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The density and surface tension of the air- and water-stable hydrophobic ionic liquid (IL) 1-ethyl-3-
methylimizazolium tris(pentafluoroethyl) trifluorophosphate (CAS Registry No.: 377739-43-0; [C2mim]-
[PF3(CF2CF3)3]) were measured in the range of T ) (283.15 to 338.15) K. The other physicochemical
properties of the IL [C2mim][PF3(CF2CF3)3] at 298.15 K were estimated in terms of empirical and
semiempirical equations, as well as the interstice model theory. These properties include molecular volume,
standard molar entropy, lattice energy, the parachor, molar enthalpy of vaporization, interstice volume, thermal
expansion coefficient, interstice fraction, and so forth. Then, the physicochemical properties of the ILs
[Cnmim][PF3(CF2CF3)3] (n ) 1, 3, 4, 5, 6) family were predicted in terms of the estimated values of molecular
volume and the parachor.

Introduction

Ionic liquids (ILs) as organic salts show low melting points
and exhibit good solvation, coordination, and nonvolatility
properties, so both industrial and scientific communities were
advertising to them for broad ranges of applications as green
solvents. Particularly, the air- and water-stable hydrophobic ILs
were attracting the attention of people in each domain. Actually,
most ILs are hydrophilic, so 1-alkyl-3-methylimidazolium
hexafluorophosphates (CnmimPF6) were attracting serious con-
cern as an air- and water-stable hydrophobic compound.1-3 The
properties were reported in succession when the air- and water-
stable hydrophobic compounds were synthesized.4-8 Recently,
a new type of IL, [C2mim][PF3(CF2CF3)3], was synthesized by
Merck Co. This is also an air- and water-stable hydrophobic
IL. So, the study on properties of this type of IL is significant
in many concerned fields.

In view of the above fact, the density and surface tension of
the IL [C2mim][PF3(CF2CF3)3] were measured from (283.15 to
338.15) K. Standard molar entropy and lattice energy were
estimated in terms of the Glasser’s theory;9 the parachor
was estimated. The value of molar enthalpy of vaporization was
estimated in terms of Kabo’s empirical equation;10 the interstice
model theory11,12 put forward by Yang et al. was used for
estimating the interstice properties of the IL [C2mim]-
[PF3(CF2CF3)3]. Then, the physicochemical properties of the
homologue of [Cnmim][PF3(CF2CF3)3] (n ) 1, 3, 4, 5, 6) were
predicted in terms of the molecular volume and parachor.

Experimental Section

Chemicals. The IL [C2mim][PF3(CF2CF3)3] was supplied by
Merck KGaA (batch: S9588301). The real purity of the IL was

determined to be 0.9967 ( 0.0014 by adiabatic calorimetric
study according to the van’t Hoff equation. The concerned
thermodynamic research of the IL will be published in the future
by other authors. The mass fraction of the water was less than
10-4. The halides were less than 10-4. Because the IL is an air-
and water-stable hydrophobic compound, it was measured in
the air without further purification.

Measurement of the Density and Surface Tension. The
density of the IL [C2mim][PF3(CF2CF3)3] was measured with
an Anton Paar DMA 4500 oscillating U-tube densitometer which
can provide automatic viscosity calibration and measurements.
The density values were recorded once every 5 K from [(283.15
to 338.15) ( 0.01] K. The temperature was regulated to ( 0.01
K with a thermostat. The densitometer was calibrated with dry
air and double-distilled freshly degassed water before the
measurements of the IL sample and gave an uncertainty of
( 0.00002 g · cm-3.

Using the tensiometer (DP-AW type produced by Sang Li
Electronic Co.) of the forced bubble method, the surface tension
of the double-distilled freshly degassed water was measured in
range of [(283.15 to 338.15) ( 0.05] K, which is in good
agreement with the literature,13 and the experimental error is
( 0.1 mJ ·m-2. The temperature was controlled with a thermo-
stat. The surface tension of the IL [C2mim][PF3(CF2CF3)3] was
measured with the same method. Each data point of the surface
tension is the average value of five measurements. The
uncertainties of the measurement are in the range of ( 0.2
mJ ·m-2.

The experimental measured values of density and surface
tension of the IL [C2mim][PF3(CF2CF3)3] are listed in
Table 1.

Results and Discussion

Volumetric and Surface Properties. The molecular weights
of the ILs [Cnmim][PF3(CF2CF3)3] (n ) 1, 2, 3, 4, 5, 6) are
listed in Table 2.
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By plotting the ln F against (T - 298.15) K, a straight line
can be obtained (see Figure 1), and the empirical equation is:

ln F/g · cm-3 ) b - R(T/K - 298.15) (1)

where b is an empirical constant and the negative value of the
slope, R ) -(∂ ln F/∂(T - 298.15))p, is the thermal expansion
coefficient of the IL. The correlation coefficient is R ) 0.99999,
the standard deviation s ) 3.0 ·10-5 g · cm-3, b ) 0.53603, and
the thermal expansion coefficient of the IL is R ) 6.96 ·10-4

K-1 at 298.15 K, respectively.
By plotting the values of γ obtained from the experiment

against (T - 298.15) K, a linear equation was obtained (see
Figure 2). The correlation coefficient is R ) 0.998, and the
standard deviation is 0.04 mJ ·m-2. From Figure 2, the surface
entropy, Sa ) -(∂γ/∂(T - 298.15))p ) 33.4 ·10-3 mJ ·K-1 ·m-2,
can be obtained at 298.15 K. Additionally, the surface energy
can be estimated by the experimental value of the surface tension
at 298.15 K: Ea ) γ - T(∂γ/∂(T - 298.15))p ) 44.8 mJ ·m-2.
Compared with the fused salts and organic liquids, for example,
146 mJ ·m-2 for NaNO3

14, 67 mJ ·m-2 for benzene, and 51.1

mJ ·m-2 for octane,14 the value of the IL [C2mim][PF3(CF2CF3)3]
is close to the organic liquids and even less than some organic
liquids. This fact shows that the interaction energy between ions
in [C2mim][PF3(CF2CF3)3] is less than that in fused salts.

The molecular volume, Vm, can be calculated from experi-
mental density using the following equation:

Vm(298.15 K)/nm3 ) M/(NF) (2)

where M is molar mass, F, density, and N, Avogadro’s constant.
The calculated value is listed in Table 2.

According to Glasser’s theory,9 the standard molar entropy
can be estimated from the equation:

S0(298.15 K)/J · K-1 · mol-1 ) 1246.5(Vm/nm3) + 29.5
(3)

where Vm is the molecular volume. The estimated value is listed
in Table 2.

The surface tension, γ, has a relationship with the temperature
in terms of the Eötvös equation:14

Table 1. Experimental Values of Density, G, and Surface Tension, γ, of the IL [C2mim][PF3(CF2CF3)3] from (283.15 to 338.15) K

T/K 283.15 288.15 293.15 298.15 303.15 308.15
F/g · cm-3 1.72705 1.72113 1.71517 1.70926 1.70332 1.69740
γ/mJ ·m-2 35.3 35.1 34.9 34.8 34.6 34.4
T/K 313.15 318.15 323.15 328.15 333.15 338.15
F/g · cm-3 1.69150 1.68562 1.67975 1.67388 1.66804 1.66221
γ/mJ ·m-2 34.2 34.1 34.0 33.8 33.6 33.4

Table 2. Estimated and Predicted Values of Physicochemical Properties of IL [Cnmim][PF3(CF2CF3)3] (n ) 1, 2, 3, 4, 5, 6) at 298.15 K

properties
[C1mim]

[PF3(CF2CF3)3]a
[C2mim]

[PF3(CF2CF3)3]b
[C3mim]

[PF3(CF2CF3)3]a
[C4mim]

[PF3(CF2CF3)3]a
[C5mim]

[PF3(CF2CF3)3]a
[C6mim]

[PF3(CF2CF3)3]a

M/g ·mol-1 542.15 556.18 570.20 584.23 598.26 612.29
Vm/nm3 0.5130 0.5405 0.5680 0.5955 0.6230 0.6505
F/g · cm-3 1.75552 1.70926c 1.66756 1.62962 1.59516 1.56356
S0/J ·K-1 ·mol-1 669.0 703.3 737.5 771.8 806.1 840.3
Upot/kJ ·mol-1 397 392 387 383 379 375
V/cm-3 ·mol-1 308.8 325.4 341.9 358.5 375.0 391.6
p 757.8 792.1 826.4 860.7 895.0 929.3
∆l

gHm
0/kJ ·mol-1 161.9 157.8 160.3 161.1 162.0 163.1

1024 V/cm3 25.93 27.63 28.48 29.65 30.75 31.78
∑V/cm3 31.22 33.33 34.29 35.70 37.03 38.26
102 ∑V/V 10.11 10.22 10.29 9.96 9.87 9.77
104 R/K-1 6.96c

104 R/K-1 5.10 5.14 5.04 5.00 4.96 4.91
γ ·103/N ·m-1 36.3 34.8c 34.1 33.2 32.4 31.7

a Data in the column were predicted values. b Data in the column were estimated values. c Experimental data.

Figure 1. Plot of ln F vs T/K - 298.15 of the IL [C2mim][PF3(CF2CF3)3].
Figure 2. Plot of γ vs T/K - 298.15 of the IL [C2mim][PF3(CF2CF3)3].
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γV2/3 ) k(Tc - T) (4)

where V is the molar volume of the liquid, Tc, critical
temperature, and k, an empirical constant.

By plotting the γV2/3 against T, a straight line was obtained
(see Figure 3). From the plot, the values of k ) 0.8 ·10-7 J ·K-1

and Tc ) 2290 K were obtained, respectively. For the majority
of organic liquids, k ≈ 2.1 ·10-7 J ·K-1, but for fused salts, k )
0.4 ·10-7 J ·K-1 for fused NaCl.14 So, the present polarity of
the IL [C2mim][PF3(CF2CF3)3] may be regarded as more similar
to those of the fused salts in terms of the value of the k.

The lattice energy, UPOT, was estimated according to the
following equation:9

UPOT(298.15 K)/kJ · mol-1 ) 1981.2(F/M)1/3 + 103.8
(5)

where M is molar mass and F, density. The estimated data are
listed in Table 2.

The contribution per methylene (-CH2-) group to the
molecular volume is 0.0272 nm3 for [Cnmim][BF4],

9 0.0282 nm3

for [Cnmim][NTf2],
9 0.0270 nm3 for [Cnmim][AlCl4],

15 and
0.0278 nm3 for [Cnmim][Ala].16 Because of the similar values
of the contribution per -CH2- to the molecular volume, the
group of methylene in the alkyl chains of the imidazolium-based
ILs can be considered to have the same chemical environment.
Then, the mean value of the contribution can be calculated to
be 0.0275 nm3, and the physicochemical properties (density,
standard entropy, lattice energy) of the homologues of
[Cnmim][PF3(CF2CF3)3] (n ) 1, 3, 4, 5, 6) can be predicted.
All of the predicted data are listed in Table 2.

From Table 2, the contribution per methylene group to
standard entropy, S0(298.15 K), can be calculated to be 34.3
J ·K-1 ·mol-1. The above calculated value is in good agreement
with the literature values of 35.1 J ·K-1 ·mol-1 for [Cnmim]-
[NTf2],

9 33.9 J ·K-1 ·mol-1 for [Cnmim][BF4],
9 33.7 J ·K-1 ·

mol-1 for [Cnmim][AlCl4],
15 and 34.6 J ·K-1 ·mol-1 for [Cnmi-

m][Ala].16 According to the contribution per methylene group
to standard entropy in the family with different anions, it can
be concluded that the contribution of the methylene group to
standard entropy is approximately equivalent for imidazolium-
based ILs.

Parachors and Molar Enthalpy of Vaporization. The para-
chor, P, was estimated from the following equation:

P(298.15 K) ) (Mγ1/4)/F (6)

where M is molar mass, F, density, and γ, surface tension. The
estimated data are listed in Table 2.

According to the literature,15,16 the contribution per methylene
(-CH2-) to parachor is 31.1 for [Cnmim][AlCl4] and 37.5 for
[Cnmim][Ala]. An average value of the contribution can be
calculated to be 34.3. So, the average value can be used to
predict the parachor of the ILs [Cnmim][PF3(CF2CF3)3] (n ) 1,
3, 4, 5, 6). The values are listed in Table 2.

The value of the molar enthalpy of vaporization was estimated
in terms of Kabo’s empirical equation:10

∆l
gHm

0 (298.15 K)/kJ · mol-1 ) 0.01121(γV2/3N1/3) + 2.4
(7)

where V is molar volume, γ, surface tension, and N, Avogadro’s
constant. The estimated value of the molar enthalpy of vaporiza-
tion is listed in Table 2.

According to eq 6, the surface tension can be calculated from
the predicted density and parachor. The molar enthalpy of
vaporization, ∆l

gHm
0, can be obtained from predicted density

and surface tension. The data are listed in Table 2.
Interstice Model Theory. According to the interstice model11,12

the interstice volume, V, can be estimated by classical statistical
mechanics at 298.15 K:

V ) 0.6791(kBT/γ)3/2 (8)

where kB is Boltzmann’s constant, T, the thermodynamic
temperature, and γ, the surface tension of ILs.

The molar volume of ionic liquids, V, consists of the inherent
volume, Vi, and the volume of the interstices; the molar volume
of the interstice, ∑ν ) 2Nν:11

V ) Vi + 2Nν (9)

If the expansion volume of IL only results from the expansion
of the interstices when the temperature increases, the thermal
expansion coefficient, R, can be predicted from the interstice
model at 298.15 K:

R ) (1/V)(∂V/∂T)p ) 3Nν/VT (10)

All of the data obtained from estimation and prediction are listed
in Table 2.

From Table 2, comparing the predicted and experimental
thermal expansion coefficients of [C2mim][PF3(CF2CF3)3] at
298.15 K, they differ from each other with a factor of about
26 %; the predicted values could be like reference values for
the lack of experimental values at 298.15 K. It also can be seen
that the estimation and prediction values of interstice fractions,
∑V/V, are in the range of (9 to 11) % for all ILs
[Cnmim][PF3(CF2CF3)3] (n ) 1, 2, 3, 4, 5, 6) at 298.15 K; these
values are in good agreement with the values of volume
expansion resulting in the process from a solid to a liquid state
for the majority of materials which exhibit (10 to 15) %. This
means that the interstice model is reasonable, and the interstice
model theory can be applied to calculate the thermal expansion
coefficient of imidazolium-based ILs.
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