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A family of fluorinated imidazolium salts showing liquid–crystalline properties in a wide temperature rangewas
developed. These fluorinated ionic liquid crystals, due to their intrinsic hydrophobicity, high thermal stability and
good conductivity, are suitable candidates to be used as electrolytes in electrochemical devices such as Dye Sen-
sitized Solar Cell (DSSC) or lithium batteries.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Liquid crystal materials have been intensively studied over the years
and, thanks to their uncommon optical characteristic, they have found
applications in a wide variety of fields: main exploited features are
high birefringence (polarizers, laser systems), fast electro-optical re-
sponse (displays, optical switches, tuneable photonic filters, electro-
chromic windows) and thermo-optical modification (thermometers,
sensors) [1].

Among them, ionic liquid crystals are liquid-crystalline compounds
that incorporate anions and cations, combining the typical characteris-
tics of both ionic liquids and liquid crystals. As ionic liquids, they have
high electrochemical and thermal stability, low vapour pressure and a
relatively high ionic conductivity considering their high viscosity [2–6].

Their use ranges from chemical synthesis to electrolyte systems,
with an additional liquid crystal behaviour that opens up to a unique an-
isotropic current conductivity [7,8].

More specifically, imidazolium ionic liquid crystals show typically a
well-defined smectic phase A (SmA), allowing these salts to get liquid
crystalline properties in different temperature ranges. As a conse-
quence, their conductivity is better than the usual imidazolium ionic liq-
uids at the same concentration and viscosity, especially when properly
oriented in their smectic form. The liquid crystal temperature range
can be tailored according to the specific application, and these salts
are good candidates for electrolytes in electrochemical devices (e.g.
DSSC, electrochemical capacitors and lithium batteries [9,10]) to
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provide a better long-term stability both by themselves and in combina-
tion with usual electrolytes [11–13].

The ionic liquid properties can be tuned through the choice of anions
and cations to get the desired physicochemical and toxicological charac-
teristics required by the specific application [14,15]. In the last decade
environmental impact of ionic liquids have been specifically addressed
[16]: toxicity of cations and anions must be studied separately, and
overall toxicity of the salts depends also on the concentration [17] and
does not always increase with the growth of alkyl side chains [18].

The introduction of poly-fluorinated ionic liquids is a strategy to fur-
ther improve hydrophobicity of the products [19–23]; the presence of
the mesophases can be preserved by proper synthetic strategy previ-
ously developed by Daunia Solar Cell [9,24,25].

In the present study we have developed a solvent-free synthesis of
fluorinated imidazolium salts with high molecular weight alkyl chains
having liquid-crystalline properties. The introduction of long alkyl
chains (C1–C10) on the imidazolium core gives amphiphilic properties
leading to an increase of both orientational order and layered structure:
this is due to the micro phase separation of the hydrophilic and hydro-
phobic components of cations. At the same time, the molecules exhibit
greater hydrophobicity and chemical stability thanks to the high level
of fluorinated carbons.

More specifically, due to great environmental and health concerns
towards long perfluoroalkylated substances (PFAs) we focused on
poly-fluoroalkyl chains involving no more than six carbon atoms
(Fig. 1) [26–28].

2. Experimental

2.1. Material and methods

All products obtained were confirmed by 1H NMR, 13C NMR, 19F
NMR and ESI-MS spectra; mesophase transition temperatures were
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Fig. 1.Generalmolecular structure of the synthetizedfluorinated imidazolium salts; p=1,
4, 6, 10 and X = I; p = 4 and X = BF4.
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determined by differential scanning calorimetric (DSC) and by polarized
optical microscopy (POM) on heating and cooling stage.

All reactions were carried out under argon using standard Schlenk
techniques and flame-dried glassware. Solvents: dichloromethane
(DCM), diethyl ether (Et2O), petroleum ether referring to a fraction of
bp 60–80 °C, acetonitrile (CH3CN) were dried and distilled under nitro-
gen prior to use. The deuterated solvents used after being appropriately
dried and degassed,were stored in ampoules under argon on 4Ǻmolec-
ular sieves. All synthetized products were stored in glove box (MBraun
UniLab H2O b 0,1 ppm O2 b 17,4 ppm) and treated before analysis for
24 h under vacuum (0.1 mbar) at room temperature.

2.2. Instruments

2.2.1. Nuclear magnetic resonance spectroscopy (NMR)
NMR spectra were recorded at 298 K using Varian Inova 300 (1H,

300.1 MHz; 13C, 75.5 MHz; 19F NMR, 282.3 MHz) and Varian Mercury
PlusVX 400 (1H, 399.9; 13C, 100.6MHz) instruments for routine analysis
and Varian Inova 600 (1H, 599.7; 13C, 150.8 MHz; 19F NMR, 564.1 MHz)
instrument to analyse the purified products; chemical shifts were refer-
enced internally to residual solvent peaks for 1H (CDCl3: 7.26 ppm) and
13C NMR (CDCl3: 77.00 ppm) spectra, and externally to CFCl3
(0.00 ppm) for 19F NMR spectra. J. Young valve NMR tubes (Wilmad)
were used to carry out NMR experiments under inert conditions. The
purity of the commercial starting imidazoles was checked by 1H NMR
(Figs. 1S–5S).

2.2.2. Mass spectrometer (MS)
ESI-MS spectra were recorded on Waters Micromass ZQ 4000 with

samples dissolved in MeOH.

2.2.3. Differential scanning calorimetry (DSC)
Calorimetric data were carried out using DSC1 STRe System (Mettler

Toledo). The samples were successively heated under nitrogen atmo-
sphere (50 mL/min) up to 220 °C and cooled down to −100 °C. The
cooling-heating cycles were repeated three times at different rates
(10, 5, 1 °C/min): the best reproducibility was obtained with a slope of
10 °C/min. DSC experiments were performed on 1–9 mg of the sample,
using aluminiumpans. The panwas heated initially to 100 °C for 30min,
in order to removewater. The sample panwas then re-weighed and the
DSC program was initiated.

2.2.4. Thermogravimetry (TG)
TG analysis was recorded on TG-DSC 111 (Setaram) on 20mg of the

sample: the samples were heated up to 250 °C under air flux (10 mL/
min) with at a constant heating rate of 5 °C/min starting from room
temperature.
Scheme 1. Reagents and conditions: 1-butyl imidaz
2.2.5. Polarized optical microscopy (POM)
POM analysis was performed using a light microscope (Zeiss

Axioskop2) equippedwith a polarizingfilter and a variable temperature
cell controller (Specac.). The sample was heated up to complete fusion
then left out to cool down to room temperature. The image of the
ionic liquid crystal was acquired using a digital camera (SCC - 833
Samsung).

2.2.6. Conductimeter
A PC510 (Eutech Instruments) was used to measure conductivities:

a calibration with 0.1 M KCl water solution was performed before the
analysis.

2.2.7. Karl Fisher titration (KF)
The water content in the C4_BF4 was determined by KF titration,

using a coulometer (Metrohm 831) in glove box.

2.3. Synthesis procedures of fluorinated imidazolium salts

2.3.1. Synthesis of 1-butyl-3-(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)-
2H-1λ4,3λ4-imidazol-2-ylium iodide (C4_I)

In a 250mL two-neck round bottom flask equipped with a condens-
er linked to the vacuum-argon line, N-butylimidazole (title 99% w/w,
Alfa Aesar) (4.2 g, 33.4 mmol) was charged and after degassing
with three vacuum/argon cycles, 1H,1H,2H,2H-perfluorooctyliodide
96%w/w, Aldrich) (23.8 g, 50.1mmol)was added. After threemore vac-
uum/argon cycles the temperature of the oil bath was increased from
25 °C to 120 °C in 10 min. After heating for 6 h, NMR analysis of the
crude reaction mixture (Fig. 6S, ESI) showed that the reaction went
to completion and the occurrence, together with the target molecule
C4-I, of the by-products N-butyl-imidazolium iodide and 1H,1H,2H-
perfluoro-1-octene (Scheme 1) typical of a Hofmann elimination of
the imidazolium salts [29–31]. By cooling the presence of two phases
was observed: a viscous red liquid (containing C4-I, N-butyl-
imidazolium iodide and C6F13CH = CH2) at the top and a pale yellow
liquid (the unreacted 1H,1H,2H,2H-perfluorooctyl iodide with
C6F13CH= CH2) at the bottom. The phases were separated by decanta-
tion and the viscous red liquid washed three times with petroleum
ether (3 × 50 mL) and three times with diethyl ether (3 × 50 mL). The
solvent and the volatile by-product C6F13CH = CH2 (bp = 102–104°)
were eliminated under vacuum (30 °C/53 Pa). After the work-up 1H
NMR of the red oil showed peaks of C4-I (75%) and of N-butyl-
imidazolium iodide (25%). The raw product (20 g) was dissolved in
20mL of dichloromethane and filtered under argon on anhydrous celite
(40 g) previously wetted with 200 mL of dichloromethane. The filtra-
tion was repeated two times. Celite was then washed with 80 mL of di-
chloromethane. Evaporation of the solvent (30 °C/53 Pa) gives a red
sticky wax with a yield of 75.1% (15.0 g, 25 mmol).

1H NMR (599.7 MHz, CDCl3): δ 10.30 (s, 1H, NCHN), 7.52 (bs, 1H,
CHim), 7.32 (t, 1H, 3JHH = 1.6 Hz, CHim), 4.90 (t, 2H, 3JHH = 6.4 Hz,
NCH2CH2C6F13), 4.30 (t, 2H, 3JHH = 7.5 Hz, NCH2(CH2)2CH3), 2.96 (m,
2H, NCH2CH2C6F13), 1.95 (m, 2H, NCH2CH2CH2CH3), 1.41 (m, 2H,
NCH2CH2CH2CH3), 0.99 (t, 3H, 3JHH = 7.4 Hz, NCH2(CH2)2CH3).

13C NMR (150.8 MHz, CDCl3): δ 136.5 (NCHN), 122.9 (CHim), 122.4
(CHim), 120-115 (CF), 50.0 (CH2), 49.5 (CH2), 42.3 (CH2), 31.7 (CH2),
19.1 (CH2), 13.1 (CH3). 19F NMR (564.1 MHz, CDCl3): δ −80.86 (t, 3F,
ole, 1H,1H,2H,2H-perfluorooctyl iodide, 120 °C.



Table 1
Mesophase transition temperatures of the prepared iodide imidazolium salts.

Product p Imidazole reagent T melting (°C) T clearing (°C) Enthalpy melting (J/g) Enthalpy clearing (J/g)

C1_I 1 1-Methyl imidazole 91 188 19.5 2.3
C4_I 4 1-Butyl imidazole 51 65 8.1 3.1
C6_I 6 1-Hexyl imidazole 27 153 6.9 3.6
C10_I 10 1-Decyl imidazole 42 186 8.3 7.3
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3JFF = 10.7 Hz, CF3), −113.36 (m, 2F, CF2), −121.86 (m, 2F, CF2),
−122.92 (m, 2F, CF2),−123.17 (m, 2F, CF2), −126.22 (m, 2F, CF2).

MS-(ESI) (MeOH,m/z) (+): 471 (100) [Im]+; MS-(ESI) (MeOH, m/z)
(−): 127 (100) [I]−.

The same procedure as for C4_I was used for the other products as in
Table 1, by heating in neat the suitable N-alkyl-imidazole with
1H,1H,2H,2H-perfluorooctyl iodide.

2.3.2. Synthesis of 1-methyl-3-(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)-
2H-1λ4,3λ4-imidazol-2-ylium iodide (C1_I)

Starting reagent N-methyl imidazole (N99%, Alfa Aesar).
1H NMR (399.9 MHz, CDCl3): 10.37 (s, 1H, NCHN), 7.42 (bs, 1H,

CHim), 7.29 (bs, 1H, CHim), 4.86 (t, 2H, 3JHH = 7.0 Hz, NCH2CH2C6F13),
4.11 (s, 3H, NCH3), 2.97 (m, 2H, NCH2CH2C6F13).

2.3.3. Synthesis of 1-hexyl-3-(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)-
2H-1λ4,3λ4-imidazol-2-ylium iodide (C6_I)

Starting reagent N-hexyl imidazole (N 98%, Iolitec).
1H NMR (399.9 MHz, CDCl3): 10.26 (s, 1H, NCHN), 7.61 (bs, 1H,

CHim), 7.35 (bs, 1H, CHim), 4.90 (t, 2H, 3JHH = 6.5 Hz, NCH2CH2C6F13),
4.29 (t, 2H, 3JHH = 7.5 Hz, NCH2(CH2)4CH3), 2.95 (m, 2H,
NCH2CH2C6F13), 1.93 (m, 2H, NCH2CH2(CH2)3CH3), 1.31 (m, 6H,
NCH2CH2(CH2)3CH3), 0.86 (m, 3H, NCH2(CH2)4CH3).

2.3.4. Synthesis of 1-decyl-3-(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)-
2H-1λ4,3λ4-imidazol-2-ylium iodide (C10_I)

Starting reagent N-decyl imidazole (N98%, Iolitec).
1HNMR (399.9MHz, CDCl3):10.0 (s, 1H,NCHN), 7.75 (bs, 1H, CHim),

7.45 (bs, 1H, CHim), 4.85 (t, 2H, 3JHH = 7.5 Hz, NCH2CH2C6F13), 4.28 (t,
2H, 3JHH = 7.0 Hz, NCH2(CH2)8CH3), 2.93 (m, 2H, NCH2CH2C6F13), 1.92
(m, 2H, NCH2CH2(CH2)7CH3), 1.31 (m, 4H, NCH2CH2(CH2)2(CH2)5CH3),
1.20 (m, 10H, NCH2CH2(CH2)2(CH2)5CH3), 0.82 (m, 3H,
NCH2(CH2)4CH3).

2.3.5. Procedures for anion exchange reaction of 1-butyl-3-
(3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl)-2H-1λ4,3λ4-imidazol-2-
ylium tetrafluoroborate (C4_BF4)

In a two- neck 250mL schlenck linked to the vacuum-argon line, C4-
I (25.6 g, 42.8 mmol) was charged and was completely dissolved in
20 mL of anhydrous dichloromethane. Then HBF4·(Et2O) (title 51,0–
57,0%, Aldrich) (7,6 mL, 55.6 mmol, ρ= 1,19) was added at room tem-
perature and during the reaction bubbling of HI was observed. The 1H
NMR analysis in CD3CN showed that the metathesis reaction was fin-
ished after 1 h. As described in Scheme 2, three products were present
in the crude reactionmixture: the expected C4-BF4 and the by-products
N-butylimidazolium BF4 (ca. 21%) and 1H,1H,2H-perfluoro-1-octene.

The crude material was washed three times with 45 mL of diethyl
ether (3 × 15 mL) and evaporated under vacuum (30 °C/53 Pa). The
Scheme 2. Reagents and conditions: C4_I, H
crude product was then dissolved in acetonitrile (15 mL) and filtered
under argon through 40,0 g of anhydrous alumina (previously wetted
with 80 mL of acetonitrile). The alumina was then washed twice with
100 mL of acetonitrile. Evaporation under vacuum (30 °C/53 Pa) gave
pale yellow oil with a yield of 58% (13,8 g, 24.8 mmol). The purity of
the final product has a purity N 98% (NMR) with a water
content b 0.1% (evaluated by KF titration) [32].

1H NMR (599.7 MHz, CD3CN): δ 8.66 (s, 1H, NCHN) 7.51 (bs, 1H,
CHim) 7.45 (bs, 1H, CHim), 4.52 (t, 2H, 3JHH = 7.1 Hz, NCH2CH2C6F13),
4.15 (t, 3JHH = 7.3 Hz, NCH2(CH2)2CH3), 2.84 (m, 2H, NCH2CH2C6F13),
1.80 (m, 2H, NCH2CH2CH2CH3), 1.30 (m, 2H, NCH2CH2CH2CH3), 0.91
(t, 3H, 3JHH = 7.4 Hz, NCH2(CH2)2CH3).

13C NMR (150.8 MHz, CDCl3): δ 137.3 (NCHN), 123.9 (CHim), 123.8
(CHim), 120-110 (CF), 50.7 (CH2), 42.9 (CH2), 32.6 (CH2), 31.9 (t,
CH2CF2, 2JCF = 21.1 Hz), 20.0 (CH2), 13.7 (CH3).

19F NMR (564.1 MHz, CD3CN): δ −81.57 (t, 3F, 3JFF = 9.6 Hz, CF3),
−114.47 (m, 2F, CF2), −122.36 (m, 2F, CF2), −123.33 (m, 2F, CF2),
−124.14 (m, 2F, CF2), −126.63 (m, 2F, CF2), 151.71 (s, 4F, BF4).

MS-(ESI) (MeOH, m/z) (+): 471 (100) [Im]+, 1029 (60)
[(Im)2BF4]+; MS-(ESI) (MeOH, m/z) (−): 87 (100) [BF4]−, 645 (20)
[Im(BF4)2]− [33].
3. Result and discussion

All synthesized salts are in accordance with the expected composi-
tion and structures data.

The synthetized iodide salts showed a SmA liquid crystal phase. As
already reported in the literature the length of the non-fluorinated
alkyl chain is the main parameter for tuning the mesophase tempera-
ture range [34], having strong effect especially on the clearing tempera-
ture. The phase diagram plotted in Fig. 2 shows a significant variation of
the clearing points for intermediate lengths of the hydrogenated alkyl
chain, giving evidence of an abrupt destabilisation in the molecular
packing. The reason for this non-linear variation is probably due to the
incompatibility of the hydrocarbon and fluorocarbon segments [35].

The thermal transitions were determined by DSC heating ramps
(Fig. 3), showing the clearing and melting temperatures as first and
last exothermic peaks.

A typical large enthalpy is measured for the crystal/SmA liquid crys-
tal phase transition and small enthalpy for SmA/isotropic transition
(Table 1).

Among the fluorinated imidazolium salts developed, the product
C4_I looked as a potential interesting component for electrochemical
devices, showing the minimum isotropic transition temperature in the
investigated alkyl chain length range substituents.

The purity of these final product is essential for its application as sol-
vent and electrolyte: 1H NMR, 13C NMR, 19F NMR and ESI-MS analyses
BF4·(Et2O) ≥ 99,5%, room temperature.



Fig. 2. Phase diagram of the prepared imidazolium salts having anion I- as a function of the
non-fluorinated alkyl chain length p = 1, 4, 6, 10. Fig. 4. C4_I thermo-gravimetric analysis.
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confirm that the product C4_I has a purity N 98% with a water
content b 0,1% (evaluated by NMR [36,37]).

The thermal stability of the imidazolium salts was studied by carry-
ing out thermo-gravimetric measurements (see Figs. 17S–20S). The
temperature dependence of the weight loss for C4_I, in the temperature
range extended from 25 °C to 250 °C, is reported in Fig. 4.

A slight inflection of the weight loss was observed at about 52 °C
whose extent, however, does not exceed the 0.1% value of the initial
sample mass and thus could be ascribed to a poor residual water con-
tent as revealed by ESI-MS analysis. Conversely, a strong decrease of
the weight loss (higher than 0.7% of the initial sample mass) was ob-
served at temperatures above 183 °C. This evidence indicated a progres-
sive decreasing of the thermal stability of the sample,whichpresumably
could be associated to the thermal decomposition at 230 °C, in agree-
ment with what previously reported by Pereiro et al. on similar mole-
cules [14].

According to theDSC and TGA results, it is possible to assert that C4_I
showed a good thermal stability in its mesophase temperature range
that extended well below its decomposition temperature.

Optical polarized microscopic analysis of C4_I was performed on
cooling from the isotropic phase down to room temperature by means
of a polarized microscope. This instrument was equipped with a hot
stage and a camera to capture the image of the liquid-crystalline prod-
uct during the transition between two phases. On cooling from the iso-
tropic phase, C4_I showed the development of bâtonnets, which
coalesce to give a focal conic fan texture (Fig. 5). This arrangement im-
plies the presence of a layered structure and suggests the assignment
Fig. 3.Differential Scanning Calorimetry analysis of the prepared imidazolium salts having
anion I-: p = 1 (black), 4 (blue), 6 (green), 10 (red). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)
of this phase to a Smectic A phase. Thus, we can ascribe the clearing
temperature revealed by DSC measurements to the transition from the
Smectic A to isotropic phases. Very interestingly, this Smectic A texture
remains unchanged on cooling down to room temperature confirming a
remarkable thermal stability of this structure just in the range of usual
employment of electrolytes for electrochemical devices.

Finally, the room-temperature conductivity of C4_I was measured.
As the melting temperature is well above 25 °C a poorly conductive
co-solvent (sulfolane, 35 μS cm−1 @25 °C) was added to the product
(Fig. 23S). The measured conductivity of the liquid mixture (C4_I:
sulfolane, 3:1 w/w) is 0,5 mS cm−1, i.e. comparable to what reported
on shorter alkyl chain ionic liquids, like 1-butyl-3-methylimidazolium
iodide (0,37 mS cm−1) and 1-methyl-3-propylimidazolium iodide
(0,58 mS cm−1) [38], typically used as electrolytes in DSSC.

The nature of the anion has also a relevant influence on mesomor-
phic properties of the imidazolium salts [10,39,40]. To further reduce
the melting temperature of the products we exchanged anion I− with
fluorinated non-nucleophilic anion BF4−, however this product C4_BF4
did not show any mesophase but only a glass transition temperature
at −30 °C (Fig. 6), while the stability was improved, showing thermal
decomposition over 300 °C (see Fig. 20S).

4. Conclusion

A class of thermally stable fluorinated imidazolium salts was pre-
pared using an environmentally safer solvent free-procedure and liq-
uid-crystal SmA phases were demonstrated over a large variation of
non-fluorinated alkyl chain length C1-C10. In particular, C4_I presented
a lower clearing temperature associate with good thermal stability in its
mesophase temperature range, which extendedwell below its degrada-
tion temperature.

The synthetic feasibility of this class of fluorinated imidazolium salts
might represent a key point for their applications in several fields other
Fig. 5.Mesophase texture of C4_I under crossed polarized light at 25 °C.



Fig. 6. Differential Scanning Calorimetry analysis: C4_BF4 (solid line), C4_I (dashed line).

753I. Zama et al. / Journal of Molecular Liquids 223 (2016) 749–753
than the electrochemical one such as catalysis [39,41–43], surfactants
[44,45], and gas separations [46].
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