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Abstract:   

 

The synthesis, liquid crystal and conductivity properties of a series of 27 salts based on the 5-(4-

(alkyloxy)phenyl)-1,2,4-triazol-4-ium cation bearing a perfluoroalkyl chain with triflate, 

tetrafluoroborate and bistriflimide anion are reported. The cations are regarded as triphilic on 

account of their three distinct regions – hydrocarbon, fluorocarbon and ionic. The mesophases 

were characterised by a combination of polarised optical microscopy, calorimetry and small-angle 

scattering experiments using both X-rays and neutrons, while thermal stability was probed using 

thermogravimetric analysis. The liquid-crystal properties are found to be dependent on the anion 

and the length of the perfluorocarbon chain, which effects combine to determine aspects of the 

self-organisation in the mesophases. A strong dependence of conductivity on the anion is seen, 

which is in turn related to the charge density of the anion. 

Graphic Abstract: 
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Introduction 

 

Ionic liquids (ILs) have, in recent years, been developed for a diverse range of applications 

including as reaction media in catalysis,1–9 removal of mercury from natural gas,10 as electrolytes 

in energy applications,11–26 in the synthesis of nanomaterials,27–32 for carbon capture and 

storage33–36 and many more.37,38 Liquid crystals (LCs) represent a state of matter intermediate 

between solids and liquids and are most notably used in low-power, flat-panel displays and other 

technological devices.39–41 Ionic liquid crystals (ILCs) therefore combine the favourable properties 

of ILs with the anisotropic ordering in LCs to produce materials that are often found to have large 

mesophase ranges, are intrinsically conducting, have high chemical and thermal stabilities and can 

dissolve a range of solutes.39,40,42,43 As such, they provide interesting opportunities for exploitation 

and example have been reported of their application as electrolytes for batteries,44 as 

electrochemical sensors 45,46 and as dye-sensitised solar cells,47 as well as in membranes for water 

desalination,48 fuel cells,49 and extraction processes as solvents.39 ILCs can also be used to 

immobilise transition-metal catalysts in the liquid phase of biphasic catalytic reactions39 or as 

alternative solvents for various organic reactions, with benefits of an enhancement of the 

selectivity, yield or activity of catalytic reactions.50–52 

 

In calamitic (rod-like) materials, the liquid-crystalline behaviour is dominated by the formation of 

the SmA phase, with an accompanying SmB phase being observed on some occasions.53–56 In 

general, the anisotropic ion tends to be the cation with relatively small anions such as BF4
–, PF6

–, 

OTf– and halide, although there are examples with tetrachlorometallates.55,57,58 Liquid-crystalline 

behaviour is, however, much less commonly observed where the anion is bistriflimide,59–63 

although this may have more to do with the nature of the cation with which it is used, so that it 

can be expected that liquid crystal phases would be more common with larger, more anisotropic 

anions. 

 

Fluorine-containing ILs have been the subject of great interest in recent years due to the wide 

range of properties, such as viscosity, melting point, density, conductivity, solubility, liquid range, 
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thermal and hydrolytic stability, that can be tuned by modifying the fluorine-content of the cation 

or the anion.64,65 Fluorinated moieties can also provide peculiar properties to the materials such 

as the enhanced ability for gas sorption.66,67 Over the past decade, the properties of small 

fluorinated or perfluorinated systems based on heteroaromatic rings have been studied and new 

fluorinated ILs,66,68,69 protic ILs,70 ILCs,68,69,71,72 and ILCs based on halogen bonding73 have been 

discovered. In other cases LC properties have been obtained by replacing an alkyl-chain with a 

fluorinated chain.74 The perfluoroalkyl chain is instrumental in influencing the mesomorphism and 

the tendency for alkyl and perfluoroalkyl chains to segregate from one another leads to a 

predominance of smectic phases.68,71,72 

 

Previously, we reported the mesomorphism of a small family of six 1,2,4-triazolium triflates with 

C10, C12 or C14 alkoxy chains and perfluoropropyl or perfluoroheptyl chains.75 We now report the 

results of a much wider study that includes materials with a perfluorononyl chain and the anions 

BF4
–, Tf2N– to give a series of 27 salts. These have been characterised extensively allowing a much 

greater insight into the relationships between structure and function, as is now described. 

Families of unsymmetric 1,2,3-triazolium salts 76–78 were reported a few years ago and showed 

complex polymorphism in some cases although the assignment of mesophases was not always 

complete. 
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Results and Discussion 

Synthesis 

A key step in the synthetic route to these fluorinated triazolium salts, is the preparation of the 3-

perfluoroalkyltriazole 4 by ANRORC-like rearrangements69,75,79–81 starting from the corresponding 

5-perfluoroalkyloxadiazole 3, obtained via the conventional amidoxime route (Scheme 1).82,83 

 

 

Scheme 1. General synthetic pathways to the target salts. 
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The methylation of triazoles 6-m,n with MeOTf afforded the triflate salts [TRYUM-m,n][OTf] salts 

and metathesis of these using LiTf2N in methanol, followed by precipitation with water, led to the 

triflimide salts [TRYUM-m,n][Tf2N]. However, preparation of the tetrafluoroborate salts [TRYUM-

m,n][BF4] was best realized by methylation of 6-m,n using trimethyloxonium tetrafluoroborate. It 

is worth noting that if ethyl acetate was used as solvent in these methylation reactions, a 10:1 

mixture of N-methylated and N-ethylated product was obtained. Although not investigated in 

detail, it is likely that the [Me3O]+ cation methylates EtOAc to give the [(Et)(Me)(AcO)O]+ cation, which can 

act as a methylating or ethylating agent (see ESI, section 1, for full details). As such, the use of 

toluene or dichloromethane as solvent allowed us to obtain only the desired N-methylated 

products. 

 

The regiospecificity of the methylation site was confirmed by HMBC and nOe NMR analysis and is 

in agreement with previous findings.54,55 Specifically, hydrogens of the N(4)-methyl group couple 

with both C(3) (3.82, 142.55 ppm) and C(5) (3.82, 155.62 ppm) in 1H-13C HMBC-NMR spectra, as 

expected for the 1,4-dimethyl-1,2,4-triazol-2-ium regioisomer. Further details of the NMR 

experiments are found in the ESI, section 2 (Figures S5 and S6). These conclusions were confirmed 

by the X-ray single crystal structure of [TRYUM,7,10][OTf].75 

 

Liquid Crystal Properties 

Mesomorphism 

 

The LC properties of the triazolium salts were characterised using a combination of polarised 

optical microscopy and DSC. The thermal data are listed in Table 1, while the transition 

temperatures are plotted in Figure 1. Thermogravimetric analysis showed a single mass loss step 

for all samples between 290 °C and 340 °C, with the residual mass always less than 5%, indicating 

quantitative decomposition at higher temperature. The onset temperature values for the 

volatilisation indicate that the [BF4]– salts are the most stable towards thermal decomposition 
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over limited timescales, (See TGA Analysis in ESI Table S1), although long-term thermal stability 

tests at lower temperatures were not conducted. 

 

Table 1. Transition temperatures and enthalpies obtained from the DSC traces 

Compound[a] Transition[b] T (oC) ΔH (kJ mol-1) 

[TRYUM-3,10][OTf] Cr - Cr’ 

Cr'-Iso 

60.0 

101.7 

7.1 

21.0 

[TRYUM-3,12][OTf] Cr-Iso 91.3 48.4 

[TRYUM-3,14][OTf] Cr-Iso 73.8 38.5 

[TRYUM-7,10][OTf] Cr-SmA 

SmA-Iso 

105.6 

160.8 

11.5 

5.2 

[TRYUM-7,12][OTf] Cr-SmA 

SmA-Iso 

60.3 

163.5 

35.8 

4.9 

[TRYUM-7,14][OTf] Cr-SmA 

SmA-Iso 

52.0 

166.8 

19.8 

5.2 

[TRYUM-9,10][OTf] Cr-SmA 

SmA-Iso 

48.6 

184.3 

1.5 

5.7 

[TRYUM-9,12][OTf] Cr-SmA 

SmA-Iso 

60.0 

196.0 

7.0 

6.8 

[TRYUM-9,14][OTf] Cr-SmA 

SmA-Iso 

69.2 

205.2 

13.1 

8.1 

[TRYUM-3,10][Tf2N] Cr-Iso 73.1 36.7 

[TRYUM-3,12][Tf2N] Cr-Iso 76.5 54.5 

[TRYUM-3,14][Tf2N] Cr-Iso 81.1 55.4 

[TRYUM-7,10][Tf2N] Cr-Iso 

(Iso-SmA) 

83.9 

(49.6) 

40.1 

(−2.7) 

[TRYUM-7,12][Tf2N] Cr’-Cr 

Cr-Iso 

(Iso-SmA) 

54.9 

86.0 

(72.6) 

5.2 

40 

(−3.2) 

[TRYUM-7,14][Tf2N] Cr’-Cr 

Cr-Iso 

(Iso-SmA) 

78.7 

93.4 

(91.5) 

10.9 

48.0 

(−4.6) 

[TRYUM-9,10][Tf2N] Cr-Iso 

(Iso-SmA) 

97.0 

(96.8) 

41.4 

(−3.8) 

[TRYUM-9,12][Tf2N] Cr-SmA 

SmA-Iso 

97.4 

115.5 

44.3 

4.9 

[TRYUM-9,14][Tf2N] Cr-SmA 

SmA-Iso 

98.9 

133.2 

47.8 

5.7 
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[TRYUM-3,10][BF4] Cr-Cr' 

Cr'-Iso 

49.1 

84.1 

22.9 

4.4 

[TRYUM-3,12][BF4] Cr-Cr' 

Cr'-Iso 

65.0 

88.8 

18.6 

1.3 

[TRYUM-3,14][BF4] Cr-Cr' 

Cr'-Iso 

76.2 

96.4 

33.1 

2.5 

[TRYUM-7,10][BF4] Cr-Cr' 

Cr'-SmB 

SmB-SmA 

SmA-Iso 

67.4 

106.6 

175.9 

233.4 

20.5 

7.6 

2.1 

5.3 

[TRYUM-7,12][BF4] Cr-Cr' 

Cr-'SmB 

SmB-SmA 

SmA-Iso 

78.7 

115.1 

169.5 

236.6 

23.2 

7.1 

1.7 

5.0 

[TRYUM-7,14][BF4] Cr-Cr’ 

Cr’-Cr'' 

Cr''-SmB 

SmB-SmA 

SmA-Iso 

63.6 

88.7 

125.2 

175.5 

237.3 

17.4 

29.2 

8.6 

2.0 

5.1 

[TRYUM-9,10][BF4] Cr-Cr' 

Cr'-SmB 

SmB-SmA 

SmA-Iso 

73.2 

115.9 

139.3 

265.6 

27.9 

2.1 

9.4 

2.6 

[TRYUM-9,12][BF4] Cr-Cr' 

Cr'-SmB 

SmB-SmA 

SmA-Iso 

89.4 

116.7 

136.8 

268.5 

22.5 

5.0 

7.8 

1.0 

[TRYUM-9,14][BF4] Cr-Cr’ 

Cr’-Cr'' 

Cr''-SmB 

SmB-SmA 

SmA-Iso 

74.7 

92.6 

116.8 

135.5 

257.7 

33.0 

13.2 

3.5 

7.8 

1.3 

[a] The first six entries in the table were first reported in the previous communication.[75] [b] Transitions refer 

to the 1st heating cycles. Data in brackets refer to monotropic transitions. 

 

To understand the behaviour of these compounds, data are first considered for salts of each anion 

and then a broader comparison is made. Looking first at the BF4
– salts, none of the materials with 

a perfluoropropyl chain show LC properties, although there is a steady increase in the melting 

point from 84.1 °C ([TRYUM-3,10][BF4]) to 96.4 °C ([TRYUM-3,14][BF4]) with increasing alkoxy 

chain length. On the other hand, by increasing the perfluoroalkyl chain length to seven carbons 

(C7F15–), the melting points continue to increase with alkoxy chain length and LC mesophases are 

observed. The phases are identified readily by optical microscopy as a SmA phase, below which is 
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a SmB phase. Figure 2 shows clearly the optical texture of the two phases for [TRYUM-7,10][BF4] 

with the classic focal conic fan texture of the SmA phase formed from the coalescence of 

bâtonnets,61 while the SmB phase is differentiated by the appearance of striations across the back 

of the fans as additional order grows in. With the perfluoroheptyl chain, the SmB phase persists to 

around 175 °C before giving way to the SmA, which remains until clearing at about 235 °C with 

very little dependence on alkoxy chain length. However, when compounds with a perfluorononyl 

chain are considered, the melting point is all but independent of chain length and the SmB phase 

is destabilised, now clearing around 136-139 °C across the three alkoxy chain lengths. Conversely, 

the SmA phase is significantly stabilised with clearing points between 258 and 269 °C. 

 

Considering now the triflate salts, as reported previously,75 those with a perfluoropropyl chain are 

not liquid crystals but unlike the analogous BF4
– salts, the melting point decreases with increasing 

alkoxy chain length. All of [TRYUM-7,n][OTf] and [TRYUM-9,n][OTf] show a single liquid crystal 

phase, namely SmA. For [TRYUM-7,n][OTf] the melting point decreases with n while the clearing 

point increases so that the mesophase range increases from 55 °C (n = 10) to 115 °C (n = 14). 

However, for [TRYUM-9,n][OTf], both the melting and the clearing point increase with n, giving a 

mesophase range (136 °C) that is essentially invariant with alkoxy chain length. 

 

It is often held to be the case that bistriflimide salts tend not to have liquid crystal properties,40 

but whereas this is true where the central ring structure (e.g. imidazolium systems) is small, 

where it is more developed then mesophases can be seen.62,84–86 Thus, in common with the 

triflate and tetrafluoroborate salts, none of [TRYUM-3,n][Tf2N] is mesomorphic, but all of 

[TRYUM-7,n][Tf2N] and [TRYUM-9,n][Tf2N] show a SmA phase. In both series, the clearing point 

increases with alkoxy chain length, as does the melting point but more modestly. For all of 

[TRYUM-7,n][Tf2N] the SmA phase is monotropic (only just for [TRYUM-7,14][Tf2N]), while it is 

monotropic for [TRYUM-9,10][Tf2N] and enantiotropic for [TRYUM-9,12][Tf2N] and [TRYUM-

9,14][Tf2N]. 
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Figure 1. Plot of transition temperatures of the triazolium salts grouped by perfluoroalkyl-chain and anion. 

In the data for the Tf2N salts, the position of 'X' represents the melting point (mesophases are monotropic for these compounds). Data are included for published compounds ([TRYUM-3,n][OTf] and [TRYUM-3,n][OTf]) 
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Figure 2. Microphotographs taken on cooling from the isotropic liquid. On the left, compound [TRYUM-7,10][BF4] at 

183.3 °C in SmA phase and the same sample at 152.5 °C in SmB on the right. 

 

Considering the materials that do show liquid crystal phases, in general the clearing points are 

related inversely to the size of the anion, which is in turn related to its charge dispersion. Thus, 

the most stable phases are seen with BF4– (smallest and least charge disperse) and the least stable 

with Tf2N– (largest and most charge disperse). Interestingly, there is little variation in clearing 

enthalpy (Figure S19) across the three series of salts and the clearing entropy (which normalises 

for temperature) also shows relatively little variation although the values for the BF4– salts are 

slightly smaller (DSC data are found in the ESI, section 3). Chain length has little influence on 

clearing points for the BF4– salts or [TRYUM-7,n][OTf], while for the Tf2N– salts and [TRYUM-

9,n][OTf], the effect is stronger. Melting points increase with chain length where the anion is BF4–, 

Tf2N– and [TRYUM-9,n][OTf], but decrease for [TRYUM-3,n][OTf] and [TRYUM-7,n][OTf]. Given 

the rather short core (phenyltriazolium), it is not unsurprising that the salts with the short 

perfluoropropyl chain are not mesomorphic. 

 

Small-angle Scattering 

 

In order to derive information about the organisation in the mesophases, the compounds were 

studied by small-angle X-ray scattering (SAXS) and small-angle neutron scattering (SANS). There 

was very good agreement between the SAXS and SANS data and so the former are discussed here, 

while the latter are found in the SI. In the SmA phase, the complexes typically showed a (001) 

reflection from the smectic layers as well as a weaker (002) reflection (Figure 3a) showing the 
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reasonably well-developed layering on account of the electrostatic forces binding the layers 

together. In addition, there is a broad reflection at ca 16° 2q which corresponds to the side-to-side 

separation of the perfluorinated chains in the smectic layers. In the tetrafluoroborate salts, there 

is also a SmB phase (Figure 3b) and the additional order reveals a (003) lamellar reflection as well 

as an in-layer (010) reflection and a slightly sharper reflection associated with the perfluorinated 

chains consistent with the greater degree of order compared to the SmA phase. 

 

A complete set of data for the compounds is found in Table S2 and its consideration is interesting. 

The length of a [TRYUM-7,10]+ cation in the all-trans configuration of the chains is estimated to be 

30 Å from the X-ray single-crystal structure.[75] However, the SAXS data show that the layer 

spacing is appreciably larger, with some dependence on the anion (Figure 4). Thus, for Tf2N salts, 

the layer spacing is just over 30% greater than the cation length, while it is ca 50% greater for OTf 

and ca 60% greater for BF4. These increases are the signature of a bilayer structure, which have 

arisen because of the amphiphilicity of the cations bearing a hydrocarbon chain at one end and a 

fluorocarbon chain at the other. For example, compound 7a (Figure 5) shows a SmC phase with a 

layer spacing of 36.9 Å, whereas the analogue 7b with a semiperfluoro chain at one end also 

shows a SmC phase, but this time with a layer spacing of 76.4 Å, the doubling arising from the 

mutual association of the hydrocarbon chains and of the fluorocarbon chains. In the present case, 

the fact that the phase is orthogonal and that the layer spacing is always less than twice the cation 

length points either to chain folding/kinking, interdigitation or some mix of the two. The fact that 

the spacing depends on anion size, with the greatest spacing found with the smallest anion (BF4–) 

is consistent with at least some interdigitation. Thus, the larger the anion, the greater the 

potential cation…cation separation, creating free volume into which a chain may penetrate. As the 

volume of the fluorocarbon chains is about 50% greater than that of the hydrocarbon chain and as 

the former are quite rigid, then interdigitation (or chain folding) is likely to be associated with the 

hydrocarbon chain. 
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  (a)   (b) 

Figure 3.  SAXS pattern for (a) SmA phase of [TYRUM-7,10][Tf2N] at 45 °C and (b) SmB phase of [TYRUM-7,10][BF4] at 158 °C – inset shows the wide-angle region and the 

(010) reflection at 2q ≈ 14°. 
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In addition to studying the liquid crystal phases, it can be instructive to examine the isotropic 

phase of ionic liquids, as it is common to find residual short-range order at different lengthscales, 

namely the so-called polar non-polar peak, PNPP, charge ordering peak, COP, and contact peak, 

CP,[87,88] which can provide extra information (Figure S19). 

 

The contact peak (CP) and charge-ordering peak (COP), found at mid to wide angles in the SAXS 

experiment, arise from, respectively, the cation-anion separation (4.5-5.0 Å) and the distance 

between two cations of like charge (8 Å). The polar/non-polar peak (PNPP), found normally at 

small angles, typically represents a bilayer structure akin to a 'fragment' of SmA phase and in 

effect quantifies the separation of cations by flexible alkyl chains, as found in many ‘common’ ILs, 

such as those based on 1-alkyl-3-methylimidazolium ions.87 Data collected in the isotropic phase 

of the various salts (except for some BF4– salts where decomposition was an issue) showed 

broadly two types of scattering pattern. All show a contact peak (CP) at wider angles around 5 Å 

and while Figure 6b shows some possible hint of a COP, the data were not good enough to allow 

reliable deconvolution. The [TRYUM-m,10][Tf2N], salts with m = 7 and 9 show a low-angle 

reflection (Figure 6a) that is partially resolved into two components, whereas consideration of 

Figure 6b, recorded for [TRYUM-3,10][Tf2N], appears to show a single but somewhat broader 

peak. The breadth of the peak for [TRYUM-3,10][Tf2N] could mean that it is formed of two 

reflections close in value and indeed fitting the data shows that it can be deconvoluted into two 

signals using a model comprising two Lorentz peaks. Thus, Figure 7 shows the low-angle reflection 

for [TRYUM-7,10][Tf2N] in the isotropic state illustrating the need for a two-peak model to fit the 

data. Fitting parameters are reported in Table S3 (ESI). 
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Figure 4. Plot showing the measured layer spacings from SAXS data for the compounds under study. 

 

 

Figure 5. Tricatenar liquid crystals without (7a) and with (7b) a semiperfluorocarbon chain. 
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(a)    (b) 

Figure 6. SAXS pattern in the isotropic phase for (a) [TRYUM-7,10][Tf2N] at 89 °C and (b) [TRYUM-3,10][Tf2N] at 78 °C. 
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Figure 7. Comparison between the single and double peak models fit to SAXS data recorded on [TRYUM-7,10][Tf2N] in 

isotropic liquid. 

 

The results of the fitting are plotted in Figure 8 which shows the evolution of the two reflections 

as a function of both alkyl and perfluoroalkyl chain length, and also of anion. The pattern of the 

data is the same for each anion, in that there is an evolution of the value for both reflections as a 

function of the alkyl chain length, but the difference between the two values is actually fairly 

constant as a function of the perfluoroalkyl chain length. In fact, evaluation of the difference 

shows a fairly close correspondence with the length of the perfluoroalkyl chain (estimated readily 

from the data for [TRYUM-7,10][OTf] reported previously75). However, while the values for the 

smaller-angle reflection of the two scale with both the alkyl and perfluoroalkyl chain lengths and 

correlate well with the cation length, the other scales only with the alkyl chain length and is 

independent of the perfluoroalkyl chain length. This suggests that, according to the original 

meaning of a PNPP as noted earlier, then the wider-angle reflection of the two corresponds to the 

separation of cations by alkyl chains and so is properly the PNPP. Considering then the general 

incompatibility between hydrocarbon and perfluorocarbon chains, it is reasonable to assume that 

there is a bilayer structure with short-range correlations that respects this preferred separation. 

This is illustrated schematically in Figure 9. 
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Figure 8. Spacing data from SAXS in the isotropic phase of the salts. Blue data points represent the PNPP and red data 

points the PNPP'. 

 

 

Figure 9. Proposed local structure for the TRYUM salts in the isotropic liquid showing the origin of the PNPP and 

PNPP’ periodicities Note that there is only short-range correlation. 

 

PNPP’

PNPP
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Figure 9 then shows the origin of the smaller-angle component of the peak as reflecting the 

effective length of a bilayer structure arising from the hydrocarbon/fluorocarbon chain 

immiscibility. The separation is labelled PNPP’ and it is evident from the schematic figure why this 

would scale with the fluorocarbon chain length as observed. In the same way that the PNPP 

reflects a ‘fragment’ of SmA phase, so the PNPP’ would reflect a fragment of a bilayer SmA2 phase. 

The exceptions are the data derived from the BF4– salts where the differences between the PNPP 

and PNPP' are smaller than the length of the C3F7– chain. The origin of the difference is 

systematically due to the value of the PNPP and may therefore arise from the fitting of the data. 

 

Finally here, there is, however, one very curious feature found in a number of tetrafluoroborate. 

Thus, on entering the SmA phase from the isotropic liquid, a sharp reflection is observed in the 

small-angle region at around 2q = 3.9° (example for [TRYUM-7,10][BF4]) with a much weaker, 

broad reflection at smaller angle (Figure 10). As the sample is cooled further, the lower-angle peak 

grows in intensity and sharpens, in many cases becoming the stronger of the two low-angle 

reflections, which then have a relationship (in terms of spacing) as (001) and (002) reflections, 

corresponding to d-spacings of 47.4 and 22.9 Å, respectively. Interestingly, this (002) spacing 

corresponds to the PNPP spacing for the same cation, which we have attributed to the length of 

the core plus alkoxy chain of the cation (it is shorter than the total length of the cation, which is 

around 30 Å if an all-trans arrangement of the alkyl chains is assumed). What this suggests is that 

the bilayer structure proposed for the isotropic phase exists also in the SmA phase at lower 

temperatures with the same origin, namely the mutual incompatibility of alkyl and perfluoroalkyl 

chains. The proposal then is that the incompatibility can be overcome thermally and so is not well-

defined at higher temperatures, implying an analogy with consolution temperatures, although 

here the effect would appear to occur over a temperature range rather than at a critical 

temperature. The monolayer structure, observed at higher temperature, presumably appears as 

the length of the hydrocarbon portion of the cation due to the separation of the polar parts of the 

molecules by the alkyl chains and the difference in scattering length density between the chains 

and polar domains. 
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(a)    (b) 

Figure 10.  SAXS patterns for [TRYUM-7,10][BF4] at (a) 150 °C and (b) 110 °C. 
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Electrochemical Impedance Spectroscopy 

 

Due to the interest in ILs and ILCs as electrolytes and therefore to understand the ion mobility of 

these materials,89 conductivities were determined using Electrochemical Impedance Spectroscopy 

(EIS) measurements in a bespoke, high-temperature cell.90–92 Samples were analysed in the liquid 

crystal and/or isotropic phases over a range of temperatures, collecting four or five data points in 

each phase. Conductivities were then extracted by fitting the EIS data to a suitable equivalent 

circuit model (see ESI for details). Conductivity data and fitting parameters, when the 

temperature-dependent conductivity data were fitted to Arrhenius and Vogel-Fulcher-Tammann 

(VFT) models, are reported in Table S4 in the ESI. Figure 11 shows a plot of conductivity as a 

function of temperature. 

 

 

Figure 11. A plot of triazolium salt conductivities as function of temperature. 

 

The data clearly show that the highest conductivities, in all phases, are exhibited by the Tf2N– 

salts, followed by the OTf– and then the BF4– salts. This is consistent with the lower observed 

viscosities for Tf2N– salts and the greater charge delocalisation  in the anion, which reduces the 

strength of anion−cation interactions allowing higher ion mobility,91 even if this is presumably 

offset to some extent by the size of this anion. 
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Similar arguments would then readily account for the relative conductivities of the OTf– and BF4– 

salts. As expected, conductivities are higher in the isotropic liquids than the ILC phases, reflecting 

the reduced ion mobility induced by the anisotropic ordering in the liquid crystal phases. Cation-

dependent trends in these data are more complex to interpret, due to the range of temperatures 

spanned by the data, but in general, increasing the length of the alkyl chain leads to a reduction in 

conductivity, consistent with an increase in the molecular volume93 of the cation. A similar effect 

is seen with increasing fluoroalkyl chain length, but this is more pronounced, potentially reflecting 

the greater rigidity of the fluoroalkyl chains or greater localised ordering. 

While the triazolium salts presented here show relatively low conductivity values compared with 

materials commonly used in opto-electric devices such as dye-sensitised solar cells,94–96 they do 

offer the prospect of anisotropic conductivity84,97, which is something that is yet to be exploited in 

such materials. 

 

Conclusions 

 

This comprehensive study has led to a range of interesting observations. The materials described 

can properly be regarded as triphilic on account of the hydro- and fluoro-carbon chains as well as 

the electrostatic charge on the triazolium ring. That the liquid crystal phase behaviour is 

dominated by the ionic nature of these materials is shown by the prevalence of the SmA phase, as 

is common in many ILCs. It is also interesting to note that the bistriflimide salts also show this 

phase. Thus, despite its size, when in conjunction with a large cation, it is clear that Tf2N– does not 

suppress mesophase formation. The hydrocarbon/ fluorocarbon immiscibility of the cations 

reveals itself in the observation, using SAXS, of lamellar periodicities that are appreciably greater 

than the length of a single cation with all-trans hydrocarbon chains, pointing to a bilayer structure. 

However, the measured layer spacings are less than those required for a true bilayer, pointing to a 

degree of interdigitation or folding of the hydrocarbon chains (smaller in volume than the 

fluorocarbon equivalents), the extent of which increases with the size of the anion. 
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SAXS data in the isotropic phase of the materials show that short-range associations of lamellar 

fragments are maintained, but, interestingly, the appearance of two longer-range correlations 

(assigned as PNPP and PNPP') provide evidence for local associations that respect the triphilic 

nature of the materials even in the isotropic phase. Conductivity data are consistent with 

observed viscosities and mirror a qualitative view of the cation-anion interaction, as reflected in 

the anion charge dispersity, greatest for Tf2N– and least for BF4–. Thus, this scaffold has shown 

how the self-organisation and physical properties in the mesophases of these triphilic materials 

may be influenced by their molecular composition. 
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