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A B S T R A C T

Three bis(4-oligoethyleneoxyphenyl) viologen bistosylate salts of different lengths were prepared via the Zincke 
reaction followed by a metathesis reaction with silver tosylate, and their chemical structures confirmed by 1H, 
13C nuclear magnetic resonance (NMR), Fourier transform infrared (FTIR) techniques, and elemental analysis. 
Thermogravimetric analysis (TGA) showed these salts had excellent thermal stabilities, losing just 5 % of their 
initial mass between 283 and 288 ◦C. Liquid crystalline phases and transition temperatures were determined by 
differential scanning calorimetry (DSC), polarizing optical microscopy (POM), and variable temperature X-ray 
diffraction (VTXRD) techniques. The salts exhibited weak fluorescent emission in dichloromethane and no 
emission in acetonitrile but exhibited light emission in the solid state. Their absolute quantum yields ranged 
between 3 and 12 %. Impedance spectroscopy showed that the ionic conductivity of the salts increases with the 
number of oxyethylene units in the extended viologen moiety. The salt-containing four oxyethylene units at each 
end reach a conductivity value of 10-2 S⋅cm−1, attributed to its larger molecular flexibility and improved ionic 
liquid mobility.   

1. Introduction

Ionic liquid crystals (ILCs) combine the properties of ionic liquids
and liquid crystals (LCs), exhibiting important technological properties 
and have potential in a wide range of applications [1–8]. For example, 
the smectic phases of ILCs exhibit significantly enhanced electrical 
conductivity compared to isotropic ionic liquids, by facilitating 2D 
pathways for ionic mobility [9–15]. Additionally, organic soft materials 
offer design flexibility and versatility and have been postulated as 
components in batteries, capacitors, fuel cells, sensors, and actuators 
[16–20]. Furthermore, most of these materials, including ILCs, have the 
potential to be recycled [21–23], making them part of a sustainable 
future. 

The properties of ILCs depend on their cationic and anionic 

constituents and can be tailored by an appropriate combination of 
organic cations (e.g., quaternary ammonium, quaternary phosphonium, 
pyrrolidinium, piperidinium, guanidinium, imidazolium, pyridinium, 
pyrazolium, and triazolium,) and organic/inorganic anions (e.g., −Br, 
−NO3, −BF4, −CF3SO3, −PF6, −ClO4, -OTs, −N(SO2CF3)2 and ReO4

- ). 
Whilst the above list only includes the monocations and monoanions 
moieties commonly employed in ILCs [1–8], the synthesis of dicationic, 
tricationic, and multicationic materials broadens the molecular struc
tural combinations and material versatility of ILCs [24–36]. Recently 
prepared dicationic viologens have exhibited a variety of smectic phases 
(SmA, SmC, SmT, and other unidentified Smectic phases) over a broad 
range of temperatures, from sub-ambient to around 200 ◦C [37–41]. 

In addition to improving their thermal stability, the presence of 
multiple ions can also enhance the lateral interactions involved in 
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forming liquid crystal phases and the electrical conductivity of ILCs 
[37–41]. However, excessive ionic interactions can also lead to high 
melting points, and increased molecular stiffness that ultimately pre
cludes mesomorphism. Extending the viologen moiety with phenyl 
residues in multicationic salts has been a good strategy to promote 
anisotropy through increasing the molecular length-to-width ratio, see 
for example (I-VI) in Fig. 1 [42–45]. To reduce the melting points and 
obtain ILCs, this must be accompanied by a rational design of the length 
and composition of the flexible terminations attached to the phenyl 
cores. More specifically, the design of symmetric or asymmetric ILCs and 

the polarity of the individual molecular components are paramount to 
the formation of smectic phases. 

In a recent work, we assessed a series of extended viologen salts 
containing oxyethylene groups and bistriflimide ions [46]. Despite 
obtaining promising results in terms of high electrical conductivity, 
these materials did not exhibit liquid crystallinity. We speculate that this 
arose from the presence of strong interactions by a combination of the 
oxyethylene links and the bistriflimide ions. Whilst these must be 
beneficial for ionic conductivity, the interactions may restrict the 
mobility of the terminal chains and ultimately inhibit the formation of 
mesophases. In this work, we use tosylate as an alternative counterion to 
bistriflimide to develop new ILCs with future applications as electro
lytes. We hypothesize that the higher compatibility of tosylate ions with 
the extended phenyl core may help promote smectic phases in these new 
materials and found this to be true. 

2. Materials and methods 

2.1. General Information 

Three phenyl-extended viologen salts, 1 to 3, containing lateral 
chains of oxyethylene groups (CH2-CH2-O)n of different lengths, n = 1, 
2, and 3, and bistosylate counterions were prepared. The general 
structures and designations for the compounds and their synthetic 
routes are shown in Scheme 1. All chemicals and solvents used were 

Fig. 1. Chemical structures of extended viologen salts (I-VI) that exhibit SmA 
phases [42–45]. 

Scheme 1. Multiple steps for the synthesis of ionic liquid crystals 1–3. Note 
that n = 1 corresponds to one additional oxyethylene. 
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reagent grade, purchased from commercial suppliers (Acros Organics, 
Alfa-Aesar, Sigma-Aldrich, and TCI America), and were used as 
received. The chemical structures of the salts were assessed from the 
analyses of 1H and 13C nuclear magnetic resonance (NMR) using 
deuterated methanol (CD3OD), Fourier transform infrared (FTIR) 
spectra and elemental analysis. The 1H- NMR and 13C -NMR spectra were 
recorded by using a VNMR 400 spectrometer operating at 400 and 100 
MHz, respectively, at room temperature, and chemical shifts were 
referenced to tetramethylsilane (TMS). The FTIR spectra of thin films, 
cast from chloroform solutions of the salts onto NaCl and vacuum dried 
at 70 ◦C, were recorded with a Shimadzu infrared spectrometer in 
transmission mode. Elemental analyses were performed by Atlantic 
Microlab Inc., Norcross, GA. 

2.2. Synthesis 

The synthesis of 1–3 was performed according to Scheme 1 and 
followed literature procedures [45,47–51]. The detailed procedures and 
spectroscopic analysis (Figs. S1-S9) are given as Supplementary Infor
mation (SI). Data for 1: Anal. Calc for C44H48N2O10S2 (828.99): C, 63.75; 
H, 5.84; N, 3.38; S, 7.74 %. Found C, 63.47; H, 5.67; N, 3.55; S, 7.60 %. 
Data for 2: Anal. Calc for C48H56N2O12S2 (917.09): C, 62.86; H, 6.15; N, 
3.05; S, 6.99 %. Found C, 62.81; H, 6.03; N, 3.15; S, 6.96 %. Data for 3: 
Anal. Calc for C52H64N2O14S2 (1005.20): C, 62.13; H, 6.42; N, 2.79; S, 
6.38 %. Found C, 61.70; H, 6.43; N, 2.89; S, 6.06 %. 

2.3. Characterization techniques 

The phase transition temperatures of the salts under a nitrogen at
mosphere were determined using a TA DSC Q200 module at heating and 
cooling rates of ± 10 ◦C⋅min−1. The differential scanning calorimetry 
(DSC) temperature axis was calibrated with high-purity indium and tin 
reference standards. The thermal stability of the salts in nitrogen was 
assessed by thermogravimetric analysis (TGA) using a TGA Q50 ther
mobalance at a heating rate of 10 ◦C⋅min−1. Polarized optical micro
scopy (POM) studies were carried out by sandwiching the salts between 
standard glass coverslips and using a Mettler hot-stage (FP82HT) and 
controller (FP90) for temperature control. Their phase transitions were 
observed between cross polarizers using an Olympus BX51 microscope. 

Variable-temperature X-ray diffraction (VTXRD) was measured using 
a Rigaku Screen Machine. The salts in epoxy sealed 1 mm quartz cap
illaries, were placed inside a Linkam HFS350X-Cap capillary hot stage 
62 mm away from the 2D detector, with temperature controlled to an 
accuracy of ± 0.1 ◦C. A magnetic field of ~ 2.5 kG was applied to the 
samples using a pair of samarium cobalt permanent magnets. The 
scattering patterns were collected using a Mercury 3 CCD detector with a 
resolution of 1024 × 1024 pixels (size: 73.2 µm × 73.2 µm) and copper 
Kα radiation (λ = 1.542 Å) generated by a microfocus sealed X-ray tube. 
The data were analyzed using publicly available Fit-2D software to 
correct for background scattering and generate intensity vs scattering 
vector, I-q curves. 

The room temperature UV–Vis absorption spectra of dichloro
methane (DCM) and acetonitrile solutions of the salts 1–3 were recorded 
using a PerkinElmer Fluorescence Spectrometer FL 6500, and the inte
grating sphere protocol. Absolute quantum yields (AQYs%) of the as- 
synthesized solid salts were measured with a Horiba Fluorolog fluo
rimeter (HORIBA Instruments Inc.) also equipped with an integrating 
sphere. AQY% was calculated as the ratio of light collected in the inte
grating sphere by the salt to light collected in the same geometry from 
the standard times 100 %. 

Dielectric and conductivity analyses of the salts were performed in a 
lab-constructed dielectric cell that used two stainless steel electrodes 
separated by a spacer. The top and bottom electrodes had diameters of 
10 mm and 20 mm, respectively. To maintain a separation of 120 µm 
between the electrodes, we used a spacer made from a fused silica fiber 
with a diameter of 120 µm. The samples’ temperature was controlled 

using a Lakeshore temperature controller. Dielectric measurements were 
performed over a frequency range of 40–106 Hz using isothermal tem
perature steps and an impedance analyzer (Agilent 4294). The capaci
tance Cp and the dielectric loss, D were measured at varying 
temperatures ranging from 30 to 190 ◦C depending on the isotropic 
transition temperature, Ti of the salt. The results were analyzed in terms 
of complex permittivity, ε* = ε′−jε″ where ε′ is the real dielectric 
permittivity and ε″ is the imaginary dielectric permittivity and j is the 
imaginary unit, j =

̅̅̅̅̅̅̅
−1

√
. The dielectric permittivity was transformed to 

the complex conductivity using σ* = jωε0ε*, where ε0 is the permittivity 
of vacuum, (8.85*10-12F/m). Before each measurement, the samples 
were allowed to stabilize at the specified temperature for approximately 
two minutes, and data was taken on both heating and cooling. Values of 
direct current conductivity, σDC, were estimated by extrapolating to low 
frequencies the plateaus of the real component of the complex conduc
tivity, σ′, when plotted against the frequency on double logarithmic 
graphs. 

3. Thermal and ILC properties 

3.1. Thermal stability: TGA 

The thermal stability of salts 1–3 was assessed by TGA and the 
characteristic temperature, Td is defined as the temperature (℃) at 
which a 5 % weight loss occurred at a heating rate of 10 ◦C⋅min−1 with 
the salt in nitrogen. Despite the presence of flexible oxyethylene groups, 
the TGA thermograms display relatively high thermal stabilities, 
exhibiting decomposition temperatures in the range of 283–288 ◦C (see 
Fig. 2 and Table 1). This temperature gradually decreased as the number 
of oxyethylene groups in the terminal chains increased. As expected, the 
bistosylate salts show lower thermal stabilities than those of the ho
mologous series containing bistriflimide as counterions (311–334 ◦C) 
due to the absence of fluorine atoms, and the reactivity of the p-tolyl 
group [46]. 

3.2. ILC phase behavior: DSC, POM, and VTXRD studies 

Thermal properties obtained from DSC measurements and decom
position temperatures obtained from TGA measurements are compiled 
in Table 1. Fig. 3a shows the DSC thermograms of salt 1, obtained from 
its heating and cooling scans (±10 ◦C⋅min−1), and Fig. S10 shows its DSC 
thermograms obtained from its heating and cooling scans 
(±1 ◦C⋅min−1). The first heating cycle exhibits several endotherms 
associated with its thermal history before melting at 204 ◦C, and the 
second heating cycle only shows a broad endotherm at 197 ◦C. The 
cooling cycles show the presence of broad exotherms accompanied by 
shoulder peaks at 170 and 155 ◦C, indicating crystallization occurring 
from the melt. Whilst DSC does not determine the phase, VTXRD studies 
further confirm the crystal-to-isotropic liquid transition at Tm Ti ≈

208 ◦C, based on the diffractogram patterns. The endotherms below Tm 
are associated with several crystal-to-crystal transitions, which reflect 
polymorphism. Fig. 3b depicts the d-spacings of salt 1 as a function of 
temperature measured in the second cooling cycle. Several points need 
to be made. Whilst DSC scan rates of 10 ◦C min−1 are commonly used in 
LC research [52] and this allows more transitions to be observed, the 
phase transition temperatures must be verified by other techniques, such 
as VTXRD or POM. Also note that, at a rate of 1 ◦C min−1 (Supple
mentary Information), some of the transitions are too small to be 
observed. As discussed by Neubert [52], samples commonly require 
several heating and cooling cycles to exhibit reproducible phase 
behavior. Generally, the second or even subsequent cooling curve is 
used for determining transition temperatures in POM and VTXRD. 
Careful phase identification and phase transition temperatures are ob
tained at cooling rates of 1–2 ◦C⋅min−1 or even slower. The 1 ◦C min−1 

DSC scans indicate the melting temperature, Tm, is 204–205 ◦C for salt 1, 
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183 ◦C for salt 2 and 153 ◦C for salt 3. 
Fig. 4a shows the DSC thermograms of salt 2 obtained at heating and 

cooling rates of ± 10 ◦C⋅min−1 and Fig. S11 shows its DSC thermograms 
obtained from its heating and cooling scans (±1 ◦C⋅min−1). The first 
heating cycle is dominated by a large endotherm with a shoulder visible 
at 184 ◦C (ΔHm = 92.2 kJ⋅mol−1), and a small endotherm visible at 
216 ◦C (2.6 kJ⋅mol−1), that is absent in the second heating scan. The first 
cooling cycle exhibits only a single exotherm visible at 170 ◦C, whilst, in 
the subsequent heating cycle (2H), an exotherm appears at 117 ◦C, 

followed by an endotherm at 182 ◦C. In the subsequent cooling cycle, 
there was only an exotherm at 154 ◦C. In conjunction with POM studies, 
it was determined that the large endotherm corresponded to the crystal- 
to-LC phase transition (Fig. 4b) and the small endotherm corresponded 
to the LC-to-isotropic liquid transition, Ti = 216 ◦C (in the first heating 
cycle). In cooling cycles, the exotherms correspond to the LC-to-crystal 
transitions. 

However, no exotherm associated with a liquid-to-LC transition was 
detected in the thermogram. Based on this DSC first heating scan, 2 

Fig. 2. TGA thermograms of salts 1, 2, and 3 obtained at a heating rate of 10 ◦C⋅min−1 in nitrogen.  

Table 1 
Transition temperature T(℃) and enthalpies ΔH (kJ/mol, in italics) of the transitions for the salts 1–3 obtained from DSC at 10 ◦C min−1 scanning rate, and phase 
determination from POM and VTXRD.  

Salt Heating/cooling H/C Crystal Tm (℃) ΔH 
(kJ/mol) 

Sm A Ti (℃) ΔH 
(kJ/mol) 

Isotropic LC range (℃) Td (℃) 

1        288  
1H * 204 (25.3) – – * –   
2H * 197 (26.7) – – * –   
1C * 170 (26.1) – – * –   
2C * 155 (24.2) – – * –   
POM * – – – * –   
XRD * 208 – – * –  

2        286  
1H * 184 (92.2) * 216 (2.6) * 32   
2H * 182 (79.4) – – * –   
1C * 170 (25.5) – – * –   
2C * 154 (22.8) – – * –   
POM * – * – – –   
XRD * 182 * 204 * 22  

3        283  
1H * 153 (37.7) – – – –   
2H * 147 – – – –   
1C * 110 (11.8) – – – –   
2C * 105 (12.9) – – – –   
POM – – * – – –   
XRD * 170 * 212 * 30 (170–200)  

Td is the decomposition temperature determined by TGA, Cry means crystal, SmA smectic A and Iso, Isotropic phase. The star indicates the transition was observed, 
while a hyphen indicates it was not observed. 
* There is a two-phase coexistence of the SmA and Isotropic phases from 200 to 212 ◦C. 
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displayed mesomorphism over a 32 ◦C range. This is larger than the 
roughly 22 ◦C range observed using VTXRD measurements. This dif
ference range is most likely related to the different experimental con
ditions (first heating vs. second cooling) used for these two techniques, 
heating rates, and the like. Nonetheless, these results are consistent with 
the corresponding equilibrium VTXRD measurements, which allowed us 
to identify the liquid crystal phase as a smectic A phase, SmA, see Fig. 4c 
and Table 1. Both measurements have very similar Tm suggesting tem
perature rate effects. Its diffractograms contained one inner sharp ring 
and one outer diffuse ring above the crystal-to-LC transition and an 
isotropic liquid pattern above the LC-to-liquid transition [53–57]. Its d- 
spacings in the crystalline, SmA, and isotropic liquid phases were plotted 
as a function of temperatures and are displayed in Fig. 4c. It is worth 
mentioning that the diffractograms also indicated the existence of 
biphasic temperature ranges, where smectic and isotropic regions 

coexist. 
Fig. 5a shows the DSC thermograms of salt 3 obtained at heating and 

cooling rates of 10 ◦C⋅min−1 and Fig. S12 shows its DSC thermograms 
obtained from its heating and cooling scans (±1 ◦C⋅min−1). Its thermal 
properties are comparable with those of 2, including polymorphism and 
the formation of a fan-shaped texture typical of SmA phases via POM, 
Fig. 5b. However, its melting transition (Tm) was located at the highest 
temperature endotherm with a large enthalpy change (153 ◦C) in the 
first heating cycle of the DSC thermogram but not its isotropic liquid 
transition (Ti). This contrasts with the Tm temperature of 170 ◦C 
observed in VTXRD, and once more suggests thermal history effects. In 
this case, the SmA range determined by VTXRD was wider than 2 (30 vs 
22 ◦C). Phase assignment and stability were further verified with VTXRD 
studies, which showed similar features as those described above for 2. 
The d-spacings for salt 3 in the crystalline, SmA, and liquid phases, are 

Fig. 3. (a) DSC thermograms of salt 1 obtained at heating and cooling rates of ± 10 ◦C⋅min−1 in nitrogen (Exo up), (b) The d-spacings of 1 plotted as a function of 
temperature around the DSC crystal to isotropic transition (Tm = 204 ◦C) measured in the second cooling cycle. The corresponding VTXRD Tm ≈ 208 ◦C. 

Fig. 4. (a) DSC thermograms of 2 obtained at both heating and cooling rates of 10 ◦C⋅min−1 in nitrogen (Exo up); (b) photomicrograph of 2 taken by POM (first 
heating) at 212 ◦C after melting at 184 ◦C revealing LC texture; (c) the d-spacings of 2 plotted as a function of temperatures measured on the second cooling cycle. 
Note the higher sensitivity to phase transitions of VTXRD compared to DSC. 
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displayed in Fig. 5c suggesting its layer spacings increased with 
increasing chain length. 

The DSC and XRD studies indicate that thermal history and possibly 
heating rate (note the transition at 247 ◦C on the second heating of salt 1 
at 1 ◦C min−1) can be important in these studies. While the maximum 
temperature of the 1℃ min−1 trace is well below the decomposition 
temperature of 288 ◦C, some chemical change may have occurred. XRD 
samples were routinely taken to temperatures approximately 20 ◦C 
above the first isotropic data points shown. As indicated by the associ
ated DSC thermograms, this is due to phase transitions tending to occur 
at lower temperatures when undergoing cooling when compared to 
those from heating. 

3.3. Optical spectroscopic properties of salts 1–3 

The presence of the extended viologen moieties promotes an optical 
response in these salts, which was examined by UV–Vis and photo
luminescence spectroscopies, both in DCM (dichloromethane) and 
acetonitrile (ACN), as well, as in the solid state. In DCM, the salts show a 
broad absorption peak, obtaining λmax at 390, 389, and 389 nm, whilst 
in ACN they showed a broad absorption signal, with maxima at λmax =

377, 378, and 399 nm, for 1–3, respectively. Using the respective Beer- 
Lambert plots, the calculated molar absorption coefficients are large, 
≈20,000 M−1cm−1 for all three salts in both solvents. Their light emis
sions in both DCM and ACN were too weak to be measured or detected. 

These results prompted us to measure the light emission at 546, 508, 
and 533 nm, (Fig. S13) of the salts in the solid state. From these mea
surements, we determined the absolute quantum yields. Interestingly, 
their light emissions in the solid state were quite respectable: 7, 12, and 
3 %, respectively. Generally, quantum yields are low in the solid state 
because of aggregation-caused quenching (ACQ), while quantum yields 
are high in solutions because aggregation phenomena do not occur. 
These results suggest that the salts undergo aggregation-induced 

emission (AIE) in the solid state, which has been studied for many 
organic luminophores for the last two decades and has pinpointed the 
interest of the viologens as promising materials for potential applica
tions in optoelectronic technologies [58,59]. 

4. Electrical conductivity and dielectric response 

The real component of the complex conductivity, σ′, for all three 
materials as a function of frequency, f, at a temperature of 30 ◦C is 
plotted on a log–log scale in Fig. 6. Conductivity increases with the 
number of the oxyethylene units located at both ends of the extended 
viologen moiety, and salt 3, containing four oxyethylene units, exhibits 
the highest direct current conductivity at room temperature (30 ◦C), 

Fig. 5. (a) DSC thermograms of 3 obtained at both heating and cooling rates of 10 ◦C⋅min−1 in nitrogen (Exo up), (b) Photomicrograph of 3 taken at 200 ◦C on first 
heating after its melting transition at 153 ◦C revealing the fan-shaped texture of SmA, (c) The d-spacings of 3 plotted as a function of temperatures (different colors 
correspond to different diffracted line) measured in the second cooling cycle. The POM and VTXRD data support the liquid crystalline phase is a smectic and a liquid 
crystalline range of roughly 30 ◦C. 

Fig. 6. The real conductivity, σ′ as a function of frequency for the three salts 
at 30 ◦C. 
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with σDC ~ 4 x 10-5 S/cm. Longer oxyethylene units in the salts’ struc
ture may increase the flexibility of the molecule [60] promoting the 
movement of ions within the ionic liquid and leading to higher con
ductivity [61]. This is consistent with the decrease in the melting points 
reported in Table 1. It is worth mentioning, nevertheless, that longer 
oxyethylene may also increase the relative concentration of sites avail
able for the solvation of ions [61], and reduce ion-ion interactions 
[62,63]. However, whilst extending the end chains could be seen as an 
opportunity to yield higher conductivities, this may also result in strong 
ionic complexation, and result in mobility hindrance [64]. Our results in 
Fig. 6 may arise as a combination of both factors. 

The high electrical conductivity suggests these materials exhibit an 
interesting response to applied electric fields. The response of a material 
to an applied electric field is given by its complex permittivity, ε*. This 
quantity has a term that corresponds to the stored energy, which is 
proportional to ε′, and a dissipative term corresponding to the energy 
loss, which is proportional to ε″. These are out of phase (orthogonal) and 
combine to form the complex permittivity, ε* = ε′ + jε″, [65]. Due to its 
high room temperature conductivity, we have investigated the effect of 
temperature on ε* of salt 3, and display results, obtained on heating from 
30 to 190 ◦C, and subsequently cooling back to 30 ◦C at rates of ±

1 ◦C⋅min−1 in Fig. 7. While the thermal history is different, the XRD 
sample was taken to 220 ◦C with no noticeable change; therefore, we 
believe that the different temperature range does not have any effect on 
our conductivity results. The high ε′ values, see Fig 7(a), are indicative of 
a strong dielectric response, associated with the existence of polarizable 
groups in the molecule. The occurrence of ionic conductivity, Fig. 6, 
results in an increase of ε″ at low frequencies even at low temperatures, 
Fig. 7(b), which may foreshadow dielectric relaxations in that frequency 
range. As expected, the dielectric response increases at higher temper
atures. The temperature-frequency relationships will be explained in 
more detail later. Focusing on the ε′ values obtained at 3 kHz on heating, 
two peaks were observed at 49 ◦C and 92 ◦C, followed by a plateau and 
further drop above 170 ◦C. This latter value fits well with the melting 
temperature of this sample reported in Table 1 and suggests that the 

crystal to smectic transition is either not visible in Fig. 7(c) or takes place 
at lower temperatures within the cells (T > 92 ◦C), due to strong 
alignment effects between electrodes and the ionic liquid that promote 
smectic organizations [2]. On cooling, the real permittivity remained 
approximately constant at ε’ ~ 104, above 160 ◦C, subsequently it 
dropped to ε’ ~ 102 at 158 ◦C. This drop could indicate sudden crys
tallization of the salt inside the cell. 

The temperature response of the complex electrical conductivity of 
salt 3 is displayed in Fig. 8, and the temperature-dependent behavior of 
salt 1 and salt 2 is given in Figs. S14 and S15. The double logarithmic 
plots of the real component of the conductivity (σ′) vs frequency and 
temperature exhibit three distinct regions, see Fig. 8(a). At lower tem
peratures and high frequencies, the conductivity is governed by strong 
dispersion effects where the conductivity is significantly influenced by 
the frequency of the applied signal. At intermediate frequencies, the ions 
have enough time to hop between electrodes and the appearance of 
plateaus in σ′ demonstrates the occurrence of DC conductivity. Lastly, at 
low frequencies, σ′ decreases due to electrode polarization effects caused 
by the accumulation of charges at the electrode surfaces [66,67]. The 
existence of significant polarization is consistent with the appearance of 
a maximum in the imaginary part of the conductivity, σ″, shown in Fig. 8 
(b). 

At higher temperatures, the conductivity of the ionic liquid shows an 
upward trend, with the σ″ relaxation peak shifting to higher frequencies 
at higher temperatures. Such an increase in conductivity can be attrib
uted to two possible effects. On the one hand, temperature may activate 
more ionic sites due to an increase in the molecular mobility of the salt, 
and larger free volume available for ion hopping. At the same time, ions 
will have more thermal energy, and hence diffusion will be promoted. 
These two effects also reflect the shift of the DC conductivity region 
towards higher frequencies on heating in Fig. 8(a) since the ions require 
less time to completely relax into their equilibrium positions between 
successive cycles of the applied electric field. 

The thermal activation energy of the conductivity was obtained via 
Arrhenius plots shown in Fig. 9. The DC conductivity values σDC were 

Fig. 7. Isothermal Bode plots of the complex permittivity (ε* = ε′ −jε˝) for salt 3, showing the real (a) and imaginary (b) components. Different colors correspond to 
different temperatures. (c) Temperature dependence of ε′ measured at 3 kHz. 

P.K. Bhowmik et al.                                                                                                                                                                                                                            



Journal of Molecular Liquids 398 (2024) 124140

8

estimated by extrapolating the constant σ′ ranges to f→0 at each tem
perature. At low temperatures, in the crystalline phase(s), the DC con
ductivity follows an exponential behavior, and the activation energies Ea 
is calculated using the Arrhenius equation, 

σdc = σoexp(
Ea

RT
)

where R is the gas constant, 8.31 J mol−1 K−1, T is the absolute tem
perature, and σo is a pre-exponential term. Salts 1 and 2 have activation 
energies of 39 kJ⋅mol−1 and 49⋅kJ.mol-1 while salt 3 exhibits 57 
kJ⋅mol−1, respectively, which means that the salt with the highest 
conductivity (four oxyethylene units; salt 3) also has the highest 

activation energy. Even though one normally expects a higher conduc
tivity to be associated with lower activation energy [68], it is important 
to note that activation energy alone does not solely determine conduc
tivity. Other factors, such as the number of charge carriers and their 
mobility, may significantly influence conductivity. 

Indeed, the higher conductivity exhibited for salt 3 (despite its high 
Ea values) can be explained by the increased flexibility of the longer 
oxyethylene units. This increased mobility may offset the higher acti
vation energy, resulting in a higher conductivity compared to the other 
salts. We also speculate that the formation of more well-defined smectic 
layers promoted by longer oxyethylene chains also increases the con
ductivity. In Fig. 10(a) we have included the molecular lengths 

Fig. 8. Temperature variation of the complex conductivity, σ*, for salt 3: (a) real component, σ′; (b) imaginary component, σ″. Different colors indicate different 
temperatures. 

Fig. 9. DC conductivity on a logarithmic scale as a function of 1/T with T measured in Kelvin.  
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associated with salt 3, and in Fig. 10(b) we have sketched a represen
tation of the smectic phase, consistent with the distances calculated by 
VTXRD and shown in Fig. 5. The formation of such nanostructure would 
allow for sufficient free volume to promote molecular and ionic 
mobility. These data also suggest that some alignment of the molecules 
is carried from the LC to the crystalline phase. Determining which 
mechanism is responsible for the high DC conductivity remains an 
intriguing question that will be further explored. 

5. Conclusions 

Three extended viologens containing bistosylate as counterions were 
successfully synthesized using Zincke reactions, followed by metathesis, 
and displayed high thermal stabilities (thermal decomposition temper
atures above 280 ◦C). The first member in the series (with the shortest 
terminal chain containing two repeating oxyethylene units, n = 1) was a 
high melting temperature salt (204 ◦C), and the second and third 
members (n = 2 and 3) showed SmA phases above their melting points 
(184 and 153 ◦C, respectively) in first heating cycles of DSC thermo
grams. The second member had a liquid crystalline range of 32 degrees, 
but the third member showed no Ti transition. The range for the second 
member determined by VTXRD after multiple heating and cooling steps 
exhibited an LC temperature range approximately 10 degrees smaller 
than that by DSC. Whilst the salts showed weak (or non-existent) light 
emission in relatively non-polar solvents (DCM and ACN), they exhibi
ted light emission in the solid state presumably promoted by 
aggregation-induced emission, with moderate absolute quantum yields 
between 3 and 12 %. Electrical conductivity increases with the length of 
the oxyethylene units in the extended viologen moiety, reaching σdc 10-2 

S⋅cm−1, in the crystalline phase near 100 ◦C close to those values 
exhibited by commercial electrolytes used in fuel cells or batteries 
[69,70], and higher than many other liquid crystalline materials 
[10,71–77]. The presence of longer oxyethylene units enhances the 
flexibility of the molecules, and it is proposed that this promotes ion 
movement within the salts and results in higher electrical conductivity. 
As expected, both dielectric permittivity and conductivity increase with 
temperature, which can be beneficial to yield controllable electrolytes in 
their liquid crystalline mesophases. The combination of light emission 
and conductivity will be investigated to design new ionic liquid crystals 
that can be used in optical and energy device applications. 
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