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ABSTRACT

This chapter discusses the key relationships of the physicochemical properties
of ionic liquids, particularly melting point, density, viscosity, and surface tension,
including an assessment of the current situation and identifying trends for
ionic liquids in the future.

11.1 INTRODUCTION

Today, scientific developments occur at the intersection, penetration, and inte-
gration of multiple disciplines: from here new research areas are opened up
and new growth points for these disciplines are born. It is exactly this back-
ground that has led to the emergence of ionic liquids, which have provided
new opportunities for the development of chemical technology. A significant
amount of research on ionic liquids has been performed, from fundamental
studies to application, due to their unique characteristics, such as non-volatility,
excellent catalytic performance, and good solubility for many materials. These
unique physical and chemical properties depend on the special microstructure
and the complex interactions within the ionic liquid systems. However, there
are thought to be at least a million types of possible ionic liquids and a trillion
(10") types of mixed-liquid systems [1]. Therefore, it is very challenging to
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screen and design functional ionic liquids for specific applications from the
countless possible combinations of cations and anions. Anyone developing
ionic liquids for technological applications must face this challenge, and there
is always the danger that a competitor will chance upon a better choice. Hope
lies in the major efforts now being made to model and predict the properties
of ionic liquids [2], although such predictive methods will take much time to
develop, and sometimes they are applicable only to several ionic liquids. So,
currently, research on the physicochemical properties of ionic liquids has been
closely combined with development of their applications.

Along with the continuing emergence of new research on ionic liquids,
producing huge amounts of data describing their properties, easy access to the
exponentially increasing number of publications on ionic liquids during the
past decade necessitates a comprehensive data collection of as many proper-
ties as possible. However, a large amount of data is dispersed in various jour-
nals, reports, books, patents, and so on. Some scientific research associations
or companies have established databases of ionic liquid physicochemical prop-
erties in order to aid systematic evaluation and analysis, such as ILThermo [3],
Institute of Process Engineering (IPE) (Chinese Academy of Sciences, Beijing)
[4], Merck (Germany) [S], DDBST [6], and DelphIL [7]. According to incom-
plete statistics, there are more than 2000 different ionic liquids that have been
synthesised during the last 20 years [4]. From Figure 11.1, imidazolium ionic
liquids are the most popular ionic liquids extensively investigated by both
academia and industry: the structures of other common cations are shown in
Table 11.1, which account for 800, or about one-third of total number of ionic
liquids. These ionic liquid databases provide access to the scientific data needed
to refine universal property relationships, reveal the inner relationship between
microscopic structure and macroscopic properties, design new ionic liquids
effectively, and develop applications for ionic liquids.

In the following sections, we will discuss the key relationships of the
physicochemical properties of ionic liquids, especially melting point, density,
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Figure 11.1 The distribution of different types of ionic liquids [4].
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TABLE 11.2 The Properties and Data Points for Ionic Liquids

Entry Physicochemical Properties Data Points
1 Melting point 1473
2 Glass transition temperature 755
3 Crystallisation temperature 27
4 Decomposition temperature 910
5 Solid-solid transition temperature 55
6 Freezing point 85

viscosity, and surface tension, including an assessment of the current situation
and identifying trends for ionic liquids in the future.

11.2 MELTING POINT

Melting point is one of most important properties of ionic liquids, and also
one of the most reported phenomena. However, up to now, the collected data
of melting points are only around 1400 (see Table 11.2); but many ionic liquids
have no melting points, instead exhibiting a glass transition temperature. To
complicate matters further, many room-temperature ionic liquids also exist as
supercooled liquids, occasionally for extended periods of time (days or even
weeks). For example, [C,mim][BF,] exists as a supercooled liquid below the
melting point [8]. As a result, melting point determinations are not always
straightforward and some compounds may be incorrectly considered to be
liquids if care is not taken during the course of the investigation [9]. Accurate
values for melting points for ionic liquids are scarce as, like in the case of
inorganic salts, melting point and glass transition temperatures can be strongly
affected by the presence of impurities [10]. The presence of water, organic
solvents (hexane, ethanenitrile, benzene, etc.), and halide impurities, even in
small concentrations, has been long understood to alter the physical properties
of ionic liquids [11-15]. Wilkes and coworkers investigated the freezing—
melting behaviour of [C,mim][BF,], [C;mim][BF,], and [C;C;mim][NTf,]. Con-
tamination of ionic liquids by water and metal cations has variable impact on
their freezing exotherms. But chloride impurities had little effect on the
freezing—melting behaviour of the studied ionic liquids [16]. So, in our data-
base, [C,mim][BF,] has eight different melting points, ranging from 279.15 to
288.15 K, and [C,mim][NTH,] has even 10 different melting points ranging from
252.15 to 270.15 K [4].

Figure 11.2 shows the melting points range of different series of ionic liquids.
Up to now, it is known that the melting point of trialkylimidazolium ionic
liquids is highest, with the melting point of 1,3-dimethyl-2-phenylimidazolium
bromide at 556.15 K [17]. [N; g5 5][Me;CC(O)CHC(O)(CF,),CF;] has the
lowest melting point at 17715 K [18].
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Figure 11.2 'The melting point ranges of typical series of ionic liquids.

The melting point (7},) of an organic molecular compound is determined
by the strength of its crystal lattice, which is controlled by three main factors:
molecular symmetry, intermolecular forces, and conformational degrees of
freedom of the molecule; this principle is also applicable to ionic liquids.
Qualitatively, reducing ion symmetry, increasing the ion conformational
degrees of freedom (e.g., utilising flexible substituents), and improving the
charge distribution of the cation and/or anion are effective approaches for
reducing the lattice energy of the salts, thus resulting in low melting materials
[19]. This principle can be used in various types of ionic liquids. Detailed
descriptions can be found in a large number of papers [20-25].

Up to now, the most popular family of ionic liquids are those ionic liquids
based on the imidazolium cations. The modern resurrection of ionic liquid
chemistry, in general, is largely due to the unusually low melting point of many
imidazolium salts, and can be traced to the seminal report of Wilkes and
Zaworotko [26]. As a result, an enormous number of different alkyl groups
and anions have been explored. So, the melting point principle of imidazolium-
based ionic liquids is more detailed than the other ionic liquids.

Several significant papers have discussed the melting point trend of alkyl
substitution on methylimidazole [9,24,25],so the subject requires little detailed
repetition. The smallest alkyl groups (methyl, ethyl, or propyl) result in salts
having higher melting points, often being solids at room temperature. As can
be seen in Figure 11.3, when the alkyl chain becomes longer (butyl to octyl),
the melting point decreases and usually reaches a minimum somewhere in the
range from butyl to octyl. Beyond this point, the melting point again increases
until, with a much longer alkyl group (tetradecyl and higher), liquid crystalline
compounds are often obtained. The most accepted explanation is that longer
alkyl chains decrease the symmetry of the imidazolium cation and thereby
interfere in efficient crystal packing: Coulombic forces are responsible for
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[Comim][BF4] [C,mim][NTf;] [C,mim][PF¢] [C,mim][tfpb]

Figure 11.3 The effect of alkyl chain length on the melting points of 1-alkyl-3-methy-
limidazolium ionic liquids.

TABLE 11.3 The Melting Points of Ionic Liquids, [A][X]

Entry Cation (A) Anion (X) m.pt./K Reference
1 Hmim Cl 345.15 27
2 Cimim Cl 398.15 28
3 C,C;mim Cl 462.15 29
4 Hmim Br 314.15 27
5 Cimim Br 382.65 30
6 G,im Cl 33115 27
7 Cmim Cl 362.15 21
8 C,Cymim Cl 461.15 21
9 Hmim NTf, 282.15 27

10 Cymim NTH, 295.15 31

11 C,mim NTf, 270 31

12 C,Cimim NTf, 293 31

much of the attractive forces in shorter alkyl group ionic liquids, and van der
Waals forces are responsible for much of the attractive forces in the longer
alkyl group ionic liquids. Anything that interferes in packing should decrease
the melting point. When the alkyl chains are sufficiently long to become a
significant component, the attractive van der Waals forces will lead to a steady
increase in melting point.

Usually, an increase in molecular weight and the accumulation of charge
causes an increase in the melting point. From Table 11.3, we can see that the
addition of one methyl group may increase the melting point of an ionic liquid
by 20-100 K. For example, the melting point of [C,Cymim][NTf,] is 23 K
greater than that of [C,mim][NTf,], and the melting points of [Hmim]ClI,
[Cimim]Cl, and [C,C;mim]Cl are 345.15, 398.15, and 462.15 K, respectively.
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The increased branching of the alkyl group results in melting points higher
than the linear analogues. An isopropyl group instead of an n-propyl group
increases the melting point by 82°C. Thus, ['Cymim][PF4] (432.85 K) and
[‘C;mim][PF,] (375.15 K) have higher melting points than [*C,mim][PF]
(356.45 K) and [C;mim][PF¢] (322.15 K), while [*C;mim][PF¢] (356.45 K) in
turn has a higher melting point than simple [Cymim][PF4] (265.15 K) [3].

These principles are also applicable to other types of ionic liquids, such as
pyridinium-based ionic liquids, ammonium-based ionic liquids, and phospho-
nium-based ionic liquids. Beyond simple alkyl groups, an increasing number
of functionalised side chains have been reported: partially fluorinated alkyl
groups have the tendency to increase the melting point slightly over their non-
fluorinated counterparts. The ester, nitrile, amide, ether, or hydroxyl modified
ionic liquids have melting points that are little different from those of the
simple alkyl ionic liquids with similar molecular weight. As a result, there is
not a clear correlation between the functionalisation of an ionic liquid and its
melting point.

Explaining the anion effect is more difficult, owing to the presence of water
and its interactions with the cation and anion. As is shown in Figure 11.4,
imidazoles neutralised with HCI, HNOs, or HBr gave relatively high values
of T,. In contrast, salts neutralised with bis{(trifluoromethyl)sulfonyl}amidic
acid (HNTf,) and bis{(pentafluoroethyl)sulfonyljamidic acid (HNPf,) were
obtained as liquids [27]. For ionic liquids containing structurally similar anions
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Figure 11.4 The melting points of imidazolium-based ionic liquids.
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such as triflate ([OTf] ") and [NTf,] ", the lower melting point of the [NTf,] salt
could be attributed to electron delocalisation and the anion’s inability to
hydrogen-bond. In a similar manner, differences between [C,mim][CF;CO,]
and [C,mim][C,CQO,], besides the former having a melting point of 31 °C lower
than the latter, can undoubtedly be attributed to the presence of fluorine atoms
on that anion and their interaction with other anions and the cation. The
melting point for [C,mim][NO,] is 17°C higher than that for [C,mim][NOs],
suggesting that anion structure also contributes to the thermal properties [26].

In order to investigate ionic liquid structural features that could lead to low
melting point salts, several methods have been used in attempts to make quan-
titative predictions of their melting points, such as quantitative structure—
property relationships (QSAR) [32-34], molecular mechanics (MM)
simulations, as well as modifying “hole theory” or the “Parachor” [35-39].
However, these methods all have significant drawbacks, which limit their appli-
cation for predicting the properties of unknown salts. These include the need
for large experimental data sets to derive correlations, time-consuming com-
putational methods, or the need for at least some experimental data from the
ionic liquid under study [40]. Recently, Krossing and coworkers showed that
the relatively low melting points of ionic liquids can be understood by a simple
thermodynamic cycle based on lattice and solvation energies [41]. They
assessed the Gibbs free energy of fusion as a predictor of the melting point
using a Born-Fajans—Haber cycle, which was closed by the lattice and solvation
Gibbs energies of the constituent ions in the molten salt [40, 42]. These were
calculated using a combination of volume-based thermodynamics and quantum
chemical calculations for the lattice free energies and the COSMO-RS
(COnductor-likeScreeningMQOdel for Real Solvents) solvation model. The two
methods, the volume-based model (only ion volumes, o, and 7 as input) and
the augmented method (using ion volumes, o, 7, and COSMO-RS output),
were tested on several sets of ionic liquids, and a combination of all sets (67
ionic liquids) that span an experimental melting temperature range of 337 °C.
The average error of the simpler, volume-based model is 36.4°C and that of
the augmented method is 24.5°C. This method has no need for experimental
input or tedious simulations, but relies on simple calculations feasible with
standard quantum chemical program codes, and may further be augmented by
COSMO-RS.

11.3 DENSITY

Density is an important physicochemical and crucial for the design of many
technological processes, especially for the simulation of heat and mass transfer,
and hydrodynamics calculations. Up to now, the total level of density data in
ILThermo from IUPAC [3] and other databases [4] are 28.8% and 24.2%,
respectively. In addition to some ionic liquids with cations of imidazolium,
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Figure 11.5 The density range of different types of ionic liquids [4].

pyrrolidinium, piperidinium, quaternary ammonium, guanidinium, quaternary
phosphonium, and morpholinium, which densities lie in the range of 0.6-
0.97 g cm >, almost all ionic liquids possess a density greater than 1 g cm >,
some being close to, or more than, 2 g cm > at 298.15 K (see Figure 11.5). This
means that they can fully play a role as separation media in two-phase
applications.

In terms of the designability of ionic liquids, the density is relatively easy
to modulate and is influenced little by temperature shifts or impurities, such
as halide, water, or solvent from the synthetic process. For pure ionic liquids,
the values of density vary depending on the choice of cation and anion. Table
11.4 has listed several conventional ionic liquids, which are easy to analyse;
these data reveal that the cationic structure influences the densities signifi-
cantly. Generally, when connected with the same anion, the densities decrease
progressively with increasing alkyl chain length of the cation, for example, for
[C.mim]X (X = [BF,], [PF¢], or [NTf,]). Figure 11.6 shows that the densities
of the ionic liquids tend to approach those of linear alkanes, suggesting that
the densities of those tail chains are promoted as n increases. This may be
because elongating the alkyl chain length increases the free volume within the
ionic liquid, accordingly lowering its density. And this principle applies not
only to imidazolium ionic liquids but also to pyridinium and quaternary
ammonium ionic liquids.

The anion has a more remarkable influence to the density of ionic liquids.
For the ionic liquids with cation [C;mim]*, the densities increase in the order

[C(CN);],[0,CMe], [N(CN),],[0:SOCs]” < ClI~ <[NO;]”
<[BE],[0:SOC,|,[CECO,;| <[0;SOC,] <[AICL]
<[OTf] <Br™ <[C;F,CO,] <[PF;] <[FeCly]” <[NTf],
[GaCl,] <I" <[ONf] <[NPf,]” <[FeBr] <[AuCl,].
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Figure 11.6 The densities of the ionic liquids vs. the chain length of cations.

The densities of ionic liquids with halides increase in the order of increasing
volume, that is, CI~ < Br~ < I, and [FeCly]- < [FeBr,]". However, for
[05SOC, ], which exhibits similar volume increases, the trend is the other way
round, and the densities increase in the order [O;SOCs]™ < [05SOC,]” < [O;
SOC,]". This result suggests that increasing the number of the carbon chain
unit in anion decreases the densities of ionic liquids. This is the same trend
observed for the cations. The results for the anions with similar structure, for
example, [AICL] ", [FeCly]", [GaCly]", and [AuCl,], are caused by the differ-
ence in the mass of the central atom. It is generally believed that the densities
of those ionic liquids with large volume, weak anions are relatively high, and
that this trend has nothing to do with the cation. Therefore, when designing
ionic liquids with different densities, the first selection should be an appropri-
ate anion to determine the approximate density range, and then fine-tune this
value through the choice cation.

Krossing and coworkers noticed a strong relationship between the molecu-
lar volumes V,, of ionic liquids and their fundamental physical properties:
density, viscosity, and conductivity [40]. The molar concentration of ionic
liquids is related to V,, by a power series, which leads to the relationship
between V,, and the density, Equation (11.1),

p=MgVy", (1L.1)

where M is the molar mass, and g and & are empirical constants of best fit. This
correlation is applicable to a wide variety of ionic liquids. However, the molar
concentrations of the nitrile-functionalised ionic liquids do not fit with the data
for the other salts. It is likely that functionalisation significantly changes the
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intermolecular interactions in the ionic liquid, and that this strongly affects the
density changes that occur in the ionic liquids with temperature change, and
during phase transitions [40].

Generally, it can be readily observed that an increase in temperature causes
density to decrease, with a basically linear relationship, a trend almost univer-
sally observed. For example, Jacquemin et al. used this to calculate the density
of ionic liquids at different temperatures, Equation (11.2) [93],

p=a+b(T—273.15), (112)

where T is temperature (°C), a is a coefficient, and b is the density coefficient
(in g em® K™). There are also some workers who used quadratic equations
to fit the variation with temperature [94-97],

2
p=> aT" (11.3)
i=0

Gardas and Coutinho [99] proposed an extension, Equation (11.4), to the
Ye and Shreeve method [98] for the estimation of density over a wide range
of temperatures and pressures,

B M
NV(a+bT +cP)’

p (11.4)

where p is the density, M is molecular weight, N is the Avogadro constant, and
a, b, and ¢ are coefficients. This estimation method for density was subse-
quently utilised elsewhere [88, 95, 100]. The Tait equation [101] has also been
used to fit density at different temperatures and pressures [94, 96, 97, 102]:

_ p(T, P=0.1MPa)

{1—CIHM]’,
(B+0.1)

(11.5)

where p(T, P = 0.1 MPa) is obtained from Equation (11.2) or Equation (11.3),
and the coefficient B is defined as B = b, + (b,/T). The coefficients b, b,, and
C are obtained by fitting the Tait equation to experimental data.

114 VISCOSITY

Viscosity is another important property for ionic liquids. As with density, the
fluid design of liquid-liquid extractors, distillation columns, reactors, process
piping, and other units found in various chemical and pharmaceutical indus-
tries requires knowledge of the viscosities of fluids. At room temperature, ionic
liquids display a broad range of viscosities, from 10 to several 1000 cP (even
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Figure 11.7 The viscosity range of different types of ionic liquids. The data are from
Reference 4.

several 10,000 cP) and significantly higher (see the Figure 11.7). Thus, the
viscosities are usually higher by one to three orders of magnitude compared
with traditional organic solvents. This brings many negative influences for the
chemical industry operating processes and could become a limiting factor for
ionic liquid scale-up applications. In fact, ionic liquids can be used with mixing
solvents with lower viscosities in the actual process, lowering the high viscosity
of ionic liquids, and often the reactants will also have this effect. In other
applications, the higher viscosities of ionic liquids may be favourable, for
example, lubrication or supported membrane separation [10].

The viscosity of ionic liquids is different from the density, in that it shows
a remarkable influence of both temperature and impurity: a small increase in
temperature or the presence of a trace of impurities can result in dramatic
decreases in viscosity. It is now believed that the main impurity sources in room-
temperature ionic liquids are the water content and the organic solvent content.
So after measuring the viscosity, it is important to immediately measure the
water content of the ionic liquid using Karl-Fischer titration or coulometry.
In addition, investigations from Queen’s University lonic Liquid Laboratories
(QUILL) suggested that the presence of even low concentrations of chloride
in the ionic liquids substantially increases the viscosity, and in all cases, the
viscosity increased dramatically with the concentration of chloride ions [11].

It is well known that hydrogen bonding can cause proton chemical shifts to
move to lower field in nuclear magnetic resonance (NMR) spectra. The
increase in viscosity is related to an increase in the cohesive forces via hydro-
gen bonding between the chloride and the protons of the imidazolium ring.
This is the reason for different viscosities of the same ionic liquid in Table 11.5.

Viscosity is mainly determined by a combination of van der Waals forces,
hydrogen bonding, and Coulombic interactions. The effect of cation head
groups on viscosity can be seen from Table 11.5:
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Figure 11.8 The viscosities of the ionic liquids vs. the chain length of cations.

1. It seems that the viscosities of the ionic liquids [C,mim]X (X = [BF,],
[PF¢], or [NTt,]) increase progressively with increasing alkyl chain length
of the cation (see Figure 11.8). This result is contrary to the effect on
densities because van der Waals interaction increases with increasing
alkyl chain length.

2. It can be seen clearly by comparing the results for [‘Cymim][NTf,] and
[Cymim][NTH,] that branching the alkyl chain reduces the rotational
freedom and hence makes the ionic liquids more viscous.

3. As with density, the introduction of other elements or functionalities on
to the cation may either increase or reduce the van der Waals interaction,
thus increasing or reducing the viscosity of the ionic liquids. For example,
introducing groups containing fluorine increases the viscosity signifi-
cantly, cf., [Comim][NTf;] and [C,Fsmim][NTf,] (see Table 11.5).

The effect of anion head groups on viscosity can also be seen from Table
11.5. For ionic liquids with the cation [Cymim]*, the viscosities increase in the
order

[AICL,]” <[C(CN);]” <[N(CN),]” <[FeCl4]" <[SCN] <[FeBr],
[NTf,]” <[CECO, | <[OTf]” <[NPf,]” <[O,CMe]” <[NO;]” <[BE],
[0sSOC,; ] <[ONIf],[0sSOC; ] <[PFKs] <[0;SOCs] .
For the ionic liquids containing the anion [O;SOC,], the viscosities increase

progressively with increasing alkyl chain length in the order (the same effect
as noted with alkyl chains on the cation)
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[0:SOC, | <[0:80C, | <[0;SOCs]".

The viscosities of ionic liquids containing fluorinated alkyl chains became
higher due to strong van der Waals interaction, such as in the series

[OTf]" <[ONf],[NTE] < [NPG ]

Although the ionic liquids with the [NTf,]™ anion, also containing a fluorinated
alkyl chain, have strong van der Waals interaction, their viscosities are actually
lower than other conventional ionic liquids. This is possibly because the
reduced degree of the viscosity caused by the weak hydrogen bonds surpasses
the increased degree of the viscosity caused by the van der Waals interactions.
The results for the anions with similar structure, for example, [AICL]~ and
[FeCl,]~, may be due to the difference in the mass of the central atom. This
result was similar for densities.

The viscosities of ionic liquids may be reduced by methods other than
structure modification. For example, the viscosities of ionic liquids can be
decreased markedly with increasing temperature. Gardas and Coutinho devel-
oped a group contribution method for the viscosities of ionic liquids using an
Orrick-Erbar approach, Equation (11.6) [99], and the viscosities of 29 ionic
liquids were fitted:

" —asB (11.6)
oM T

where 7 and p are the viscosity and density, respectively, M and T are the
molecular weight and absolute temperature, respectively, and A and B are
adjustable coefficients. However, the Orrick—Erbar method requires density
data for the prediction of viscosity. To overcome this limitation and to attempt
the development of an improved viscosity model with lower deviations in
estimated viscosities, a new correlation, Equation (11.7), based on the Vogel-
Tammann-Fulcher (VTF) equation [122-124] was proposed to predict viscosi-
ties of ionic liquids at atmospheric pressure as a function of temperature [88,
95, 125-128],

B
Inp=A, +——" (11.7)
Ul T— 710”
k
A == n;a; ,, 118
Ul R
i=1
k
Br = nibi,n 119
i 1
i=1

where T is the absolute temperature, and A,, B,, and T, are adjustable coef-
ficients. A, and B, can be obtained by a group contribution method according
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to Equation (11.8) and Equation (11.9), respectively, where n; is the number
of groups of type i, k is the total number of different groups in the molecule,
and a;, and b;, are parameters. B,/T,, is known as Angell strength parameter,
so Ty, is similar for all the ionic liquids studied. The calculated value of the
viscosity is in good agreement with the corresponding experimental volume
for the ionic liquids studied [88,95,125-128]. The experimental viscosity values
for [Csmim][PF4] and [Cgmim][PF;] at high pressure were fitted to a Tait-form
equation by Tomida et al. [125],

In(y, +1m0) = EIn[(D+ P)/(D+0.1)], (11.10)

where 7, and 7, are the viscosities at P and 0.1 MPa, respectively, and E and
D are adjustable parameters. If the value calculated with the VTF equation is
substituted for 7, in Equation (11.10), the viscosity at arbitrary temperature
and pressure can be interpolated [126].

As mentioned previously, Krossing and coworkers proposed a strong rela-
tionship between the molecular volumes and the physical properties of ionic
liquids [40]. Since the viscosity of a fluid is inversely proportional to the mobil-
ity of the ions within it, the viscosity is related to V,, and E, according to
Equation (11.11) and Equation (11.12), respectively [40],

n=ae’"™, (11.11)
1 oc /KT, (11.12)

where a is the empirical pre-exponential factor, b is an empirical constant, and
Va is the molecular volume. E, is the minimum energy that a particle must
possess to move. The viscosity can be obtained using a VTF equation. Such a
hypothesis is reasonable since the volume of the ions in a fluid is clearly related
to the minimum energy required for them to move [40].

11.5 SURFACE TENSION

Surface tension is an important property in the study of physics and chemistry
at free surfaces, as it affects, inter alia, the transfer rates of vapour absorption
at the vapour-liquid interface [10]. It also is a measurement of the cohesive
energy present at an interface and is usually quantified as a force/length mea-
surement. This property is responsible for many of the dynamic behaviours of
liquids, and is important to researchers and engineers in chemical process and
reactor engineering fields. The values of surface tension are dependent on the
liquid structure and orientation.

Experimental data for the surface tension of ionic liquids are very scarce
and currently mostly limited toimidazolium-basedionicliquids,alkylammonium-
based protic ionic liquids, and a dozen amino ionic liquids [74, 77, 129-133].
The values of surface tension lie in the range of 1.55-65.0 mN m". Up to now,
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TABLE 11.6 The Values for Surface Tension of Ionic Liquids at 300.15 K

Entry Cation, [A]" Anion, [X]~ ~/mN m™! Reference
1 MeNH; HCO, 43.1 132
2 EtNH; HCO, 38.5 132
3 PrNH; HCO, 333 132
4 BuNH; HCO, 319 132
5 C,mim BF, 54.4 136
8 szlm C3H7BF3 38.0 136
9 szlm C4H9BF3 34.2 136
10 C,mim CsH,,BF; 338 136
11 C,mim CH,CHBF; 443 136

the reported values of surface tension are all lower than for water (71.97 mNm

at 298 K), except for the values reported for [C;mim][Zn;Cl;] (78.3 mN m '
at 318 K) [134]. It should be noted, however, that the value for [Cymim][ZnCl;]
is 5749 mN m ' at 313.15 K [133], and the anions of both these materials are
incorrectly formulated [135]. However, the values of surface tension for ionic
liquids are generally higher than for many organic solvents.

The trends in surface tension changes for different types of ionic liquids
have similar principles. As can be seen in Table 11.6, for ionic liquids with
similar anions, the surface tension decreases with an increase in alkyl chain
length of the imidazolium cation, while for the ionic liquids having the same
cation, the surface tension also decreases with an increase in alkyl chain length
in inions. As seen in Table 11.5, for the common cation [C,mim]", the surface
tension shows the order

[BF,]” >>[CH;BF;]" >[CH,CHBFE,]" >[C,H;sBF;]
> [C;H,BF;]” >[C,H,BE;]" ~[CsH,,BF;]".

An exception is that the value for surface tension of [C;mim][Zn;Cl;] is higher
than that of [Cymim][ZnCl;] (but again note that the anions of both these
materials are incorrectly formulated [135]). Structure changes to either the
cation or the anion had a similar effect on the surface tension, indicating that
both ions are present at the surface and influence the surface tension. From
these trends in surface tension with ion size, it may be inferred that the energy
required to break the ionic liquid—air interface is related to the ion—ion inter-
actions: the larger the ions, the lower their interactions with each other.
Drummond and coworkers studied a series of 25 protic ionic liquids
[129] to determine the effect of structural changes on the surface tension,
including the effect of hydroxyl groups, increasing alkyl chain lengths, branch-
ing, and the differences between inorganic and organic anions. It was found
that for the branched protic ionic liquids, the branching decreased the surface



296 PHYSICOCHEMICAL PROPERTIES OF IONIC LIQUIDS

tension, consistent with more hydrocarbon units per unit surface area. Thus,
2-methylpropylammonium methanoate and 2-methylbutylammonium metha-
noate have higher values of surface tension than those of butylammonium
methanoate. The addition of a hydroxyl group has the same effect as the addi-
tion of an alkyl group, and will cause a significant increase in the surface
tension, due to the combination of higher cohesive energy from the additional
hydrogen bonding, and a reduction in the effective amount of hydrocarbon
situated at the surface.

Hydroxyl groups at the end of the chain lead to higher surface tensions than
those branched off the side of the chain. This was shown by the surface tension
of ethanolammonium methanoate (65.0 mN m™' at 298.15 K) and ethylam-
monium glycolate (49.3 mN m™" at 298.15 K) being higher than those of
2-propanolammonium methanoate (46.2 mN m' at 298.15 K) and ethylam-
monium lactate (39.3 mN m' at 298.15 K), respectively. The reason is that the
small anion causes little interruption to the surface packing of cations. The
inorganic anions lead to relatively high surface tensions.

In general, the surface tension of many ionic liquids exhibits almost linear
decreases while temperature increases. From Figure 11.9, we can see that the
decreasing trend in surface tension is very clear for ionic liquids having
[Cmim]*, [Cmim]*, or [Csmim]*, and the relationship is expressed by the
Eotvos equation,

Wal = K(T. =T), (11.13)

where V, is the molar volume of the liquid, according to the E6tvos equation,
T. is critical temperature, and k is an empirical constant.

54
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Figure 11.9 The values surface tension for several types of ionic liquids at different
temperatures.
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11.6 CONCLUSIONS

Ionic liquids have shown excellent performance in many areas, including catal-
ysis, separations, organic synthesis, material preparation, and biomass conver-
sion; this caused a rapid transition into an international scientific research hot
spot. This resulted in a massive surge in the generation of physicochemical
property data, which has provided a solid foundation for the screening and
design of ionic liquids, equipment optimisation, and process simulation. In
addition to the accumulation of data on ionic liquids, there has also been sig-
nificant progress in modelling and predictive methodology, but there are still
problems that cannot be ignored. Until now (1) a unified standard purity
assessment method for analysing ionic liquids has not been established, which
has created many inconsistencies in the measurement of physicochemical
properties of ionic liquids; (2) standard determination methods of various
physicochemical properties have not been established, resulting in small, and
sometimes significant, differences in reported values for the same ionic liquid
(although some recommendations do now exist) [118, 137]; (3) the current
simulation work is based or developed on conventional models—theoretical
models have not yet been established that are unique to ionic liquids, and there
is no new theory breakthrough. Therefore, established accurate, standard ana-
lytical techniques and experimental methods, and a unified evaluation system,
are problems to which we urgently need a solution in the research field of
physicochemical properties of ionic liquids—only in this way will reliable data
be accumulated to permit meaningful modelling. Then, by combining molecu-
lar dynamic simulations and quantitative calculations, comprehensive and sys-
temic structure—property relationships will be revealed, new and simple
prediction method will be established, and this will inevitably result in new
breakthroughs in the fundamental understanding of ionic liquids.
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