liquid content, in the

case of alcohol-based mixtures, surface tension rises with

increasing ionic liquid concentration. As discussed above,

the latter behaviour can be either almost linear or exhibit a

sudden drop at the ionic-liquid-rich region followed by a

plateau region.

One of the main differences between the two types of

molecular solvent lies, obviously, in the fact that water has a

surface tension at 298 K larger than most ionic liquids,

Fig. 15 Surface tension data of (ionic liquid + n-alcohol) mixtures at

298 K. (a): [C4C1im][C1SO4] + methanol (E), ethanol (’) or 1-butanol

(m);86 (b): [C4C1im][NTf2] + 1-propanol (�) or 1-butanol (m);38

(c) [C4C1im][SCN] + 1-butanol (E), 1-pentanol (’) or 1-hexanol (m).88
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whereas most alcohols have lower ones. These two facts reflect

the way the two pure molecular solvents structure themselves

at the surface and how they will interact with other highly

structured media (both at the surface and in the bulk) such as

ionic liquids. The surface tensions of binary mixtures of water

and ionic liquids are governed by the surface tension of the

pure ionic liquid up to very high concentrations of water

because water will mainly interact with the polar network of

ionic liquids that is segregated out of the surface by the non-

polar alkyl side chains present in some of the ions. The small

size of the water molecules relative to the ionic liquid ions

exacerbates the sharp rise in surface tension (when they finally

arrive at the surface) for very high water mole fractions.

Conversely, long-chain alcohols tend to segregate to the

surface even at very high ionic liquid concentrations and sharp

drops (if any) exist in the ionic-liquid-rich region. Small

alcohols (methanol, ethanol) come between the two extremes

(water as an ‘‘alcohol’’ with a null alkyl chain and long

alcohols) and show almost linear trends.

Fig. 16b also shows the influence of the atmospheric

environment on the surface tension of these mixtures. Fröba

et al.129 studied the ([C2C1im][C2SO4] + ethanol) mixture

under normal and ethanol-saturated atmospheric conditions.

The results129showed that under an ethanol-saturated

atmosphere, the ([C2C1im][C2SO4] + ethanol) mixtures exhibit

lower surface tension values, particularly those rich in ionic

liquid. This fact is coherent with the selective segregation/

adsorption of ethanol at the gas–liquid interface with a con-

comitant decrease in the mixture’s surface tension.

Three other publications reported surface tension data

of ionic liquid mixtures with other solvents: Santos and

Baldelli120 evaluated the surface tension of [C4C1im][PF6]

and [C4C1im][BF4] with benzene; Matsuda et al.131 studied

that of [C6C1im][PF6] saturated with n-hexane, n-decane or

n-perfluorohexane; and Ahosseini et al.24 measured the surface

tension of [C6C1im][NTf2] saturated with 1-octene, Fig. 17.

The results displayed in Fig. 17 show that the ionic liquid

mixture with 1-octene presents a similar trend to that

displayed by [C4C1im][Ntf2] and 1-butanol. The data shown

for the ([C6C1im][Ntf2] + 1-octene) system correspond to its

miscibility window (one-phase region) at 298 K. Co-association

complexes are also favourable between 1-octene and the alkyl

side chains of [C6C1im][Ntf2], as observed for long-chain

alcohols. Despite the data gap caused by the saturation limit

of 1-octene in ([C6C1im][Ntf2], the trend displayed suggests the

existence of a hypothetical surface tension plateau, similar to

that for the ([C4C1im][NTf2] + 1-butanol) system.

Data for ionic liquid mixtures with benzene, n-hexane,

n-decane and n-perfluorohexane have shown that the surface

tension of each mixture under saturation conditions (of the

molecular solute in the ionic liquid solvent) is always lower

than the s value for the corresponding pure ionic liquid.120,131

Surface tension drops for the last three mixtures in the

following order n-perfluorohexane o n-decane o n-hexane

and reflects the order of solubility of each compound in the

ionic liquid.131 For the mixtures of [C4C1im][PF6] and

[C4C1im][BF4] with benzene it was found that there is an

almost linear decrease of the surface tension with increasing

benzene mole fraction (up to 0.25 mole fraction of benzene).120

Interestingly, additional studies using sum frequency generation

vibrational spectroscopy have shown that, for benzene mole

fractions larger than 0.1, the benzene molecule affects the

surface orientation of the imidazolium cation and that the

addition of benzene leads to an increase in the cation–anion

Fig. 16 Surface tension data of (ionic liquid + alcohol or water)

mixtures. (a): [C4C1im][BF4]+water (E) or ethanol (’) at 298 K;129

(b): [C2C1im][C2SO4] + water (E), ethanol (’) or ethanol in ethanol

atmosphere (&) at 293 K.129

Fig. 17 Surface tension data at 298 K of ([C6C1im][NTf2] + 1-octene)24

and, for comparison purposes, ([C4C1im][NTf2] + 1-butanol)38

mixtures (E and m, respectively).
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separation distances—and thus to a regular decrease in surface

tension.120 This is another proof of the unique behaviour of

(ionic liquid + aromatic compounds) mixtures, relative to that

of (ionic liquid + aliphatic compound) mixtures.103,147

In addition to the data just discussed, focusing on the

surface tension of ionic liquid mixtures per se, there is

also a substantial amount of work centred on the study of

aggregation phenomena of ionic liquids in solution,

where surface tension data are used to determine

CMCs.101,105,106,108–110,112,113,115–117,119,125–128,132,134–138,141,144,145

These studies include not only (binary) mixtures of ionic

liquids with pure water but also (ternary) mixtures with the ionic

liquid, water and inorganic salts, such as NaCl, NaBr, NaI,

[N4444]Br or Na2HPO4/NaH2PO4 (pH = 7).107,109,116,119,128,132

Some ionic liquids have properties similar to those of

traditional surfactants, including enhanced surface activity

and the possibility of micelle formation—in fact some ionic

liquid-like compounds with long alkyl side chains are tradi-

tional surfactants: for instance the [N16 1 1 1]Br ionic liquid is

known as CTAB. The self-aggregation behaviour of such

amphiphilic compounds can be characterized through the

knowledge of their CMC in solution. In aqueous solution,

ionic liquids with large hydrophobic moieties (larger alkyl side

chains) exhibit lower CMC values, whereas those more hydro-

philic in nature (shorter alkyl side chains, more hydrophilic

anions) show greater (or no) CMC values. The influence of the

ionic liquid structure will be discussed below. Those ionic

liquids that are also traditional surfactants (like the CTAB salt

mentioned above) will not be considered further in the present

review.

Following classical surfactant behaviour, self-aggregating

ionic liquids in aqueous solutions exhibit dramatic surface

tension drops below their CMCs and surface tension plateaus

above their CMCs (cf. Fig. 14)—before their CMCs are

attained the (hydrophobic) ionic liquid ions tend to migrate

to the air/water interface in order to decrease the free energy of

the system. This lowers the surface tension of the mixture.

After reaching the CMC, the surface tension becomes almost

constant because any additional ionic liquid ions will self-

aggregate in the solution bulk (in the form of micelles) and not

at the surface.

However, large discrepancies between different sets of

results have been found not only for the reported CMC values

but also for the corresponding surface tension ones at the

CMC.105,115,119,135,141 For instance, several reported CMC

values for [C16mim]Br in aqueous solution (the most studied

system on this research front), at temperatures close to room

temperature, are presented in Table 6.

The CMC of [C16C1im]Br in water ranges from

(0.1 to 0.77) mmol dm�3 while the surface tension at the same

point ranges from (34.3 to 45) mN m�1 depending on the

literature source.105,115,119,135,141 There are two reports in close

agreement105,119 and one manuscript135 that presents values of

CMC and surface tension values at the CMC, which strongly

deviate from the remaining published results.

Further studies also evaluated the effect of inorganic salts

on the CMC of aqueous solutions of ionic liquids and their

corresponding surface tension values.107,109,116,119,128,132

Essentially it was found that the addition of inorganic salts

such as NaCl, NaBr and NaI drastically decreases both the

CMC and the surface tension at the CMC. Nevertheless,

surface tension behaviour as a function of ionic liquid

concentration is similar to that displayed in aqueous solution

without added inorganic salt. The ability of inorganic salts to

decrease the CMC follows the order: NaI > NaBr >

NaCl.109,119 The effect of such salts results from the compres-

sion of the electric double layer surrounding the ionic liquid

micelles by screening the electrostatic repulsion amongst the

ionic liquid polar head groups. Table 7 shows an overall

evaluation of the effect of inorganic salts on the CMCs of

[C16C1im]Br and [C12C1im]Cl aqueous solutions.

Blesic et al.128 additionally studied the influence of Na2SO4,

the ammonium salt [N4 4 4 4]Br and [CnC1im]Cl (n = 2 and 4)

on the CMC of [C10mim]Cl and [C12C1im]Cl. A brief descrip-

tion of their results is presented in Table 7. The presence of

both inorganic salts and/or additional chloride-based ionic

liquids decreases the CMC and favours micelle formation due

to an inherent decrease in the repulsion between the ionic head

groups, as discussed above. Remarkably, it was found that an

additional ionic liquid, for instance [C4C1im]Cl, reduces the

CMC of [C12C1im]Cl by the same amount as the sodium-based

salt. In addition, in the presence of [C4C1im]Cl the authors

found a progressive decrease in the surface tension plateau

that is unusual with inorganic salts.128 With [N4 4 4 4]Br a

larger fall in the ionic liquid’s CMC was observed, and the

same reduction in surface tension after CMC. Both salts led

to greater compactness of the outside monolayer of the

particle, and hence, to greater compactness of the micelle

interface.128 The effect of the salts in the CMC, as can be seen

in Table 7, follows the rank: NaCl E Na2SO4 o [C4C1im]Cl o
[N4 4 4 4]Br.

The same authors128 have also studied the aggregation onset

of the classic sodium dodecyl sulfate (SDS) surfactant in

aqueous solutions containing the ionic liquids [CnC1im]Cl,

with 2 r n r 10. They found that the addition of opposite-

charged counter-ions, [Cnmim]+, decreased the CMC of

SDS.128 Curiously, a clear change in the behaviour of mixtures

[CnC1im]Cl + water + SDS was found at n = 6–8.128 After

the threshold is attained, mixed micelle formation occurs,

while, for shorter alkyl chains, the ionic liquids behave as

typical inorganic salts.128 Furthermore, if the [CnC1im]Cl

concentration is maintained below their own CMC, the longer

the alkyl chain length in the ionic liquid, the more favourable

is the self-aggregation of mixed aggregates.128

On the other hand, Pino et al.114 determined the CMC of

[C16C1im]Br and [C12C12im]Br in binary mixtures of water

and methanol/1-propanol/1-butanol/acetonitrile at different

volume fractions. Quantitative details on the effects of the

alcohols and acetonitrile in the CMC of [C16C1im]Br are

Table 6 CMC data for [C16C1im]Br in aqueous solutions

T/K CMC/mmol dm�3 sCMC/mN m�1 Ref.

298 0.51 37.41 105
Unknown 0.77 34.3 115
298 0.55 39.1 119
298 0.1 45 135
295 0.6 39 141
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shown in Table 7. It should be pointed out that [C16C1im]Br

and [C12C12im]Br in the binary mixtures of water and

methanol/1-propanol/1-butanol/acetonitrile exhibited the

typical behaviour found for mixtures with pure water. From

a fundamental perspective, CMC values increased as the

content of the organic additive in aqueous solution increased,

due to a lowering of the dielectric constant of the mixture

enhancing the electrostatic forces in the ionic head groups.114

Table 7 also shows that the formation of ionic-liquid-micelles

in aqueous media is strongly affected by the nature of

the organic additive present in solution. In general, longer

alcohols produce larger changes in CMC values, with 1-pentanol

having the largest effect on the CMC values of the studied ionic

liquids. 114

Finally, two publications presented surface tension values

for ternary mixtures composed of ionic liquid + water +

b-cyclodextrin.133,140Although the main goal of such works

was to provide complementary evidence on the formation of

inclusion complexes, some general remarks can be made based

on the surface tension data. The addition of b-cyclodextrin to

aqueous solutions of surface-active ionic liquids exhibits the

following trend: for [CnC1im][PF6] (n = 12, 14 and 16)

aqueous solutions surface tensions increase rapidly with

increasing b-cyclodextrin concentration, indicating the forma-

tion of inclusion complexes between b-cyclodextrin and ionic

liquids.140 After this initial increase in surface tension, a break

point occurs, and a surface tension plateau occurs. In other

words, the reported trend is more or less the opposite of that

observed for the surface tension behaviour of surfactants in

aqueous solutions (Fig. 14).

Other works measured the CMC of common surfactants in

ionic liquid (non-aqueous) media: Gao et al.143 showed the

aggregation of the common TX-10 surfactant in

[C4C1im][PF6]; Li et al.122 reported on the behaviour of a

typical cationic fluorinated surfactant (FC-4) in [C4C1im][BF4]

and [C4C1im][PF6]. It was also shown121 that sodium bis-

(2-ethyl-1-hexyl) sulfosuccinate (AOT) forms reverse micelles

in the binary mixture composed by [C8mim][Ntf2] and 1-hexanol.

In all these systems, the formation of aggregates is suggested

by abrupt changes in the slope of the surface tension data as a

function of the surfactant concentration.

Three studies went even further and reported the CMC of ionic

liquid-based surfactants in ionic liquid media. Velasco et al.142

studied the micelle formation of alkylammonium nitrate

ionic liquids in ethylammonium nitrate. Thomaier and

Kunz134 analysed the surface activity of imidazolium-

based ionic liquids, [C16C1im]Cl and [C10C1im][BF4], in

ethylammonium nitrate and Li et al.124 determined the CMC

of [CnC1mim]Br (n = 10 to 16) in an imidazolium-based polar

medium ([C4C1im][BF4]). In all cases, the typical surface

tension trend displayed by surfactants in aqueous solutions

(as that shown in Fig. 14) was verified. In addition, the CMC

of ionic liquids in ionic liquid media is circa 10 times higher

than that observed in aqueous solution.134 Hence, the self-

assembly of long-chain ionic liquids is more difficult in ionic

liquids than in water. The electrostatic repulsions among the

different polar head groups may be the principal reason.

Interestingly (and in opposition to what was observed in

aqueous solutions), the micelle formation of alkylammonium

nitrates in ethylammonium nitrate did not reveal the molar

volume increase of the continuous phase.142 This absence of

molar volume change means that the alkyl chains do not

perturb the spatial arrangement of the ionic liquid acting as

solvent.142 It should be noted that a colloidal system formed

by two ionic liquids could be stable up to 523 K—a factor

highly relevant for several research areas, such as nanoscale

technology.134

In summary, the decrease/increase in the surface tension of

ionic liquid mixtures follows a characteristic pattern that

depends on the nature of both the co-solvent and the ionic

liquid. Surface tension trends involving ionic liquid mixtures

changed sharply in different concentrations regimes. Never-

theless, we should be aware that such behaviour largely

depends on the solvent nature.

4.4. Ionic liquid structural effects

Regarding the structural variations of ionic liquids and

their effect on the surface tensions of mixtures, most works

evaluated the effect of the alkyl chain length of the ionic

liquid cation, with 21 publications discussing this

issue.14,55,86,105,106,108,111,115,117–119,124,125,127,128,132,135,138,141,142,145

On the other hand, only two recent publications evaluated

the alkyl chain length effect of alkylsulfonate- and

alkylcarboxylate-based anions,112,113whilst one other analysed

the alkyl chain length effect of alkylsulfate-based ionic liquids

Table 7 CMC data for [C16C1im]Br and [C12C1im]Cl in aqueous solutions with added inorganic salt

Ionic liquid Solvent CMC/mmol dm�3 sCMC/mN m�1 Ref.

[C16C1im]Br Water + 0.5 mol dm�3 NaCl 0.052 35 119
Water + 0.5 mol dm�3 NaBr 0.024 33 119
Water + 0.5 mol dm�3 NaI 0.011 30 119
Water + 2% (v/v) methanol 0.271 41.5 114
Water + 2% (v/v) 1-propanol 0.250 42.0 114
Water + 2% (v/v) 1-butanol 0.269 37.0 114
Water + 1% (v/v) 1-pentanol 0.210 38.0 114
Water + 2% (v/v) acetonitrile 0.261 42.5 114

[C12C1im]Cl Water 12a 42 128
Water + 0.15 mol dm�3 NaCl 3a — 128
Water + 0.15 mol dm�3 Na2SO4 3.5 — 128
Water + 0.15 mol dm�3 [N4444]Br 1.5a 36 128
Water + 0.15 mol dm�3 [C4C1im]Cl 3.2a — 128

a CMC presented as an average obtained by different techniques.
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in alcohol mixtures.86 Approximately 15 manuscripts reported

the effect of the anion nature on the surface tension of

mixtures14,15,86,106,118,120,122,127,128,130,132,133,134,141 and only

two reports have assessed the effect of the cation core

influence.112,127 Other works have studied the addition of func-

tional groups to common ionic liquids,33,86,108,115,126,137 the

number of alkyl substitutions at the cation,101,111,141 and also

ionic liquids that perform as gemini surfactants.116,125,135,136

4.4.1. Cation/anion nature. Regarding the cation core

influence, only two manuscripts reported on this effect.112,127

Blesic et al.127 studied the self-aggregation of [C12C1im]Br,

[C12C1py]Br, [C12C1pyrr]Br and [C12C1pip]Br in aqueous

solutions—four distinct type of cations (head groups) of ionic

liquids. Interestingly, the authors also have shown that

1-alkyl-3-methylpyridinium-based ionic liquids show a

quencher aptitude enabling their use as fluorescence probes

typically employed in micellar characterization (fluorophores).127

Anouti et al.112 studied the aggregation behaviour of

imidazolium- and pyrrolidinium-based ionic liquids with similar

alkylcarboxylate anions. The results are shown in Fig. 18.

Lower surface tension values of the ionic liquid + water

mixtures are a consequence of a segregation of the ionic liquid

ions to the air–liquid interface. The lower the surface tension

and the CMC values, the more likely it is for this liquid to

migrate for the phase boundary. Fig. 18 shows that ionic

liquids with lower CMCs also cause larger surface tension

reductions at that concentration of ionic liquid. For each type

of anion, the general trend in decreasing order of CMC or

surface tension at CMC is: imidazolium- > pyridinium- >

piperidinium- > pyrrolidinium-based ionic liquids.112,127,128

On first inspection, aromatic ionic liquids, such as

imidazolium-, and pyridinium-based ionic liquids appear

less surface active species than non-aromatic ones, such as

piperidinium- and pyrrolidinium-based ionic liquids. The

authors have shown that both the structure and the point-

charge density distribution are key parameters that rule the

geometry and packing of micelles.127

Although there are 15 papers reporting on the effect of the

anion nature in the surface tensions of ionic liquid

solutions14,15,86,106,118,120,122,127,128,130,132–134,141,144 it is very

difficult to establish a qualitative trend concerning their

influence on the surface tension of ionic liquid mixtures: most

works have focused on CMC determinations in aqueous

solutions and no quantitative data for the surface tension

values have been reported.106,118,120,122,127,128,130,133,134,144

Furthermore, the works that provide surface tension data

generally only do so for ionic-liquid-rich concentrations due

to the partial miscibility of many hydrophobic ionic liquids

and water.15,141 Nevertheless some general conclusions can be

drawn from the available data.

Toh et al.141 studied the surface tension of aqueous mixtures

for [C8C1im]-based ionic liquids combined with the [Ntf2]
�,

[Npf2]
� and Br� anions. These authors141 showed that the rate

at which the surface tension of the mixture decreases is

inversely proportional to the solubility of the ionic liquids in

water. The more hydrophobic the ionic liquid the more

effective it is in reducing the surface tension of the aqueous

solutions: [Npf2]
� > [Ntf2]

� > Br�.141 Results presented by

Freire et al.15 for hydrophobic ionic liquids and water

mixtures agree with the previous statement.141 Dong et al.132

evaluated the surface adsorption in aqueous solutions of

[C10C1im]Br, [C12C1im]Br and [C12C1im][BF4], while Liu

et al.118 measured the surface tension of ([C4C1im]Br or

[C4C1im][BF4] + water) mixtures. Both works aimed at

evaluating the effect of the ionic liquid anion on the surface

tension of the mixtures.118,132 In both cases, [BF4]-based

ionic liquids are more effective in screening the electrostatic

repulsion amongst polar head groups, and hence on decreasing

the surface tension of the aqueous mixtures when compared to

halogenated-based ionic liquids.118,132 Similar results were

obtained by Thomaier and Kunz134 for the ionic liquids

[C16C1im]Cl and [C16C1im][BF4] in aqueous mixtures. Blesic

et al.128 studied the self-aggregation of [C10C1im][Ntf2],

[C10C1im][PF6] and [C10C1im]Cl in aqueous media. The con-

centration of the ionic liquid needed to lower the surface

tension of each mixture decreases as the hydrophobicity and

bulkiness of the anion increases (Cl� o [PF6]
� o [Ntf2]

�).128

Bulky counter-ions decrease the electrostatic repulsion

between oppositely charged head groups. This tendency auto-

matically leads to lower CMC values. Yet it should be pointed

out that for [C10C1im][Ntf2] and [C10C1im][PF6] no micelle

formation was detected due to the very low saturation limit of

both ionic liquids in water (phase separation occurs before the

self-aggregation of the ionic liquids).128 Bulky anions do not fit

into the Stern layer as they are hampered by steric hindrance.

Domańska et al.86 also evaluated the anion influence

through the analysis of surface tension data of ionic liquid

Fig. 18 (a) Surface tensions, s, at CMC and (b) CMC at 298 K of

([C12C1X]Cl or [X][C5CO2] ionic liquids + water) mixtures (X =

cation core).112,127,128
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in aqueous solutions, but instead of imidazolium-based ionic

liquids, they investigated ethyl(2-hydroxyethyl)dimethyl-

ammonium-based ionic liquids. With this common cation,

the surface tension reduction, at approximately the same ionic

liquid concentration, follows the order: Br� E [N(CN)2]
� o

[BF4]
� E [PF6]

�.86

Łuczak et al.106 correlated the antimicrobial action to the

surface activity of 1-alkyl-3-methylimidazolium derivatives.

Indeed, this recent work,106 evaluated the greatest number of

ionic liquids anions in the literature. Using [C4C1im]+ as

the common cation (ionic liquid mixtures belonging to the

1C* group), the effectiveness of the ionic liquid anions in

decreasing the surface tension of the solutions (at the same

ionic liquid concentration) is the following: [C8SO4]
� >

[PF6]
� > [Otf]� > [Tos]� > [BF4]

� > [C1SO4]
� > Cl�.106

Alternatively, fixing the [C8C1im]+ and [C10mim]+ cations

(groups 1E* and 1F*), similar trends were obtained:

[C8SO4]
� > [Ntf2]

� > [BF4]
� > Cl�. The authors also

showed a strong correlation between antimicrobial action

and ionic liquid surface activity.106

Although important discrepancies exist between different

sets of data (as repeatedly shown throughout this review), a

general trend regarding the ionic liquid anions capability for

decreasing the surface tension of aqueous mixtures is still

possible: the compilation of data from several

works,15,106,118,120,122,127,128,130,133,134,141,144 at a fixed

composition and temperature yielded the order: [Npf2]
� >

[Ntf2]
�> [PF6]

�> [Otf]�> [Tos]�> [BF4]
�> [C1SO4]

�>

Br� > Cl�.

4.4.2. Alkyl chain length. One structural feature that has

an important role in the characterization of ionic liquids is the

length (and number) of the non-polar alkyl side chains that are

attached to the polar cores of the ions. The ratio between these

polar and non-polar moieties defines the relative importance

of the non-polar regions and polar network that constitute the

nano-segregated nature of the bulk pure ionic liquid as well as

its structuration at the liquid–gas interface. In the case of

mixtures of ionic liquids with molecular solvents, the alkyl side

chains will also affect the trends of strongly structure-

dependent properties like the surface tension of the mixtures.

Fig. 19 and 20 show the trends in ([CnC1im]Br (n = 12,

14, 16) + water)105 and ([CnC1im][BF4] (n = 2, 4, 6, 8) +

water or ethanol)55 mixtures, respectively.

Fig. 19 and 20 show that the surface tension of the mixtures

depends strongly on the alkyl chain length of the ionic liquid,

with the ionic liquids with longer alkyl chains producing

mixtures with lower surface tension values at any given

composition. However the reasons behind such general trend

are different in Fig. 19 (aqueous solutions of ionic liquids with

very long alkyl side chains), 20a (aqueous solutions of

ionic liquids with relatively small alkyl side chains) and 20b

(ionic liquid + ethanol mixtures). In the case of Fig. 19, the

surface tension of the three pure ionic liquids is very similar

and the differences occur at the water-rich side of the diagram:

longer alkyl side chains produce more stable micelles and

lower CMC values, which means that at a given composition

the drop in surface tension produced by ionic liquids with

longer alkyl side chains (better surfactants) is always larger.

In other words, the ionic liquid segregation to the surface

(with the concurrent exclusion of water molecules from it) is

more efficient for longer-chain ions. In Fig. 20a some insipient

CMC effect is still observable between ([C2C1im][BF4] +

water) and ([C4C1im][BF4] + water)—the plateau region for

[C2C1im][BF4] is located at xIL E 0.2, while for [C4mim][BF4]

at xIL E 0.1—but the order of the surface tension of the

mixtures is mainly given by the order of the surface tension

of the pure ionic liquids, i.e. those with longer non-polar

moieties tend to have lower surface tension values than their

Fig. 19 Surface tension data at 298 K of ([CnC1im]Br + water)

systems:105 (’) n=12; (n) n=14; (E) n=16. The concentration scale

is logarithmic.

Fig. 20 Surface tension data at 298 K of (a) ([CnC1im][BF4] + water)

and (b) ([CnC1im]Br + ethanol):55 (B) n = 2; (’) n = 4; (n) n = 6;

(E) n = 8.
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shorter-chain counterparts (cf. Section 3.4). (In Fig. 20b this is

again the case: the order is dictated by the surface tension of

the pure ionic liquids). However instead of the almost constant

surface tension region (plateau) exhibited in Fig. 20a, there are

differently sloped curves connecting the surface tensions of the

pure ionic liquids and the common alcohol: at the ionic-liquid-

rich side of the diagram the surface tension of each mixture

decreases almost linearly until approximately the equimolar

concentration. Indeed, at xIL E 0.5, all ionic liquids mixtures

present a similar value of surface tension. On the alcohol-

rich side (xIL o 0.5), the surface tensions of the mixtures

decrease almost linearly down to those of pure ethanol

and their dependence on the alkyl chain length of the ionic

liquid is negligible.55 The differences observed between the

aqueous and ethanol solutions (Fig. 20a and b) reflect the

segregation of water out of the surface layer in the first

case and the relatively easy inclusion of ethanol molecules

(easier for shorter-chain ionic liquids) at the interface in the

second case.

Other changes in the aggregation behaviour of ([CnC1im](X) +

water) systems with (X) = Cl�, Br�, [BF4]
�, [PF6]

�,

[Npf2]
�, [Ntf2]

�, [CmSO3]
� and [CmSO4]

� and variable

alkyl side chain lengths (n and m) were also investi-

gated.55,106,113,117–119,124,128,130,132,135,141 Similar trends to

those shown in Fig. 19 and 20a were observed: an overall

decrease in the surface tension values with the increase of the

alkyl chain length of the ionic liquid ions, with long-chained

ions producing strong effects at the water-rich side of the

composition diagrams and presenting quite similar surface

tension plateaus at the other end of the concentration range.

Short-to-intermediate-chained ions produced effects domi-

nated by the surface tension values of the corresponding pure

ionic liquids.

It should be noted at this point that the alkyl chain length

effect in the cation has been much more frequently

studied,14,55,86,105,106,108,111,115,117–119,124,125,127,128,132,135,138,141,142,145

than that caused by alkyl substitution in the anion.86,112,113

Anouti et al.112 studied two classes of anionic surfactants:

pyrrolidinium alkylcarboxylates, [pyrr][CnCO2], and imid-

azolium alkylcarboxylates, [im][CnCO2], with n= 5 to 8. They

found that, compared with classical sodium carboxylate

surfactants, those liquids exhibit a larger ability to undergo

aggregation processes in aqueous solutions.112 This fact is

related to the relative size of the cation and their lower

tendency to form hydration complexes. Bulky and organic

cations, such as [pyrr]+ and [im]+, decrease more efficiently

the electrostatic repulsions between charged head groups,

facilitating thus micelle formation and decreasing the surface

tension values of the mixtures. In the same year, Blesic et al.113

presented self-aggregation data for anionic, cationic and

catanionic surfactants in aqueous solutions using 1-alkyl-3-

methylimidazolium alkylsulfonate salts. These authors have

shown that increasing both the alkyl chain length at the cation

and the anion leads to greater surface tension reduction.113 In

summary, for the homologous series of imidazolium-

and pyrrolidinium-based cations, combined either with

alkylsulfonate- or alkylcarboxylate-based anions, both the

CMC and the surface tension at the CMC, decrease as the

anion alkyl chain length increases. A summary of the data

just discussed112,113 is listed in Table 8, along with selected

data for the alkyl chain length effect on the cation.119,127 They

also appear in Fig. 21.

For the [CnC1im]Br and [CnC1py]Cl homologous series with

n Z 10, the surface tension at the CMC is almost constant

Table 8 CMC and surface tension at the CMC (sCMC) in aqueous
solution at 298 K of surfactant-like ionic liquids with different alkyl
side chain lengths in their cations or anions

Ionic liquid CMC/mmol dm�3 sCMC/mN m�1 Ref.

[C12C1im]Br 10.9 39.4 119
[C14C1im]Br 2.8 39.2 119
[C16C1im]Br 0.55 39.1 119
[C10C1py]Cl 45 44.6 127
[C12C1py]Cl 13 44.6 127
[C14C1py]Cl 3.1 44.5 127
[C16C1py]Cl 0.8 44.6 127
[C18C1py]Cl 0.3 44.7 127
[pyrr][C5CO2] 9.3 54.2 112
[pyrr][C6CO2] 4.8 49.0 112
[pyrr][C7CO2] 2.8 47.8 112
[pyrr][C8CO2] 2.1 46.4 112
[im][C5CO2] 11.2 55.5 112
[im][C6CO2] 5.8 54.0 112
[im][C7CO2] 4.6 51.6 112
[im][C8CO2] 2.6 50.6 112
[C8C1im][C4SO3] 140 44.0 113
[C8C1im][C8SO3] 12 28.8 113

Fig. 21 Surface tension at the CMC (a) and CMC (b) data at 298 K

of ([ionic liquid + water) systems as a function of the alkyl side chain

length (n) of one of the ions: (’) [CnC1im]Br;119 (m) [CnC1py]Cl;
127

(&) [pyrr][CnCO2];
112 (E) [im][ CnCO2];

112 (n) [C8C1im][CnSO3].
113
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(both for imidazolium- and pyridinium-based ionic liquids), a

situation similar to that usually found for both cationic and

anionic conventional surfactants with long alkyl chains. As

discussed in Section 4.4.1, the different s values found for the

two series can be mainly attributed to the nature of the anion.

On the other hand, the shorter alkyl chains found in the

[pyrr][CnCO2] and [im][CnCO2] series with 8 Z n Z 5 cause

large differences in the surface tension of the aqueous solutions

at the CMC. This does not mean that alkyl substitutions in the

anion produce larger effects than alkyl substitutions in the

cation, just that, as the alkyl chain lengths of the ions get

larger, the decrease in surface tension becomes more subdued.

An interesting result is that of the [C8C1im][C4SO3]

and [C8C1im][C8SO3]
113 where, although the total number of

carbon atoms in the long alkyl side chains of both ions is quite

high (12 and 16, respectively), there is a large decrease in the s
values at the CMC as one goes from aqueous solutions of the

first ionic liquid to those of the second. The even distribution

of the two alkyl side chains in both ions in [C8C1im][C8SO3]

produces a surfactant agent with catanionic characteristics

and especially low values of CMC and surface tension at

the CMC.

The influence of the anion alkyl chain length in non-

aqueous mixtures was studied by Domańska et al.86 Fig. 22

shows the surface tension dependence on the ionic liquid

concentration for ([C4C1im][C1SO4] or [C4C1im][C8SO4] +

methanol or 1-butanol) systems.

The surface tension trends as a function of mixture

concentration depend on the anion alkyl chain length for both

(ionic liquid + alcohol) mixtures. However, when the alcohol

segregates strongly to the interface (as in the case of 1-butanol)

the corresponding surface tension plateaus are independent of

the alkyl chain length of the anion (the two triangle series of

Fig. 22). Otherwise, the surface tension values of the mixtures

are controlled by the relative surface tension values of the two

pure ionic liquids, i.e. mixtures with longer-chained anions

exhibit lower surface tension values.

4.4.3. Additional alkyl substitutions in the cation. Additional

alkyl substitutions in aromatic rings of some common ionic

liquid cations such as imidazolium or pyridinium cations can

produce major changes in the way these ions interact with their

counter-ions or molecular solvents and alter the properties of

the mixtures. Three publications evaluated such effects in

aqueous solutions:101,111,141 Malham et al.101 considered the

([C4C1im][BF4] or [C4C1C1im][BF4] + water) systems;

Toh et al.141 measured the ([CnC1im]Br, [CnC1C1im]Br or

[CnC4C1im]Br (n = 12, 14 and 16) + water) mixtures; and

Freire et al.111 studied ([im]Cl, [C1im]Cl, [C2im]Cl and

[C1C1im]Cl + water) solutions.

Malham et al.101 observed that aqueous solutions of

[C4C1im][BF4] and [C4C1C1im][BF4] exhibit similar surface

tension trends but those of the trisubstituted ionic liquid are

always slightly higher than those of the disubstituted one. Toh

et al.141 found that the addition of one methyl of butyl chain to

the C2 position of imidazolium ring does not influence the

critical micelle concentration nor surface tension values at the

CMC. Finally, Freire et al.111 showed that the number of alkyl

substitutions in the imidazolium cation influences the surface

tension values of the corresponding binary mixtures with

water. Moreover, the concentration of ionic liquid at which

surface tension suddenly drops at the water-rich phase,

strongly depends on the number of alkyl substituents. At

present, the scarcity of experimental data does not warrant

any further discussion regarding the effect of the number of

additional alkyl chain substituents on ionic liquid cations.

4.4.4 Ion functionalization. From the 56 available studies

regarding the surface tension of ionic liquid solutions, there

are 6 reports that have explored the addition of functional

groups to the alkyl side chains of ionic liquids, with most research

focusing on imidazolium-based ionic liquids33,86,108,115,137 and

only one work centred on ammonium-based cations.126

Li et al.137 synthesized 1-butyl-3-methylsilylimidazolium

hexafluorophosphate, [(CH3)3SiC4im][PF6], and compared

the ability of this ionic liquid with [C4C1im][PF6] to extract

inorganic mercury from aqueous solutions. The authors

showed that [(CH3)3SiC4im] [PF6] was surface active in

aqueous solution with a CMC and surface tension value at

the CMC of 1.59 mmol dm�3 and 65.95 mN m�1, respectively.

Restolho et al.33 reported surface tension values for both pure

[(OH)C2C1im][BF4] and its aqueous solutions. The presence of

the hydroxyl group in [(OH)C2C1im][BF4] leads to larger

decreases in surface tension in the presence of small amounts

of water, when compared to [C2C1im][BF4]. Kanjilal et al.115

studied the surface activity in aqueous solutions of

imidazolium-based ionic liquids with additional ester or amide

groups. The introduction of an ester group, [Cn(OCOCH2)C1im]Br,

or an amide functional group, [Cn(NHCOCH2)C1im], at the

longer alkyl chain of the cation, lowers the CMC and the

surface tension values at the CMC compared with the homo-

logous ionic liquid [CnC1im]Br, with n = 10, 14 and 16. The

higher performance of these modified ionic liquids was

attributed to an increased hydrogen-bonding capacity, making

aggregation more favourable.115 In the same context, Dong

et al.108 studied the surface activity of carbazole-tailored

imidazolium-based ionic liquids in aqueous solutions. Those

carbazole-imidazolium-based ionic liquids incorporate a

fluorescent carbazole moiety at the terminal of the longer

Fig. 22 Surface tension data at 298 K for ([ionic liquid + alcohol)

systems:86 (E) [C4C1im][C1SO4] + methanol; (m) [C4C1im][C1SO4] +

1-butanol; (B) [C4C1im][C8SO4] + methanol; (n) [C4C1im][C8SO4] +

1-butanol.
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alkyl chain of the imidazolium cation. The incorporation of a

second bulky organic ring leads to lower CMC values.108

However, the surface tension values at the CMC are signifi-

cantly higher than those of the analogous non-substituted

ionic liquids. This result can be attributed to additional

hydrophobic and p� � �p type interactions between adjacent

carbazole moieties.

Rizvi et al.126 synthesized novel ionic liquids with hydroxyl

and carbamate hydrogen-bonding sites at their ammonium-

based headgroups to act as new surfactants. Promisingly, both

ionic liquids based on a leucinol-derived ammonium head-

group, [N11(6OH)(14NHCOO)]Br and [N11(6OH)(13CH2NHCOO)]Br,

have been shown to exhibit liquid crystal phases over extended

concentration ranges when dissolved in water.126 The authors

discussed the presence of saturated chains and found that

the ionic liquid with the unsaturated hydrophobic alkyl chain

has a higher CMC and lower surface tension at the CMC,

compared with that containing a saturated chain of the same

length.126

In the area of non-aqueous solutions, Domańska et al.86

studied the surface tension of mixtures between imidazolium-

based ionic liquids with ether groups at the alkyl chains and

alcohols. The ionic liquids accessed were 1-hexyloxymethyl-3-

methylimidazolium tetrafluoroborate ([C6(OCH2)C1im][BF4])

and 1,3-dihexyloxymethylimidazolium tetrafluoroborate

([(C6OCH2)2im][BF4]) combined with 3 alcohols: methanol,

1-butanol and 1-hexanol. Both ionic liquids present low

solubilities in alcohol solvents and thus all surface tension

measurements were performed up to a maximum mole

fraction of ionic liquid of just 0.01. In that composition range,

the surface tension of all studied binary mixtures increases

almost linearly with the ionic liquid mole fraction.86

4.4.5 Gemini surfactants. Ionic liquids that behave as

gemini surfactants in aqueous solution have been included in

a separated sub-section due to their very different structural

nature. Typically, cationic gemini surfactants are dications

composed of two charged head groups joined together by a

rigid or flexible spacer alkyl group, with one long hydrophobic

chain each. Four studies focus on the synthesis, characteriza-

tion and surface activity of ionic-liquid-type gemini

surfactants.116,125,135,136 Ding et al.136 synthesized and characterized

the imidazolium-based gemini ionic liquid [C14im-C4-C14im]Br2,

where two [C14im]+ cations are linked by a butyl chain

between the two imidazolium rings. The surface tension of

aqueous solutions of this dicationic surfactant were deter-

mined and compared with the values obtained with aqueous

solutions of [C14C1im]Br.136 The aqueous solutions of the

gemini ionic liquid exhibited a CMC 200 times lower than

that of the corresponding [C14C1im]Br solutions. However, the

surface tension values at the CMC were larger for the Gemini-

base aqueous solutions. Baltazar and co-workers135 extended

the scope of the previous study and reported the CMC values

obtained by surface tension measurements for 18 different

monocationic and dicationic imidazolium-based ionic

liquids. Later, Ao et al.116,125 measured the surface tension

of aqueous mixtures of [Cn-C4-Cnim]Br2 (n = 10, 12 and 14),

and [C12-Cn-C12im]Br2 (n = 2, 4 and 6) to separate the

effects of the lengths of the long alkyl and bridge chains.

Table 9 presents an overview of the effect of monocationic and

dicationic ionic liquids on the surface tension of aqueous

solutions.

Table 9 shows that symmetric substitutions of long alkyl

substituents lead to micelle formation with lower CMC and

surface tension values, for instance, [C10C10im]Br—a mono-

cationic, non-gemini surfactant—already exhibits such

behaviour. It also shows that the surface tension and CMC

reduction effects are not cumulative and cannot be estimated

merely from the total number of carbon atoms present in the

different alkyl chains. In fact, the surfactant structure is the

paramount feature in defining the ionic liquids’ surface activity

and different alkyl substitutions exhibit independent rather

than cooperative influences. Both the bridge and free alkyl

chains play a major role in the definition of the CMC and

surface tension at the CMC (the longer the chains, the lower

the CMC and s(CMC) values). However, this general trend is

not universal (or generally accepted) when the two effects are

combined: Baltazar and co-workers135 indicated an increase in

the surface activity of dicationic surfactants with longer

linkage chains, while Ao et al.116 reported opposite behaviour.

Further studies on this area of research are thus of paramount

importance.

5. Correlation methods for the prediction of the

surface tension of ionic liquids

The estimation of surface tension is usually carried out by

Parachors, Group Contribution methods or Corresponding

State Theory. The parachors approach is based on an

empirical formula proposed by MacLeod148 expressing a

temperature-independent relationship between density, r,
and surface tension, s,

s1/4 = K�r (9)

where K was a temperature independent constant character-

istic of the compound. Sugden149 proposed a modification to

this expression multiplying each side of the expression by the

molecular weight, Mw, to give a constant KMw which he

named Parachor, Pch.

Pch = KMw = Mws
1/4/r (10)

Table 9 CMC and surface tension at the CMC (sCMC) at 298 K of
cationic and dicationic (gemini) ionic liquid surfactants in aqueous
solution

Ionic liquid CMC/mmol dm�3 sCMC/mN m�1 Ref.

[C10C1im]Br 20 39 135
[C10C10im]Br 0.1 28 135
[C4im-C8-C4im]Br2 323 47 135
[C4im-C10-C4im]Br2 117 38 135
[C4im-C12-C4im]Br2 72 46 135
[C1im-C10-C1im]Br2 149 38 135
[C10im-C4-C10im]Br2 2 35 135
[C10im-C4-C10im]Br2 4.50 35.2 125
[C12im-C4-C12im]Br2 0.72 35.7 125
[C14im-C4-C14im]Br2 0.10 37.2 125
[C10im-C12-C10im]Br2 0.6 48 135
[C12im-C2-C12im]Br2 0.55 33.6 116
[C12im-C4-C12im]Br2 0.72 35.7 116
[C12im-C6-C12im]Br2 0.78 39.5 116
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Sugden149 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 these expressions, it is

possible to predict the surface tension of a compound from its

density.

Mumford and Phillips,150 and Quayle151 improved Sugden’s

parachor group contribution values for organic compounds,

and Knotts et al.152 recently proposed a new group contri-

bution correlation for the parachors using the vast amounts of

physical data available in the DIPPR database. In this study,

deviations for multifunctional compounds of 8.0% were

obtained with maximum deviations of 34%.

Deetlefs et al.45 were the first to attempt the application of

the Knotts et al.152 parachors to ionic liquids. They calculated

parachors of ionic liquids using the group contribution

values estimated for non-ionic solvents and showed that the

differences between the corresponding experimental and

calculated parachor values were small. Although the data used

in their study were very limited, they postulated that the QSPR

correlation based on neutral species could be used for ionic

liquids.

Using a database of 361 data points for 38 imidazolium

based ILs containing [BF4]
�, [PF6]

�, [Ntf2]
�, [Otf]�, [C1SO4]

�,

[C2SO4]
�, Cl�, I�, [I3]

�, [AlCl4]
�, [FeCl4]

�, [GaCl4]
� and

[InCl4]
� as anions, Gardas and Coutinho153 were the first to

show that parachors calculated based on the Knottes et al.152

approach could provide a good estimation of the surface

tension of ionic liquids. For the 38 ionic liquids studied the

overall deviation is 5.75% with a maximum deviation inferior

to 16%, which are even lower than the value reported by

Knotts et al.152 for multifunctional compounds in their study.

Of 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 Knotts’ correlation for the parachors was developed for

nonionic compounds and not for salts, without taking

Coulombic interactions into account. While this work focused

on a database of only imidazolium compounds the approach

was later extended with success to ionic liquids of different

cation families by Carvalho et al.97

Gardas and Coutinho153 proposed yet another correlation

for the surface tension of ionic liquids based on the molecular

volume of the ion pair. Combining the Eotvos154 and

Guggenheim155 equations, and taking into account that the

surface enthalpy varies within a very narrow range for most

ionic liquids, they proposed an equation relating the surface

tension and the molar or molecular volume

s = d/V2/3 (11)

where V is the molecular volume in Å3, these values being

obtained from the Ye and Shreeve’s work156 or calculated

following Jenkins’ procedure,157 and d = 2147.761 � 18.277

(mN m�1) Å2. This model gives a deviation of 4.5% for

surface tension at 298.15 K of 47 data points of a total 22

imidazolium based ILs containing [BF4]
�, [PF6]

�, [Ntf2]
�,

[Otf]�, [C1SO4]
�, [C2SO4]

�, Cl�, and I� as anions.

Ghatee et al.158 have shown that the relation between

viscosities and surface tension

ln s ¼ lnCþD
1

Z

� �f

ð12Þ

previously proposed for organic solvents159,160 also applies to

ionic liquids. However, contrary to others,160 these authors do

not attempt to propose correlations for the C and D para-

meters limiting the predictive character of this approach.

The Corresponding States Theory (CST) has been widely

used to correlate and predict thermophysical properties of

organic and inorganic compounds. CST correlations for

surface tensions have been proposed by several authors.161,162

However, the absence of critical properties interferes with and

limits the applicability of CST to ionic liquids. In a recent

work Mousazadeh and Faramarzi163 proposed a CST correla-

tion for the surface tension of ionic liquids. In absence of

critical properties, they chose to use the melting and boiling

points of ionic liquids along with the surface tension at the

melting point to define their corresponding states correlation.

s ¼ 0:819
Tb � T

Tb � Tm

� �
sm þ 0:500

T

Tb

� �
sm ð13Þ

The deviations reported for surface tension of the 30 ionic

liquids used in the development of the correlation represent

only 3.0% while predictions for 4 ionic liquids not used in the

correlation development are of 6.5%. A comparison of the

surface tensions estimated for 12 ionic liquids using this

approach are reported to be better than those of the Gardas

and Coutinho153 with deviations of 2.4% instead of 6.7%.

However it must be stressed that, whilst the Gardas and

Coutinho model is predictive, the ionic liquids used in the

comparison were also used in developing the correlation. The

major objections to this approach are that many ionic liquids

do not have a melting point, and that the boiling temperatures

of the ionic liquids are as elusive as their critical temperatures,

thus the error associated with those estimations may be very

large. These problems severely limit the applicability of this or

other CST approaches to the study of ionic liquid thermo-

physical properties.

Gardas and Coutinho164 also showed that the surface

tensions of ionic liquids could be used to estimate the speeds

of sound of ionic liquids. Using the Auerbach relation they

could predict the speeds of sound of 14 imidazolium-based ILs

with an average deviation of 2% and a maximum deviation

inferior to 5%.

6. Ionic liquid surface tension from theoretical

modelling and simulation methods

The first force-fields capable of describing at a molecular level

the characteristics of ionic liquids started to emerge around

2001.165 Shortly afterwards, the liquid/vapour (vacuum) inter-

face of ionic liquids started to be analyzed using different

molecular modelling techniques.166 These investigations have

confirmed—through the calculation of atomic number–

density profiles or ionic orientation profiles—that although

both cations and anions are present at the interface, there is
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generally segregation between the polar and non-polar

moieties of the ions that compose many ionic liquids, with

the alkyl side chains pointing towards the vapour (vacuum)

phase. Most studies, based on Molecular Dynamics simula-

tions, also yielded the corresponding values of surface tension

of the pure ionic liquids.

The methodology for calculating the surface tension of a

model system with an explicit interface is not as straight-

forward as the corresponding simulation techniques for the

bulk phase and involve different technical issues such as (i) the

choice of the definition of surface tension (mechanical or

thermodynamic); (ii) the attainment of local equilibrium

conditions; (iii) the polarizability (or not) of the force-field

model; and (iv) the adequacy of long range corrections and

control of finite-size effects. Although molecular simulations

of the liquid–vapour interface can yield reasonably accurate

values for the surface tension of systems such as water or

aliphatic and aromatic hydrocarbons, such is not the case

(at least until very recently) for ionic liquids.167

Traditionally, the mechanical route definition of surface

tension has been the selected method to obtain s values from

Molecular Dynamics simulations. This involves the calcula-

tion of the components of the pressure tensor of the system

under consideration and using either the Kirkwood and Buff

(KB) form168 (that gives the components of the pressure tensor

as a function of the derivative of the intermolecular potential)

or the Irving and Kirkwood (IK) equation169 (that correlates

directly the local components of the pressure tensor) to yield

the corresponding s values. The alternative thermodynamic

definition route, developed by Gloor et al.,170 uses the

so-called test-area (TA) method (that estimates the surface

tension as changes in the free energy for an infinitesimal

change in the surface area in the constant-NVT ensemble)

and is relatively less common.

Local density fluctuations along the direction normal to the

surface give rise to important issues concerning the achieve-

ment of equilibrium, the truncation procedures involved in the

calculation of the potential or the force, and the expressions

used to correct surface tension for long-range contributions,

including the methodology used to calculate the Coulomb

interactions. The incomplete or inconsistent control of these

issues has led to contradictory results obtained using different

simulation methods (Molecular Dynamics, Monte Carlo),

different surface tension calculation routes (KB, IK, TA),

different models (polarizable, charge-transfer or non-polarizable)

and/or different simulation conditions (temperature, box size,

run time, long-range correction handling). However, these

should be reconcilable (and consistent with the experimental

results) if all the above-mentioned issues are duly taken into

account.

Due to the ubiquity of imidazolium cations and the

simplicity of the anion, [C1C1im]Cl was one of the first ionic

liquids to be modeled. Its liquid–vapour (vacuum) interface

was also one of the first to be analyzed: Lynden-Bell166 used

molecular dynamics simulations with a rigid, united-atom,

non-polarizable force field and the mechanical method for

estimating the surface tension of [C1C1im]Cl at 400 K.

Ironically this first simulation result—initially 102 � 10 or

90 � 14 mN m�1,166 later refined (through the use of better

long-range corrections) to 84 � 8 mN m�1171—has not yet

been experimentally confirmed. However the values seem too

high when compared with results for other analogous ionic

liquids and taking into account the rather high temperature

(more than 100 K above room temperature). These preliminary

results were followed by other studies from the same group172

in which the liquid–vacuum interfaces of pure [C4C1im]Cl and

[C4C1im][PF6] were investigated. The corresponding simulations

were run using a refined non-polarizable force-field173 either at

300 or 450 K. The results showed reasonable agreement with

(extrapolated) experimental data at 450 K (ssim([C4C1im]Cl) =

50 mN m�1, (ssim([C4C1im][PF6]) = 30 mN m�1), but clearly

overestimated the s values at 300 K (ssim([C4C1im]Cl) =

100 mN m�1, (ssim([C4C1im][PF6]) = 80 mN m�1). However

the authors concluded that despite the large uncertainties

associated with the simulation of surface tension data, the

results demonstrated that chloride-based ionic liquids showed

higher surface tension values than PF6-based ones, and that

the s values decreased with increasing temperature. From the

structural point of view, the simulation showed that the butyl

side chains of both ionic liquids are oriented towards the

vapour phase, forming a loosely packed superficial layer

(vacuum). The difficulties and discrepancies in estimating

surface tension data using simulation techniques were further

discussed in a later publication174 where, by comparing X-ray

and simulation structural data and conducting careful struc-

tural analyses based on a previous X-ray work,28 it was

concluded that the discrepancies could be corrected using an

ad-hoc roughness parameter and that their origin lay in the use

of non-polarizable force fields. The polarizability issue was

further addressed by Yan et al.175 They estimated s values for

the [C2C1im][NO3] system using simulations based either on

polarizable or non-polarizable force fields. The results showed

that the polarizable force-fields lead to lower (and more

realistic) s values (ssim,P([C2C1im][NO3]) = 59 mN m�1) than

the corresponding values for the non-polarizable model

((ssim,NP([C2C1im][NO3]) = 84 mN m�1) after simulation runs

of 2.2 ns (P model) and 3.2 ns (NP model). From a structural

point of view, no noticeable differences were found between

the twomodels, except for a slightly different trend in the packing

of the imidazolium rings. Bhargava and Balasubramanian176

adopted a different route towards the issue of the adequacy

of the force-field: in a first simulation study they focused on

the estimation of the surface tension of the [C4C1im][PF6]

system using molecular dynamics simulations based on a non-

polarizable force field and adopting the mechanical route to

calculate the s values. Their reported values at 300, 400 and

500 K were ssim([C4C1im][PF6])= 73, 38 and 36 mN m�1 with

run times of 14.8 ns, 6.1 ns and 4.8 ns, respectively. Again, the

high-temperature results agree quite well with extrapolated

experimental values but the value around room temperature

overestimates the experimental data. It must be stressed that at

300 K these authors estimated a standard deviation associated

to the s value of �200 mN m�1! In order to correct this

problem (attributed to deficiencies in the non-polarizable

model as well as to finite-size effects), they refined the force-

field using a charge-transfer scheme, in which the atomic point

charges in the ions were scaled down in order to produce fewer

intense coulomb interactions between species. The results
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using the new force field176 showed a decrease in s at 300 K

from 74 to 47 mN m�1 (the latter in good agreement with the

available experimental data). Subsequently the charge-transfer

force field has been used in other studies due to its lower

computational cost compared to polarizable models. An

example can be found in the recent study by Weiss et al.177

that extended the results of Bhargava and Balasubramanian

[C4C1im][PF6] to a wider temperature range and compared

them with experimental results as a function of the tempera-

ture5,12,15,47,50 and also to the correlations proposed originally

by Rebelo et al.47 to estimate the hypothetical critical

temperature of ionic liquids, based on the empirical relations

of Eotvos154,178 and Guggenheim.155 The experimental and

theoretical studies by Cremer et al.179 supported the use of

these charge-transfer schemes, especially in the case of

chloride-based ionic liquids.

This trend towards the use of polarizable or charge-transfer

force fields in simulations focusing on the evaluation of surface

tension data has been somewhat reversed by Pensado et al.167

who have shown that it is possible to estimate correct s values

at moderate temperatures using a generic non-polarizable

force field,180–184 and that the discrepancies found at lower

temperatures are originated from a lack of equilibrium condi-

tions at a local level (near the surface) due to the strong

electrostatic interactions and the slow dynamics of the system

at those temperatures. They were able to demonstrate these

facts using different surface tension definition routes (KB, IK, TA)

to calculate the surface tension in the [C6C1im][Ntf2] system

combined with information from local pressure profiles. The

issue of using specific 2D long range corrections was also

addressed and it was found that such corrections can account

for about 10% of the calculated s values.

Another departure from more conventional simulation

work has been reported by Jiang et al.185 who performed

coarse-grained (CG) multi-scale MD simulations of the

liquid–vacuum interface of ionic liquids with alkyl side chains

of different length. The surface tension values obtained with

the CG model yielded surface tensions at 400 K in the

90–60 mN m�1 range for ionic liquids with alkyl chains from

C4 to C12. These values surpass the corresponding experi-

mental values ([CnC1im]Cl or [CnC1im]I would be the most

likely real systems to compare with) but yield the correct trend

of decreasing surface tension values with increasing length of

the alkyl side chains. The article also gives important insights

concerning the structuration of the ionic liquid at the surface,

with interfacial structures consistent with a monolayer

ordering for the short-chain ionic liquids and multilayer

ordering for the long-chain ones. Such interfacial structuring

reflects the reorganization of the three-dimensional structure

of the polar network of the ionic liquid (which is, in fact, a

bi-continuous phase in the case of long-chain ionic liquids)

imposed by the two-dimensional nature of the surface boundary.

This reorganization also has an impact on the dynamics of

the ionic liquid near the interface—they become slower—as

evidenced by the problems associated with the simulations of

surface tension at low temperatures.

As a corollary the past decade’s work concerning the

simulation of interfacial properties of ionic liquids, it is

possible to conclude that after an initial stage where results

were just semi-quantitative, the field has reached a stage of

development where it is possible to start establishing quanti-

tative connections between the predicted s values, their

experimental counterparts and the nature and structure of

the ionic liquids. This is exemplified by the very recent article

by Pensado et al.,186 in which estimated s values are discussed

in terms of the chain length and functionalization of a selected

set of imidazolium-based ionic liquids: [C2C1im][BF4],

[C8C1im][BF4], [(OH)C2C1im][BF4] and [(OH)C8C1im][BF4].

The surface tension of ionic liquid solutions and mixtures

with molecular solvents has been much more rarely estimated

by molecular simulation. Although there are numerous simu-

lations dealing with the structural properties of such systems,

they seldom report surface tension data. Again Lynden-Bell

et al.171 pioneered the field by investigating the interfacial

properties of mixtures of [C1C1im]Cl with different model

Lennard-Jones fluids and water. However, the large uncer-

tainty associated with the obtained s results (at 400 K the

estimated surface tension of the ionic liquid was larger than

that of water) preclude further discussion. A more recent study

by Picálek et al.187 considered aqueous solutions of

[C4C1im][BF4] and [C4C1im][PF6] and managed to estimate

correctly the concentration dependence of s using both non-

polarizable and polarizable force fields. It is important to

stress that many of the issues associated with the use of non-

polarizable force fields at low temperatures are not important

in this case because the dynamics of diluted aqueous solutions

of ionic liquids are much faster and the achievement of local

equilibrium conditions more efficient.

7. Concluding remarks

The study of several thermo-physical properties has revealed

the distinctive character of this novel class of fluids; likewise,

surface tension values and their trends for these liquid salts are

unusual. Unlike most molecular solvents, which exhibit

surface tensions at room temperature around or below

25 mN m�1, ionic liquids present surface tension values

ranging from 20 mN m�1 up to 80 mN m�1. These larger-

than-usual values decrease quite slowly with increasing

temperature, a fact that constitutes a fingerprint of their

underlying extremely broad liquid ranges. Moreover, by

emphasizing the contrasts between surface and bulk proper-

ties, surface tension data offer unique perspectives concerning

the complex structure and energetics of ionic liquids and their

mixtures.

From an experimental point of view, the number of reports

dealing with surface tension data of ionic liquids and their

solutions has increased immensely throughout the first decade

of the 21st century. The existing surface tension data have

been critically reviewed and several trends found between and

within different ionic liquid homologous series. Unfortunately,

the quality of the results is quite uneven and many discre-

pancies exist between sets of data from different sources.

The present review has revealed that in most cases such

discrepancies should not be attributed to the use of different

experimental methodologies (if properly calibrated) but rather

they are a consequence of different samples’ purity and

possible presence of impurities that have not properly been
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accounted for. The future development of improved purifica-

tion and analytical techniques for ionic liquids (and the use of

analytical-grade samples) are paramount in this context.

Acknowledgements

The authors wish to acknowledge the financial support

provided by FCT-Portugal through projects PTDC/QUI/66211/

2006, PTDC/QUI/71331/2006 and PTDC/QUIQUI/101794/

2008 and by the EEA financial mechanism through project

PT015. MT and MF acknowledge post-doc grants SFRH/

BPD/34146/2006 and SFRH/BPD/41781/2007, respectively.

References

1 M. J. Earle, J. M. S. S. Esperança, M. A. Gilea, J. N. C. Lopes,
L. P. N. Rebelo, J. W. Magee, K. R. Seddon and J. A. Widegren,
Nature, 2006, 439, 831–834.

2 C. S. Santos and S. Baldelli, Chem. Soc. Rev., 2010, 39,
2136–2145.

3 V. Lockett, R. Sedev, S. Harmer, J. Ralston, M. Horne and
T. Rodopoulos, Phys. Chem. Chem. Phys., 2010, 12, 13816–13827.
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R. Miller, Elsevier, Amsterdam, 1996, vol. 3; (c) Physical
Chemistry of Surfaces, ed. A. W. Adamson, Wiley Interscience,
New York, 1990, ch. 2.

5 M. H. Ghatee and A. R. Zolghadr, Fluid Phase Equilib., 2008,
263, 168–175.

6 L. A. S. Ries, F. A. do Amaral, K. Matos, E. M. A. Martini,
M. O. de Souza and R. F. de Souza, Polyhedron, 2008, 27,
3287–3293.

7 W. Martino, J. Fernandez de la Mora, Y. Yoshida, G. Saitob and
J. Wilkes, Green Chem., 2006, 8, 390–397.

8 Y. Yoshida, O. Baba, C. Larriba and G. Saito, J. Phys. Chem. B,
2007, 111, 12204–12210.

9 S. V. Dzyuba and R. A. Bartsch, Chem. Phys. Chem., 2002, 3,
161–166.

10 V. A. M. Soares, I. A. McLure, B. S. Almeida, R. A. Higgins and
J. C. G. Calado, Cryogenics, 1987, 27, 263–265.

11 C. Hugh and S. G. Mason, Colloid Polym. Sci., 1975, 253,
566–580.

12 P. Kilaru, G. A. Baker and P. Scovazzo, J. Chem. Eng. Data,
2007, 52, 2306–2314.

13 P. J. Carvalho, M. G. Freire, I. M. Marrucho, A. J. Queimada
and J. A. P. Coutinho, J. Chem. Eng. Data, 2008, 53, 1346–1350.

14 J. G. Huddleston, A. E. Visser, W. M. Reichert, H. D. Willauer,
G. A. Broker and R. D. Rogers, Green Chem., 2001, 3, 156–164.

15 M. G. Freire, P. J. Carvalho, A. M. Fernandes, I. M. Marrucho,
A. J. Queimada and J. A. P. Coutinho, J. Colloid Interface Sci.,
2007, 314, 621–630.

16 Q. Zhang, Z. Li, J. Zhang, S. Zhang, L. Zhu, J. Yang, X. Zhang
and Y. Deng, J. Phys. Chem. B, 2007, 111, 2864–2872.

17 G. Law and P. R. Watson, Langmuir, 2001, 17, 6138–6141.
18 L. G. Sánchez, J. R. Espel, F. Onink, G. W. Meindersma and

A. B. de Haan, J. Chem. Eng. Data, 2009, 54, 2803–2812.
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129 A. P. Fröba, P. Wasserscheid, D. Gerhard, H. Kremer and
A. Leipertz, J. Phys. Chem. B, 2007, 111, 12817–12822.

130 A. Modaressi, H. Sifaoui, M. Mielcarz, U. Domańska and
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and J. N. C. Lopes, J. Phys. Chem. B, 2009, 113, 9894–9900.

148 D. B. Macleod, Trans. Faraday Soc., 1923, 19, 38–41.
149 S. Sugden, J. Chem. Soc. Trans., 1924, 125, 1167–1177.
150 S. A. Mumford and J. W. C. Phillips, J. Chem. Soc., 1929,

2112–2133.
151 O. R. Quayle, Chem. Rev., 1953, 53, 439–489.
152 T. A. Knotts, W. V. Wilding, J. L. Oscarson and R. L. Rowley,

J. Chem. Eng. Data, 2001, 46, 1007–1012.
153 R. L. Gardas and J. A. P. Coutinho, Fluid Phase Equilib., 2008,

265, 57–65.
154 J. L. Shereshefsky, J. Phys. Chem., 1931, 35, 1712–1720.
155 E. A. Guggenheim, J. Chem. Phys., 1945, 13, 253–261.
156 C. Ye and J. M. Shreeve, J. Phys. Chem. A, 2007, 111, 1456–1461.
157 H. D. B. Jenkins, H. K. Roobottom, J. Paasmore and L. Glasser,

Inorg. Chem., 1999, 38, 3609–3620.
158 M. H. Ghatee, M. Zare, A. R. Zolghadr and F. Moosavi, Fluid

Phase Equilib., 2010, 291, 188–194.
159 A. H. Pelofsky, J. Chem. Eng. Data, 1966, 11, 394–397.
160 A. J. Queimada, I. M. Marrucho, E. H. Stenby and J. A. P.

Coutinho, Fluid Phase Equilib., 2004, 222–223, 161–168.

161 P. Rice and A. Teja, J. Colloid Interface Sci., 1982, 86, 158–163.
162 A. J. Queimada, I. M. Marrucho and J. A. P. Coutinho, Fluid

Phase Equilib., 2001, 183, 229–239.
163 M. H. Mousazadeh and E. Faramarzi, Ionics, 2011, 17, 217–222.
164 R. L. Gardas and J. A. P. Coutinho, Fluid Phase Equilib., 2008,

267, 188–192.
165 C. G. Hanke, S. L. Price and R. M. Lynden-Bell, Mol. Phys.,

2001, 99, 801–809.
166 R. M. Lynden-Bell, Mol. Phys., 2003, 101, 2625–2633.
167 A. S. Pensado, P. Malfreyt and A. A. H. Pádua, J. Phys. Chem. B,
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