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This paper reports the thermal, thermodynamic, thermophysical and surface properties of eight ionic liquids with fluorinated alkyl side chain lengths equal or greater than four carbon atoms. Melting and
decomposition temperatures were determined together with experimental densities, surface tensions,
refractive indices, dynamic viscosities and ionic conductivities in a temperature interval ranging from
(293.15 to 353.15) K. The surface properties of these fluorinated ionic liquids were discussed and several
thermodynamic functions, as well as critical temperatures, were estimated. Coefficients of isobaric thermal expansion, molecular volumes and free volume effects were calculated from experimental values of
density and refractive index and compared with previous data. Finally, Walden plots were used to evaluate the ionicity of the investigated ionic liquids.
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1. Introduction
In recent years, ionic liquids (ILs) have been the object of study
for different purposes by a large community of researchers. The
main focus has been on their thermophysical characterization
[1–4] and toxicity evaluation [5–7]. Many different families of ILs
have been scrutinized for distinct applications. Due to their properties, ILs are generally considered safer than conventional, volatile
solvents, and are already in use in different industrial processes
[8,9]. In biological applications, ILs have been tested for their
potential contribution towards the improvement of different
classes of drugs, mainly regarding the solubility increment of
poorly soluble ones [10–13] and also for the development of oxygen therapeutics [7,14]. Fluorinated ionic liquids (FILs) constitute
a specific family of ILs which might bring together the general best
characteristics of ionic liquids with the unique chemical and biological inertness of perfluorocarbons (PFCs) [7,15,16]. Therefore,
they have great potential in the biomedical sciences while favorable toxicity profiles suggest additional applications in the health
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area [7]. ILs are also promising as components in innovative biomaterials [17].
In contrast with traditional fluoro-containing ILs (e.g. those
based on hexafluorophosphate or tetrafluoroborate or bis(trifluoro
methylsulfonyl)imide) FILs are ionic liquids with long fluoroalkyl
chain tails, and, therefore, they are markedly distinct from mere
fluoro-containing ionic liquids; inherently, these fluoroalkyl chains
are able to form segregated fluorinated (nonpolar) domains as was
previously proven [18]. The properties of neoteric FILs may combine exceptional assets such as high thermal and electrochemical
stability, high ionic conductivity, null flammability and low surface
tension. These characteristics are likely to enable the design of different materials for a wide range of applications [7,19]. The selfaggregation behavior of some FILs in aqueous solutions induces
the formation of self-assembled structures that can be used advantageously in the delivery of different compounds [20]. These new
biomaterials can be developed based on a proper combination of
the three existing nanodomains in FILs (one polar and two nonpolar (one hydrogenated and one fluorinated)) [18]. The relative size
of these domains will determine the final properties of FILs such as
solubility, polarity, and hydrophobicity/hydrophilicity [18].
The main goal of this paper is the thermodynamic, thermophysical and surface characterization of different FILs with different
combinations of cations (tetrabutylammonium, cholinium,
1-ethyl-3-methylpyridinium, 1-ethyl-1-methylpyrrolidinium and
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1-butyl-1-methylpyrrolidinium) and anions (perfluorobutanesulfonate, perfluorooctanesulfonate, bis(nonafluorobutylsulfonyl)imi
de and perfluoropentanoate). With this goal in mind, several
experimental measurements of thermodynamic and thermophysical properties including surface tension were carried out. Additionally, the hypothetical critical temperatures of these ILs were also
estimated by means of the Eötvös [21] and Guggenheim equations
[22]. Furthermore, the coefficient of thermal expansion, the molar
free volume and Walden plots were also studied.

2. Experimental section
2.1. Chemicals
Tetrabutylammonium
perfluorooctanesulfonate,
[N4444]
[C8F17SO3] (0.98 mass fraction purity, 0.0012 molar fraction halide
impurities),
tetrabutylammonium
perfluorobutanesulfonate,
[N4444][C4F9SO3] (0.98 mass fraction purity, 0.0011 molar fraction
halide impurities), 1-ethyl-3-methylpyridinium perfluorobutanesulfonate, [C2C1py][C4F9SO3] (0.99 mass fraction purity, 0.00004
molar fraction halide impurities), cholinium ((2-hydroxyethyl)tri
methylammonium) perfluorobutanesulfonate, [N1112(OH)][C4F9SO3]
(0.97 mass fraction purity, 0.00326 molar fraction halide
impurities), cholinium ((2-hydroxyethyl)trimethylammonium)
bis(nonafluorobutylsulfonyl)imide, [N1112(OH)][N(C4F9SO2)2] (0.97
mass fraction purity, 0.00085 molar fraction halide impurities),
1-ethyl-1-methylpyrrolidinium bis(nonafluorobutylsulfonyl)imid
e, [C2C1pyr][N(C4F9SO2)2] (0.97 mass fraction purity, 0.006 molar
fraction halide impurities), and 1-butyl-1-methylpyrrolidinium bi
s(nonafluorobutylsulfonyl)imide, [C4C1pyr][N(C4F9SO2)2] (0.98
mass fraction purity, 0.0013 molar fraction halide impurities), were
supplied by IoLiTec GmbH. To reduce the volatile chemicals and
water contents, all FILs were dried under vacuum (3  102 Torr)
with vigorous stirring at T = 323.15 K for at least 2 days, immediately prior to their use. No further purification was carried out
and the purity of all FILs was checked by 1H, 13C and 19F NMR.
The synthesis of 1-ethyl-3-methylpyridinium perfluoropentanoate, [C2C1py][C4F9CO2], was made through the ion exchange
resin method, as developed by Ohno et al. [23] and also implemented in our laboratory [4,13]. 4.77 mL (0.030 mol; M.W.
= 264.05 g/mol; q = 1.713 g/mL at T = 298 K, 97%) of perfluoropentanoic acid was dissolved in water. 6.06 g of [C2C1py]Br (M.W.
= 202.1 g/mol; 0.030 mol) was dissolved in water (25 mL) and
added to an anionic exchange resin. The solution was titrated until
a pH = 7 was achieved and then evaporated in a rotavapour apparatus. The orange oil obtained was dried in a vacuum line
(3  102 Torr). During the drying process at T = 323.15 K the
orange liquid becomes darker. This compound was completely
characterized by 1H and 19F NMR and elemental analysis was carried out in order to check its final purity. 1H NMR (400 MHz,
(CDCl3): d 9.24 (s, 1H, py); 9.18 (d, 1H, py); 8.18 (d, 1H, py); 7.91
(t, 1H, py); 4.88 (q, 2H, CH3CH2N); 2.60 (s, 3H, CH3py); 1.65 (t,
3H, CH3CH2N). 19F NMR (376 MHz, (CDCl3): d 81.02 (CF3);
116.40 (CF2CO2); 123.20 (CF3CF2CF2); 126.02 (CF3CF2). Elemental analysis calculated (found): % C 40.53 (40.85); % H 3.14
(3.21); % N 3.64 (3.52), with a standard uncertainty of ±0.4%. The
NMR spectra also confirmed the expected cation/anion identities
by a quantitative integration of their characteristic 1H and 19F resonance peaks, using fluorobenzene (99%; Alfa Aesar, Karlsruhe,
Germany) as internal standard. Additionally, the 1H NMR spectra
indicates a molar fraction purity of 0.99 (NMR spectra are available
at SI).
The chemical structures of the fluorinated ionic liquids studied
in this work are presented in table 1. The water content of these
FILs was analyzed by Karl Fischer (KF) titration technique
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(Metrohm Ion analysis, 831 KF Coulometer). The water content
was less than 100 ppm for all the studied fluorinated ionic liquids.
2.2. Experimental procedures
Each fluorinated ionic liquid was taken from its schlenk flask
with a syringe under a nitrogen flow to prevent humidity uptake
and was immediately placed in the respective apparatuses.
2.2.1. Thermal properties
Thermogravimetric analyses (TGA) were carried out with a TA
instrument Model TGA Q50 and the thermal stabilities and decomposition temperatures of the fluorinated ionic liquids were measured. Nitrogen was used in the TGA measurements at a flow
rate of 60 mL  min1. Samples were placed inside aluminum pans
and heated up to T = 873 K at a rate of 1 K  min1 until complete
thermal degradation was achieved. The degradation temperatures
were determined where starting (Tstart), onset (Tonset) and decomposition (Tdec) temperature correspond to the temperature at
which the compound’s weight loss was less than 1%, the baseline
slope changed during heating and the temperature at which the
compound’s weight loss was 50%, respectively. The determination
of these temperatures was performed using the Universal Analysis,
version 4.4A software.
A DSC Q200 Differential Scanning Calorimeter (TA Instrument)
was used to measure the thermal properties of the fluorinated
ionic liquids. The sample was continuously purged with
50 mL  min1 nitrogen. About 5 to 10 mg of fluorinated IL was
crimped in a standard aluminum hermetic sample pan. Indium
(m.p., T = 429.76 K) was used as the standard compound for the
calibration of the DSC. Only melting points are reported in this
work, all other phase transitions will be reported in the next
publication.
2.2.2. Surface tension
The surface tension of each FIL was determined in the temperature range between (298.15 and 353.15) K, at atmospheric pressure, using the pendant drop method. The measurements were
performed through the analysis of the shape of the pendant drop
using a Dataphysics contact angle system OCA-20. Drop volumes
of (6 ± 1) lL were obtained using a Hamilton DS 500/GT syringe
connected to a Teflon coated needle placed inside an aluminum
chamber able to maintain the temperature within ±0.1 K. The temperature was attained by circulating water in a double jacketed
aluminum cell by means of a Julabo F-25 water bath. The temperature inside the aluminum chamber was measured with a Pt100
probe within ±0.02 K (placed at a distance of approximately 2 cm
of the liquid drop). After reaching a specific temperature, the measurements were carried out after 30 min to guarantee the thermal
stabilization of the drop. Silica gel was kept inside the air chamber
to keep a dry environment. For the surface tensions determination
at each temperature, and for each FIL, at least six drops were
formed and measured. For each drop, an average of 200 images
was captured. The analysis of the drop shape was executed with
the software module SCA 20 in which the gravitational acceleration
and latitude were used according to the location of the assay. The
feasibility of this technique to determine the surface tensions of ILs
was previously addressed [24].
2.2.3. Density and Viscosity
Measurements of viscosity and density were performed at
atmospheric pressure in the temperature range between (293.15
and 353.15) K using an automated SVM 3000 Anton Paar rotational
Stabinger (viscometer + densimeter). The SVM 3000 uses Peltier
elements for fast and efficient thermostability. The standard uncertainty of temperature is ±0.02 K. The reproducibility of the

356

N.S.M. Vieira et al. / J. Chem. Thermodynamics 97 (2016) 354–361

TABLE 1
Chemical structure and acronyms of the fluorinated ionic liquids (FILs) used in this work.

a
b
c
d
e
f

FIL designation

Purification method

Purityc

Water contentd

Halides content

Tetrabutylammonium
perfluorooctanesulfonate
[N4444][C8F17SO3]a

Dried under vacuum

0.98 mass
fractione

60.0001 mass
fraction

0.0012 molar
fractione

Tetrabutylammonium
perfluorobutanesulfonate
[N4444][C4F9SO3]a

Dried under vacuum

0.98 mass
fractione

60.0001 mass
fraction

0.0011 molar
fractione

1-Ethyl-3-methylpyridinium
perfluorobutanesulfonate
[C2C1py][C4F9SO3]a

Dried under vacuum

0.99 mass
fractione

60.0001 mass
fraction

0.00004 molar
fractione

Cholinium
perfluorobutanesulfonate
[N1112(OH)][C4F9SO3]a

Dried under vacuum

0.97 mass
fractione

60.0001 mass
fraction

0.00326 molar
fractione

Cholinium bis
(nonafluorobutylsulfonyl)imide
[N1112(OH)][N(C4F9SO2)2]a

Dried under vacuum

0.97 mass
fractione

60.0001 mass
fraction

0.00085 molar
fractione

1-Ethyl-N-methylpyrrolidinium bis
(nonafluorobutylsulfonyl)imide
[C2C1pyr][N(C4F9SO2)2]a

Dried under vacuum

0.97 mass
fractione

60.0001 mass
fraction

0.006 molar
fractione

1-Butyl-N-methylpyrrolidinium bis
(nonafluorobutylsulfonyl)imide
[C4C1pyr][N(C4F9SO2)2]a

Dried under vacuum

0.98 mass
fractione

60.0001 mass
fraction

0.0013 molar
fractione

1-Ethyl-3-methylpyridinium
perfluoropentanoate
[C2C1py][C4F9CO2]b

Rotary evaporator and
dried under vacuum

0.99 molar
fraction

60.0001 mass
fraction

60.0001 molar
fractionf

Chemical structure

Supplied byIoLiTec Gmbh.
Synthesized in our lab.
Purity was determined by NMR.
Water content was analyzed by Karl Fischer (KF) titration technique (Metrohm Ion analysis, 831 KF Coulometer).
As stated by the supplier.
Negative for AgNO3 testing.

dynamic viscosity and the density is ±1% and ±0.0002 g  cm3,
respectively. For each fluorinated ionic liquid, triplicates were
measured and the reported result is the average value with a maximum relative standard deviation (RSD) of 0.56% for the viscosity
and ±0.03% for the density. The expanded uncertainty with a 0.95
level of confidence (taking into account the purity and handling
of the samples) of the measurements is estimated to be 2% for
the viscosity and 0.1% for the density.
2.2.4. Ionic conductivity measurements
A CDM 210 Radiometer Analytical conductivimeter (CDC749
electrode) was used to measure the ionic conductivities of FILs in
a glass cell containing a magnetic stirrer. The cell was closed with
screw caps to ensure a secure seal and flushed with dry nitrogen to
prevent humidity uptake. A water bath controlled to T = ± 0.01 K
was used to thermostatize the glass cell. The temperature of the
glass cell was measured by means of a platinum resistance thermometer coupled to a Keithley 199 System DMM/Scanner. The
thermometer was calibrated against high-accuracy mercury ther-

mometers (T = 0.01 K). The conductivimeter was calibrated at each
temperature with certified 0.01 D (D = demal) and 0.1 D KCl standard solutions supplied by Radiometer Analytical. This conductivimeter uses an alternating current of 12 V and a frequency of
2.93 kHz in the range of conductivities measured in this work. This
technique was validated using pure ionic liquids as described previously [25]. Every conductivity value was determined at least two
times and the expanded uncertainty with a 0.95 level of confidence
of the measurements is estimated to be 1% in absolute value.
2.2.5. Refractive index
The refractive index of the pure fluorinated ionic liquids was
determined by an ABBEMAT 500 Anton Paar automatic refractometer at 589 nm with a resolution of ±106 and an expanded uncertainty with a 0.95 level of confidence uncertainty in the
experimental measurements of ±4  105. The apparatus was calibrated by measuring the refractive index of Millipore quality water
and tetrachloroethylene (provided by the supplier) before each
series of measurements.
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3.1. Thermal properties
The degradation (start, onset and decomposition) and the melting temperatures are listed in table 2. Figures S3–S7 given as Supporting Information illustrate the DSC curves of the FILs studied in
this work. The onset temperature versus the melting temperature
of the FILs is plotted in figure 1. These thermal properties determine the liquid range and the upper operating temperature of
these FILs and consequently the useful conditions for their application. Our results indicate that only [N1112(OH)][C4F9SO3], [C2C1pyr]
[N(C4F9SO2)2] and [C4C1pyr][N(C4F9SO2)2] exhibit melting temperatures higher than 373.15 K which restricts their function as neat
compounds. However, the latter ([C4C1pyr][N(C4F9SO2)2]) still presents a reasonably melting transition. The differences in terms of
melting points between the carboxylate and the sulfonate anions
are insignificant for FILs based on the pyridinium cation. However,
FILs based on [C4F9SO3] and [N(C4F9SO2)2] show higher decomposition temperatures than FILs based on [C4F9CO2]. Therefore,
the most appropriated FILs for the development of new innovative
biomaterials, based on their thermal properties, are [N4444]
[C4F9SO3], [C2C1py][C4F9SO3] and [N1112(OH)][N(C4F9SO2)2].
The anion effect can be evaluated for FILs based on the cholinium cation combined with perfluorobutanesulfonate, [C4F9SO3],
and bis(nonafluorobutylsulfonyl)imide, [N(C4F9SO2)2]. The results
show that the presence of [N(C4F9SO2)2] decreases the melting
temperature and increases the decomposition temperature. On
the other hand, the effect of the cation was studied for the perfluorobutanesulfonate anion with three different cations: ammonium, cholinium and pyridinium. In this case, the melting
temperature decreases in the following order: [N1112(OH)]+ >
[N4444]+ > [C2C1py]+. Furthermore, in terms of decomposition temperature, [C2C1py]+ shows the highest stability in contrast to
[N4444]+ [7] presenting the lowest decomposition temperature.
Another comparison shows us that for the bis(nonafluorobutylsul
fonyl)imide anion the melting temperature of FILs based on the
pyrrolidium cation is higher than for FILs based on cholinium. On
the other hand, the increment of the fluorinated chain length for
FILs based on ammonium decreases both the melting and decomposition temperatures [7]. Finally, the higher decomposition temperatures of FILs based on [C4F9SO3] combined with their lower
melting points allows for their use in a wider range of conditions
as clearly depicted in figure 1.

TABLE 2
Degradation properties (start temperature (Tstart)a, onset temperature (Tonset)a,
decomposition temperature (Tdec)a) and melting point (Tm)b of the studied fluorinated
ionic liquids. Experiments performed under a typical average laboratory atmospheric
pressure of 1.015 bar.c

[N4444][C8F17 SO3]d
[N4444][C4F9 SO3]d
[C2C1py][C4F9SO3]d
[N1112(OH)][C4F9SO3]
[N1112(OH)][N(C4F9SO2)2]
[C2C1pyr][N(C4F9SO2)2]
[C4C1pyr][N(C4F9SO2)2]
[C2C1py][C4F9CO2]

Tonset/K

Tdec/K

Tm/K

374
545
574
573
575
562
587
375

385
587
629
609
622
619
639
392

403
619
652
631
633
638
656
408

255
327
278
436
303
428
371
275

(5 K/min)e
(5 K/min)e
(5 K/min)e
(1 K/min)e
(1 K/min)e

Note that these values are from scanning TGA, and do not represent isothermal
stabilities. Standard uncertainty is estimated as T = ±4 K.
Standard uncertainty is estimated as T = ± 2 K.
c
Standard uncertainty of ±0.01 bar.
d
From reference [7].
e
Melting temperatures were determined by DSC using the onset temperature at
the specified heating rate.
b

690

[N4444][C8F17SO3]a
[N4444][C4F9SO3]a
[C2C1py][C4F9SO3]a

605

[C2C1py][C4F9CO2]
[N1112(OH)][C4F9SO3]
[N1112(OH)][N(C4F9SO2)2]
[C2C1pyr][N(C4F9SO2)2]

520

[C4C1pyr][N(C4F9SO2)2]

435

350
230

285

340

395

450

Tm / K

FIGURE 1. Decomposition onset temperature versus melting temperature of the
studied FILs and comparison with previous experimental data (afrom reference [7]).

TABLE 3
Experimental surface tension of the studied fluorinated ionic liquids. Experiments
performed under a typical average laboratory atmospheric pressure of 1.015 bar.a
T b/K

3.2. Surface properties
Due to the high melting point of some FILs, surface tensions
were only determined for five of them, namely [N4444][C8F17SO3],
[N4444][C4F9SO3], [C2C1py][C4F9SO3], [C2C1py][C4F9CO2] and
[N1112(OH)][N(C4F9SO2)2]. Values of the surface tensions of each
FIL at different temperatures are listed in table 3 and plotted in
figure 2. The surface tension of these FILs shows a strong temperature dependence, and for the studied temperature range the surface tension of FILs decreases in the following order: [C2C1py]
[C4F9CO2] [C2C1py][C4F9SO3] > [N1112(OH)][N(C4F9SO2)2] > [N4444]
[C4F9SO3] >[N4444][C8F17SO3]. It is a fact that the surface tension of
FILs is substantially lower than that of non-fluorinated ionic liquids
and similar to that of common organic solvents [26], although the
surface tension of FILs is higher than that of perfluorocarbons [27].
The increment of the anion’s fluorinated alkyl chain size in FILs
based on the ammonium cation leads to an important reduction
of the surface tension (when comparing [N4444][C4F9SO3] with
[N4444][C8F17SO3]). On the other hand, the change from a
carboxylate to a sulfonate anion with the same perfluoroalkyl

Tstart/K

a

Tonset / K

3. Results and discussion

a
b
c

c c/mN  m1

T b/K

c c/mN  m1

[N4444][C8F17SO3]
298.4
21.98
303.2
21.60
313.3
21.11
323.2
20.65
333.2
20.14
343.0
19.55

[N4444][C4F9SO3]
333.1
22.77
338.0
22.57
343.1
22.36
348.3
22.20
353.4
21.95

[C2C1py][C4F9CO2]
298.3
26.83
308.2
26.49
317.9
26.07
328.0
25.71
338.0
25.31
347.0
24.94

[N1112(OH)][N(C4F9SO2)2]
313.4
25.04
323.4
24.39
333.3
23.80
343.4
23.24
353.5
22.67

T b/K

c c/mN  m1

[C2C1py][C4F9SO3]
298.3
26.35
303.4
26.16
313.4
25.77
323.6
25.39
332.9
25.12
343.0
24.70

Standard uncertainty of ±0.01 bar.
Standard uncertainty of T = ±0.1 K.
Expanded uncertainty is ±0.13 with a 0.95 level of confidence.

chain length has a very small effect on the surface tension. A comparison between the nature of the cation on the surface tension
shows that the surface tensions of FILs based on the pyridinium
cation are greater than those observed for FILs based on quaternary
ammonium-based cations (either for tetrabutylammonium or
cholinium). According to the Langmuir principle, only the parts
of the ions that are at the outer surface will significantly contribute
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TABLE 4
Surface thermodynamic functions of the studied fluorinated ionic liquids.

[N4444][C8F17SO3]
[N4444][C4F9SO3]
[C2C1py][C4F9SO3]

26

[C2C1py][C4F9CO2]

γ / mN.m

-1

[N1112(OH)][N(C4F9SO2)2]

23

[N4444][C8F17SO3]
[N4444][C4F9SO3]
[C2C1py][C4F9SO3]
[C2C1py][C4F9CO2]
[N1112(OH)][N(C4F9SO2)2]

105Sc/J  m2  K1

102H /J  m2

5.2
4.0
3.6
3.9
5.9

3.8
3.6
3.7
3.8
4.3

21

18
300

315

330

345

360

T/K

FIGURE 2. Surface tension as a function of temperature for the studied FILs.

to the surface tension. Some reports have highlighted a general
segregation between the polar and non-polar parts of the ions
and that the longer alkyl side chains point towards the vapor phase
[24,28,29], and thus, the surface tensions have been primarily
defined by a cation effect. In this work, it is clearly demonstrated
that the anion has a dominant effect through the surface tension
values, particularly when comparing [N4444][C4F9SO3] with
[N4444][C8F17SO3], suggesting that the IL fluorinated alkyl side
chains are pointing towards the vapor phase. Nevertheless, it
should be kept in mind that both the cation and the anion contribute to the organization of the surface.
The surface entropy, Sc, and the surface enthalpy, Hc, were calculated using the quasi-linear dependence of the surface tension
on temperature [26]:

 
dc
Sc ¼ 
dT P
Hc ¼ c  T



ð1Þ

dc
dT


ð2Þ
P

where c stands for the surface tension and T for the temperature.
These values of the thermodynamic properties of FILs, listed in table
4, are lower than those shown previously for non-fluorinated ILs
[30–32] indicating a highly structured liquid phase. This highly
structured liquid phase has been recently addressed by some of
the authors [20] for different perfluorosulfonate-functionalized
ionic liquids. Moreover, both Sc and Hc increase with the increase
of the anion fluorinated moiety – a trend in agreement with that
reported with the increase of non-fluorinated alkyl side chain
lengths at the cation [24]. Finally, [N1112(OH)][N(C4F9SO2)2] is the
IL with higher Sc and Hc values which reflect the lower surface organization of this fluid.
Critical temperatures are used in many corresponding state correlations regarding the equilibrium and transport properties. For
ionic liquids they are hypothetical quantities, yet still useful as
originally shown [33,34] by us. They can be estimated using empirical equations such as the Eötvös [21] or Guggenheim [22]:

 2=3
M

c

q

¼ K Eot ðT c;Eot  TÞ


c ¼ K Gug 1 

T
T c;Gug

ð3Þ

11=9
ð4Þ

where M is the molecular weight, q is the density, KEot and KGug are
fitted parameters, Tc,Eot and Tc,Gug are the critical temperature, and c
is the temperature dependent surface tension (c = 0 at Tc). The values of the critical temperature are thus obtained by extrapolation of
c as a function of T and are shown in table 5. It should be noted that

the associated uncertainty is inherently large as the prediction uses
surface tension values from a limited temperature range and the
temperature extrapolation is considerable and since at the critical
point the pressure becomes the critical pressure [35,36]. Therefore,
they should be interpreted as semi-quantitative even though reasonable estimations, in good agreement with those obtained by
molecular simulation calculations, are obtained [37]. In any case,
some tendencies can be observed. The highest critical temperature
is obtained for the FIL based on the pyridinium cation. Interestingly,
in contrast, lower than usual critical temperatures (as compared to
those of non-fluorinated ILs) are predicted for FILs with a high number of fluor atoms: [N4444][C8F17SO3] and [N1112(OH)][N(C4F9SO2)2],
which present 17 and 18 atoms of fluor, respectively. It is well
known that fluorinated compounds tend to be much more volatile
than their hydrogenated counterparts (for instance, perfluoroalkanes versus alkanes) [38]. Therefore, these semi-quantitative predictions allow us speculating that the same may be true in the case of
ionic liquids.
3.3. Thermophysical properties
The experimental density, dynamic viscosity, refractive index
and ionic conductivities of [C2C1py][C4F9CO2] and [N1112(OH)]
[N(C4F9SO2)2] as a function of temperature are listed in table 6.
The thermophysical properties for the other FILs were previously
published [7] and are used in this paper for comparison purposes.
The temperature dependence of the density and refractive index
was studied applying the following expressions:

ln q ¼ A0 þ A1 T

ð5Þ

nD ¼ B0 þ B1 T

ð6Þ

where T is the absolute temperature and A0, B0, A1 and B1 are adjustable parameters. The correlation parameters are given in table 7
together with the standard deviations (r). These deviations were
calculated by applying the following expression:

r¼

PnDAT
i

ðzexp  zadjust Þ2
nDAT

!1=2
ð7Þ

where property values and the number of experimental and adjustable data are represented by z and nDAT, respectively.
Arrhenius fittings for fluidity (1/viscosity), /, and ionic conductivity, k, were well carried out using the Vogel–Fulcher–Tammann
(VFT) equation:



/ ¼ /0 exp

j ¼ j0 exp

B
T  T0



B0
T  T 00



ð8Þ

ð9Þ

where /0, k0, B, B0 , T0 and T 00 are adjustable parameters. table 7 summarizes the best-fit parameters of these properties.
Density and fluidity results are illustrated in figure 3. It is
observed that [N1112(OH)][N(C4F9SO2)2] presents the highest density
but not the highest viscosity, which belongs to [N4444][C4F9SO3].
Furthermore, it is clear that the increase in density for FILs based
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TABLE 5
Estimated, hypothetical critical temperatures (Tc/K) using both the Eötvös (Eot) [21]
and the Guggenheim (Gug) [22] equations. The expanded uncertainty with an
approximately 95% level of confidence is T = 100 K.

[N4444][C8F17SO3]
[N4444][C4F9SO3]
[C2C1py][C4F9SO3]
[C2C1py][C4F9CO2]
[N1112(OH)][N(C4F9SO2)2]

103 (Tc,Eot)/K

103 (Tc,Gug)/K

0.80
1.11
1.34
1.30
0.85

0.82
1.03
1.18
1.10
0.85

Rm ¼

on the [N4444]+ cation is related to the increment of the anionic perfluoroalkyl chain length, as expected from the recent work of some
of the authors [4], in contrast with the density reduction that
occurs when increasing the hydrogenated alkyl chain length of
either cation or anion in ionic liquids [39]. Another interesting
point is that sulfonate anions show higher densities and viscosities
than carboxylate anions for FILs based on the [C2C1py]+ cation. This
same cation, [C2C1py]+, induces an increase in the fluidity and density when compared with the [N4444]+ cation for FILs based on the
perfluorobutanesulfonate anion.
Density data were used to derive the isobaric thermal expansion coefficient, ap. This coefficient is directly related to the temperature derivative of the density through the equation:



@ ln q
ap ¼ 
@T P

solution [3]. The Lorenz–Lorentz equation relates the electronic
polarizability, ae, with the refractive index, nD, and can also be
expressed in terms of the molar refraction, or molar polarizability
[43], Rm, using the expression:

ð10Þ

The isobaric thermal expansion coefficients of these FILs correspond to the symmetric of the A1 parameter (equation (5)),
obtained from the density fitting, and are shown in table 7. The
overall standard uncertainty of the calculated ap values is 4%. From
the definition of ap, the use of a linear fitting of ln(q) vs T originates
a temperature independent thermal expansion coefficient. The
results obtained for FILs are lower than those for most organic compounds, e.g. toluene has a ap = 11  104 K1, and are higher than
those obtained for molten salts, e.g. KCl has a ap = 3.6  104 K1
[40]. Comparing the thermal expansion coefficient of FILs with
non-fluorinated ionic liquids, the values obtained fall in the upper
range [41,42].
3.4. Free volume effects
The refractive index can be used to measure the electronic
polarizability of a molecule and can provide useful information
when studying the forces between molecules or their behavior in

 2

N A ae
nD  1
Vm
¼
3e0
n2D þ 2

ð11Þ

where NA is Avogadro’s constant, e is the dielectric constant, and Vm
is the molar volume. The values of the calculated molar refractions
for the studied FILs are listed in table 8. The relation between polarizability and the refraction index shown above can provide important information about the behavior of a liquid as a solvent media
as it constitutes a measure of the importance of the dispersion
forces on the cohesion of the liquid. Therefore, solvents with a large
refraction index, and, hence, great polarizability, should enjoy particularly strong dispersion forces [44], whilst also constituting good
solvents for species possessing high polarizabilities.
Molar refractions can be considered as a measure of the hardcore molecular volumes because the electronic polarizability can
be related to a spherical molecular radius [3], a, by:

ae ¼ 4pe0 a3

ð12Þ

and equation (11) can be re-expressed in the following form:

 
1
Vm
Rm
¼3
Rm  1
fm


nD  1 ¼ 3

ð13Þ

where fm is the free volume defined as:

f m ¼ ðV m  Rm Þ

ð14Þ

which means that the refractive index is directly proportional to the
occupied part of the molar volume, Rm, being then considered as the
hard-core molecular volume [45,46]. The aforementioned methodology is strictly valid when only dispersion forces are present, which
is not the case for ionic liquids. However, the dispersion forces component in ILs is significant as opposed to common inorganic molten
salts. Therefore, simply based on the dispersion forces component,
we have calculated the relative ratio of free volume over molar volume using as reference the [C2C1py][C4F9CO2] (FIL with the lowest
fraction of free volume). The ratios for these FILs decreases in the following order: [N1112(OH)][N(C4F9SO2)2] > [N4444][C8F17SO3] > [N4444]
[C4F9SO3] > [C2C1py][C4F9SO3] > [C2C1py][C4F9CO2]. These results
confirm the previous observation of some of the authors [7], that
the proportion of free volume increases with the increment of the
anionic fluoroalkyl chain length (for instance, [C4F9SO3)] versus

TABLE 6
Density, q,a dynamic viscosity, g,a refractive index, nD,a and ionic conductivity, k,a of the FILs [C2C1py][C4F9CO2] and [N1112(OH)][N(C4F9SO2)2] as a function of temperature.
Experiments performed under a typical average laboratory atmospheric pressure of 1.015 bar.b
T/K

q/gcm3

293.15
298.15
303.15
308.15
313.15
318.15
323.15
328.15
333.15
338.15
343.15
348.15
353.15

1.4587
1.4536
1.4486
1.4436
1.4387
1.4337
1.4289
1.4240
1.4192
1.4143
1.4094
1.4045
1.3995

g/mPa  s
[C2C1py][C4F9CO2]
196.0
147.1
110.8
85.39
67.81
53.67
43.60
35.94
30.35
25.32
21.61
18.61
16.39

nD

k/mS  cm1

1.42282
1.42137
1.41990
1.41844
1.41697
1.41553
1.41406
1.41260
1.41114
1.40955
1.40811
1.40672
1.40531

0.915
1.20
1.55
1.94
2.39
2.89
3.55

T/K

q/g  cm3

g/mPa  s

nD

k/mS  cm1

[N1112(OH)][N(C4F9SO2)2]

308.15
313.15
318.15
323.15
328.15
333.15
338.15
343.15
348.15
353.15

1.6794c
1.6736
1.6676
1.6616
1.6559
1.6501
1.6444
1.6388
1.6331
1.6272

1338c
947.1
684.6
506.1
379.9
290.3
224.8
176.7
140.7
113.4

1.37365c
1.37234
1.37103
1.36975
1.36845
1.36714
1.36590
1.36463
1.36338
1.36212

0.096c
0.128
0.170
0.227

a
Expanded uncertainty with a 0.95 level of confidence is estimated as ±0.1% for density (with a standard uncertainty of the temperature of ±0.02 K), ±2% for viscosity (with a
standard uncertainty of the temperature of ±0.02 K), ±4  105 for refractive index (with a standard uncertainty of the temperature of ±0.05 K) and ±1% for ionic conductivity
(with a standard uncertainty of the temperature of ±0.1 K).
b
Standard uncertainty of ±0.01 bar.
c
Physical properties of supercooled ionic liquid.
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TABLE 7
Fitting parameters for the density (equation (5)), refractive index (equation (6)), fluidity (inverse viscosity, equation (8)) and ionic conductivity (equation (9)) as a function of
temperature for the FILs [C2C1py][C4F9CO2] and [N1112(OH)][N(C4F9SO2)2]. Standard deviations (r) (equation (7)) are also shown.
A0 = 0.57912
B0 = 1.50875
/0 = 4.67
k0 = 912.29

[C2C1py][C4F9CO2]
A1 = 6.8776  104
B1 = 2.9309  104
B = 704.80
B0 = 852.77

ln q/g  cm3
nD
//mPa1  s1
k/mS  cm1

A0 = 0.73393
B0 = 1.45257
/0 = 1.63
k0 = 820.51

[N1112(OH)][N(C4F9SO2)2]
A1 = 6.9946  104
B1 = 2.5625  104
B = 707.67
B0 = 1275.05

log[Molar Conductivity (Scm2mol-1)]

ln q/g  cm3
nD
//mPa1  s1
k/mS  cm1

T0 = 190.54
T00 = 169.66

r = 5.16  105
r = 3.92  105
r = 1.91  104
r = 1.34  102

T0 = 217.84
T00 = 167.65

r = 5.73  105
r = 3.16  105
r = 7.77  105
r = 1.33  105

1

[C2C1py][C4F9SO3]a
[C2C1py][C4F9CO2]
[N1112(OH)][ N(C4F9SO2)2]

0

-1

-2
-2

-1

0

1

-1

log[1/viscosity (Poise )]

φ

FIGURE 4. Walden plot of the studied FILs and comparison with previous
experimental data (afrom reference [7]).

nonpolar domains (dominated by dispersive molecular interactions)
in the pure ionic liquids or mixtures with ionic liquids [3].

3.5. Walden plot
FIGURE 3. Density, fluidity and respective fitted curves as a function of temperature of the studied FILs and comparison with previous experimental data (afrom
reference [7]). The inset shows a zoom for the more viscous FILs.

[C8F17SO3)] for FILs based on the [N4444]+ cation). Also, the percentage of free volume for FILs based on the [C2C1py]+ cation is slightly
higher for sulfonate-based than for carboxylate-based anions. The
analysis of these free volumes effects can be related to the solubility
of low molecular weight solutes or gases in these ionic liquids [47–
49]. Besides, refractive data can be useful for evaluating the importance of the dispersive molecular interactions and the size of the

The ionic conductivities of ionic liquids are mainly governed by
the molar concentration of ions present in the fluid and their fluidity. The Walden plot is a useful tool for measuring the ionicity of
these compounds, since it establishes a relationship between these
two properties, molar conductivity and fluidity [25]. Figure 4 illustrates the Walden plot for the FILs studied in this work where the
straight line fixes the position of the ‘‘ideal” Walden line corresponding to a diluted aqueous KCl solution (system known to be
fully dissociated and to have ions of equal mobility). The Walden
plot demonstrates linear behavior with temperature for each FIL.
The differences between carboxylate and sulfonate anions are

TABLE 8
Values of calculated molar volume, V m , and molar refraction, Rm , as a function of temperature for the studied FILs.
T/K

Vm/cm3  mol1

Rm/cm3  mol1

293.15
298.15
303.15
308.15
313.15
318.15
323.15
328.15
333.15
338.15
343.15
348.15
353.15

[C2C1py][C4F9CO2]
264.06
264.98
265.91
266.82
267.74
268.66
269.58
270.50
271.42
272.35
273.30
274.26
275.22

67.22
67.25
67.28
67.30
67.33
67.35
67.37
67.39
67.41
67.41
67.44
67.47
67.50

T/K

Vm/cm3  mol1

Rm/cm3  mol1

[N1112(OH)][N(C4F9SO2)2]

308.15
313.15
318.15
323.15
328.15
333.15
338.15
343.15
348.15
353.15

407.46
408.88
410.33
411.81
413.25
414.68
416.12
417.55
419.00
420.52

92.97
93.00
93.04
93.09
93.12
93.15
93.19
93.21
93.25
93.30
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negligible, with a slightly higher value for FILs based on the sulfonate anion.
4. Conclusions
In this work, the decomposition temperature, melting point,
density, refractive index, surface tension, dynamic viscosity and
ionic conductivity data for eight fluorinated ionic liquids were
studied. The different thermophysical and surface properties were
measured as a function of temperature at atmospheric pressure.
The knowledge of the physical properties of these fluorinated ionic
liquids is important both at a fundamental (aiming at understanding their behavior) and applied level. The results show that FILs
based on the perfluorobutanesulfonate anion exhibit the best thermal properties (melting point and decomposition temperature).
Surface tension data for these FILs indicate that they present the
lowest values reported up to date for ionic liquids. Thermodynamic
functions, such as surface entropies and surface enthalpies, are also
lower than those for non-fluorinated ionic liquids implying a high
surface organization and structured liquid phase. The semiquantitative predictions of the hypothetical critical temperatures
of these FILs suggest that their volatility shall markedly increase
with increasing fluoroalkyl chain length.
The thermal expansion coefficient was obtained from the density change with temperature. The FILs studied in this work show
a lower volume expansivity or thermal expansion than traditional
organic compounds. The analysis of the free volume effects can be
related to the solubility of low molecular weight solutes or gases.
The increment of the anionic fluoroalkyl chain increases both the
importance of the dispersive forces and the percentage of free volume. Finally, Walden plots were used to evaluate the ionicity of the
pure fluorinated ionic liquids. The values obtained are similar to
those shown by other pure ionic liquids.
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