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A thermophysical and structural characterization of
ionic liquids with alkyl and perfluoroalkyl side chains

N. S. M. Vieira,” P. M. Reis,” K. Shimizu,” O. A. Cortes,” *I M. Marrucho,” ;I M.
M. Aratjo,” J. M. S. S. Esperanca,” J. N. Canongia Lopes, "’ A. B. Pereiro, * and
L. P. N. Rebelo”

This work represents an essential step towards the understanding of the dynamics and
thermodynamic characteristics of a novel family of ionic liquids, namely fluorinated ionic
liquids based on the combination of 1-alkyl-3-methylimidazolium cations with
perfluoroalkylsulfonates or perfluoroalkylcarboxylates anions. The so far scarce information
about these fluids constitutes a limiting factor for their potential applications. In this work, we
provide detailed evidence on the influence of hydrogenated and fluorinated alkyl chain lengths
in the final characteristics of the fluorinated ionic liquids. Different properties, namely,
melting point, decomposition temperature, density, dynamic viscosity, ionic conductivity and
refractive index, were determined and the experimental results were discussed taking into
account the influence of the length of the hydrogenated and fluorinated alkyl chains. Molecular
dynamic simulations were also performed to study the nanoscale structuration of these novel

compounds.

Introduction

During the last two decades the interest in ionic liquids (ILs)

has increased. Researchers, scholars and industry have
developed multiple types of studies using these specific
fluids."? Nowadays, ILs are being used at an industrial scale by
different companies (e.g., BASF, Petronas, Degussa, SASOL,
among others) in processes such as organic transformations,
separations, extractions, hydrogenations and alkylations.>* The
pharmaceutical industry has recognised the potential of ILs,
and, recently, several research groups have successfully tried to
take advantage of the unique properties of ILs to improve or
develop biomedical products.””’ This broad frame of
applications is a consequence of the unique properties of ILs
that make these compounds very valuable. Generally, ILs
present low melting points, negligible vapour pressures at room
temperature, low flammability, high thermal and chemical
stability, high electrical conductivity, high solvation ability for
organic, inorganic and organometallic compounds, improved
selectivity and easy recycling.®’ The great advantage of ILs is
the possibility to manage the final characteristics of the
compounds through diverse combinations of cations and
anions. This tuneability allows the manipulation of several

properties like hydrophobicity,

9,10

thermophysical properties,
bioavailability and toxicity.
This work is specifically focused on fluorinated ionic liquids
(FILs)'" which may contain three nanosegregated domains
(polar, nonpolar and fluorous).'> FILs present many of the

This journal is © The Royal Society of Chemistry 2013

unique properties of fluorocarbon compounds, like their
capacity of dissolving gases'®, low surface tension'*', low
intensity interactions with organic compounds and low toxicity
for different cell lines.'' These properties, in addition to the
different possible arrangements of the three domains, enable us
to design the best fluid for a desired application.

The uses of FILs may be related to the recovery/recycling of
perfluorocarbons contaminants."' Furthermore, these
fluorinated compounds could also be applied as refrigerants,
surfactants, polymers, components of pharmaceuticals, fire
retardants and insecticides.'” Another possible powerful
application of non-toxic FILs may be related to biomedical
applications where these compounds may be used as gas
carriers in liquid ventilation and intravenous formulations by
enhancing the emulsion stability and increasing the solubility of

respiratory gases.'!'316:17
This work provides comparisons between several
thermophysical properties of different FILs based on

alkylmethylimidazolium cations, [C,C,Im]’, conjugated with
different perfluorosulfonate and perfluorocarboxylate anions,
[C,F2,+1S05] and [C,F;,.1CO;], respectively. These compounds
are both illustrated in Fig. 1 and Table S1 of the Electronic
Supporting Information (ESI). The main objective of this study
was to evaluate the influence of increasing both the
hydrogenated and fluorinated alkyl chain lengths. Besides the
thermophysical characterization, molecular dynamic
simulations were also performed.
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Fig. 1. Matrix of the FILs according to: a) cations plus anions studied;
b) comparison between FILs based on the sulfonate anion and
carboxylate  anion [2,4] = [CCiIm][C4FoCO;] or
[CoCIM][C4F9SO3]; [8,4]= [CsCiIlm][C4FoCO5] or [CsCiIm][C4FoSOs];
[2,1]= [CoCiIm][CF3CO,] or [CoCiIm][CF3SO0s]; [8,1]=
[CsCi{Im][CF3CO,] or [CsCiIm][CF5SOs].

where:

Experimental methods

Samples

1-Ethyl-3-methylimidazolium perfluoromethanesulfonate
([C,C{Im][CF3S03], > 99% mass fraction purity, < 0.01%

halide impurities), 1-methyl-3-octylimidazolium
perfluoromethanesulfonate ([CgC,Im][CF;SOs], > 99% mass
fraction purity, < 0.01% halide impurities), 1-ethyl-3-
methylimidazolium perfluorobutanesulfonate

([C,C{Im][C4F¢SO;3], > 97% mass fraction purity, < 1% halide
impurities), 1-hexyl-3-methylimidazolium
perfluorobutanesulfonate ([CsC,;Im][C4F9SO3], > 99% mass
fraction purity, < 0.025% halide impurities), 1-mehtyl-3-
octylimidazolium perfluorobutanesulfonate
([CsC{Im][C4F9SO;], > 98% mass fraction purity, < 0.025%
halide impurities), 1-dodecyl-3-methylimidazolium
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perfluorobutanesulfonate ([C;,C;Im][C4F9SO3], > 98% mass
fraction purity, < 1% halide impurities) and 1-ethyl-3-
methylimidazolium perfluorooctanesulfonate
([C,C{Im][CgF7S03], > 98% mass fraction purity, < 0.47%
halide impurities) were supplied by IoLiTec GmbH. The purity
of the commercial ionic liquids was checked by 'H and "F
NMR. 1-Ethyl-3-methylimidazolium perfluoroethanoate
([C,C{Im][CF5CO,)), 1-methyl-3-octylimidazolium
perfluoroethanoate ([C3C{Im][CF5;CO,]), 1-ethyl-3-
methylimidazolium perfluoropentanoate ([C,CIm][C4F9CO,])
and 1-methyl-3-octylimidazolium perfluoropentanoate
([CsC{Im][C4FoCO,]) were synthesized by an ion exchange
resin method, as developed by Ohno er al'® and also
implemented in our lab." All these procedures are described in
the Electronic Supporting Information (ESI). Purity was
checked by 'H and 'F NMR as well as by Elemental Analysis
and electrospray ionisation mass spectra (ESI-MS). The
quantitative integration of their characteristic 'H and '°F NMR
resonance peaks reveals the expected cation/anion correlations
using an internal standard. To ensure the absence of water and
volatile substances’ contents all FILs were dried under vacuum
(3 x 107 Torr) and vigorously stirred at 323.15 K for at least 2
days, immediately prior to their use. The water content,
determined by Karl Fischer coulometric titration (Metrohm 831
KF Coulometer), was less than 100 ppm.

Thermal Analysis

Thermogravimetric analysis (TGA) were carried out with a TA
instrument Model TGA QS50 to measure the decomposition
temperatures of the FILs. Nitrogen was used for the TGA
measurements at a flow rate of 60 ml'min"'. Samples were
placed inside aluminium pans and heated up to 873 K at a rate
of 1 K'min~" until complete thermal degradation was achieved.
Universal Analysis, version 4.4A software, was used to
determine the onset (7,u), starting (7y.) and decomposition
(T4e) temperatures corresponding to the temperature at which
the baseline slope changed during heating, the weight loss was
less than 1%, and the weight loss was 50%, respectively. The
relative uncertainty of the temperature is + 2 K.

A DSC Q200 Differential Scanning Calorimeter (TA
Instrument) was used to measure the thermal properties of the
FILs. The sample was continuously purged with 50 ml'-min™' of
dry dinitrogen gas. About 5 to 10 mg of FIL was crimped in an
aluminium standard sample pan. Indium (m.p., 7 = 429.76 K)
was used as the standard compound for the calibration of the
DSC. The cooling—heating cycles were repeated three times at
different rates (10, 5, and 1 K'min'). The transition
temperatures obtained from the second and subsequent cycles at
the same rate were reproducible.

Viscosity measurements

Measurements of dynamic viscosity were performed in the
temperature range from 293.15 to 353.15 K at atmospheric
pressure using an automated SVM 3000 Anton Paar rotational
Stabinger viscometer. The SVM 3000 uses Peltier elements for

This journal is © The Royal Society of Chemistry 2012
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fast and efficient thermostability. The temperature uncertainty
is £ 0.02 K. For each FIL, duplicates were measured and the
reported result is the average value with a maximum relative
standard deviation (RSD) of 1%. The overall uncertainty of the
measurements (taking into account the purity and handling of
the samples) is estimated to be 2%.

Density measurements

Density was measured with an Anton Paar vibrating tube
densimeter, model DMA 5000, operating at atmospheric
pressure and in the temperature range from 293.15 K to 353.15
K. The internal calibration of the instrument was confirmed by
measuring the densities of atmospheric air and bi-distilled
water, according to the recommendations of the manufacturer.
The DMA 5000 cell is embedded in a cavity inside a metallic
block, the temperature of which is controlled by several Peltier
units. This arrangement allows a temperature stability better
than 0.002 K for periods over 10 min. Under these operating
conditions, the density measurement repeatability was better
than 5-10”° g-cm™ and the expanded uncertainty is estimated to
be + 3-10* g-cm™. All reported density data were corrected for
the effect of viscosity using the internal calibration of the
densimeter. During the measurements the liquid (ca. 2 cm®) was
transferred to a syringe and injected into the densimeter. To
prevent any air bubble, the vibrating tube was first filled with
some of the contents of the syringe (ca. 1 cm’), and a first
density measurement was taken (after the temperature set point
was reached). Another measurement was carried out after the
liquid of the vibrating tube was replaced by that remaining in
the syringe. The agreement between both values judges both the
effectiveness of the method and the absence of air bubbles.

Ionic Conductivity measurements

Ionic conductivities were measured using a CDM210
Radiometer Analytical conductimeter in a jacketed glass cell
containing a magnetic stirrer. The cell was thermostatized with
a water bath controlled to = 0.01K. The cell temperature was
measured by a platinum resistance thermometer coupled to a
Keithley 199 System DMM)/Scanner. The thermometer was
calibrated against high-accuracy mercury thermometers (0.01
K). Then, 1.5 ml of the sample was added to the thermostatic
cell and stirred. The cell was closed with screw caps to ensure a
secure seal and flushed with dry nitrogen to prevent humidity.
The conductimeter was calibrated at each temperature with
certified 0.01 D and 0.1 D KCI standard solutions supplied by
Radiometer Analytical. This technique was validated using pure
ionic liquids as described previously.?® Every conductivity
value was determined at least two times and the uncertainty of

the measurements is estimated to be < 1%.

Refractive Index

The refractive index of the pure ionic liquids was determined
by an ABBEMAT 500 Anton Paar automatic refractometer
with a resolution of £ 10 and an uncertainty of + 4:107. The

This journal is © The Royal Society of Chemistry 2012
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apparatus was calibrated by measuring the refractive index of
Millipore quality water and tetrachloroethylene (provided by
the supplier) before each series of measurements.

Molecular Dynamics Simulations Details

Simulation Runs

All ionic liquids studied were modeled using the CL&P
atomistic force field,**** which is an extension of the
AMBER and OPLS force fields** specially designed to study
ionic liquids and their homologous series. Molecular dynamics
simulations were carried out using the DL POLY 2.20
package.” The runs were performed with a 2 fs timestep and a
2 nm cutoff distance. Ewald summation corrections were
performed beyond the cutoffs.

When studying microstructured fluids, the size of the systems and
the duration of the simulations are of particular importance since
periodic boundary conditions can induce artificial finite-size effects
on the length scales of the observed nanostructures. System sizes
were chosen as to contain around 13,000 atoms, yielding cubic
simulation boxes slightly larger than 125 nm’. The number of ion
pairs and the size of the simulation box for all studied ILs are
presented in Table 1.

Due to the slow dynamics of this type of system, special care
was taken to ensure the attainment of true equilibrium
conditions.

All simulations started from low-density configurations that
were subjected to 3 ns equilibration runs under isobaric
isothermal ensemble conditions at p = 0.1 MPa and 7 = 343 K,
with Nosé—Hoover thermostats and barostats with relaxation
time constants of 1 and 4 ps, respectively. The density of each
system reached constant and consistent values, indicating that
equilibrium had been attained and possible ergodicity problems
had been overcome. Then, all ionic liquids were re-equilibrated
at 298 K for 1.3 ns. Finally, several (at least six) consecutive
production stages of 1.0 ns each were performed. The
combined production runs were used for the structural and
aggregation analysis of all studied ionic liquids (see below).

Structural Analysis

The pair radial distribution functions g;(r) between selected
pairs of atoms or interaction centers were calculated in the
usual way?® up to = 2.5 nm.

The total static structure factor functions, S(g), were calculated
using a previously described methodology.?’ In brief, S(q) was
obtained from:

S(@)=2.2.5,(@) (1)

sin(gr) sin(zR)

dr
gr  @r/R

P b (@b ()] 47 [ g, (r) 1]

(inbi(Q)j

2

Si(q) =
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where Sj(q) is the partial static structure factor between atoms
of type i and j (e.g., carbon, hydrogen, or nitrogen), calculated
from the corresponding Fourier transform of the partial radial
distribution function g;(r); g is the scattering vector; p, is the
average atom number density; R is the cutoff used in the
calculation of g;(7), i.e. half the side of the simulation box; x;
and x; are the atomic fractions of 7 and j; and b,(¢) and by(q) are
the coherent scattering lengths of the
corresponding atom type, interpolated from recommended

bound neutron

values in the International Tables for Crystallography.”® The
term sin(nR)/( w/R) in Eq. 2 is a Lorch-type window function
used to reduce the effect of using a finite cutoff in the radial
distribution function calculation.?

Aggregation Analysis

The aggregation analysis of all ionic liquids focused on two
types of issue: (i) the evaluation of the connectivity between the
charged moieties of the molecular ions that compose the so-
called polar network and (ii) the calculation of the connectivity
between the alkyl side chains and an estimation of the
distribution of aggregate sizes of the corresponding nonpolar
domains.

The connectivity analysis of either the polar moieties that
compose the polar network or the alkyl chains that form the
are based on previously described
that generate neighbor lists of interaction centers

nonpolar aggregates
algorithms™®>'
of a given type, in a three-stage sequential process.

First, the different types of interaction centers are defined: (i)
the center of mass of the imidazolium ring and/or the sulfur
atom of the perfluoroalkylsulfonate anion and/or the carbon
atom of the carboxylate group of the perfluoroethanoate anion,
in the case of the charged aggregates; (ii) all carbon atoms of
the alkyl and/or perfluoroalkyl side chains except those directly
connected to the charged moieties of the ions, in the case of the
nonpolar aggregates.

Second, a connectivity threshold for each case is established by
considering the corresponding g;(7) data.***' Within the polar
network the cation—anion interionic distance has been set to 0.8
nm, corresponding to the first coordination shell limit of the
g;(r) data; in the case of the alkyl side chains, the threshold has
been set to 0.5 nm for the distance between any two carbon
atoms belonging to two different side chains. This is also
related to contact distances taken from the g;(») data.®

Third, the use of the threshold criteria allows the computation
of closest-neighbor lists for each interaction center for all
recorded the production runs, thus
ascertaining the connectivity within the polar network or the

configurations in

nonpolar domains. In the case of the polar network, the
connectivity is stipulated as always being between ions of
opposite sign (cations connected to anions and vice versa); in
the nonpolar domains, two chains are considered to belong to
the same aggregate if the distance between any two carbon
atoms of the two chains is lower than the threshold value.

Finally, the probability distribution function, P(n,), of finding
an ionic moiety or alkyl side chain in an aggregate of a given

4| J. Name., 2012, 00, 1-3

size (with n, ionic moieties or alkyl side chains) was computed
from the generated connectivity lists.*

Results and discussion

Thermal Properties

For industrial applications of FILs as alternative green solvents
the determination
temperatures is paramount. These properties determine the

of both decomposition and melting
liquid range of the compounds, and, consequently, their range
of applications. While the melting temperature specifies from
which temperature the FIL becomes liquid, the decomposition
temperature determines the upper operating temperature for that
fluid."" In accord with the results illustrated in Fig. 2 (also
reported in Table S2 of the ESI), only [CsCiIm][C4FoSOs],
[C1,CiIm][C4F9SO5] and [C,CIm][CgF7SO3] exhibit a melting
temperature greater than 298.15 K. Thermal properties for
[C6CiIm][C4FoSO5] [CsCiIm][C4FoSO;]  published
previously!! are also shown for comparison purposes.

and

690 1 ; . "
I 29815K ® [C,C,Im][CF,SO,|
| O [C,CIm][CF,CO,)
an “ X m  [C,C,Im]|[CF,SO,]
605 + o [ ] | ] 5C1 SO,
| O IC,C,Im][CF,CO,)
| A [C,CIm][C,F,50,]
M | A [C,C,Im][C,F,CO,]
g 201 : 16 1C,CImICE,SO,]
= : O 1C,C,Im][C,F,CO,)
I *  [C,C,Im][C,F,SO,]
435r o | 14 [C,,C,Im|(C,F,S0,]
[}
o 4 X [C,C,Im][C,F,,SO,]
a I
I
350 L 1 L L
240 275 310 345 380
T,/K

Fig. 2. Decomposition temperatures, 7., versus melting temperatures,
Tm, for the fluorinated ionic liquids, where: full symbols represent FILs
based on the perfluorosulfonate anion and open symbols represent FILs
based on the perfluorocarboxylate anion.

These results suggest that both the increment of the
hydrogenated alkyl chain length and the increment of the
fluorinated alkyl chain length are related to an increase in the
melting temperature. The differences between the carboxylate
and sulfonate anions in the melting temperatures are not
significant, showing a slightly lower value for the carboxylate
anions. The main difference is detected for the [CgC,Im]"
cation. This cation, conjugated with the sulfonate anion
[C4F 9503]7, has a melting temperature above room temperature,
in contrast with the IL with a carboxylate anion, [C4F9C02]7,
which reveals a melting slightly below 298.15 K. Besides, FILs
with sulfonate anions present a much higher decomposition
temperature as compared with those based on the carboxylate
anions. These high decomposition temperatures of FILs
incorporating sulfonate anions may be used in the energy
industry, due to their high capacity of energy storage.'

This journal is © The Royal Society of Chemistry 2012
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Viscosity and density

Thermophysical properties display a very important role in the
application of FILs in the design and development of industrial
and chemical processe:s.l""32 Nowadays, there is a scarce of
information about these properties for this specific family of
ionic liquids."' Besides, even for traditional ionic liquids, the
limited number of available data of their thermophysical
properties, as viscosity and density,"* in addition to the lack of
accuracy of the most common reported methods and the limited
temperatures studied (most of them at 298.15K) present a
barrier for their industrial application as cleaner solvents in
industrial processes.!'*® Viscosity and density are the most
important properties for any fluid phase. Viscosity, a transport
property, is a measure of the resistance of a fluid which is being
deformed by either shear stress or tensile stress. High values of
viscosity represent a disadvantage in processes that involve
pumping, mixing, stirring, and mass transfer operations."'' This
property is very dependent on temperature and, therefore
measurements were performed in a range of temperatures from
293.15K to 353.15K. The dynamic viscosity data for the FILs
based on the imidazolium cation are plotted in Fig. 3 and
experimental data are reported in Table S3 of the ESI
([C6CiIm][C4F9SO5] [CsCiIm][C4FoSOs]
previously published'' and are also shown for comparison
purposes).

For the studied ionic liquids there is only available in the
literature experimental data for [C,C,Im][CF;SO5].***¢ Our
data compare within experimental error with those of Freire et
al*® However, larger deviations (+ 6%) are observed in respect
to other sets of available viscosity data. These differences arise

and have been

from distinct samples with different purity levels, handling of
the sample, and diverse measuring methods.

Arrhenius fittings for viscosity, 77, were well carried out by the
Vogel-Fulcher-Tammann (VFT) equation:

Inn :ln770 + 3)

r-1,
where 779, B, and T, are constants. The fitting parameters are
summarized in Table S4 of the ESI together with the standard
deviations (S.D.). These deviations were calculated by applying
the following expression:
ronr 1/2
Z(Zcxp ~ Zadjust )2
S.D.=| -

NpaT 4
where property values and the number of experimental and
adjustable data are represented by z and npart, respectively. The
analysis of these data allows us to conclude that both the
increment of the hydrogenated alkyl chain length as well as the
increment of the fluorinated alkyl chain length induce a
decrease in their fluidity (inverse of viscosity).

Furthermore, FILs based on carboxylate anions show higher
fluidity than FILs based on sulfonate anions as can be verified
by comparing different imidazolium-based cations available in

This journal is © The Royal Society of Chemistry 2012
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this work: [C,C,Im][CF;S05] < [C,C,Im][CF;CO,];
[CsCiIm][CF;S0;] < [CCiIm][CF;CO,]; [C,CIm][CyFoSO;]
< [C,CIm][C4FeCO,]  and  [CyCIm][C4FoSO;] <
[CsC,Im][C4FoCO,].

6.50
A [C,C,Im][CF,S0,]
a) *  [CC,Im|[CF,SO,]
& [C,C,Im][C,F,S0,]
5507 1@ [C,CImlIC,F,S0,]
4
-9
E 4sot ]
5
=
3.50 i
2.50 } } ' ‘
6.50 |- | @ 1C,CIm][CF,50,]
0O  [C,C,Im][CF,CO,]
B [C,C,Im][CF,S0,]
530 - | O [C4CIm][CF,CO,]
A A [C,C,Im|[C,F,S0,]
Qé A [C,CIm][C,F,CO,]
S a0t | ¢ IGCImICFSO,
= O [C,C,Im][C,F,CO,]
290 - |
1.70 . . .
27 2.9 3.1 33 35

1000/ T (K™)
Fig. 3. Arrhenius plots of dynamic viscosity and fitted curves for the

fluorinated ionic liquids: a) study of the increment on the hydrogenated
alkyl chain length; b) comparison between FILs based on the sulfonate

anion and FILs based on the carboxylate anion.

On the other hand, density is an important property for the
design of separation and extraction process.'' However, as
aforementioned there are discrepancies between results already
published'®*"*® for fluorinated ionic liquids and those used in
this work. The more precise method, found in literature for
the U-shaped vibrating-tube
densimeter'! which was used in this work. The density results
are illustrated in Fig. 4 and reported in Table S3 and S5 of the
ESI.

Comparing our density results for [C,C;{Im][CF;SO;] with those
34-36,39

these measurements, is

available in literature, we can see that they fall within a £0.1%
uncertainty which is acceptable for ionic liquids mainly when
measuring them using different experimental techniques, from
distinct sources and handling procedures.***' Tsamba ez. al. data*?
are completely away from the other experimental data available.
The temperature dependence of the density was studied applying the
following expression:
Inp=4,+AT %)
where T is the absolute temperature and 4, and A4, are
adjustable parameters. The use of a linear fitting is supported
by the standard deviations obtained for density, which are lower
than the claimed uncertainty. The correlation parameters are

J. Name., 2012, 00, 1-3 | 5
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given in Table S4 of the ESI together with the standard
deviations for the density calculated from equation 4.

1.57 ! ) ) A [C,C/Im][C/F,S0,]
AH‘\‘\“H\A\‘M‘ *  [C,C,Im][C,F,S0;]

¢ [C,CIm][CF,SO;]

147 | 1@ [C,,C,Im][CF,SO;]

3

plgem
"
=

[C,C,Im][C,F,CO,]
[C,C,Im][C,F,SO,]

plgem
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130 | MW%’W 1 [C,C,Im][C,F,CO,]
sk H‘F.HHH‘.H i
1.00 L L .
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T/K
Fig. 4. Density and fitted curves as a function of temperature (7) for the
fluorinated ionic liquids: a) study of the increment on the hydrogenated alkyl
chain length; b) comparison between FILs based on the sulfonate anion and

FILs based on the carboxylate anion.

From the analysis of the experimental results, it was observed that
the increment of the hydrogenated alkyl chain length is related to a
decrease in density. For example, the density of: [C,C;Im][CF;SO;]
> [CsCIm][CF;S0;]; and [CoCiIm][C4F¢SO5] >
[C6CiIm][C4FoSO;] > [C3CiIm][C4F9SO;] > [C1oCiIm][C4FSO;].
However, an increment on the fluorinated alkyl chain length is
related to an increase in density as can be observed in the following
examples: [C,CIm][CF;S05] < [C,CIm][C4FoSO5];
[CsCiIm][CF3S0;] < [C3CiIm][C4FsS0s]; [CoCiIm][CF3CO,] <
[C,CiIm][C4FoCO,]; and [CsCIm][CF;CO,] <
[CsCiIm][C4F9CO,]. Another interesting point is that carboxylate
anions show lower densities than sulfonate anions for FILs based on
the same cation.
The isobaric thermal expansion coefficient, ay, is defined as the
temperature derivative of In(p), as expressed in equation:
o, (K =-[0Inp/ o T (K)], (6)
The isobaric thermal expansion coefficients for this family of
ionic liquids are shown in Fig. 5. The overall estimated
uncertainty of the calculate «, values is 2%. From the
definition of &, we can observe that the use of a linear fitting of
In(p) vs T originates a temperature independent thermal
expansion coefficient. The results obtained show that o,
increases with the increment in the alkyl chain length of both
cation and anion. Moreover, it is also possible to verify that the
effect of increasing from the alkyl chain attached to the
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imidazolium cation from C,Hs to CgH; is less than half of the
obtained by changing from CF; to C4Fy in the anion.

7.48 ® [C,C,Im[[CF,SO,|
O IC,C,Im][CF,CO,]
7.26 ¢ o 1m  [C,C,Im][C,F,SO,]
Toal g [ ] | IC,CIm](C,F,CO,l
- . .
2 682 L 1
&
= 660 E
=
(o]
6.38 ° 1
6.16 (o] 1
[ J
5.94 . . . . . .
0 2 4 6 8 10 12 14

Number of carbons of alkyl chain (n)

Fig. 5. Isobaric thermal expansion coefficients, a,, of the ionic liquids
used in this work as a function of the alkyl chain length of the 1-alkyl-
3-methylimidazolium cation. Full symbols correspond to sulfonate

based anions and empty symbols are used for carboxylate based anions.

Measurements of the refractive index (experimental data in
Table S3 of the ESI) provide us with useful information about
the forces between molecules as well as their behaviour in
solution.** The refractive index can be used as a measure of the
electronic polarizability of a molecule and can provide useful
information when studying the forces between molecules or
their behaviour in solution.* The Lorenz—Lorentz equation
relates the electronic polarizability, o, with the refractive
index, np, and can also be expressed in terms of the molar
refraction, or molar polarizability,* R,,, using the expression:

RmzNAae:(nlz)_lem 7
3¢

2
o ny+2

where N, is the Avogadro’s constant, € is the dielectric
constant, and ¥, is the molar volume.

The values of the molar refractions of these FILs were
calculated and are listed in Table S6 of the ESI together their
molar volumes. As expected, both molar refractions and molar
volumes increase with the increment of hydrogenated and/or
fluorinated alkyl chain lengths. The very strong C-F bonds
existents in FILs could cause an increment in rigidity of the
molecular structure and a decrease in polarity. These two
properties, molar refractions and molar volumes, present
slightly greater values for FILs based on the sulfonate anion
with the same cation than for FILs based on the carboxylate
anion: [C,CIm][C4FsSO;] > [C,CiIm][C4FyCOs,]
[CsCiIm][C4FoSO3] > [C3CiIm][C4FoCO,].

To ease the prediction of molar volumes and densities of novel

and

ionic liquids, a simple, albeit precise method, was established
by Rebelo et. al.***® Table 2 shows the effective molar volumes
of distinct fluorinated anions, V*a, that were obtained in this
work and the equivalent effective molar volumes of their
corresponding hydrogenated counterparts. The average increase
in volume per CH, group is 17.1 cm’ mol' which compares
well with the 17.2 cm®mol’!
experimental data show that the average increment in volume

found in literature.** The

for each CF, group is 26.1 cm’mol. This increment is

This journal is © The Royal Society of Chemistry 2012
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independent of the nature of the anions (perfluorosulfonates or
perfluorocarboxylates). Moreover, replacing a CH; group by a
CF; one in the anion increases the molar volume of the ionic
liquid for about 21.5 cm®-mol™. Interestingly, if one takes our
already published effective molar volume of the anion
[C4H9503]7, 117.9 ¢cm®mol”, remove three CH, groups, add
three CF, groups and add the change in volume from CHj; to
CF; group, we obtain a molar volume of 166.4 cm®-mol™!, for
the anion [C4F9503]7 which perfectly matches our experimental
data.

Since we are dealing with fluorinated ionic liquids and the
calculation of the CF, contribution for their molar volume, we
have decided to check how this contribution relates to that in
perfluoroalkane molecules. The main difference is that for
molecular species the comparisons must be performed at the
7.  The for
perfluoroalkanes using already published density data

results
50

same reduced temperature,
show
that the molar volume increases per CF, group added is
dependent on the selected reduced temperature and varies from
30.3 ecm>mol™ at a 7, = 0.66 to 27.7 at a T, = 0.55, which is the
lower limit in terms of temperature for which there is relevant
data. This trend is compatible with the value of 26.1 cm®-mol™,
found for the CF, contribution in FILs. It also corroborates the
between the CH,

contributions in ILs, alkanes and n-alkanols.*’

previously found relations and trends

Ionicity

Tonicity is also an important transport property for industrial
applications.'" This property establishes a relationship between
the molar electrical conductivity (calculated from the ionic
conductivity) and the viscosity (Fig. 3) of a solution. The
temperature dependence of the ionic conductivity (experimental
data in Table S3 of the ESI) was also fitted using the VFT
equation:

B!
Ink=Ink -
0 T—TO' ®)

where ky, B, and 7, are adjustable parameters. Table S4 of the
ESI the best-fit of the ionic
conductivity, and the fitting curves are represented together the
Ionic conductivities for
published

summarizes parameters

experimental values in Fig. 6.
[C6CiIm][C4FoS03] [CsCiIm][C4FoSO3]
previously'! are also shown for comparison.

and

Tonicity provides us with useful information about transport
properties, mobility and the possible formation of aggregates.
The presence of aggregates may decrease the mobility and the
molar conductivity of FILs and increase their viscosity,
obtaining an ionic behaviour away from the ideal electrolyte.
The ionicity of inorganic salts and ionic liquids can be
represented by the Walden plot which establishes a relationship
between the molar conductivity and the fluidity (inverse of
viscosity) of a fluid.’"** In the case of an ideal FIL conductor,
conductivity is only influenced by the viscosity.” The black
straight line of Fig. 7, fixes the position of the “ideal”

This journal is © The Royal Society of Chemistry 2012
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electrolyte (aqueous potassium chloride solution) which is fully
dissociated and does have ions of equal mobility.**
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Fig. 6. Arrhenius plots of ionic conductivity and fitted curves for the
fluorinated ionic liquids: a) study of the increment on the hydrogenated
alkyl chain length; b) comparison between FILs based on the sulfonate

anion and FILs based on the carboxylate anion.

o ' ' ' A [C,CIm][CF,S0,]
= a) *  1C,C,Im][CF,50,]
g & IC,C,Im][C,F,S0,]
g 047 @ 1C,C,Im]IC,F,S0,]
172}

z N

z A

é -0.2 r 4
H A%

o *y

= *o

s -08r *.*" 4
=S -

o0 L]

= * o

-14 , , ,

10 ® [C,C,Im][CF,50,]
= b) O IC,C,Im][CF,CO,]
g 0O |m [C,CIm][CF,S0,
o 00 81 3¥Y3
g 04r .0800 10 IC,C,Im][CF,CO,]
) ..mo A [C,CIm][C,F,50,]
£ AnA A [C,CIm][CF,CO,|
"E -0.2 1 A N ﬁju 4@ [C,CIm]|[CF,SO;
E '™ A!]q] O IC,C,Im](C,F,CO,|
© Lo
: o
= o8}t -0 J
s mob o
S o?

2
(o
1.4 L L L
-14 0.8 0.2 0.4 1.0

log[1/viscosity (Poise’l)]
Fig. 7. Walden plot for the fluorinated ionic liquids: a) study of the
increment on the hydrogenated alkyl chain length; b) comparison
between FILs based on the sulfonate anion and FILs based on the

carboxylate anion.
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Depending on the position occupied by the FIL, close to or far
from the ideal electrolyte, and according to the classification
proposed by Angel and co-workers, the FIL could be
considered either a “good” or a “poor” ionic fluid.>> The
analysis of the studied matrix (see Fig. 1) for ionicity enables us
to consider that for the increment of the hydrogenated and
fluorinated alkyl chain lengths, the ionicity of the FIL decreases
and there are divergences to the behaviour of the ideal
electrolyte. The Walden plot shows a linear behaviour with
temperature for each FIL, as expected. Another conclusion is
that FILs based on the carboxylate anion are more far away
from the ideal electrolyte, in contrast with the higher ionicity of
FILs based on sulfonate anions combined with identical
imidazolium cations.

Structural Analysis using MD simulation data

In order to rationalize at a molecular level the bulk
thermophysical properties of the different ionic liquids, we
have conducted a series of Molecular Dynamics (MD)
simulations on eight of the eleven systems: Four systems
belong to the homologous series [C,CIm][C,FsSO;] (n= 2, 6,
8, 12); Two other systems, combined with two systems from
the previous set, form the four-sided arrangement
[C,.C{Im][C,,F;,,+1SOs] (n= 2, 8; m= 1, 4) depicted in Fig. 1b;
Finally, the last two are based on -carboxylate anions,
[C,C{Im][C,,F5,+1CO,] (m= 1, 4).

Global Structure Factor functions and Overall Structure
Figures 8 and 9 depict the global structure factor functions,
S(g), calculated via the appropriate Fourier transforms of the
pair correlation functions obtained from the MD trajectories
(see MD Simulation Details sub-section). The graphs in the top
row of each figure show the S(g) functions in the studied g-
value range (0 < g/nm™" < 60); those in the second row focus on
the low-g region (for ¢ < 20 nm™), which corresponds to
intermolecular structural features. The graphs in the bottom
rows show the deconvolution of the low-g peaks present in each
case and the corresponding fitting deviations.

First we consider the [C,C,Im][CF5;SO;] system (Fig. 8, left
column). The deconvolution of the two low-g peaks yields two
Gaussian functions centered at 9.90 and 13.54 nm’,
corresponding to the so-called charge-ordering peak (COP) and
the contact peak (CP), respectively.

The g-value of the contact peak (CP) is related in real space to
distances between neighboring atoms belonging to different
ions. It broadly defines the boundary between intra- and
intermolecular structural features and is a general structural
feature present in most ionic liquids and molecular fluids.

On the other hand, the charge-ordering peak (COP) is a
distinctive feature of ionic liquids or molten salts.?’>%3%%3 |t
stems from the fact that in order to establish local electro-
neutrality conditions each ion in an ionic liquid is surrounded
by counter-ions and vice-versa. Such three-dimensional
network of alternate ions —the so-called polar network— will
exhibit correlation functions between pairs of ions with
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opposite charge and pairs of ions with the same charge that are
in opposition of phase to each other and have unique
characteristic wavelengths (cf. Fig. 9 to 11). In reciprocal
space such wavelengths (0.635 nm for [C,C,Im][CF;SO;]) will
correspond to the g value of the COP peak (9.90 = 27/0.635). It
must be stressed that the correlations between same-charged
ions and opposite-charged ions contribute with different signs
for the emergence of the COP peak.®™®' In some ionic liquids
(not [C,CIm][CF3S0O;3]) the COP can be almost absent not
because there is no polar network, but simply because the
contributions from the different charge-charge correlations are
canceling each other.®*

[Cgcllm][chsOﬂ [C,C1im][CF5CO,] n[CgCﬂm][CFaCOZ]

(a-u')1 }'\I\/\/\V\/J\/\/\\//‘\/\/Vj

:

(auATfQW\ﬂVWV\AM\AVNV\

q/nm*

Fig. 8. Structure Factor functions, S(g), of imidazolium-based ionic
liquids combined with perfluoromethanesulfonate and
perfluoroethanoate anions. The first two rows depict extended-range
and low-g spectra. The third and fourth rows show multi-peak
deconvolutions and fitting deviations of the low-q spectra. The g-values
of the polar-nonpolar (grey), charge-ordering (green) and contact
(purple) peaks are also represented.

s(q) }

e

[C2C4im][C4FSO5] [CoCaim][C4FSO5] ,\[Cxcﬂm][chsoz] !\[Cuclim][CAFQSOa]

q/nm?

Fig. 9. Structure Factor functions, S(g), of imidazolium-based ionic
liquids combined with the perfluorobutanesulfonate anion, graphs as in
Fig. 8.

When one moves from the [C,C,Im][CF;SO;] to the
[CsC{Im][CF;S0;] system, a new, distinctive low-g peak
appears at 3.25 nm™' (Fig. 8, second column from the right).
The new peak is the so-called pre-peak or polar-nonpolar peak
(PNPP) and is a consequence of nano-segregation occurring in
the ionic liquid, between its polar network and nonpolar
domains formed by the nonpolar moieties of the molecular ions
(the octyl side chains in the case of [C3CIm][CF3;SO3]). The g-
value of the PNPP is related in real space to distances between

This journal is © The Royal Society of Chemistry 2012
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different polar networks strands separated by nonpolar regions
(d = 1.93 nm = 27/0. 325). The absence of a PNPP in the
[C,C{Im][CF;S0;] system is a consequence of the fact that the
volume occupied by the nonpolar domains (the ethyl moieties
of the cation) is too small to cause the effective separation of
the polar networks into different strands.

The comparison between the [C,C;Im][CF;SO;] and the
[CsC{Im][CF;SO;] systems also shows that there are small
shifts in the positions of the CP and the COP. The CP shifts can
be attributed to a different composition of the sample (a higher
proportion of hydrogenated moieties). The COP position shifts
to lower g-values (from 9.90 to 9.38 nm™") which mean that the
characteristic distances within the polar network are increasing.
It was shown in previous discussions®***% that this fact is a
consequence of the stretching of the polar network that needs to
accommodate bulkier nonpolar domains without disrupting
itself.

When the [CF3;SO;] anion is replaced by the smaller
[CF3CO,] anion in the two previously discussed systems (Fig.
8, two right-most columns) a couple of observations can be
made: i) the corresponding COPs are shifted to greater g-
values; ii) a small pre-peak shoulder is visible even for
[C,CIm][CF;CO,].

The COPs shifts are straightforward to explain: smaller ions
will produce a polar network with smaller characteristic
distances and higher COP g-values. The shift of the COP to
higher g-values combined with the fact that the volume
occupied by the non-polar domains in [C,C,Im][CF;CO,] is
greater than that in [C,C,Im][CF;SO;] allows the observation
of an incipient PNP shoulder at 6.18 nm™.

The relation between S(g) low-g peaks and the structure of
ionic liquids have been explored in the past for different
homologous series with increasing alkyl side chains in the
cation.’***%3 In this work we can analyze the effect of having a
long fluorinated alkyl side chain in the anion (Fig. 9). The S(g)
function of the [C,CIm][C4F9SO3] system exhibits three peaks
at 3.16, 9.60 and 12.99 nm (Fig. 9, left column),
corresponding to the usual PNPP, COP and CPs. In the present
case the PNPP must originate from the perfluorobutyl chain in
the anion since the ethyl moiety in the cation is too small to
yield a prominent PNPP (no PNPP is present in
[C,CIm][CF;3S03)).

The well-defined PNPPs in the [CgC;Im][CF3;SOs;] and
[C,C{Im][C4F¢SO5] systems are both the result of an effective
separation between polar network strands. However those
separations are caused by different nonpolar regions: octyl-
based hydrogenated nonpolar domains in the case of
[CsC{Im][CF;S0;]; perfluorobutyl-based fluorinated nonpolar
domains in the case of [C,CIm][C4FSO;3].

What if both the cation and the long
alkyl/perfluoroalkyl chains? The three left-most columns in Fig.
9 all show PNPPs. The difference is that none of them can be
deconvoluted by simple Gaussian functions. In the case of
[CsCIm][C4F¢SO;] and [C,C{Im][C4F9SO3] (where the alkyl
chain is markedly larger than the perfluorobutyl chain) the
PNPP can be fitted to a Gaussian function with an exponential

anion have
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decay. This means that the polar network strands are being
separated not by distances based on a single characteristic
distance but rather by nonpolar domains that contain nonpolar
moieties of different length. The longer nonpolar moiety
probably defines the g-value of the PNPP whereas the shorter
moiety contributes to its exponential decay. In the case of the
[C6CiIm][C4F9SO;] the two nonpolar moieties have similar
lengths and the overall curve fitting of the low-g S(g) function
had to be performed using four distinct fitting functions (CP,
COP plus two PNPP). This suggests that not only the polar
network is being effectively segregated from the non-polar
regions but that there is also some degree of segregation
between nonpolar domains (cf. Aggregate Analysis subsection
below).

It must be stressed at this point that the fitting of the low-g S(gq)
functions with multiple complex functions was performed
taking into account the position of the COP peak for each type
of system. We have seen that there is a very strong link
between the position of the COP and the correlation functions,
g(r), between pairs of same-charge or opposite-charge ions. In
order to avoid consistency problems associated with multi-peak
fitting redundancies we have always checked that the
characteristic wavelength of the charge-ordering g(r) functions
of a given system and the position of the fitted COP peak were
coherent. This is shown in Fig. 10-12, where the corresponding
charge-ordering g(r) functions are depicted. A grid representing
the characteristic wavelength for each system, obtained from
the fitted COP values, is superimposed with the correlation
functions and confirms the consistency of the fitting
methodology.

r[C,C,im][CF3S0;] r [CgC4im][CF3S05]

ot

09 25

glr)

0.635 nm

Jper

[ i 2 0 1 2

0.670 nm

r/nm

Fig. 10. Pair Radial Distribution functions, g(r), for two
perfluoromethanesulfonate-based ionic liquids. Green curves: cation-
anion g(r)s (imidazolium ring centroid to sulfur atom, CM-S); red
curves: anion-anion (S-S) g(r)s; blue curves: cation-cation (CM-CM)
g(7r)s. The vertical purple lines and numerals indicate the characteristic
wavelength of the dampened periodical functions.
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Fig. 11. Pair Radial Distribution functions, g(r), for two

perfluoroethanoate-based ionic liquids. Graphs as in Fig. 10.
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Fig. 12. Pair Radial Distribution functions, g(r), for four

perfluorobutanesulfonate-based ionic liquids. Graphs as in Fig. 10.

In summary, both the hydrogenated and perfluorinated nonpolar
moieties, if long enough, are able to promote an effective
segregation between the polar network and the nonpolar regions
of the ionic liquids under discussion. The presence of PNPPs
reveals such ability: none in [C,CIm][CF;SO;]; one simple
peak in [CgCIm][CF3;S0s3] caused by the octyl moieties; one
simple peak in [C,C{Im][C4F9SO3;] caused by the
perfluorobutyl moieties; one complex peak in
[CsC{Im][C4F¢SO5] caused by the presence of both octyl and
perfluorobutyl moieties.

To further study the segregation between hydrogenated and
perfluorinated domains in systems with both types of nonpolar
moieties it will be necessary to conduct a more selective study
both in terms of correlation functions and aggregation analysis.
This will be performed taking into account the six sulfonate-
based systems.

Partial Correlation Functions and Aggregate Analysis

In previous studies®®® several authors related the effective
segregation of nonpolar domains within different ionic liquids
to the pair correlation functions between the atoms at the end of
the alkyl side chains.

Figure 13 shows pair radial distribution functions, g(r)s,
between selected atoms at the end of the hydrogenated alkyl
side chain of the cation (methyl carbon atoms, blue lines) and at
the end of the fluorinated side chain of the anion
(perfluoromethyl carbon atoms, red lines) for the six systems
under discussion.

The calculated g(r) trends are quite straightforward if one
considers the quartet formed by [C,C,Im][C,F>,,+;SO3] (n = 2
and 8, m = 1 and 4, first and third rows of Fig. 13): no
segregated nonpolar domains in (n = 2, m = 1), segregated
hydrogenated chains in (8, 1), segregated fluorinated chains in
(2, 4) and segregation of hydrogenated and fluorinated domains
in (8, 4).
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Fig. 13. Pair Radial Distribution functions, g(r), for six
perfluoroalkylsulfonate-based ionic liquids. Blue curves: g(»)s between
carbon atoms at the end of the alkyl chains of the cations (CT-CT); red
curves: g(r)s between carbon atoms at the end of the perfluoroalkyl
chains of the anions (CTF-CTF); Green (thin) curves: (CT-CTF) cross
g(r)s.

On the other hand, if one analyzes the [C,C;Im][C4FySO;s]
2, 6, 8 and 12 (right column of Fig.
13), one sees an increase of the correlations between the

homologous series with n =

terminal carbon atoms of the hydrogenated chains and the
concomitant decrease of the correlations between the terminal
carbon atoms of the fluorinated chains.

These trends are entirely consistent with the emergence and
nature of the different PNPPs discussed in the previous sub-
section.

The next question is to know if those nonpolar domains are
intermingled or not. The thin green lines in Fig. 13 represent
the pair distribution functions between terminal carbon atoms
belonging to the two distinct types of chain. Except for the
[C,Ci{Im][CF3SO;5] system, the correlations between terminal
atoms of different chains are always lower than the correlation
between the atoms belonging to the dominant type of aggregate.
The exception noted for the [C,C{Im][CF;SO;3] system case is
quite simple to explain: since the side chains are too short, their
arrangement is dictated by the alternate ionic character of the
polar network. This means that most ethyl groups will be
adjacent to perfluoromethyl groups, i. e. the g(») first peak of
the correlation between the terminal carbon atoms belonging to
different chains (-CH,CH; and -CF;) will be larger relative to
the correlation between terminal carbon atoms belonging to the
same type of chain. The two types of nonpolar “domain” are
effectively intermingled due to their proximity to the polar
network.

In the other five studied cases, the intermediate character of the
cross correlation relative to the two self-correlations (lower
than the dominant type of self-correlation, similar or slightly
larger than the other self-correlation) suggests that apart from

This journal is © The Royal Society of Chemistry 2012
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the segregation between the polar network and the nonpolar
domains, there is also some degree of segregation between
fluorinated and hydrogenated domains.

To further elucidate such idea we have performed an
aggregation analysis based on the interconnectivity of the
different chains present in each system. The results are given in
Fig. 14 as discrete probability distribution histograms of
nonpolar aggregate sizes, P(n,), as a function of aggregate size
number, n,.

For [C,CiIm][CF;SOs;] only
aggregates dispersed in the midst of the polar network (Fig. 14a
and Fig. 15a). Interestingly the ethyl groups are able to form
larger aggregates than their perfluoromethyl counterparts.

For [C3CIm][CF;SO;] (Fig. 14d and Fig. 15c) there is a
continuous hydrogenated nonpolar sub-phase: the 700 octyl
chains present in the system are gathered most of the time into a
single aggregate spanning the entire simulation box. Together
with the polar network this nonpolar domain forms a
bicountinuous structure, characteristic of many ionic liquids
containing long alkyl side chains. Such arrangement produces
the partial disruption of the polar network and the emergence of
polar strands separated by non-polar regions, which in turns
causes the appearance of the corresponding S(g) PNPPs.

there are small nonpolar

a [C,C4im][CF5SO5]| | b [C,C1im][C4FsSO5]
0.4 0.4 0.4 0.1
Ol Ol 0 Ol b ki,
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Fig. 14. Discrete probability distribuion functions of nonpolar
aggregate sizes, P(n,), as a function of aggregate size number, n,, for
six perfluoroalkylsulfonate ionic liquids. For comparison purposes, the
graphs occupy the same positions as those in Fig. 13.

The perfluoromethyl groups form smaller aggregates in
[CsCiIm][CF;3SO;] than in [C,CIm][CF3SO3;] due to the
smaller volume fraction occupied by the polar network to
which they are directly attached. In terms of the g(») functions
presented in Fig. 13d this fact has an interesting consequence:
the cross function is significantly larger than the corresponding
self-function involving the perfluoromethyl carbon atoms. This
can be explained by the fact that the isolated perfluoromethyl

This journal is © The Royal Society of Chemistry 2012
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groups surrounding the polar network will be righty at the
interface between the polar and nonpolar domains. This means
that the probability of one perfluoromethyl group contacting an
octyl terminal carbon will be greater than that of finding
another perfluoromethyl group.

a: [C,C,im][CF3S03] b: [C,C1im][C4FsSO5] §

c: [CeC1im][C4F5SOs5]

A2
7S o L)

d: [CsC1im][CF3S0;3]  e: [CgCyim][C4FoSOs]

f: [C12C4im][C4FoSO3]

o, 39

e
e
L)
<)

Fig. 15. MD simulation snapshots for six perfluoroalkylsulfonate-based
ionic liquids. The sides of the squares have a length of 5.1 nm. For
comparison purposes, the graphs occupy the same positions as those in
Fig. 13. Red and blue segments represent interactions within the polar
network, light gray and light green space-filled areas represent the alkyl
and perfluoroalkyl nonpolar domains, respectively. Dark gray and dark
green spheres locate the positions of the terminal methyl and

perfluoromethyl of the two types of chain, respectively.
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One could assume that the [C,C;Im][C4FoSO;] system (Fig.
14b of the
[CsCiIm][CF3S0O;] system, with the long perfluorobutyl chains

and Fig. 15b) would be a counterpart
replacing the role of the long octyl chains. In part this is true:
the P(n,) functions show small hydrogenated aggregates and
around 60% of the
hydrogenated aggregates contain 2 to 10 octyl chains, whereas
80% of the corresponding fluorinated aggregates in
[C,CiIm][C4FoSO;] are single -CF; groups. Again, the ethyl
groups seem more versatile in terms of aggregation than their

large fluorinated ones. However,

perfluoromethyl counterparts. One of the consequences of the
improved ethyl clustering is that there will be a better
segregation between the perfluorobutyl nonpolar domains and
the small ethyl clusters, as shown in the cross g(r) function of
Fig. 13b and in the simulation snapshot of Fig. 15b.

Another difference between the octyl
[CsC{Im][CF;S80;] and the perfluorobutyl aggregates in
[C,CiIm][C4FoSO5] is that in the former case almost all octyl
chains belong to a single nonpolar cluster percolating the entire

aggregates in

simulation box, whereas in the case of the [C,C{Im][C4F¢SO3]
we are just at the threshold of such percolating event. This can
be confirmed by the large distribution of aggregate sizes, which
means that not all perfluorobutyl chains belong to a single
cluster but rather to different intermediate-sized clusters. This
state of affairs is simply motivated by the fact that the C4F,
chains are not long or bulky enough to overcome effectively the
bicontinuous segregation threshold. A case in point is the fact
that for most [C,C;Im]-based ionic liquid families such
threshold is generally only attained around the n = 5-6 range.

Finally one can follow the [C,C{Im][C4FySO3] (n = 6, 8, 12)
sequence where hydrogenated and fluorinated domains will co-
exist. Three issues become apparent when looking at the P(n,)
l4c, 14e and 14f: i) The
hydrogenated nonpolar clusters are continuous whereas the

functions depicted in Fig.
fluorinated ones are not; ii) The presence of the fluorinated
clusters interferes with the continuity of the hydrogenated
domains (cf. for instance the octyl aggregate distributions in
Fig. 14d and 14e); and iii) a more balanced situation between
fluorinated and hydrogenated domains probably would occur
for [CsCi{Im][C4F¢SO3] (a system that was not studied
experimentally and will not be considered in this work).

The main conclusion to be drawn from the data is that the cross
correlations within these three systems are always lower than
the average of the two pure correlations (Fig. 13c, 13e and 13f).
This seems to confirm some level segregation between the
hydrogenated and fluorinated domains, albeit smaller than in
the [C,CiIm][C4F9SO;], as can be seen in the different
snapshots of Fig. 15.

Conclusions

In the present work, the thermal and thermophysical properties,
namely, their melting and decomposition temperatures, ionic
conductivity, density, dynamic viscosity, and refractive index,
were determined for fluorinated ionic liquids with different
alkyl and perfluoroalkyl side chains. A comparison between

12 | J. Name., 2012, 00, 1-3

FILs
perfluoroalkylcarboxylate anions was also performed. The

based on perfluoroalkylsulfonate and
analysis of the results shows a strong dependency of these
properties when the alkyl and perfluoroalkyl side chains
increase. Furthermore, FILs based on carboxylate anion show
lower decomposition temperatures, density and ionicity but
higher fluidity when compared with FILs based on the
sulfonate anion.

Moreover, Molecular Dynamic studies demonstrate that the
effective segregation between the polar network and the
nonpolar regions of these FILs is different for hydrogenated
and perfluorinated nonpolar moieties. Furthermore, there is also
some degree of segregation between fluorinated and
hydrogenated domains. The short alkyl chains of imidazolium
cation are more versatile in terms of aggregation then their
perfluoromethyl counterparts. Perfluorobutyl chains are not
long or bulky enough to overcome effectively the bicontinuous
segregation threshold. In addition, the fluorinated clusters

interfere with the continuity of the hydrogenated domains.
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Table 1 Simulation conditions and size of the equilibrated boxes

System N ion pairs Vpor/nM> Lyo/Im
[C,C,Im][CF5CO,] 1000 280.5 6.55
[C,C,Im][CF3S0s] 1000 298.8 6.69
[C,C,Im][C4F+SOs] 350 148.8 5.30
[C6CiIm][C4FoSO;] 250 134.6 5.12
[C4C,Im][CF5CO,] 700 314.5 6.80
[C4C,Im][CF3S0s] 700 326.6 6.89
[C4C,Im][C4F+SOs] 250 148.8 5.30
[C12C1Tm][C4FoSOs] 250 175.7 5.60

Table 2 Effective size of several anions, V'*,, at 298.15 K and 1 bar

IL Anion V', /em’mol!  IL Anion* V', / em®-mol!
[CF3S0s] 88.1 [CH,SO;]° 66.5
[C4FoSO;T 166.4 [C;H,SO5] 117.9
[CF5CO,|" 743 [CH,CO,] 53.0
[C4FoCO, " 1525
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