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1. General Introduction

“We learn wisdom from failure much more than from success. We often discover what will do, by finding out
what will not do; and probably he who never made a mistake never made a discovery.”

Samuel Smiles

1. General Introduction

1.1. General Context
Since its inception, the field of green chemistry has gained swift expansion, with
numerous innovative scientific breakthroughs associated with the production and
employment of chemical products[1]. The concept and paradigm of green chemistry goes
now beyond chemistry and reaches subjects ranging from energy to social sustainability.
The key notion of green chemistry is “efficiency”, including material, energy, man-power,
and property efficiency (e.g., desired function vs. toxicity). And any “wastes” aside from
these efficiencies are to be addressed through innovative green
chemistry means. “Atom-economy”[2] and minimization of auxiliary
chemicals, such as protecting groups and solvents, form the pillar of
Figure 1.1. Green Chemistry
logo.

material efficiency in chemical productions.

Figure 1.1. Green Chemistry logo.

By far, the largest amount of “auxiliary wastes” in most chemical productions are
associated with solvent usage. In a classical chemical process, solvents are used
extensively for dissolving reactants, extracting and washing products, separating mixtures,
cleaning reaction apparatus, and dispersing products for practical applications. While the
invention of various exotic organic solvents has resulted in some remarkable advances in
chemistry, the legacy of such solvents has led to various environmental and health
concerns. Consequently, as part of green chemistry efforts, a variety of cleaner solvents
have been evaluated as replacements[3]. Nevertheless, an ideal and universal green solvent
for all situations does not exist.
Among the most widely explored greener solvents are ionic liquids[4], supercritical
CO2[5], water[6] and fluorocarbons[7]. These solvents complement each other subtle and
nicely both in properties and applications. Importantly, the study of green solvents goes far
beyond just solvent replacement. The use of green solvents has led science to unexplored
and inspiring territories. For example, the study of ionic liquids made large-scale supported
synthesis possible for the first time[8], the utilization of supercritical CO2 has led to
breakthroughs in microelectronics and nanotechnologies[9] and the fluorinated compounds
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allowed the coating of volatile elements in radioactive isotope production[10].
Although water is the most abundant, natural and non-toxic solvent on earth, it has
been traditionally considered as a drawback in most chemical productions. However, since
Rideout and Breslow's[11] report on the acceleration of Diels–Alder reactions in aqueous
media, the re-examination of this solvent for chemical applications has recovered
importance.
Perfluorocarbons (PFCs) are petroleum-based compounds synthesized by replacing
hydrogen by fluorine atoms in the analogue hydrocarbons[12,13]. The fluorine extreme
electronegativity gives rise to C-F bonds that possess relatively high ionic bond character,
resulting in the strongest single bond with carbon. On the other hand, the high ionization
potential of fluorine and relatively low polarizability lead to very weak intermolecular
forces[14]. Therefore, PFCs present weak intermolecular and strong intramolecular forces,
which are responsible for their unusual and interesting properties, as for example, large gas
solubility (the highest known among organic liquids), exceptional chemical and biological
inertness, non-toxicity towards the cells, excellent spreading characteristics, low surface
tensions and refractive indexes, densities higher than water and high isothermal
compressibilities[15-17].
Besides their remarkable solubility capacity, they present very low solubilities in
water and therefore they do not affect the physical properties of the aqueous phase and can
be easily recovered from it[17]. Another important property of PFCs is their very low surface
tension which is particularly important as it contributes to the mass-transfer enhancement
in gas-liquid-liquid systems[18]. Nevertheless, some limitations are found within these
compounds when the intent is their use as oxygen carriers in aerobic bioreactors, such as
their high vapor pressures, high viscosities and poor solvating capacity for organic
compounds. Therefore, a number of physical and chemical properties of fluorocompounds
(FCs) should be previously studied to allow the selection of the best FC to be employed.
Recently, the use of “fluorous phase” synthesis[12], based on the concept that
fluorinated compounds will preferentially dissolve in a fluorous solvent, has been
advocated[13,14].
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Ionic liquids (ILs) are typically salts composed of relatively large organic cations and
inorganic or organic anions where the presence of these large ions tends to reduce the
lattice energy of the crystalline structure lowering their melting point, and thus they
generally remain liquid at or near room temperature.
During World War I, Walden[19] was testing new compounds to substitute the
explosive-based nitroglycerine, and synthesized what may be considered the first IL,
ethylammonium nitrate ([EtNH3][NO3]), by the
neutralization of ethylamine with concentrated
nitric acid. Despite Walden's clear exposition, and
his discovery of a new class of liquids, his paper
did not gather much interest at the time.

Figure 1.2. An optimized structure of a 1-methyl-3octadecylimidazolium cation showing the structural
regions.

It was not until 1948 that ILs regained the interest of the academia when Hurley and
Wier developed, as batch solutions for electroplating, an aluminum based IL with
chloroaluminate ions[20]. Further investigations involving ILs continued but only focused
on electrochemical applications. In the early 1980’s Seddon and Hussen research groups
started to use chloroaluminate melts as nonaqueous polar solvents in the field of transition
metal complexes[21]. In the last decade ILs were recognized as potential “green” solvents
and the publications related with these compounds increased in an exponential way (Figure
1.3).
Figure 1.2. An optimised structure of a 1-methyl-3-octadecylimidazolium cation showing the structural regions.
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Ionic liquids are novel chemical compounds with a wide range of interesting
characteristics that are promoting the research in various fields. Their non volatility, high
stability, large liquidus range and good solvation properties for both
polar and nonpolar compounds make them interesting as solvents for
chemical reactions and separations. These outstanding characteristics
cataloged ILs as “green” solvents. They are also seen as the paradigm
of “designer” solvents due to the possibility of interchangeability
between thousands of cations and anions and the possibility of tuning

Figure 1.4. The BASIL jet
reactor ( ©BASF

their properties for a given purpose. The ILs great potential already stream
2007)

resulted into new innovative processes, such as the BASIL process[23] and the
hydrosilylation process[24], bridging academia research with chemical industry applications.
This convergence is highly notorious in the annual growth of ionic liquids patents shown in
Figure 1.5.
Figure 1.4. The BASIL jet stream reactor (©BASF 2007)
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Their capabilities as solvents for organic synthesis are well established leading to
enhanced yields and selectivities[20].
Since ionic liquids present negligible vapor pressures[25], they cannot contribute to a
significant atmospheric pollution. This property makes them attractive replacements for
organic solvents in several applications in the chemical industry, at a moment when
pollution by volatile organic compounds (VOCs) is of great concern. Among the several
applications foreseeable for ionic liquids in the chemical industry, there has been
8
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considerable interest in the potential of ILs for separation processes where, among others,
ILs have shown promising in the liquid-liquid extraction of organics from water.
Huddleston et al.[26] showed that 1-butyl-3-methylimidazolium hexafluorophosphate,
[C4mim][PF6], could be used to extract aromatic compounds from water. Fadeev and
Meagher[27] have shown that two imidazolium ionic liquids with the hexafluorophosphate
anion could be used for the extraction of butanol from aqueous fermentation broths.
McFarlane et al.[28] in a recent work presented partition coefficients for a number of organic
compounds and discussed the possibilities and limitations of organic liquids for extraction
from aqueous media. Other studies have shown that one can use ionic liquids for the
extraction of metal ions[29,30] from solution, aromatics from aromatic-alkane mixtures[31,32],
sulfur-containing aromatics from gasoline[33] and in the separation of isomeric organic
compounds[34].
In spite of being highly promising, challenging and allowing the complement of each
other, both in properties and applications, these solvents are still poorly characterized. In
fact, their thermophysical characterization is very limited, inconsistent and discrepant and
therefore the gathering of a sufficiently large data bank for process and product design is
indispensable.
Reactions involving three-phase systems are frequent in the chemical process
industry. Gas-liquid-liquid reactions are gaining importance due to the increase of this type
of application in the biotechnology industry and homogeneous catalysis systems[35]. In this
reactions, the addition of dispersed liquid phases changes the transfer rate of the solute gas
across the boundary layer and the gas-liquid characteristics can be changed due to the
interfacial properties of the dispersed liquid. Nevertheless, the mechanisms involved in the
mass transfer in multiphase systems are complex and there are still many gaps to be
fulfilled to a complete knowledge of this phenomenon[35].
The boundary between a liquid phase and a gas phase can be considered a third phase
with properties distinct from those of the liquid and gas. A qualitative picture of the
microscopic layer shows that there are unequal forces acting upon the molecules, i.e., at
low gas densities, the surface molecules are attracted sidewise and toward the bulk liquid
9
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but experience little attraction in the direction of the bulk gas. Thus, the surface layer is in
tension and tends to contract to the smallest area still compatible with the mass of material,
container restraints, and external forces, e.g., gravity. This tension can be presented in
various quantitative ways; the most common is the surface tension, defined as the force
exerted in the plane of the surface per unit length.

1.2. Scope and Objectives
Interfacial tension is a property that represents changes in molecular interactions and
thus can be used as a mean to achieve a detailed understanding of interfacial behavior.
Interfacial tension is crucial to a large set of technological processes, such as coating,
adsorption, tertiary oil recovery, liquid-liquid extraction, gas absorption and distillation.
In a search for data of a particular system, one soon realizes that some of the
experimental data sets are rather old, and often no specifications for precision, measuring
method, accuracy and purity of the substances are given. A critical review of the few
available data for fluorocompounds reveals that physical properties such as densities and
vapor pressures were recently reported[15,16,36-38], but scarcely any viscosities and surface
tension could be found. On the other hand, ionic liquids domain is prosperous and its
growth discloses new publications daily. Nonetheless, large discrepancies among different
authors can still be observed. The available data is still scarce but mostly the measurements
were until recently carried either using compounds of low purity, without a careful
attention towards the preparation of the sample, and often were carried for purposes other
than an accurate determination of the thermophysical properties.
Thus, on this work thermophysical properties of PFCs and ILs, such as surface
tensions, densities and their related thermodynamic functions, were investigated across a
wide temperature range. For ionic liquids it is well established that even low water contents
have a great impact on ILs physical properties[39-42]. Therefore, an extensive study of the
water content influence in the surface tension and density was also carried.
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“The process of scientific discovery is, in effect, a continual flight from wonder.”
Albert Einstein

2. Fluorocarbons

2.1. Introduction
Surface tension is equivalent to the surface free energy and it is related to the
difference between the intermolecular interactions in the bulk and at the surface,
accounting for the molecular ordering and structuring of the surface.
Many engineering applications in the chemical process industry, such as masstransfer operations like distillation, extraction, absorption and adsorption, require surface
tension data. Taking into account that fluorocarbons can dissolve large volumes of gases
such as carbon dioxide[38] and oxygen[15,43], the fluorocarbons interfacial properties are
particularly important as they determine the mass transfer enhancement in gas-liquid-liquid
systems[35]. Usually, the addition of fluorocompounds (FCs) in a process aims at enhancing
the mass transfer from the gas to the aqueous phase and thus the interfacial properties of
FCs clearly play a vital role. For example, the low surface tension of perfluorocompounds
(PFCs) is directly responsible for the excellent performance of PFCs in liquid-assisted
ventilation[44]. Thus, it is also clear that lower surface tensions are preferred for the oxygen
mass transfer improvement in multiphase biological reactors.
This section aims at studying the surface tension of some linear, aromatic and αsubstituted fluorocompounds. Despite its fundamental interest, information about this
property is scarce, and the available data are old and present strong discrepancies among
each other[45-54]. Besides, the availability of high purity compounds and improved
experimental methods nowadays, allow the accurate surface tension measurements as a
function of temperature.

2.2. Experimental Section
2.2.1. Materials
Surface tensions were measured for four n-perfluoroalkanes, two cyclic and two
aromatic

perfluorocompounds,

and

one

-substituted fluorooctane. The

linear

perfluorohexane, C6F14, perfluorooctane, C8F18 and perfluorononane, C9F20, were obtained
15
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from Fluorochem with purities verified by Gas Chromatography (GC) of 99.11, 98.36 and
99.18

wt

%,

respectively.

Perfluoroheptane,

C7F16,

and

the

cyclic

perfluoromethylcyclohexane, C7F14, were acquired from Apollo Scientific with a purity of
99.92 and 99.98 wt %, respectively. Perfluorodecalin, C10F18, was acquired from Flutec
with a purity of 99.88 wt %. The aromatic perfluorobenzene, C6F6, was obtained from
Fluorochem and perfluorotoluene, C7F8, from Apollo Scientific with purities of 99.99 and
99.90 wt % respectively. 1-bromo-perfluorooctane, C8F17Br, was acquired from Apollo
Scientific with a purity of 99.90 wt %.
The fluorocarbons were used without any further purification, with the exception of
C10F18 that was purified by passage trough a silica column (circa 10 times) according to the
suggestions from Gaonkar and Newman[55] and Goebel and Lunkenheimer[56]. The initial
purity of perfluorodecalin was 97.75 wt % and after purification 99.88 wt % was obtained,
as determined by Gas Chromatography (GC).

2.2.2. Apparatus and Procedure
As mentioned before, the purity of each compound was analyzed by GC with a Varian
Gas Chromatograph CP 3800 with a flame ionization detector (FID). Chromatographic
separations were accomplished with a Varian CP-Wax 52CB column with an internal
diameter (ID) of 0.53 mm and equipped with Coating WCot Fused
Silica.
The surface tensions of each pure liquid fluorocompound were
measured with a NIMA DST 9005 tensiometer from NIMA
Technology, Ltd. with a Pt/Ir Du Noüy ring, based on force
measurements, for which it has a precision balance able to measure
down to 10-9 N. The sample surface was cleaned before each

Figure 2.1. Nima DST 9005
tensiometer from NIMA
Technology, Ltd.

measurement by aspiration, to remove the surface active impurities present at the interface,
and to allow the formation of a new interface. The measurements were carried in the
temperature range (283 to 327) K and at atmospheric pressure.
Figure 2.1. Nima DST 9005 tensiometer from NIMA Technology, Ltd.

The liquid under measurement was kept thermostatized in a double-jacketed glass cell
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by means of a water bath, using an HAAKE F6 circulator equipped with a Pt100 probe,
immersed in the solution, and able to control temperature within ± 0.01 K.
For each sample at least five sets of three immersion/detachment cycles were
measured, giving a minimum of at least 15 surface tensions values, which allowed the
determination of an average surface tension value for each temperature as well as the
corresponding expanded uncertainty[57-61].

2.3. Results and Discussion
2.3.1. Surface Tension Measurements
Previous measurements have confirmed the ability of the above-described equipment
to accurately measure interfacial tensions for hydrocarbons, validating the methodology
and experimental procedure adopted in this work[59-61]. The pure liquid densities necessary
for the surface tension measurements were taken from Dias et al.[36,37] Results for the pure,
linear, cyclic, aromatic, and substituted FCs are reported in Tables 2.1 to 2.3. For a better
inspection, the surface tension values are presented in Figure 2.2.
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γ / (mN.m )
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Figure 2.2. Surface tensions as a function of temperature for the FCs: ♦, C6F14; ■, C7F16; ▲, C8F18; ◊, C9F20;
, C7F14; , C10F18; ○, C6F6; □, C7F8; -, C8F17Br.
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The measured n-perfluoroalkanes surface tensions show that they are strongly
dependent on the temperature and only weakly dependent on the carbon number. Also,
fluorocarbons present lower surface tensions than the corresponding hydrocarbons,
indicating that the van der Waals interactions between fluorinated molecules are usually
smaller when compared with the corresponding non-fluorinated molecules. The results
obtained are in agreement with other experimental[45-54] and theoretical evidences[51], which
show their high intramolecular and low intermolecular forces and permit their application
in a wide variety of fields.

T
K
283.15
288.15
293.15
298.15
303.15
308.15

Table 2.1. Experimental surface tension (g) of linear perfluoroalkanes.
C6F14
C7F16
C8F18
C9F20
T
 ± a
 ± a
 ± a
 ± a 
T
T
K
K
K
mN.m−1
mN.m−1
mN.m−1
mN.m−1
14.13 ± 0.03 289.05 14.46 ± 0.01 288.05 15.39 ± 0.02 287.15 16.32 ± 0.03
13.44 ± 0.02 293.25 14.09 ± 0.02 293.15 14.92 ± 0.02 292.75 15.82 ± 0.02
12.97 ± 0.03 298.25 13.55 ± 0.01 298.35 14.47 ± 0.02 298.25 15.39 ± 0.02
12.23 ± 0.02 303.45 13.04 ± 0.01 303.45 14.10 ± 0.06 303.45 14.91 ± 0.01
11.70 ± 0.03 308.45 12.62 ± 0.02 308.45 13.56 ± 0.02 308.75 14.46 ± 0.03
11.25 ± 0.01 313.45 12.17 ± 0.02 318.75 12.68 ± 0.02 313.85 13.96 ± 0.01
318.45 11.73 ± 0.02 323.85 12.22 ± 0.02 319.15 13.51 ± 0.02

a

Standard deviation

Table 2.2. Experimental surface tension (g) of cyclic and substituted fluoroalkanes.
C7F14
C10F18
C8F17Br
a
a
T
 ± 
 ± 
 ± a 
T
T
K
K
K
mN.m−1
mN.m−1
mN.m−1
286.75 16.33 ± 0.03 288.15 20.34 ± 0.01 287.15 18.42 ± 0.02
293.25 15.65 ± 0.04 293.15 19.85 ± 0.04 292.75 17.92 ± 0.02
298.35 15.10 ± 0.02 298.15 19.41 ± 0.01 298.35 17.43 ± 0.04
303.35 14.54 ± 0.02 303.15 18.99 ± 0.01 303.35 17.01 ± 0.01
308.55 13.95 ± 0.02 308.15 18.53 ± 0.02 308.45 16.54 ± 0.02
313.65 13.38 ± 0.03 318.15 17.61 ± 0.04 313.45 16.04 ± 0.02
327.15 16.80 ± 0.02 318.55 15.66 ± 0.02
a

Standard deviation
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Table 2.3. Experimental surface tension (g) of aromatic perfluoroalkanes.
C6F6
C7F8
a
 ± 
 ± a 
T
T
−1
K
K
mN.m
mN.m−1
288.05 23.38 ± 0.02 287.15 23.02 ± 0.02
293.35 22.76 ± 0.03 293.15 22.29 ± 0.02
298.45 22.02 ± 0.03 298.25 21.76 ± 0.03
303.45 21.40 ± 0.02 303.35 21.12 ± 0.02
308.55 20.81 ± 0.01 308.55 20.51 ± 0.02
313.65 20.19 ± 0.02 313.75 19.92 ± 0.02
318.75 19.52 ± 0.03 318.85 19.35 ± 0.02
a

Standard deviation

The relative deviations between the experimental data obtained in this work and those
reported by other authors[45,47,48,50-53] are presented in Figure 2.3. A better agreement can be
observed at the higher temperatures with the higher deviations appearing at the lower
temperatures. These deviations are larger than those found previously for pure and mixed
n-alkanes[59-61] using the same equipment. Note also that large discrepancies exist among
the available data from different authors[45,47,48,50-53], with average absolute deviations
ranging from 1 up to 19 %.
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Figure 2.3. Relative deviations between the experimental surface tension data of this work and those
reported in the literature. (a) ○, C6F14;[53] ◊, C6F14;[52] □, C6F14;[45] +, C6F14;[48] *, C7F16;[52] ●, C7F16;[45] ▲, C7F16;
[50]
▬, C8F18;[52] ♦, C8F18;[45] ■, C8F18;[48] ∆, C8F18.[47] (b) X, C9F20;[52] *, C9F20;[45] ∆, C9F20;[47] ◊, C10F18;[47] □,
C6F6.[45]

As indicated in Tables 2.1 to 2.3, the measured data have a good precision, with
small associated expanded uncertainties for each compound. Furthermore, the compounds
used in this work are of high purity, and the surface was carefully and thoroughly cleaned
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between each measurement allowing for a new interface formation. This procedure may
explain the systematically higher results obtained in this work when compared to literature
data since interface tensions normally decrease with the presence of impurities. Usually,
higher interface tensions are an indication of high-purity compounds. Most of the authors
who also measured surface tensions of FCs either do not report the purity of the
compounds or low purity compounds were used. Haszeldine and Smith[47] present no
indication of the PFCs purity and used the maximum bubble pressure method. McLure et
al.[48] only considered the presence of isomers (< 1 mol % for C6F14 and < 10 mol % for
C8F18), and Skripov and Firsov[52] presented no purity statement indicating, however,
isomer contamination.
Another fact that has to be taken into account is that surface tension measurements
require density data of the compounds under study. Previously authors either obtained
these densities from empirical correlations or from experimental measurements with a
pycnometer. Finally, due to their unique properties, some surface tension measurement
methods are not adequate when working with PFCs. Most authors used the capillary rise
method, which is not a good technique for PFCs due to their extremely high
hydrophobicity and poor wetting of the hydrophilic glass capillary wall. Also, the drop
weight method leads to large uncertainties for these compounds due to the difficulty in the
formation of the droplet as a consequence of their large densities. These are the first data
reported using the Du Noüy ring method, using compounds with high purity and accurate
experimental densities[36,37].
Another important indication on the quality of the surface tension data available in
the literature is given by the work of Sakka and Ogata[51], who evaluated the parachor
assigned to fluorine atoms and concluded that the calculated surface tensions using
parachors for PFCs are higher than the available literature data. This may also be an
indication of the defective quality of the available data for the surface tension of PFCs.

2.3.2. Thermodynamic Properties
Using the quasi-linear surface tension variation with temperature for all the FCs
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observed in the studied temperature range, the surface thermodynamic properties, surface
entropy and surface enthalpy, were derived. The surface entropy, S  , can be obtained
from[62,63]
S =−

d
dT

2.1

And the surface enthalpy, H  , can be obtained from the following expression[62,63]
H  =−T 

d

dT

2.2

where  stands for the surface tension and T for the temperature.
The thermodynamic functions for all the ILs studied and the respective expanded
uncertainties, derived from the slope of the curve = f T  in combination with the law
of propagation of uncertainty, are presented in Table 2.4[64].
Table 2.4. Surface thermodynamic functions for the FCs.
5

a
3

a
Fluid
10  S ± 
10  H ± 
C6F14
C7F16
C8F18
C9F20
C7F14
C10F18
C6F6
C7F8
C8F17Br

N.m−1 . K −1

N.m−1

11.6 ± 0.4
9.3 ± 0.1
8.8 ± 0.1
8.8 ± 0.1
11.0 ± 0.1
9.0 ± 0.1
12.6 ± 0.1
11.6 ± 0.1
8.9 ± 0.2

47.1 ± 1.3
41.4 ± 0.5
40.8 ± 0.4
41.6 ± 0.3
47.9 ± 0.2
46.3 ± 0.2
59.6 ± 0.5
56.3 ± 0.3
44.0 ± 0.3

a

Standard deviation

For the linear PFCs, the increase in chain length leads to a slightly decrease in the
surface entropy, which is a result of the increase in intermolecular interactions. The
combined effect of the surface enthalpy and entropy yields a slight increase in the surface
tension with the chain length. A similar behavior is observed for the cyclic compounds
with a small decrease in the surface entropy with increasing carbon number that results
therefore on the surface tension increase.
Comparing the surface tension of the α-perfluorooctylbromide (Table 2.2) with the
respective perfluorooctane (Table 2.1), it can be seen that the inclusion of a less
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electronegative heteroatom leads to an increase in surface tension. This substituted
compound presents a similar surface entropy to perfluorooctane, and a different surface
enthalpy. This increase in surface tension can thus be explained by the increase in surface
enthalpy value due to the stronger interactions resulting from the dipole formation at the
heteroatom.
The aromatic PFCs show the highest surface enthalpy from all the compounds studied
and the methyl substitution on the aromatic ring lowers the surface enthalpy.

2.3.3. The Methodology of Thermodynamic Similarity
Both the vaporization process and the process of liquid surface formation are related
to the energy required to break down intermolecular forces existent within the liquid. This
implies the existence of a relationship between the vaporization enthalpy vap H and the
surface tension  of the pure liquid. Faizullin[65] applied the thermodynamic similarity
methodology to describe the surface tension of normal (non-associated) liquids for a wide
variety of compounds, from gases, alkanes and aromatic compounds, in the temperature
range from the triple to the critical point, presenting a one-parameter relation in reduced
variables.
Dimensionless quantities for  , vap H and liquid molar volume  L where
introduced by the following reduced properties:
T r=

T
=0.6
Tc

2.3

where T stands for the temperature and the subscripts r and c for the reduced and critical
properties, respectively.
r =


T =0.6

2.4

r

vap H r =

vap H
 vap H  T = 0.6

2.5

r
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  L r =

L
 L T =0.6

2.6

r

Faizullin's[65] results show that the surface tensions for a wide range of compounds
fall on a common curve, where the point (1,1) in the plot corresponds to the substance
“critical” point



 H
r = vap r
  L r



m

2.7

This equation does not require fluid dependent correlation parameters and the only
necessary target fluid information is the vaporization enthalpy, the liquid phase molar
volume and the surface tension at the reduced temperature of 0.6. These data can be
experimentally available or estimated from corresponding states relationships. Faizullin[65]
reported an average value for the exponent m equal to 2.15.
The Faizullin's[65] approach was used to calculate reduced surface tensions of
fluorocarbons and the results were compared with the reduced surface tensions calculated
from experimental data measured in this work, as graphically presented in Figure 2.4.

Figure 2.4. Surface tension vs. vaporization enthalpy correlation: ■, C6F14; ●, C7F16; , C8F18; , C9F20; ▲,
C6F6; ▬, C7F8; , C7F14; ♦, C10F18; ○, C8F17Br; , C8H18. The solid line represents the Faizullin correlation[65].
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n-octane[66] was included to test and validate the procedure, and a plot showing the
deviations from the Faizullin's estimated behavior is presented in Figure 2.5.

100 [(γ r exp -γ r calc ) / (γ r calc )]
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Figure 2.5. Relative deviations between the experimental reduced surface tensions and those calculated with
the Faizullin correlation[65]: ■, C6F14; ●, C7F16; , C8F18; , C9F20; ▲, C6F6; ▬, C7F8; , C7F14; ♦, C10F18; ○,
C8F17Br; , C8H18.

The required experimental information is summarized in Table 2.5. Critical
temperatures were either compiled from experimental measurements or obtained from
reliable correlations[16,50,67-78]. Liquid volumes and vaporization enthalpies were obtained
from Dias et al.[36,37] and the required surface tensions at the reduced temperature of 0.6
were obtained from correlations, as a function of temperature, of the experimental data
collected for the present work.
Table 2.5. Properties required for the Faizullin correlation[65].
 vap H T =0.6
10 4 V L
 T = 0.6
TC
Fluid
−1
kJ.mol−1
mN.m
K
m 3 .mol −1
C6F14
449.0
1.92
15.68
34.20
C7F16
474.8
2.20
14.83
37.50
C8F18
498.0
2.48
14.44
40.65
C9F20
524.0
2.79
13.93
44.29
C7F14
485.9
1.94
15.83
35.11
C10F18
566.0
2.52
15.68
39.06
C6F6
517.0
1.17
20.59
35.36
C7F8
534.5
1.46
19.12
39.17
C8F17Br 541.7
2.70
15.06
44.02
C8H18
569.4
1.73
16.92
39.03



T r =0.6



24

r

r

2. Fluorocarbons
As shown in Figure 2.4, the surface tension relationship with the reduced
vaporization enthalpy given by eq 2.5 is also valid for PFCs with the generalized
correlation parameter m of 2.15 proposed by Faizullin[65], who used different fluid families
and a broad range of thermodynamic conditions for its determination. The Faizullin
correlation provides a good description of the measured surface tension data with typical
deviations inferior to 3 % (as shown in Figure 2.5). Larger deviations of 3.9 % were
observed for the tetradecafluorohexane and 3.5 % for octadecafluorodecalin, which can be
an indication of uncertainties in the critical properties used.

2.4. Conclusions
Experimental data for the surface tensions from C6F14 to C9F20 linear
perfluoroalkanes, two cyclic, two aromatic and one -substituted fluorocompound in the
temperature range (283 to 327) K using the Du Noüy ring method are presented. New
experimental data are presented for the C7F14, C7F8 and C8F17Br fluorocompounds. PFCs
present lower surface tensions than their alkane homologues due to their weaker
intermolecular interactions. For the same number of carbon atoms in the molecule, the
surface tension increases from linear to cyclic and from cyclic to aromatic PFCs.
Substitution of fluorine with bromine in the same chain molecule increases the surface
tension, as intermolecular interactions increase.
A generalized correlation between measured surface tension, enthalpy of vaporization
and liquid molar volume was verified for PFCs and FCs. It is shown that using a fluid
independent exponent m, the description of the reported experimental data is provided with
a deviation inferior to 4 %.
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“The best scientist is open to experience and begins with romance - the idea that
anything is possible.”
Ray Bradbury

3. Ionic Liquids

3.1. Introduction
Room-temperature ionic liquids (RTILs) are a class of organic salts commonly
composed of relatively large organic cations and inorganic or organic anions that cannot
form an ordered crystal and thus remain liquid at or near room temperature. Unlike
molecular liquids, the ionic nature of these compounds results in an unique combination of
intrinsic physical properties such as high thermal stability, large liquidus range, high ionic
conductivity, negligible vapor pressures, nonflammability and highly solvating capacity,
for both polar and nonpolar compounds[79-87]. These outstanding characteristics, along with
their easy manipulation due to the possibility of interchangeability between thousands of
cations and anions, cataloged ILs as “green” and “designer” solvents. Among the several
applications foreseeable for ionic liquids such as solvents in organic synthesis, as
homogeneous and biphasic transfer catalysts, and in electrochemistry, ILs great potential
caught the attention of the industry and academia alike.
The design and optimization of industrial processes and new products based on ILs
are only possible whenever their thermophysical properties including viscosity, density and
interfacial

tension

are

adequately

known.

Unfortunately,

the

thermophysical

characterization of ILs is limited and it is necessary to accumulate a sufficiently large data
bank on the fundamental physical and chemical properties, not only for process and
product design, but also for the development of adequate correlations for these properties.
It is the goal of the present work to present reliable data for density and interfacial
tensions of a series of ILs and their temperature and pressure dependence. Since it is
impossible to measure all the possible combinations of anions and cations, it is necessary
to make measurements on selected systems in order to provide results that can be used to
develop correlations and to test predictive methods.
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3.2. High Pressure Densities
3.2.1. Introduction
The objective of this section is to investigate the relationship between ionic structures
and their density, establishing principles for the molecular design of ILs and provide data
required for the determination of the ILs interfacial tension. For that purpose, the [C4mim]
cation was studied in combination with two anions, [CF3SO3] and [BF4], and the [C8mim]
cation in combination with the [BF4] and [PF6] anions, to conclude about the anion effect.
On other hand, the [PF6] anion was combined with three different cations: [C4C1mim],
[C6mim] and [C8mim], to study the effect of alkyl chain length and the number of
substituents on the imidazolium ring on the density and derived properties.
It is well established that the presence of water, even at low concentrations, has a
considerable effect in the physical properties of ILs[40,41]. For that reason, the study of the
density of [C8mim][PF6] saturated with water at 293.15 K was also investigated, in order to
evaluate the extension of the influence of the water content in the density and related
derived properties for the most hydrophobic of the ILs studied.
The liquid densities were correlated with the Tait equation[88] and other
thermodynamic properties such as the isothermal compressibility, the isobaric expansivity
and the thermal pressure coefficient were calculated and showed in some examples.
3.2.2. Materials
Experimental densities were measured for six imidazolium-based ILs, namely,
[C4mim][BF4], [C8mim][BF4], [C6mim][PF6], [C8mimPF6], [C4C1mim][PF6] and [C4mim]
[CF3SO3]. [C4mim][BF4] was acquired at Solvent Innovation with a mass fraction purity >
98 % and a mole fraction of chloride ion of 100 × 10-6. [C8mim][BF4] and [C4mim]
[CF3SO3] were acquired at IoLiTec with mass fraction purities > 99 %. The bromide
impurity mole fraction in the [C8mim][BF4] is 64 × 10-6 and the [C4mim][CF3SO3] is
halogen free since it was produced directly from butylimidazole and methyltriflate. The
[C6mim][PF6] was acquired at Merck with a mass fraction purity ≥ 99 % and a mole
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fraction of chloride ion ≤ (100 × 10-6). [C8mim][PF6] and [C4C1mim][PF6] were acquired at
Solchemar with mass fraction purities > 99 %. The chloride mole fraction content in both
ILs is < (80 × 10-6).
In order to reduce the water content and volatile compounds to negligible values,
vacuum (0.1 Pa) at moderate temperature (353 K) for at least 48 h was applied to all the
ILs samples prior to their use. After this proceeding, the water content in the ILs was
determined with a Metrohm 831 Karl-Fischer coulometer indicating very low levels of
water mass fraction content, as (485, 371, 181, 311, 87 and 18) × 10-6 for [C4mim][BF4],
[C8mim][BF4], [C4mim][CF3SO3], [C4C1mim][PF6], [C6mim][PF6] and [C8mim][PF6],
respectively.
The influence of water content in density was studied for [C 8mim][PF6]. For that
purpose, this IL was saturated with ultra pure water, maintaining the two phases in
equilibrium, at 293.15 K for at least 48 h, which was previously found to be the necessary
time to achieve equilibrium[89]. The water mass fraction content in the saturated [C8mim]
[PF6] was (11905 ± 98) × 10-6. The water used was double distilled, passed by a reverse
osmosis system and further treated with a Milli-Q plus 185 water purification apparatus. It
has a resistivity of 18.2 MΩ∙cm, a TOC smaller than 5 µg∙dm-3 and it is free of particles
greater than 0.22 µm.
Experimental densities were measured using an Anton Paar DMA 60 digital vibrating
tube densimeter, with a DMA 512P measuring cell in the temperature range (293.15 to
393.15) K and pressure range (0.10 to 10.0) MPa. The temperature in the vibrating tube
cell was measured with a platinum resistance probe which has a temperature uncertainty of
± 0.01 K coupled with a GW Instek Dual Display Digital Multimeter GDM-845. A Julabo
FP-50 thermostatic bath with silicone oil as circulating fluid was used in the thermostat
circuit of the measuring cell which was held constant to ± 0.01 K. The diameter of tube is
1/16” and the buffer is more than 1 m in length which guarantees the inexistence of
diffusion of the hydraulic liquid in the liquid contained in the cell of densimeter.
The required pressure was generated and controlled with a Pressure Generator Model
50-6-15, Mftd. from High Pressure Equipment Co., using acetone as the hydraulic fluid.
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Pressures were measured with a pressure transducer (Wika Transmitter S-10, Mftd. from
WIKA Alexander Wiegand GmbH & Co.) with a maximum uncertainty of ± 0.025 MPa.
Figure 3.1 shows the installation of the DMA 512P cell and the peripheral equipment used.

Figure 3.1. Experimental setup for the measurement of ionic liquid densities at high pressures. 1, Julabo
FP-50 thermostatic bath; 2, DMA 60 (Anton Paar) device for the measuring the period of oscillation; 3,
measuring cell DMA 512P (Anton Paar); 4, syringe for sample introduction; 5, pressure generator model HIP
50-6-15; 6, Pt probe; 7, pressure transducer WIKA, S-10.

3.2.3. Results and Discussion
3.2.3.1. Density Measurements
Water, n-perfluorohexane and n-perfluorononane were used as reference fluids for the
calibration of the vibrating tube densimeter, in order to guarantee an interpolation besides
an extrapolation of the ILs densities[90-92].
The reference fluids density data were used to fit the calibration equation proposed by
Niesen[93] and has a solid theoretical basis as discussed by Holcom and Outcalt[94], and it
can be described as follow:
  T ,  , = A1A2 T  A3 p

[

 2  T , p   A4 A5 T  A6 T 2
 2  T 0 , p0 =0 
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where ρ(T, p) and τ(T, p) are the density and the oscillation period respectively, which are
both function of the temperature T and of the pressure p. The oscillation period τ(T0, p0) is a
function of the reference temperature T0 and vacuum. In this work T0 = 303.15 K and the
measured period at p = 0 is τ(T0, p0) = 0.388074 μs.
For water, the density data from Saul et al.[90] and those taken from National Institute
of Science and Technology (NIST)[91], in the temperature range of (293.15 K to 393.15) K
and pressures from (0.1 to 35) MPa were used, while for the n-perfluorohexane and nperfluorononane reference fluids density data were taken from Piñeiro et al.[92], in the same
pressure and temperature range of this work. The standard deviation of the fitting σ is
defined as,

[

=

1/2

Np

2
exp i

 cal− 
∑
i=1
N p −k

]

3.2

where ρcalc and ρexp are respectively the density data from eq 3.1 and the experimental data
for the measurement i, Np represents the number of points used (Np = 174) and k is the
number of adjusted parameters (k = 6), obtaining a standard deviation of the fitting of the
order of ± 1 kg∙m-3. The percentage average absolute deviation, AAD (%), from the
experimental data to the fitting is defined accordingly to eq 3.3 as follow,
Np

∑
AAD %=

i=1

∣

calc −exp
 calc
Np

∣

i

3.3

x 100

from where an average AAD (%) of 0.002 % was obtained for all the ILs studied.
The influence of the viscosity on the measured densities was evaluated. In order to
check the effect of viscosity in the density, a viscosity correction for compounds with
viscosities lower than 100 mPa∙s was applied with the equation proposed for the density
uncertainty of an Anton Paar DMA 512 densimeter[95]. For compounds with viscosities
higher than 400 mPa∙s the correction factor becomes constant[96] and equal to 0.5 kg∙m-3,
and between 100 and 400 mPa∙s the viscosities correction follow an intermediate behavior.
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Considering for example, the available viscosity data for [C4mim][BF4][97,98] and for
[C4mim][CF3SO3][97,98] at atmospheric pressure and between (298.15 to 343.15) K, where
the viscosities of both ILs are inferior to 100 mPa∙s, there is an average density uncertainty
of 0.3 kg∙m-3 for both. For other ILs and/or other higher pressures where the viscosity
increases, the correction value 0.5 kg∙m-3 was assumed, being inferior to the uncertainty in
the overall density data of 1 kg∙m-3, and for that reason the viscosity corrections were
neglected in the present work.
Density measurements were carried out at temperatures ranging from (293.15 to
393.15) K and pressures from (0.10 to 10.0) MPa. The experimental data obtained are
reported in Tables 3.1 and 3.2 for all the ILs studied. For [C4C1mim][PF6] the density was
measured only for temperatures higher than 313.15 K, due to the high melting point of this
compound (≈ 303.15 K).
P
MPa

0.10
1.00
2.00
3.00
4.00
5.00
10.0
0.10
1.00
2.00
3.00
4.00
5.00
10.0
0.10
1.00
2.00
3.00
4.00
5.00
10.0

Table 3.1. Experimental density data, ρ, for [C4mim][BF4], [C8mim][BF4] and [C4mim][CF3SO3]
−3
/ Kg.m at T / K
293.15 303.15 313.15
323.15
333.15 343.15 353.15 363.15 373.15
393.15
[C4mim][BF4]
1206.9 1198.6
1190.8
1183.0
1175.8 1168.4 1161.3 1154.7 1148.2
1136.1
1207.3 1199.1
1191.3
1183.5
1176.3 1168.9 1161.8 1155.3 1148.8
1136.7
1207.7 1199.6
1191.8
1184.0
1176.9 1169.3 1162.4 1155.8 1149.3
1137.3
1208.2 1200.1 1192.2
1184.5
1177.4 1169.8 1163.0 1156.4 1149.9
1137.9
1208.7 1200.7 1192.7
1185.0
1177.9 1170.3 1163.5 1156.9 1150.4
1138.4
1209.1 1201.1 1193.2
1185.5
1178.4 1170.8 1164.1 1157.5 1151.0
1139.0
1211.3 1203.5 1195.5
1187.8
1181.0 1173.1 1166.6 1160.1 1153.6
1141.9
[C8mim][BF4]
1108.7 1100.7 1092.9
1085.4
1078.2 1071.4 1064.7 1058.6 1052.4
1040.9
1109.1 1101.1 1093.4
1085.9
1078.7 1072.0 1065.2 1059.1 1053.0
1041.5
1109.6 1101.6 1093.9
1086.4
1079.3 1072.5 1065.8 1059.8 1053.7
1042.1
1110.0 1102.1 1094.4
1087.0
1079.8 1073.1 1066.4 1060.4 1054.3
1042.8
1110.5 1102.6 1094.9
1087.5
1080.3 1073.7 1067.0 1061.0 1054.9
1043.4
1110.9 1103.1 1095.4
1088.0
1080.9 1074.2 1067.6 1061.6 1055.5
1044.1
1113.1 1105.4 1097.9
1090.6
1083.5 1076.9 1070.3 1064.4 1058.5
1047.2
[C4mim][CF3SO3]
1306.1 1296.6 1287.6
1278.7
1270.5 1262.5 1254.0 1246.8 1239.6
1225.3
1306.6 1297.1 1288.1
1279.3
1271.1 1263.1 1254.7 1247.5 1240.3
1226.1
1307.1 1297.7 1288.7
1280.0
1271.7 1263.8 1255.3 1248.3 1241.1
1226.8
1307.7 1298.3 1289.3
1280.7
1272.4 1264.5 1256.0 1249.0 1241.8
1227.6
1308.2 1298.9 1289.9
1281.3
1273.1 1265.2 1256.7 1249.7 1242.5
1228.4
1308.8 1299.5 1290.5
1282.0
1273.8 1265.8 1257.4 1250.4 1243.2
1229.1
1311.5 1302.3 1293.3
1285.0
1276.9 1269.1 1260.7 1253.8 1246.6
1232.7
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Table 3.2. Experimental density data, ρ, for [C4C1mim]PF6], [C6mim]PF6] and
[C8mim][PF6]
P
ρ / (kg∙m-3) at T / K
MPa 293.15 303.15 313.15 323.15 333.15 343.15 353.15 363.15
[C4C1mim]PF6]
0.10
1339.6 1330.9 1321.9 1313.5 1305.4 1297.6
1.00
1340.0 1331.4 1322.4 1314.1 1306.0 1298.2
2.00
1340.7 1331.9 1323.0 1314.6 1306.6 1298.8
3.00
1341.2 1332.5 1323.5 1315.2 1307.2 1299.4
4.00
1341.6 1333.1 1324.1 1315.8 1307.8 1300.1
5.00
1342.1 1333.6 1324.6 1316.3 1308.3 1300.7
10.0
1344.6 1336.2 1327.2 1319.1 1311.1 1303.6
[C6mim][PF6]
0.10 1299.8 1290.6 1281.5 1272.7 1264.2 1256.1 1248.0 1240.6
1.00 1300.3 1291.1 1282.0 1273.2 1264.8 1256.7 1248.6 1241.2
2.00 1300.8 1291.7 1282.6 1273.9 1265.4 1257.3 1249.2 1242.0
3.00 1301.4 1292.2 1283.1 1274.5 1266.0 1258.0 1249.9 1242.6
4.00 1301.9 1292.7 1283.7 1275.0 1266.6 1258.6 1250.5 1243.3
5.00 1302.4 1293.2 1284.3 1275.6 1267.3 1259.2 1251.2 1244.0
10.0 1304.9 1295.8 1287.0 1278.5 1270.3 1262.0 1254.2 1247.2
[C8mim][PF6]
0.10 1242.4 1233.8 1225.3 1217.6 1209.1 1201.0 1193.6 1186.2
1.00 1242.9 1234.4 1225.9 1218.2 1209.7 1201.6 1194.3 1186.9
2.00 1243.5 1235.0 1226.5 1218.8 1210.3 1202.3 1195.0 1187.6
3.00 1244.1 1235.6 1227.1 1219.4 1211.0 1203.0 1195.7 1188.3
4.00 1244.6 1236.1 1227.7 1220.0 1211.6 1203.6 1196.3 1189.0
5.00 1245.1 1236.7 1228.3 1220.6 1212.2 1204.3 1197.1 1189.7
10.0 1247.8 1239.5 1231.1 1223.4 1215.1 1207.4 1200.3 1193.0
[C8mim][PF6] saturated with water at 293.15 K
0.10 1237.2 1228.1 1219.9 1211.0 1202.6 1194.6 1186.89 1179.3
1.00 1237.7 1228.7 1220.5 1211.5 1203.1 1195.2 1187.53 1180.0
2.00 1238.3 1229.2 1221.1 1212.1 1203.8 1195.9 1188.22 1180.7
3.00 1238.8 1229.8 1221.7 1212.7 1204.4 1196.6 1188.91 1181.4
4.00 1239.3 1230.4 1222.2 1213.3 1205.0 1197.2 1189.59 1182.1
5.00 1239.8 1231.0 1222.8 1213.9 1205.6 1197.9 1190.28 1182.8
10.0 1242.4 1233.7 1225.7 1216.8 1208.7 1201.0 1193.60 1186.2

dry and water saturated
373.15

383.15

393.15

1290.6
1291.2
1291.9
1292.5
1293.2
1293.8
1296.7

1283.4
1284.0
1284.7
1285.3
1286.0
1286.6
1289.7

1276.1
1276.8
1277.4
1278.1
1278.8
1279.4
1282.6

1233.4
1234.1
1234.9
1235.6
1236.3
1237.0
1240.3

1226.4
1227.2
1227.9
1228.7
1229.4
1230.1
1233.6

1219.4
1220.1
1220.9
1221.7
1222.5
1223.3
1227.0

1179.2
1179.9
1180.6
1181.3
1182.0
1182.7
1186.1

1172.7
1173.5
1174.2
1174.9
1175.6
1176.3
1179.8

1166.0
1166.8
1167.5
1168.3
1169.1
1169.8
1173.5

1172.6
1173.3
1174.0
1174.7
1175.4
1176.0
1179.5

1165.4
1166.1
1166.8
1167.5
1168.2
1169.0
1172.4

Density data for some of the studied ILs are already available in the open literature
but almost only at atmospheric pressure[84,86,98-103] and the relative deviations between the
experimental data obtained in this work and those reported by the other authors at 0.10
MPa and from this work and Azevedo et al.[98] at 10.0 MPa are presented in Figure 3.2.
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Figure 3.2. Relative deviations between the experimental density data of this work and those reported in the
literature as a function of temperature. (a) [C4mim][BF4] at 0.10 MPa: ▲, Fredakle at al.[84]; □, Tokuda et al.
[86]
; ◊, Azevedo et al.[98]; ○, Zhou et al.[99]; [C4mim][BF4] at 10.0 MPa: -, Azevedo et al.[98]; (b) [C4mim]
[CF3SO3] at 0.10 MPa: ▲, Fredakle at al.[84]; □, Tokuda et al.[86]; [C8mim][BF4] at 0.10 MPa: , Gu and
Brennecke[100]; -, Harris et al.[101]; [C6mim][PF6] at 0.10 MPa: ∆, Pereiro et al.[102]; ○, Dzyuba and Bartsch[103];
[C8mim][PF6] at 0.10 MPa: ■, Gu and Brennecke[100]; +, Harris et al.[101]; ♦, Dzyuba and Bartsch[103].

From Figure 3.2 it can be seen that no systematic errors are present, where the
maximum deviations found are in the order of 1.2 and 1.1 % for [C4mim][BF4] and
[C8mim][PF6], respectively, and appearing at the lower temperatures in respect to Gu and
Brennecke[100]. However, a better agreement can be observed at higher temperatures. In
general, the deviations from our data and the literature are ranging from (-0.6 to 1.2) %,
and they can be due essentially to the salts purity including water and halides content, and
also from the experimental technique adopted.
From the experimental densities for a given anion, it is observed that as the alkyl
chain length in the imidazolium cation increases, the density of the corresponding IL
decreases. The inclusion of a new third substitution in the imidazolium cation of
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[C4C1mim][PF6] follows the same trend, presenting lower densities when compared to
[C4mim][PF6] reported by Azevedo et al.[98] and higher density values when compared to
[C6mim][PF6] and [C8mim][PF6]. The average change of (33.88 ± 0.01) cm3∙mol-1 by the
addition of two –CH2 groups observed in the measured data is in good agreement with that
reported by Azevedo et al.[98,104] and Esperança et al.[105] and are anion independent.
The molar volumes for a series of ionic liquids with the same cation seem to increase
with the effective anion size from [BF4] < [PF6] < [CF3SO3]. Due to differences in
molecular weight this effect is not directly translated in a similar dependence in the
densities.
For the most hydrophobic IL, [C8mim][PF6], an increase of the water mass fraction
content of (11905 ± 98) × 10-6 causes an average density decrease of 0.53 % compared to
the dry IL. The water content does not affect the [C8mim][PF6] density across the pressure
and temperature range investigated, as much as other properties such as viscosity and
surface tensions[40,41,106].
Esperança et al.[105] have developed and demonstrated the ability of a simple model
for ILs molar volume prediction, where the molar volume, V m , of a given ionic liquid is
considered as the sum of the effective molar volumes occupied by the cation, V *c , and the
anion, V *a :
V m=V *c V *a

3.4

Using this approach, for a given IL, knowing the effective size of the anion it is
possible to determine the molar volume of the cation and vice-versa. Moreover, it was
verified that there is a proportional increment with the methyl groups and that is
irrespective to the anion identity. Thus, it was possible to use the molar volumes presented
by Esperança et al.[105] for the estimation of the volume of a new anion group ([CF 3SO3])
and a new cation group ([C4C1mim]). The effective molar volumes of these new groups are
reported in Table 3.3 along with predictions of the molar volumes of the studied ILs.
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*

*

Table 3.3. Effective molar volume of anion, V a , cation, V c , and estimated molar volumes, V m , at 298.15
K
Estimated
Experimental % of V m
V *a
V *c
V
Vm
Anion
Cation
m
Relative
cm 3 . mol −1
cm 3 . mol−1
3
−1
3
Deviation
cm . mol
cm . mol−1
[BF4]
53.4
[C4mim]
133.58
187.0
187.9
0.5
[BF4]
53.4
[C8mim]
202.34
255.7
255.4
0.1
[CF3SO3]
88.0a
[C4mim]
133.58
--221.5
--[PF6]
73.7
[C4C1mim]
147.33a
--221.0
--[PF6]
73.7
[C6mim]
167.96
241.7
241.1
0.2
[PF6]
73.7
[C8mim]
202.34
276.0
274.8
0.4
a

Estimated in this work

Deviations from experimental values are less than 0.5 %, showing the good
predictive capability of this simple model proposed by Esperança et al.[105].
3.2.3.2. Thermodynamic Properties
The experimental density values can be used to derive some thermodynamic
properties, such as the isothermal compressibility, κT, the isobaric thermal expansion
coefficient, αp and the thermal pressure coefficient, γp.
The fitting of the isobaric density data was performed using a Tait equation [88] as
described by eq 3.5,
=* − Aln



 B0.1/ MPa
 B p/ MPa



3.5

where ρ* is the density at a given temperature and at a reference pressure of 0.1 MPa, and
A and B are coefficients of the Tait equation[88] that are temperature and IL dependent. This
equation is known to represent very well the density behavior of liquids over pressure at
constant temperature. The correlation parameters for each isotherm and the maximum
relative deviations from experimental data are reported in Tables 3.4 to 3.6.

40

3. Ionic Liquids
Table 3.4. Coefficients of the Tait equation (eq 3.5) for the density at each isotherm between 0.10 and 10.0
MPa for [C4mim][BF4], [C8mim][BF4] and [C4mim][CF3SO3]
A
T
B
% Maximum
−3
K
MPa
Relative Deviation
 kg ∙ m 
[C4mim][BF4]
293.15
40.43
85.94
0.0017
303.15
41.76
86.87
0.0008
313.15
46.73
95.41
0.0033
323.15
30.99
59.12
0.0014
333.15
29.49
54.78
0.0008
343.15
43.25
78.30
0.0008
353.15
26.76
47.34
0.0005
363.15
39.25
67.75
0.0010
373.15
41.27
70.43
0.0022
383.15
45.49
74.77
0.0013
393.15
47.88
77.59
0.0029
[C8mim][BF4]
293.15
62.76
134.84
0.0006
303.15
61.45
122.05
0.0008
313.15
73.92
143.10
0.0021
323.15
73.68
136.94
0.0006
333.15
73.00
132.81
0.0008
343.15
60.94
104.76
0.0004
353.15
64.37
108.05
0.0004
363.15
66.05
106.66
0.0003
373.15
60.64
94.35
0.0009
383.15
65.37
97.91
0.0002
393.15
74.61
110.71
0.0013
[C4mim][CF3SO3]
293.15
60.33
105.54
0.0025
303.15
63.82
104.53
0.0023
313.15
58.61
96.48
0.0005
323.15
38.87
56.30
0.0018
333.15
52.67
75.63
0.0044
343.15
40.82
56.53
0.0030
353.15
67.55
94.36
0.0044
363.15
66.30
90.02
0.0018
373.15
52.38
69.40
0.0018
383.15
57.60
73.06
0.0028
393.15
67.34
85.05
0.0024
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Table 3.5. Coefficients of the Tait equation (eq 3.5) for the density at each isotherm between 0.10 and 10.0
MPa for [C4C1mim]PF6], [C6mim]PF6] and [C8mim][PF6]
A
T
B
% Maximum
−3
K
MPa
Relative
Deviation
 kg ∙ m 
[C4C1mim][PF6]
313.15
41.35
76.13
0.0055
323.15
54.06
94.39
0.0028
333.15
38.30
66.62
0.0016
343.15
48.67
81.81
0.0034
353.15
43.99
71.07
0.0020
363.15
53.88
84.57
0.0021
373.15
43.12
65.05
0.0159
383.15
38.14
55.15
0.0005
393.15
48.77
69.81
0.0009
[C6mim][PF6]
293.15
61.71
115.45
0.0027
303.15
38.93
69.68
0.0009
313.15
54.42
93.33
0.0006
323.15
57.67
92.33
0.0036
333.15
61.73
95.62
0.0009
343.15
30.44
46.48
0.0011
353.15
53.84
80.61
0.0020
363.15
49.41
68.78
0.0033
373.15
35.19
45.90
0.0016
383.15
36.97
46.15
0.0037
393.15
62.23
75.92
0.0005
[C8mim][PF6]
293.15
53.59
93.49
0.0046
303.15
50.76
84.49
0.0035
313.15
47.99
75.99
0.0040
323.15
37.16
58.61
0.0006
333.15
35.39
53.86
0.0040
343.15
39.21
56.40
0.0022
353.15
44.55
61.18
0.0066
363.15
48.90
66.86
0.0053
373.15
46.99
62.62
0.0007
383.15
50.11
65.21
0.0072
393.15
46.78
56.81
0.0046
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Table 3.6. Coefficients of the Tait equation (eq 3.5) for the density at each isotherm between 0.10 and 10.0
MPa for water saturated [C8mim][PF6]
A
T
B
% Maximum
−3
K
MPa
Relative Deviation
 kg ∙ m 
[C8mim]PF6] saturated with water at 293.15 K
293.15
37.25
66.27
0.8339
303.15
50.52
84.43
0.9071
313.15
78.49
129.15
0.9456
323.15
56.51
91.66
0.9519
333.15
73.60
114.85
1.0064
343.15
54.40
79.71
1.0604
353.15
94.06
133.91
1.1236
363.15
72.95
100.44
1.1556
373.15
71.92
98.34
1.1720
383.15
75.67
102.15
1.1933

The experimental density isotherms for [C4mim][CF3SO3] along with the fitting lines
obtained with eq 3.5 are illustrated in Figure 3.3.
1320

ρ / kg.m

-3

1300
1280
1260
1240
1220
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Figure 3.3. Isotherms of the experimental density of [C4mim][CF3SO3]: ♦, 293.15 K; ▲, 303.15 K; ×, 313.15
K; ■, 323.15 K; , 333.15 K; -, 343.15 K; +, 353.15 K; □, 363.15 K; ◊, 373.15 K; ○, 383.15 K; ∆, 393.15 K.
The lines correspond to the fit of the data by eq 3.5.

The Tait equation was found to adequately describe the dry ILs isothermal
experimental densities with a maximum deviation of 0.02 %. Larger deviations for the
densities of the water saturated [C8mim][PF6] were observed with maximum deviations
from experimental data of 1.2 %.
The Tait equation is an integrated form of an empirical equation representative of the
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isothermal compressibility behavior versus pressure. The isothermal compressibility, kT, is
the effect of pressure in density that is calculated using the isothermal pressure derivative
of density according to the following equation,



k T=

 

∂ ln 
∂ln V
=−
∂p T
∂p



3.6

T

where ρ is the density and p the pressure at constant temperature, T. The isothermal
compressibilities can be thus easily calculated using the fitting of eq 3.5 to the density data.
For illustration purposes the isothermal compressibilities of [C6mim][PF6] are shown in
Figure 3.4.
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Figure 3.4. Isothermal compressibilities of [C6mim][PF6]: ♦, 293.15 K; ▲, 303.15 K; ×, 313.15 K; ■, 323.15
K; , 333.15 K; -, 343.15 K; +, 353.15 K; □, 363.15 K; ◊, 373.15 K; ○, 383.15 K; ∆, 393.15 K.

The standard deviations presented were calculated with the law of propagation of
errors from the standard deviations of each constant of eq 3.5. Although the associated
uncertainty is quite large, as shown by the error bars in Figure 3.4, it seems that the ILs
become more compressible with increasing temperatures. On the other hand it would seem
that the ILs become less compressible with increasing pressure, but if the large standard
deviations associated to these values are considered, the isothermal compressibilities
should be considered constant in the pressure range studied. For example, for [C6mim]
[PF6] the isothermal compressibilities range from (0.41 ± 0.14) GPa-1 at 293.15 K to (0.66
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± 0.02) GPa-1 at 393.15 K and at a constant pressure of 1.0 MPa.
The ILs isothermal compressibilities are similar to those of water and high
temperature molten salts and are smaller than those of organic solvents, due to the strong
Coulombic interactions between the ions[91,100].
For [C4mim][BF4] in the range (303.15 to 323.15) K and (0.1 to 10.0) MPa there is an
average deviation of isothermal compressibilities of - 3 % from Azevedo et al.[98]. For
[C8mim][BF4] and [C8mim][PF6] at 0.10 MPa and 323.15 K it was found a deviation of -21
% and 5 %, respectively, from the data reported by Gu and Brennecke[100]. It should be
noted that there is a strong dependence of the derivation method from the fitting to the
experimental data, and to determine accurate derivative properties, a large number of
experimental density points should be collected.
The function ln = f T  was used to describe the volume variations versus
temperature as recommended by Esperança et al.[105], because it avoids the mathematical
violation that can arises from the assumption of considering the density as a linear function
of temperature, and the isobaric expansivity is described by eq 3.7,

  

 p =−

∂ ln 
∂ ln V
=
∂T p
∂T



3.7
p

If this function is linear, then ln V = f T  should also be linear, and α p
constant, since it is temperature independent[105]. To investigate

α p temperature

independence, relatively to other compounds reported in literature[98,100,104,105], a secondorder polynomial function for the temperature dependence of the ln  ρ was chosen,
ln

 


=C  D T  E T 2
0

3.8

where ρ is the experimental density at each pressure and temperature, ρ0 is assumed to
be 1.0 kg∙m-3, T is the temperature, and C , D and E are constant parameters
determined from the experimental data using a second-order polynomial equation at
constant pressure, p . The fitting coefficients of the second-order polynomial equation for
each IL at constant pressure are presented in Tables 3.7 and 3.8.
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Table 3.7. Parameters of the isobaric second-order polynomial fitting (eq 3.8) for [C4mim][BF4], [C8mim]
[BF4] and [C4mim][CF3SO3]
7
a
3
a
10  E ±  
10  D ±  
p
a

C±σ 
−2
−1
MPa
K
K
[C4mim][BF4]
0.10
7.373 ± 0.004
-1.20 ± 0.03
8.6 ± 0.4
1.00
7.373 ± 0.004
-1.20 ± 0.03
8.6 ± 0.4
2.00
7.372 ± 0.005
-1.19 ± 0.03
8.6 ± 0.4
3.00
7.372 ± 0.004
-1.19 ± 0.03
8.6 ± 0.4
4.00
7.372 ± 0.004
-1.19 ± 0.03
8.6 ± 0.4
5.00
7.373 ± 0.004
-1.19 ± 0.03
8.6 ± 0.4
10.0
7.374 ± 0.004
-1.19 ± 0.03
8.8 ± 0.4
[C8mim][BF4]
0.10
7.319 ± 0.003
-1.36 ± 0.02
10.7 ± 0.3
1.00
7.318 ± 0.003
-1.36 ± 0.02
10.7 ± 0.3
2.00
7.318 ± 0.004
-1.36 ± 0.02
10.7 ± 0.3
3.00
7.318 ± 0.004
-1.36 ± 0.02
10.7 ± 0.3
4.00
7.318 ± 0.004
-1.35 ± 0.02
10.7 ± 0.3
5.00
7.317 ± 0.004
-1.35 ± 0.02
10.6 ± 0.3
10.0
7.316 ± 0.004
-1.34 ± 0.02
10.6 ± 0.4
[C4mim][CF3SO3]
0.10
7.464 ± 0.007
-1.25 ± 0.04
8.9 ± 0.6
1.00
7.464 ± 0.006
-1.25 ± 0.04
9.0 ± 0.6
2.00
7.463 ± 0.007
-1.24 ± 0.04
8.8 ± 0.6
3.00
7.461 ± 0.007
-1.23 ± 0.04
8.7 ± 0.6
4.00
7.461 ± 0.007
-1.22 ± 0.04
8.7 ± 0.6
5.00
7.460 ± 0.006
-1.22 ± 0.04
8.7 ± 0.6
10.0
7.458 ± 0.007
-1.20 ± 0.04
8.5 ± 0.6
a

Standard deviation
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Table 3.8. Parameters of the isobaric second-order polynomial fitting (eq 3.8) for [C4C1mim][PF6], [C6mim]
[PF6] and dry and water saturated [C8mim][PF6]
7
a
3
a
10  E ±  
10  D ±  
p
a

C±σ 
−2
−1
MPa
K
K
[C4C1mim][PF6]
0.10
7.51 ± 0.01
-1.30 ± 0.07
9.9 ± 0.9
1.00
7.51 ± 0.01
-1.29 ± 0.07
9.7 ± 0.9
2.00
7.51 ± 0.01
-1.31 ± 0.07
10.1 ± 0.9
3.00
7.51 ± 0.01
-1.31 ± 0.07
10.0 ± 0.9
4.00
7.51 ± 0.01
-1.30 ± 0.07
10.0 ± 0.9
5.00
7.51 ± 0.01
-1.30 ± 0.07
10.0 ± 0.9
10.0
7.51 ± 0.01
-1.30 ± 0.08
10.0 ± 0.9
[C6mim][PF6]
0.10
7.467 ± 0.004
-1.29098
9.5 ± 0.3
1.00
7.468 ± 0.004
-1.29630
9.6 ± 0.4
2.00
7.468 ± 0.004
-1.29817
9.7 ± 0.4
3.00
7.469 ± 0.004
-1.30319
9.8 ± 0.4
4.00
7.469 ± 0.004
-1.30295
9.82554
5.00
7.470 ± 0.005
-1.30526
9.9 ± 0.4
10.0
7.474 ± 0.005
-1.32533
10.3 ± 0.5
[C8mim][PF6]
0.10
7.403 ± 0.009 -1.18 ± 0.05
7.9 ± 0.7
1.00
7.405 ± 0.009 -1.19 ± 0.05
8.1 ± 0.7
2.00
7.404 ± 0.008 -1.18 ± 0.05
8.0 ± 0.7
3.00
7.405 ± 0.008 -1.19 ± 0.05
8.1 ± 0.7
4.00
7.404 ± 0.008 -1.18 ± 0.05
8.1 ± 0.7
5.00
7.404 ± 0.008 -1.18 ± 0.05
8.1 ± 0.7
10.0
7.408 ± 0.008 -1.20 ± 0.04
8.5 ± 0.6
[C8mim][PF6] saturated with water at 293.15 K
0.10
7.417 ± 0.009 -1.27 ± 0.04
9.0 ± 0.6
1.00
7.416 ± 0.009 -1.27 ± 0.04
9.0 ± 0.6
2.00
7.416 ± 0.008 -1.27 ± 0.04
8.9 ± 0.5
3.00
7.415 ± 0.008 -1.26 ± 0.04
8.9 ± 0.6
4.00
7.414 ± 0.008 -1.25 ± 0.04
8.8 ± 0.5
5.00
7.413 ± 0.008 -1.25 ± 0.04
8.8 ± 0.5
10.0
7.409 ± 0.008 -1.22 ± 0.03
8.5 ± 0.6
a

Standard deviation

Using eqs 3.7 and 3.8 the following equation is obtained,

 p =−  D2 E T  

3.9

At a first approach, αp seems to decrease with temperature as shown in Figure 3.5 for
[C8mim][BF4].
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Figure 3.5. Isotherms for the isobaric expansivity of [C8mim][BF4]: ▲, 303.15 K; ×, 313.15 K; ■, 323.15 K;
, 333.15 K; ♦, 343.15 K; +, 353.15 K; □, 363.15 K; ◊, 373.15 K; ○, 383.15 K.

If the combined uncertainties determined with the law of propagation of uncertainties
from the standard deviation due to each adjusted parameter are considered, they show to be
very large and no statistically significant temperature dependence can be assigned to this
property for most of the ILs studied, even in the large temperature range used in this work.
It can nevertheless be shown that the ILs studied do not expand significantly with
temperature.
There are some ILs that present more significant decreases in α p with temperature, if
obtained from eq 3.9, but in fact, ILs seem not to expand markedly with temperature, and
present α p values lower than most organic liquids and similar to those of water[91]. For
example, from eq 3.9, for [C8mim][BF4] the thermal expansion coefficient range from
(0.72 ± 0.04) × 10-3 K-1 at 303.15 K to (0.54 ± 0.04) × 10-3 K-1 at 383.15 K and at constant
pressure of 0.1 MPa.
Several authors have determined the thermal expansion coefficient for ILs studied on
this work[98,100] and an average deviation of 12 % within the data for [C4mim][BF4] at
several pressures and at 303.15 K presented by Azevedo et al.[98], and 6 % from the
[C8mim][BF4] and 12 % from the [C8mim][PF6] data at 0.10 MPa and several temperatures
reported by Gu and Brennecke[100] was observed.
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The thermal pressure coefficient, V , may be calculated for all the ILs studied
according to the following equation,
V =

p
kT

3.10

The thermal pressure coefficients as function of pressure obtained for [C8mim][PF6],

γ V/ MPa.K

-1

as well as the associated uncertainties, are depicted in Figure 3.6.
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Figure 3.6. Isotherms for the thermal pressure coefficient of [C8mim][PF6]: ▲, 303.15 K; ×, 313.15 K; ■,
323.15 K; , 333.15 K; -, 343.15 K; +, 353.15 K; □, 363.15 K; ◊, 373.15 K; ○, 383.15 K.

The V decreases with temperature and increases slightly with pressure for all the
ILs studied, if the uncertainties are not taken into account. However if this is done, it can
be seen that the V is almost constant in the temperature and pressure range studied. The
uncertainties were determined with the law of propagation of errors from the standard
deviation of  p and k T .
A comparison for the isothermal compressibilities and isobaric thermal expansivities
as a function of temperature at a constant pressure of 5.0 MPa for the ILs studied is
presented in Figure 3.7. The standard deviations were not included in these derived
properties in order to facilitate the identification of the ILs, however it should be noted that
as mentioned before, they are quite large as shown in Figures 3.4 and 3.5.
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Figure 3.7. (a) Isothermal compressibility at 5.0 MPa as a function of temperature; (b) Thermal expansion
coefficient at 5.0 MPa as a function of temperature: ◊, [C 4mim][BF4]; ○, [C8mim][BF4]; , [C4mim]
[CF3SO3]; +, [C4C1mim][PF6]; ∆, [C6mim][PF6]; □, [C8mim][PF6] dried; -, [C8mim][PF6] saturated with water
at 293.15 K.

Some conclusions can nevertheless be drawn. From Figure 3.7(a) there is an
indication that the ILs with higher molar volumes are generally more compressible, since
the κT increases with the alkyl chain length of the cation and with the effective anion size.
On the other side, Figure 3.7(b) shows that the thermal expansion coefficient decreases
with the alkyl chain length of the cation and with the effective anion size. For both cases it
can also be seen that there is an increase in the derived properties with the presence of
water in the IL.
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3.2.4. Conclusions
Experimental density data for six pure ILs in the temperature range (293.15 to
393.15) K and pressure range (0.10 to 10.0) MPa were presented, and the water content
influence in the density of the most hydrophobic IL was also assessed. Density results
show that this property can be tailored by structural variations in the cation and anion.
From the experimental data it was observed a proportional molar volume increase with the
–CH2 addition to the alkyl chain length of the 1-Cn-3-methylimidazolium based ILs, and a
molar volume increase with the effective anion size. A simple ideal-volume model
previously proposed by Esperança et al.[105] was employed here for the prediction of the
imidazolium molar volumes at ambient conditions and proved to agree well with the
experimental results. Water content, anion identity and alkyl chain length can be a
significant factor when considering the applications of a particular IL.
The liquid densities were correlated with the Tait equation[88] that has shown to
describe extremely well all the pure dried ILs studied with deviations from experimental
data inferior to 0.02 %. However, larger deviations were found for the correlation of the
water saturated IL isothermal densities, presenting a maximum deviation from the
experimental data of 1.2 %.
The experimental results were also used to derive some thermodynamic properties
such as the isothermal compressibility, the isobaric expansivity and the thermal pressure
coefficient.

3.3. Surface Tensions
3.3.1. Introduction
In this section the influence of temperature, anion, cation and water content on the
surface tension of eight imidazolium-based ionic liquids: [C4mim][BF4], [C8mim][BF4],
[C4mim][Tf2N], [C4mim][PF6], [C8mim][PF6], [C6mim][PF6], [C4C1mim][PF6] and [C4mim]
[CF3SO3] were investigated. An extensive study of the effect of the water content in the
surface tension was also carried.
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Using the quasi-linear surface tension variation with temperature observed for all the
ILs, the surface thermodynamic properties, such as surface entropy and surface enthalpy
were derived, as well as the critical temperature, by means of the Eötvos [107] and
Guggenheim[108] equations.
Since the thermophysical properties of the ionic liquids are related to their ionic
nature, the surface tensions were correlated with the molar conductivity ratio, expressed as
the effective ionic concentration.

3.3.2. Experimental Section
3.3.2.1. Materials
Surface tensions were measured for eight imidazolium based ILs, namely, 1-butyl-3methyl-imidazolium
tetrafluoroborate,

tetrafluoroborate,

[C4mim][BF4],

[C8mim][BF4],

bis(trifluoromethylsulfonyl)imide,

[C4mim][Tf2N],

3-methyl-1-octyl-imidazolium
1-butyl-3-methyl-imidazolium
1-butyl-3-methyl-imidazolium

hexafluorophosphate, [C4mim][PF6], 3-methyl-1-octyl-imidazolium hexafluorophosphate,
[C8mim][PF6], 1-hexyl-3-methyl-imidazolium hexafluorophosphate, [C6mim][PF6], 1butyl-2,3-dimethyl-imidazolium hexafluorophosphate, [C1C4mim][PF6], and 1-butyl-3methyl-imidazolium trifluoromethansulfonate, [C4mim][CF3SO3]. The [C4mim][BF4] was
acquired at Solvent Innovation with a stated mass fraction purity state >98 % and a mole
fraction of chloride ion of 100 × 10-6. The [C4mim][PF6], [C6mim][PF6], [C8mim][BF4] and
[C4mim][CF3SO3] were acquired at IoLiTec with mass fraction purities >99 %. The
bromide impurity mole fraction in the [C4mim][PF6] is 85 × 10-6, in the [C6mim][PF6] is
100 × 10-6, in the [C8mim][BF4] is 64 × 10-6 and the [C4mim][CF3SO3] is halogen free since
it was produced directly from butylimidazole and methyltriflate. The [C8mim][PF6] and
[C1C4mim][PF6] were acquired at Solchemar with mass fraction purities >99 %. The
chloride mole fraction content in both ILs is < (80 × 10-6). The [C4mim][Tf2N] was
synthesized in our laboratory based on a metathesis anion exchange reaction of 1-butyl-3methylimidazolium bromide, [C4mim][Br], with 1.2 equivalent amount of [Li][Tf2N] in
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water, followed by repeatedly washing, as described in literature[40,86]. The reagents
[C4mim][Br] and [Li][Tf2N] were acquired at IoLiTec with purities of >99 % and >98%,
respectively. The mole fraction bromide impurity in the [C4mim][Tf2N], determined by ion
chromatography, is 37 × 10-6. The purities of each ionic liquid were checked by 1H NMR,
13

C NMR and 19F NMR. The water used was double distilled, passed by a reverse osmosis

system and further treated with a Milli-Q plus 185 water purification apparatus. It has a
resistivity of 18.2 MΩ•cm, a TOC smaller than 5 µg•L-1 and it is free of particles greater
than 0.22 µm.
In order to reduce the water content and volatile compounds to negligible values,
vacuum (0.1 Pa), steering and moderate temperature (353 K) for at least 48 h were applied
to all the ILs samples prior to the measurements. After this procedure, the water content in
the ILs was determined with a Metrohm 831 Karl-Fischer coulometer indicating very low
levels of water mass fraction content, as (485, 371, 181, 87, 18, 601, 121, 21) × 10-6 for
[C4mim][BF4], [C8mim][BF4], [C4mim][CF3SO3], [C1C4mim][PF6], [C8mim][PF6], [C4mim]
[PF6], [C4mim][Tf2N] and [C6mim][PF6] respectively.
The influence of water content in the surface tensions was studied for both water
saturated and atmospheric saturated ILs. With this purpose two highly hydrophobic,
[C8mim][PF6] and [C4mim][Tf2N], and two less hydrophobic and highly hygroscopic ILs,
[C8mim][BF4] and [C4mim][PF6] were studied. These compounds were saturated with ultra
pure water, maintaining the two phases in equilibrium, at 293.15 K for at least 48 h, which
was previously found to be the necessary time to achieve equilibrium[89]. Between each
temperature measurements the ILs were kept in equilibrium with ultra pure water inside
the measurement cell, being the water removed and the interface carefully cleaned, by
aspiration, and the water content determined before each new measurement. At saturation,
for the same temperature, the ILs present a water mass fraction content of (15259, 14492,
25621, 171789) × 10-6 for [C4mim][Tf2N], [C8mim][PF6], [C4mim][PF6] and [C8mim][BF4]
respectively[89,109].
The atmospherically saturated ILs were dried and kept in contact with atmospheric air
covered with a permeable membrane for several days, for each temperature measured. The
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water mass fraction content of [C8mim][PF6], [C4mim][Tf2N], [C8mim][BF4] and [C4mim]
[PF6] was (1340, 1252, 3530 and 3381) × 10-6 respectively, as determined by Karl Fisher
coulometry.
To have a more complete picture of the effect of water concentration in the ionic
liquid surface tension, the surface tensions of [C4mim][PF6] and [C8mim][PF6] for various
water concentrations were also studied.

3.3.2.2. Apparatus and Procedure
The surface tension of each IL was measured with a NIMA DST 9005 tensiometer
from NIMA Technology, Ltd. with a Pt/Ir Du Noüy ring, based on force measurements, for
which it has a precision balance able to measure down to 10 -9 N. Prior to the
measurements, vacuum (0.1 Pa), steering and moderate temperature (353 K) were applied
to the sample. The sample surface was also cleaned before each measurement, by
aspiration, in order to remove surface active impurities present at the interface and to allow
the formation of a new interface. The measurements were carried in the temperature range
from (293 to 353) K and at atmospheric pressure. The sample under measurement was kept
thermostatized in a double-jacketed glass cell by means of a water bath, using an HAAKE
F6 circulator equipped with a Pt100 probe, immersed in the solution, and able to control
temperature within ± 0.01 K.
For each sample and temperature at least five sets of three immersion/detachment
cycles were performed, giving a minimum of at least 15 surface tension values, which
allow the determination of an average surface tension value as well as the associated
expanded uncertainty[57,58]. Further details about the equipment and method can be found
elsewhere[59-61].
For mass spectrometry ionic liquids were used as acetonitrile solutions (1.5×10-4 M).
Electrospray ionization mass spectrometry (ESI-MS) and tandem spectrometry (ESI-MSMS) were acquired with Micromass Q-Tof 2 operating in the positive ion mode. Source
and desolvation temperatures were 80 ºC and 100 ºC, respectively. Capillary voltage was
2600 V and cone voltage 25 V. ESI-MS-MS spectra were acquired by selecting the
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precursor ion with the quadrupole, performing collisions with argon at energies of 2-30 eV
in the hexapole, followed by mass analysis of product ions by the TOF analyzer. N 2 was
used as nebulization gas. The ionic liquid solutions were introduced at a 10 mL.min-1 flow.
The breakdown graphs were obtained by acquiring the ESI-MS-MS spectra of each ion
investigated at increasing collision energies and plotting the relative abundance of
precursor and fragment ions as a function of collision energy. The relative order of
hydrogen bond strength between cation and anion in each ion-pair studied, was obtained by
acquiring the ESI-MS-MS spectra, at 10 eV collision energy, of the cluster ions
[C1...A...C2]+ and measuring the relative abundances of the two fragment ions observed.

3.3.3. Results and Discussion
3.3.3.1. Surface Tension Measurements
Previous measurements have confirmed the ability of the equipment used to
accurately measure interfacial tensions for hydrocarbons and fluorocarbon systems,
validating the methodology and experimental procedure adopted in this work[18,59-61]. The
liquid densities of the pure compounds necessary for the surface tension measurements
using the Du Noüy ring were obtained from the literature[100,110-112], when available, or
measured, as described in section 3.2.
The surface tension data of the dry ILs are reported in Table 3.9 and presented in
Figure 3.8 for a better inspection. The relative deviations between the experimental data
obtained in this work and those reported by other authors[41,103,110,113-115] are presented in
Figure 3.9.
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Figure 3.8. Experimental surface tension as a function of temperature for the dry ionic liquids studied: ○,
[C4mim][BF4]; ◊, [C4mim][PF6]; +, [C4mim][Tf2N]; □, [C4mim][CF3SO3]; ♦, [C6mim][PF6]; ■, [C8mim]
[PF6];▲, [C4C1mim][PF6]; -, [C8mim][BF4].

The data measured shows average deviations of 4%, in respect with the available
literature data. These deviations are larger than those previously observed for hydrocarbon
and fluorocarbon compounds[18,59-61] using the same equipment, but it must also be stressed
that large discrepancies were also observed among the data from different
authors[41,103,110,113-115] as can be observed in Figure 3.9.
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Table 3.9. Experimental surface tension (γ) of the dry ionic liquids studied.
[C4mim][BF4]
[C4mim][PF6]
[C4mim][Tf2N]
a
a




 ± a 
T
T
±
±
T
−1
−1
−1
K
K
K
mN.m
mN.m
mN.m
293.15 44.81 ± 0.02 293.15 44.10 ± 0.02 293.15 33.60 ± 0.01
303.15 44.18 ± 0.02 303.15 43.52 ± 0.04 303.15 33.09 ± 0.02
312.65 43.58 ± 0.02 313.15 42.90 ± 0.03 313.15 32.50 ± 0.01
322.65 42.90 ± 0.02 323.15 42.21 ± 0.03 323.15 31.92 ± 0.01
331.45 42.27 ± 0.03 333.15 41.53 ± 0.03 333.15 31.35 ± 0.02
341.65 41.64 ± 0.02 343.15 41.07 ± 0.01 343.15 30.90 ± 0.02
[C6mim][PF6]
[C8mim][PF6]
[C4C1mim][PF6]
 ± a 
 ± a 
 ± a 
T
T
T
−1
−1
−1
K
K
K
mN.m
mN.m
mN.m
293.15 39.02 ± 0.02 293.15 35.16 ± 0.01 303.15 44.80 ± 0.03
303.15 38.35 ± 0.02 303.15 34.60 ± 0.02 313.15 44.07 ± 0.01
313.15 37.71 ± 0.01 313.15 33.89 ± 0.02 323.15 43.52 ± 0.04
323.15 37.09 ± 0.01 323.15 33.14 ± 0.02 333.15 42.68 ± 0.02
333.15 36.47 ± 0.01 333.15 32.67 ± 0.01 343.15 42.02 ± 0.02
343.15 35.91 ± 0.04 343.15 31.98 ± 0.01 353.15 41.37 ± 0.02
353.15 35.15 ± 0.02
a

[C4mim][CF3SO3]
 ± a 
T
−1
K
mN.m
293.20 35.52 ± 0.03
303.20 35.05 ± 0.03
313.20 34.62 ± 0.02
323.20 34.19 ± 0.02
333.20 33.71 ± 0.02
343.20 33.30 ± 0.03
[C8mim][BF4]
 ± a 
T
−1
K
mN.m
288.15 34.15 ± 0.03
293.15 33.62 ± 0.02
303.15 33.04 ± 0.02
313.15 32.26 ± 0.01
323.15 31.67 ± 0.01
333.15 30.87 ± 0.02
343.15 30.20 ± 0.02

Standard deviation

Not only the surface tension data available today for ionic liquids are rather scarce
but also most of the measurements were carried either using compounds of low purity or
without a careful attention towards the preparation of the sample, in particular drying, and
often those measurements have been carried for purposes other than an accurate
determination of the surface tensions.
The experimental values show that both the anion and cation have an influence on the
surface tensions. Within the imidazolium family, the increase in the cation alkyl chain
length reduces the surface tension values. Both compounds with the octyl chain present
surface tensions lower than the corresponding butyl homologue. Surprisingly the
introduction of a methyl group on the [C4mim][PF6] IL, substituting the most acidic
hydrogen at the C2 position in the imidazolium ring[116], leads to an increase in the surface
tension values of the [C1C4mim][PF6], when compared with [C4mim][PF6]. Hunt[117]
reported the same odd behavior for melting points and viscosity and hypothesized that the
effects due to the loss in hydrogen bonding are less significant than those due to the loss of
entropy. The loss of entropy enhance the alkyl chain interactions by lowering the amount
of disorder in the system, eliminating the ion-pair conformers, and increasing the rotational
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barrier of the alkyl chain. Thus, the reduction in the entropy leads to a greater ordering
within the liquid and consequently to the surface, leading to a slight increase in the surface
tension.

Figure 3.9. Relative deviations between the experimental surface tension data of this work and those reported
in literature: □, [C4mim][BF4][110]; +, [C4mim][BF4][113]; ▼, [C4mim][BF4][41];
, [C4mim][BF4][118];
,
[114]
[113]
[41]
[118]
[119]
[C4mim][BF4] ; ◊, [C4mim][PF6] ; ׀, [C4mim][PF6] ; -, [C4mim][PF6] ;
, [C4mim][PF6] ;
,
[103]
[115]
[114]
[113]
[41]
[C4mim][PF6] ; ▲, [C4mim][PF6] ; , [C4mim][PF6] ; ○, [C8mim][PF6] ;
, [C8mim][PF6] ;
,
[C8mim][PF6][118];
, [C8mim][PF6][119];
, [C8mim][PF6][103];
, [C8mim][PF6][114];
, [C8mim][BF4][113];
, [C8mim][BF4][118]; ■, [C8mim][BF4][114]; , [C4mim][Tf2N][41];
, [C4mim][Tf2N][114]; ♦, [C4mim][Tf2N]
[103]
[119]
[114]
;
, [C6mim][PF6] ; , [C6mim][PF6] .

Similarly, an increase in the size of the anion leads to a decrease on the surface
tensions with their values following the sequence [BF4]- > [PF6]- > [CF3SO3]- > [Tf2N]-,
which agrees with Deetlefs et al.[120] hypothesis that the increase of the anion size and the
increase of the diffuse nature of the anion negative charge leads to a more delocalized
charge and therefore to a decrease on the ability to hydrogen bonding. This is an odd result
as, usually, the surface tension of organic compounds increase with the size of the
molecules. However, these changes are actually a result of the energetic rather than steric
interactions, contrary to the suggestion of Law and Watson[113]. Since the surface tension is
a measure of the surface cohesive energy, it is thus related to the strength of the
interactions that are established between the anions and cations in an ionic liquid. The
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increase in surface tensions with size in most organic compounds results from an increase
in the forces between the molecules with their size. Ionic liquids are complex molecules
where coulombic forces, hydrogen bonds and Van der Waals forces are all present in the
interaction between molecules, with the hydrogen bonds being probably the most
important forces in ionic liquids[40,120,121]. Although the increase in size of the molecule
leads to an increase of the Van der Walls forces it will also contribute to a dispersion of the
ion charge and a reduction on the hydrogen bond strength.
The measured data presents surface tension values well above those of conventional
organic solvents, such as methanol (22.07 mN.m-1)[77] and acetone (23.5 mN.m1)[77], as
well as those of nalkanes[5961], but still lower than those of water (71.98 mN.m1)[77].
Complex molecules tend to minimize their surface energies by exposing to the vapor
phase their parts with lower surface energy. An alcohol will have a surface tension close to
an alkane and not to water as the alkyl chains will be facing upwards at surface to minimize
the surface energy. Yet the surface tensions for the ionic liquids are close to those of
imidazole extrapolated to the same temperatures[118]. According to Langmuir’s principle of
independent surface action[122] this is an indication of the presence of the imidazolium ring
at the surface rather than the alkyl chain as usual in compounds with alkyl chains. That the
surface may be made up of mainly anions is also precluded by the surface tensions that the
surface would present in this case. The [PF6] should have a surface tension close to [SF6]
that has a value of circa 10 mN.m-1 at – 50ºC[123], other fluorinated ions should also have
very low surface tensions. The only explanation for these high surface tensions are the
hydrogen bonds that exist between the cations, and the anions and cations, as discussed
below, that increase the interactions between the ions leading to enhanced values of surface
tension.

3.3.3.2. Thermodynamic Properties
Using the quasi-linear surface tension variation with temperature for all the ILs
observed in the studied temperature range, the surface thermodynamic properties, surface
entropy and surface enthalpy, were derived[62,63]. The surface entropy, Sg, and the surface
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enthalpy, H  , were determined accordingly to eqs 2.1 and 2.2 described in section 2.3.2.
The thermodynamic functions for all the ILs studied and the respective expanded
uncertainties, derived from the slope of the curve = f T  in combination with the law
of propagation of uncertainty, are presented in Table 3.10[64].
Table 3.10. Surface thermodynamic functions for the ionic liquids studied
Dry ILs
Saturated ILs
5

a
2

a
5

a
2

a
10  S ± 
10  H ± 
10  S ± 
10  H ± 
IL
−1
−1
−1
−1
−1
−1
N.m . K
N.m
N.m . K
N.m
[C4mim][PF6]
6.2 ± 0.1
6.23 ± 0.05
6.4 ± 0.4
6.3 ± 0.2
[C6mim][PF6]
6.34 ± 0.08
5.76 ± 0.03
----[C8mim][PF6]
6.7 ± 0.1
5.49 ± 0.05
6.3 ± 0.2
5.30 ± 0.07
[C4C1mim][PF6]
6.9 ± 0.1
6.57 ± 0.05
----[C4mim][BF4]
6.35 ± 0.07
6.34 ± 0.02
----[C8mim][BF4]
7.1 ± 0.1
5.44 ± 0.04
6.9 ± 0.4
5.4 ± 0.1
[C4mim][Tf2N]
5.5 ± 0.1
4.97 ± 0.03
5.4 ± 0.2
4.96 ± 0.06
[C4mim][CF3SO3]
4.45 ± 0.04
4.86 ± 0.01
----a

Standard deviation

The most important indication from the surface thermodynamic properties is the low
surface entropies. Compared to other organic compounds the surface entropies are
remarkably low. Even the n-alkanes, which are an example of surface organization[124] have
surface entropies that are 50 to 100% higher than the ionic liquids here studied. This is a
clear indication of high surface organization in these fluids in agreement with the
simulation results by Lynden-Bell[125] and the surface studies of Watson and Law[113,118,126]
using Direct Recoil Spectroscopy, Iimori et al.[127] using Sum Frequency Generation,
Bowers et al.[128] using neutron reflectometry measurements, and Slouskin et al.[129] using
X-Ray reflectometry measurements. On a previous work[130], using a completely different
approach, it was also shown that the surface of ionic liquids was highly organized. Using
experimental and simulation values of heats of vaporization for imidazolium based ionic
liquids with alkyl chain lengths ranging from ethyl to octyl, and with the [Tf2N] anion, it
was shown that a high degree of organization was present in the ionic liquids. Although
that work put the emphasis on the bulk organization rather than on the surface, the direct
relation between the heats of vaporization and the surface tensions makes those results
even more significant to the understanding of surface structure and indicate that a great
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organization is present at surface as well. Although all these studies do not fully agree on
the model of the surface structure, all of them indicate that a significant degree of surface
ordering would be present and thus would be the cause for the reduced surface entropy
observed. It is thus not surprising that the surface entropies increase with the size of the
alkyl chain as can be seen in Table 3.10 for the [PF6] and [BF4] compounds. The surface
cannot be made up just of cations, but both cations and anions should be present, and the
surface entropies seem to be more affected by the anion type than by the cation chain
length. The surface enthalpy by its turn seems to decrease with the increasing chain length
of the cation and also to suffer an important dependence on the anion. The change in the
surface enthalpies seems to follow the decrease in strength of the hydrogen bonding
observed for these ionic liquids with, again, the curious exception of the [bmmim][PF6].
More good quality data for other ionic liquids, however, are required to make reliable
generalizations of these observations.

3.3.3.3. Mass Spectrometry and Hydrogen Bonding
Mass spectrometry measurements have been carried out as described above to
establish the relative strength of the hydrogen bonds in ionic liquids for the anions and
cations studied here. A higher abundance of ion C1+ in the ESI-MS-MS spectra of the
heterodimer [C1...A...C2]+ will imply a stronger bond between the cation C2+ and the anion
A[131]. The analysis of the ESI-MS-MS spectra obtained for the binary mixtures of ionic
liquids used to form the clusters, shows that the relative strength of the hydrogen bonds
observed in [C1…BF4…C2]+ and in [C1…PF6…C2]+ is the following
[C1C4mim]+ < [C8mim]+ < [C6mim]+ < [C4mim]+
while that observed in [A…C4mim…A]- is
[BF4]- > [CF3SO3]- > [PF6]- > [Tf2N]The relative strength of the hydrogen bonds observed for the cations can be
rationalized in terms of chain length increase on the N1-alkyl group of the imidazolium,
which reduces the H…F distance, and of the introduction of a second methyl group, which
removes the most acidic hydrogen from carbon 2. Both factors contribute to a reduction in
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the interactions between cations and anions. For the anions, the relative position of CF3SO3will probably be explained by the larger negative charge on the oxygen atoms as compared
with the fluorine atoms[132].
The relative strength of the hydrogen bonds observed is, with two exceptions, in
agreement with the surface tensions measured showing that the surface tension data
measured and reported in Table 3.9 and in Figure 3.8 are dependent on the strength of the
interactions established between the anions and cations. A possible explanation for the
increase in surface tensions of [C1C4mim][PF6], contrary to what was expected based on
relative hydrogen bond strength, has already been discussed above. The second exception
refers to the relative position of anions PF6- and CF3SO3-, which is reversed when compared
with surface tension values of [C4mim][PF6] and [C4mim][CF3SO3]. This may be due to
entropic rather than energetic effects due to the shape and symmetry of the PF6- anion,
which could lead to a greater ordering within the liquid.

3.3.3.4. Influence of the Water Content on the Surface Tension of
Ionic Liquids
A major issue concerning ionic liquids thermophysical properties is the influence of
the water content on their values. This is well established for densities[41,42,103,113,114,133],
viscosities[40,41], melting points, glass transitions[41], and gas solubilities[134], among others.
Although Hudlleston et al.[41] showed some results on the influence of water on the surface
tensions, the surface tension data available do not allow any discussion on the effect of
water on the surface tensions of ionic liquids. Also some references[135,136] seem to indicate
that the water content has little or no influence on the surface tension values. In this work,
besides a careful determination of the surface tensions of dry ionic liquids, the surface
tensions of four water saturated ionic liquids ([C4mim][Tf2N], [C8mim][BF4], [C4mim]
[PF6] and [C8mim][PF6]) were measured along with the dependence on the water content
for two ionic liquids ([C4mim][PF6] and [C8mim][PF6]) and are reported in Table 3.11.
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Table 3.11. Experimental surface tension, γ, of water saturated ionic liquids
[C4mim][Tf2N]
[C4mim][PF6]
[C8mim][PF6]
a
a
 ± 
 ± 
 ± a
T
T
T
−1
−1
−1
K
K
K
mN.m
mN.m
mN.m
293.15 33.73 ± 0.02 303.15 43.57 ± 0.01 298.05 34.01 ± 0.02
303.15 33.20 ± 0.01 313.15 42.66 ± 0.01 303.25 33.78 ± 0.02
313.15 32.47 ± 0.02 323.15 42.36 ± 0.01 313.35 33.01 ± 0.01
323.15 32.06 ± 0.02 333.15 41.56 ± 0.01 323.25 32.51 ± 0.02
333.15 31.56 ± 0.02 343.15 40.89 ± 0.01 335.05 31.70 ± 0.01
343.15 31.01 ± 0.02
a

[C8mim][BF4]
 ± a 
T
−1
K
mN.m
293.15 33.75 ± 0.04
303.15 32.58 ± 0.01
313.15 32.35 ± 0.03
323.15 31.45 ± 0.03
333.15 31.00 ± 0.03

Standard deviation

Table 3.12. Experimental surface tension, γ, of ILs as a function of the water mole fraction (xH2O) at 303.15 K
[C4mim][PF6]
[C8mim][PF6]
a
 ± 
 ± a 
xH O
x
H O
mN.m−1
mN.m−1
0.0031 43.27 ± 0.02 0.0020 34.19 ± 0.02
0.0104 43.08 ± 0.02 0.0027 34.15 ± 0.02
0.0123 43.09 ± 0.02 0.0135 34.10 ± 0.02
0.0144 43.02 ± 0.02 0.0466 34.07 ± 0.01
0.0318 42.69 ± 0.02 0.1018 34.17 ± 0.08
0.0329 42.57 ± 0.02 0.1045 34.19 ± 0.02
0.0530 41.74 ± 0.02
0.0578 41.65 ± 0.02
0.0732 40.95 ± 0.02
0.1452 43.57 ± 0.01
2

a

2

Standard deviation

The measured surface tension values of saturated ILs indicate that, for the more
hydrophobic ILs, the surface tensions of the saturated ILs are very similar to those
obtained for the dry ones, as can be seen in Figures 3.10 to 3.13.
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Figure 3.10. Surface tension as a function of temperature for [C4mim][Tf2N]: ♦, dry; ■, water saturated; ●,
atmospheric saturated.
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Figure 3.11. Surface tension as a function of temperature for [C4mim][PF6]: ♦, dry; ■, water saturated; ●,
atmospheric saturated.
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Figure 3.12. Surface tension as a function of temperature for [C8mim][PF6]: ♦, dry; ■, water saturated; ●,
atmospheric saturated.

In all cases there is a decrease in the surface tension values for low water content. The
same behavior can be seen for [C4mim][PF6], [C8mim][PF6] and [C8mim][BF4] as well as
for the hydrophobic (yet somewhat hygroscopic) [C4mim][Tf2N] IL, with a decrease in the
surface tension for low water contents.
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Figure 3.13. Surface tension as a function of temperature for [C8mim][BF4]: ♦, dry; ■, water saturated; ●,
atmospheric saturated.
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For a more complete understanding on the effect of the water content in the surface
tension values, measurements have been carried for [C4mim][PF6] and [C8mim][PF6] as a
function of the water content at 303 K, and are shown in Figure 3.14.
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Figure 3.14. (a) [C4mim][PF6] surface tension dependence of water mole fraction content at 303.15 K; (b)
[C8mim][PF6] surface tension dependence of water mole fraction content at 303.15 K.

Both ILs studied present a minimum in the surface tension for low water contents
increasing for a higher and constant value. The effect of the water on the surface tensions
seems to be more important for the more hydrophilic ionic liquids. In effect, for [C 8mim]
[PF6] this variation is almost insignificant, while for [C4mim][PF6] this variation is quite
considerable, in the order of 6 %. It is well established that water accommodates in the
ionic liquid structure by establishing hydrogen bonds with both the anion and the cation,
leading to the decrease of the IL physical properties by means of the reduction of the
electrostatic attractions between the ions, and therefore to a decrease on the overall
cohesive energy. The presence of low water content forces the ionic liquid to rearrange into
a new different internal order in which more water can be accommodated, till a point where
further addition of water leads to a complete solvation of the ions and to the appearance of
water molecules not hydrogen-bonded to the IL, and thus to a new structural rearrangement
leading to an increase in the physical properties[40,137,138].
This IL surface tension dependence on the water content may explain the
discrepancies between some results of this work when compared to literature data. Most
authors who measured ILs surface tensions neither report the ILs water content and
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impurity levels nor make reference to any drying methodology[103,113,118]. Only Huddleston
et al.[41] seem to have dried the ILs used, although for a short period of just 4 hours, leading
to a final water content higher than those achieved in this work and, as consequence,
obtaining values of surface tensions lower than those obtained for dry ILs.
The respective surface thermodynamic properties are reported in Table 3.10. It is
possible to observe that both the surface entropies and the surface enthalpies are not
significantly affected by the water content of the saturated ionic liquids.

3.3.3.5. Estimated Critical Temperatures
Critical temperatures (Tc) are one of the most relevant thermophysical properties
since they can be used in many corresponding states correlations for equilibrium and
transport properties of fluids[78]. Due to ILs intrinsic nature, with negligible vapor pressures
and relatively low decomposition temperatures, the determination of critical temperature is
impossible. Nonetheless several methods for critical temperature estimation based on
surface tension data can be found in literature[78,107,108]. The estimation of the critical
temperature of the used ionic liquids based on the temperature dependence of the surface
tension and liquid density were carried by means of the Eötvos [107] and Guggenheim[108]
empirical equations described below and are reported in Table 3.13.
2
3

  =K T −T 

M



3.11

c

 

T
= K 1−
Tc

11
9

3.12

respectively, where  is the surface tension, T c the critical temperature, M the molecular
weight and  the density of the ionic liquid. Both equations reflect the fact that 
becomes null at the critical point and are based on corresponding states correlations[78]. The
critical temperature values estimated in this work are compared in Table 3.13 with the
values reported by Rebelo et al.[114], estimated using the same approach and the values
reported by Valderrama and Robles[139] estimated using an extended group contribution
67

3. Ionic Liquids
method, based on the models of Lydersen[140] and Joback[141] and Reid[142].
Table 3.13. Estimated critical temperatures, T c , using both Eötvos[107] (Eot) and Guggenheim[108] (Gug)
equations, comparison and relative deviation from literature data
This work
Rebelo et al.[114]
Valderrama and Robles[139]
ILs

Eot
T c/ K

Gug
T c/ K

Eot
T c/ K

RD
%

Gug
T c/ K

RD
%

GCM
T c/ K

[C4mim][PF6]

977 ± 22

958 ± 17

1187

17.7

1102

13.1

[C6mim][PF6]

1116 ± 15

1039 ± 10

1109

-0.6

1050

[C8mim][PF6]

977 ± 22

958 ± 17

997

2.0

[C4C1mim]
[PF6]

1159 ± 19

1091 ± 16

[C4mim][BF4]

1183 ± 12

1113 ± 8

1240

[C8mim][BF4]

870 ± 16

873 ± 11

[C4mim]
[Tf2N]

1110 ± 18

1032 ± 13

[C4mim]
[CF3SO3]

1628 ± 55

1264 ± 8

a

Eot
RD /%

Gug
RD /%

544.0

-79.6

-76.1

1.0

589.7

-89.2

-76.2

972

1.4

625.5

-53.7

-50.7

4.6

1158

3.9

632.3

-87.1

-76.0

1027

15.3

990

11.8

726.1

-19.8

-20.2

1077

-3.1

1012

-2.0

851.8

-30.3

-21.2

697.1

-133.5

-81.3

a

Group Contribution Method

Rebelo’s values are in good agreement with the critical temperatures here reported
unlike Valderrama and Robles critical temperatures that are much lower than the values
obtained from the surface tension data. It is well established that this approach of
extrapolating the surface tension data (at 1 atm) to estimate the critical temperature
provides estimations of the critical temperatures that are lower than those directly
measured since it does not take into account the influence of the critical pressure on the
surface tension[140]. This implies that the estimated values for the critical temperatures using
the Valderrama and Robles approach are unreliable.
Based on what is known today concerning the relative volatilities of ionic liquids[25,134]
it is hard to trust the values of critical temperatures obtained, since predictions of relative
volatilities based on these data are contrary to the experimental observations for a number
of cases. This approach to the estimation of the critical temperatures, using data from a
limited temperature range, and requiring a too large extrapolation, towards the estimation
of meaningful values for the critical temperatures introduces an important error in the
estimation of the critical temperature values.
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3.3.3.6. Effective Ionic Concentration and Surface Tension Relation
Being the surface tensions dependent on the interactions between the IL molecules it
should be possible to relate those values to obtain a correlation for the surface tensions.
The technique used above cannot however establish a quantitative value for the hydrogen
bond energies in spite of the attempts carried by some authors[143] in this direction.
Nevertheless, recently, a new approach on the direction of correlating thermophysical
properties of ionic liquids with molecular interactions was proposed by Tokuda et al. [144]
They suggested that ILs thermophysical properties are related to their ionic nature and thus
used the molar conductivity ratio (Λimp/ΛNMR), where Λimp is the molar conductivity obtained
by electrochemical impedance measurements and ΛNMR is that calculated from the pulsefield-gradient spin-echo NMR ionic self-diffusion coefficients and the Nernst-Einstein
equation, expressed as the effective ionic concentration (Ceff), to correlate properties such
as viscosities and glass transitions. The Ceff illustrates the degree of the cation-anion
aggregation at equilibrium and can be explained by the effects of anionic donor and
cationic acceptor abilities and by the inductive and dispersive forces for the alkyl chain
lengths in the cations[144]. In this work, this approach was extended to the surface tensions
using Ceff values obtained from literature[87,144,145]. As shown in Figure 3.15 there is a
correlation of the surface tension with the effective ionic concentration described by the
following equation
=12.115 e

0.2215C eff

3.13

Although it should be noted that it is possible to obtain a correlation between the
measured surface tensions and the effective ionic concentration (Ceff) this does not imply
that the surface tensions are solely controlled by the electrostatic forces alone. Instead, a
subtle balance between these and other intermolecular forces are acting in ionic liquids
resulting in the observed surface tension. Although more data are required for developing a
sound correlation, the results here obtained indicate that the Ceff could be an useful
parameter for the estimation of the ILs surface tensions.
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Figure 3.15. Ceff dependency of surface tension for [C4mim][BF4], [C4mim][CF3SO3], [C4mim][PF6], [C8mim]
[PF6] and [C4mim][Tf2N] at 303.15 K: ♦, this work surface tension data; ■, Law et al.[113] surface tension data;
○, Yang et al.[110] surface tension data; A, Umecky et al.[145] Ceff data; B, Tokuda et al.[87,144] Ceff data.

3.3.4. Conclusions
Many engineering applications in the chemical process industry, such as the masstransfer operations like distillation, extraction, absorption and adsorption, require surface
tension data. The ILs interfacial properties are particularly important as they determine the
mass transfer enhancement in gas-liquid-liquid or liquid-liquid extraction systems.
New experimental data are reported for the surface tensions of eight ionic liquids in
the temperature range from (288 to 353) K and at atmospheric pressure. The ILs present
surface tensions lower than those observed for conventional salts but still much higher than
those reported for common organic solvents. Very low surface entropies were observed for
all ionic liquids indicating an high surface ordering.
The results presented indicate that the anion-cation interactions are more relevant for
the understanding of the surface tensions than the interactions between the ion pairs.
Similarly to what is commonly observed for most organic compounds, the increase in size
of the ionic liquid molecule leads to an increase of the interaction forces between the IL ion
pairs[129] but this size increase leads to a decrease of the surface tension due to the
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dispersion of the ion charge and the reduction on the hydrogen bond strength between the
anion and cation as observed from mass spectrometry. This peculiar behavior precludes the
application of the Stefan equation to obtain a relation between the surface tensions and the
heats of vaporization for ionic liquids. The surface interactions of ionic liquids are however
a very complex matter and exceptions to the rule of increasing surface tensions with
increasing cation-anion interaction were observed notably with the [bmmim] cation. The
substitution of the most acidic hydrogen, on the carbon 2, by a methyl group, leads to a
state of less entropy and therefore to an enhancement of the alkyl chain interactions.
Lowering the disorder in the surface leads to an increase on the surface tensions of this
ionic liquid when compared with the homologous unsubstituted compound.
The influence of the water content on the surface tensions was also investigated. Low
water contents contribute to a decrease on the surface tension of ionic liquids. This
decrease is more prominent for the less hydrophobic ionic liquids being almost
insignificant for the most hydrophobic ones. Nevertheless, the decrease on the surface
tension is followed by an increase to a higher and constant value, that for the more
hydrophobic ionic liquids is similar to the surface tension values of the dry IL. The surface
tension decrease is due to the water accommodation in the ionic liquid structure, by
establishing hydrogen bonds with both the anion and cation, leading to a reduction of the
electrostatic attractions between the ions and therefore to a decrease on the overall
cohesive energy.
Being shown that the surface tensions depend on the strength of the interactions
between anion and cation, and in particular that they could be related with the hydrogen
bond strength as measured by mass spectrometry, it was attempted to develop a correlation
for surface tensions with the cation-anion interactions. For that purpose, a correlation with
the effective ionic concentration (Ceff) was developed showing that this could be a useful
parameter for the estimation of the surface tension of ionic liquids.
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4. Final Remarks and
Future Work

"A man's limitations are not the things he wants to do and can't; they are the things
he ought to do but doesn't. The difficult we will do eventually, the impossible will just take
a little more time."
Source Unknown

4. Final Remarks and Future Work

The work developed provide new insights about PFCs and ILs molecular interactions
and thus can act as a mean of achieving a detailed understanding of the interfacial
behavior. Nonetheless, vapor-liquid interfacial tension is only the beginning of the path to
understand more complex systems. Thus, the study of liquid-liquid interfaces rises as an
inspiring challenge for future work.
The most important drawback on liquid-liquid interfacial tension measurements resides in
the preference plate wettability of one compound over the other. In systems where the
bottom phase presents lower wettability, towards the plate, than the top phase the
traditional Pt/Ir plate faces extreme difficulties on maintaining the precision along the
detachment/immersion

cycles.

The

impossibility

of

assuring a correct and accurate measurement of the system
property forces the experimentalist to repeat the plate
cleaning process and system preparation (plate and top
phase placement) after each detachment cycle, leading to
an extremely time consuming process and thus a

not

viable process.
In order to develop a methodology able to accurately
measure interfacial tensions of such systems an PTFE
plate was engineered (Figure 4.1).

Figure 4.1. Custom made PTFE Wilhelmy
plate.

Figure 4.1. Custom made PTFE Wilhelmy plate

The plate's development is still in its beginning and presents several handicaps. To
start, the plate thickness is excessive not ensuring that the plate's buoyancy term is small
and a short under-cutting of the meniscus, before rupture occurs, is achieved.
Nevertheless, to have a perspective of the developed PTFE plate potential, the system
perfluorodecalin/water was studied.
Although they do not present the well-established linear trend decrease with
temperature, as achieved for the surface tension when using the Du Noüy ring, the
interfacial tension values obtained (Figure 4.2) indicate that a successful measurement
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method can be developed.

Figure 4.2. Perfluorodecalin/water interfacial tension as a function of temperature.
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