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ARTICLE

Development of ionic liquid crystals based on pyridinium and picolinium cations
Andreia F. M. Santos

LAQV-REQUIMTE, Department of Chemistry, NOVA School of Science and Technology, NOVA University of Lisbon, Caparica, Portugal

ABSTRACT
The search for novel materials and technologies with improved performance increased in the last 
decades. In particular, ionic liquid crystals (ILCs), a modern class of advanced materials that benefits 
from the synergistic properties of ionic liquids and liquid crystals, are playing an important role in 
different areas of knowledge, attracting the interest of the academia and industry, driven by their 
peculiar tailoring ability. Herein, it comprises a brief synopsis of several pyridinium and picolinium 
ILCs previously prepared to understand how their mesomorphism and conductivity profiles are 
affected by small structural changes in terms of the methyl group position and alkyl chain length, 
providing important insights into future design of functional materials by a simple anionic 
exchange. Moreover, microwave-assisted reactions were emphasised as a simple and greener 
synthetic method to prepare ionic liquid crystals through alkylation, which can also be applied 
to other organic salts.
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Introduction

Ionic liquids (ILs), i.e., organic salts with low melting point, 
have proven to be useful in a wide range of applications 
(Figure 1), from tailor-made solvents [1–4] (the first gen
eration of ionic liquids) to advanced materials [5–8] (sec
ond generation) and pharmaceuticals [9–12] (third 
generation), due to the wise pairing of their cations and 
anions, allowing to modulate the final properties of the 
compound [13–16]. This fine tuning, extremely relevant in 
several fields, is addressed by the huge diversity of ions 
that can be incorporated in ionic liquids. Indeed, it is 
possible to couple organic, inorganic, chiral or achiral 
moieties, as well as entirely or partially ionised acids and 
bases, charged bridging ligands, metallated coordination 
polymers, organic polymeric metal ions and amino acids 
[16]. Most of the structures reported are based on sub
stituted organic cations (e.g., imidazolium, pyridinium, 
pyrrolidinium, ammonium and phosphonium) and inor
ganic anions (e.g., halides, perchlorates, tetrafluorobo
rates and hexafluorophosphates) [16,17]. However, 
multiple ILs containing organic anions were developed 
with triflates, bistriflimides, benzoates, alkylsulfates, alkyl
carbonates, carboxylates, among other anions [16,17]. In 
addition, ionic liquids are known for their low volatility, 
although some of them can be distilled under specific 
conditions [18], high chemical and thermal stability, being 
also excellent conductors with a large electrochemical 
window [19,20]. Liquid crystals (LCs), on the other hand, 

are anisotropic compounds with intermediate character
istics of both crystalline solids and isotropic liquids 
[21–25]. These fluids exhibit long-range orientational 
order, along with birefringence, fluidity and the ability 
to self-assemble, as well as other specific properties that 
highlight the relevance of these materials in modern 
science and industry [26–30]. Additionally, mesophases 
emerging upon temperature or concentration/solvent 
variations are designated as thermotropic or lyotropic 
liquid crystals, respectively. Different molecular structures, 
associated with the chemical properties and molecular 
geometry of LCs, lead to distinct liquid crystalline phases, 
ranging from nematic (N) to smectic (S), columnar (Col) 
and cubic (Cub) phases [31]. Among these phases, 
nematic is the one presenting higher fluidity, while smec
tic phases are recognised for displaying lamellar molecu
lar organisation. In particular, the molecular arrangement 
of smectic layers is responsible for the formation of dif
ferent mesophases, such as SA, SB, SC, SF and SG phases 
[32]. Furthermore, when a certain material has liquid 
crystalline properties and is simultaneously ionic, it can 
be classified as ionic liquid crystal (ILC) [32–35]. 

Nowadays, with global warming and other environ
mental concerns, there is a huge demand for sustainable 
chemical processes, opening doors to the use of alterna
tive solvents (e.g., ionic liquids, deep eutectic solvents and 
supercritical fluids), solventless systems, microwave- 
assisted reactions, mechanochemistry and flow chemistry 
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[36–40]. The search for greener methodologies is also 
important in the preparation of different ionic systems 
(organic salts, ionic liquids, ionic liquid crystals, among 
others). Typically, there are two synthetic steps involved in 
the preparation of ionic liquids: alkylation reaction to 
obtain the desired cation using the selected haloalkanes, 
followed by anionic exchange reaction, which can be 
through metathesis or acid–base processes [17,41]. 
Therefore, ILs based on halides can be considered tem
plates for synthesising task-specific materials. However, 
several studies have been focused on these starting 
organic salts to fully understand their properties before 
functionalise them [42–46]. In this context, most of the 
ionic liquid crystals reported are based on an aromatic 
ring coupled with a long alkyl group and, thus, originating 
salts with rod-like structures. This molecular shape is 
known for promoting the appearance of lamellar phases. 
On the other hand, discotic conformations are addressed 
to the emergence of columnar phases, being less com
mon in ionic liquids with liquid crystalline character. In 
fact, K. Binnemans and co-workers [47] provided an inten
sive overview of the mesogenic structures associated with 
thermomesomorphism, emphasising also the intensive 
exploration of this field towards the design of novel func
tional materials. The latter includes electronic applications 
in sustainable energy storage and conversion devices, 
such as battery electrolytes, supercapacitors, fuel cells 
and dye-sensitised solar cells [48,49], pointing out ionic 
liquid crystals as alternatives to conventional materials 
[50,51]. There are several reasons to advantageously use 
ILCs in such applications: the already mentioned ability to 
order and self-assemble in a diversity of arrangements, 
endorsing multidimensional ion conductive pathways 
[52,53], high cohesion energy to the electrode surface 
[54], multiple types of cation–anion interactions, varying 

from electrostatic and Van der Waals interactions to con
ventional and non-conventional hydrogen bonds [55–57], 
as well as high electrochemical stability and enlarged 
voltage window [58,59].

In this context, several pyridinium and picolinium 
(methylpyridinium) ionic liquid crystals have been synthe
sised through sustainable methods and further charac
terised by thermal, microscopic and spectroscopic 
techniques. Herein, an overview of how the methyl group 
position [60] and the alkyl chain length [61] impact their 
mesomorphism and conductive behaviour is provided, 
guiding also the design of new functional materials.

Sustainable synthesis of ionic liquid crystals

Concerning the preparation of novel ionic liquids 
with mesogenic properties, there is a crucial aspect 
to be considered: the design of ILCs with calamitic 
shapes is highly impacted by the alkyl chain length. 
Smaller sizes impair the formation of liquid crystalline 
phases, turning the material crystalline, while higher 
chains promote increased mobility that can mitigate 
the long-distance orientational order, a critical feature 
to have in mind when it is intended to support the 
molecular self-assembly. Indeed, sizes between C6 

and C18 are reported as being suitable to form liquid 
crystals [34,62–64]. Therefore, 1-dodecylpyridinium 
bromide ([C12Pyr][Br]) and 1-dodecyl-n-methylpyridi
nium bromide ([C12-n-Pic][Br], n = 2, 3 or 4) were 
synthesised to understand the influence of the 
methyl group position in their mesomorphic beha
viour. Furthermore, to expand the studies regarding 
modifications at the molecular level, two other poten
tial ILCs were prepared, changing the size of the 
aliphatic tail, to compare with [C12-2-Pic][Br]: 

Figure 1. Three generations of ionic liquids and examples of their respective applications.
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1-hexyl-2-methylpyridinium bromide ([C6-2-Pic][Br]) 
and 1-hexadecyl-2-methylpyridinium bromide ([C16 

-2-Pic][Br]).
As previously mentioned, the search for sustainable 

alternatives to conventional methods has increased in 
the last few decades. Under this perspective, two strate
gies were used to synthesise the pyridinium and picoli
nium organic salts highlighted in the present manuscript: 
conventional heating and microwave irradiation. In both 
cases, the desired compounds were successfully pre
pared. However, microwave-assisted reactions revealed 
to be more efficient and greener processes, as no solvent 
is needed and the alkylations can be completed with 
higher yields (87−96% vs. 34%) and purity levels in less 
time (35−50 min vs. 48 h). Additionally, since the materials 
were prepared in neat conditions, the purification process 
was also simplified. It was found that, compared to similar 
cations, the syntheses of the 2-picolinium organic salts 
were more challenging to obtain good yields, probably 
due to their methyl group at ortho- position, which con
fers stereochemical hindrance, impairing the functionali
sation with long alkyl chains.

Mesomorphic behaviour

Effect of the methyl group position

In order to assess the liquid crystalline behaviour of [C12 

Pyr][Br], [C12-2-Pic][Br], [C12-3-Pic][Br] and [C12-4-Pic][Br], 
all materials were characterised by Differential Scanning 
Calorimetry (DSC), Polarised Optical Microscopy (POM) 
and X-Ray Powder Diffraction (XRD) to evaluate, respec
tively, their phase transformations, textures and 

structural properties [60]. Figure 2 comprises the micro
photographs acquired within the mesophase of each 
organic salt.

Thermotropic transitions with different liquid crystalline 
windows were found for all samples, confirmed by the 
presence of sharp calorimetric transformations (DSC), bire
fringent domains and fluidity (POM), as well as specific 
scattering patterns with signals at small angles (XRD). 
Moreover, the intensive thermal treatment performed by 
DSC, between −90°C and 200°C, carried out at 2, 5 and 10°C 
min−1, allowed to infer about their resistance upon succes
sive cooling and heating runs. In this context, all materials 
exhibited high thermal stability with no signs of degrada
tion. Comparing the second and the fourth scans, [C12Pyr] 
[Br] (TCr→LC = 59°C; ΔTLC = 65°C) stood out from the other 
homologous salts due to its wide mesomorphic window on 
heating and cooling, as well as after overcycling. It also 
showed a homeotropic alignment, responsible for the light 
extinction in some preparation’s regions when the sample 
is between two glass plates, which hindered the observa
tion under crossed polarisers. On the other hand, for [C12 

-2-Pic][Br] (TCr→LC = 77°C; ΔTLC = 47°C), the stiffness pro
vided by the methyl group at ortho- position promoted 
the appearance of an ordered LC phase, suggested by the 
low enthalpy involved in the conversion from crystal to 
liquid crystal and later confirmed by XRD with the simulta
neous rise of peaks at small and large angles. This higher 
rigidity also reflects a superior tendency to crystallise, being 
the only one that turned monotropic on cooling. 
Regarding [C12-3-Pic][Br] (TCr→LC = 61°C; ΔTLC = 12°C) and 
[C12-4-Pic][Br] (TCr→LC = 48°C; ΔTLC = 22°C), both presented 
reduced thermomesomorphic range in the second heating 
run, exhibiting focal conics and clearing points below 

Figure 2. Chemical structures and optical microphotographs associated with the liquid crystalline phases of the ILCs highlighted in the 
study of the methyl group position: SA for all materials, excepting for [C12-2-Pic][Br] that displays a S1 phase.
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100°C. Under thermal cycling, these two ILCs lost their 
mesomorphism, which was recovered after a definite per
iod of time. Finally, the X-Ray Powder Diffraction analysis 
allowed a deep insight into the molecular ordering, reveal
ing bilayer disordered smectic A (SA) phases for all materi
als, except for [C12-2-Pic][Br], whose diffractogram is 
coherent with an ordered smectic (S1) phase. 
Furthermore, it was found that the layers are interdigitated, 
since their layer spacing is inferior to an integer multiple of 
the respective cation size.

Effect of the alkyl chain length

Aiming to correlate the lengthening of the alkyl group 
with the presence of liquid crystalline phases, a shorter 
([C6-2-Pic][Br]) and a longer ([C16-2-Pic][Br]) salts were 
prepared. They were thermally, optically and structurally 
characterised, and their behaviour was compared with 
[C12-2-Pic][Br], being depicted in Figure 3 the textures 
observed between crossed polarisers. Moreover, the 
weight loss profile of the three organic salts was also 
evaluated [61]. 

Although C6 has been reported to be suitable for 
imprinting mesomorphic behaviour [64], no thermotro
pic transitions were observed for [C6-2-Pic][Br] (Tm =  
88°C), being the diffraction signature coherent with 
a material in a semi-crystalline state. Moreover, it easily 
avoids crystallisation on cooling, vitrifying below 
−25°C, whereas amorphisation of C12 and C16 was not 
achieved under the tested conditions. Furthermore, 
even though thermogravimetric assays revealed 
a major loss starting at 190 − 200°C for the three 

2-picolinium salts, the shortest ionic liquid exhibited 
signs of degradation upon thermal cycling, contrary to 
the longer ILCs that are more thermoresistant. On the 
other side, [C16-2-Pic][Br] (TCr→LC = 101°C; ΔTLC = 19°C) 
exhibited polymorphism, similar to C12, converting to 
a disordered lamellar phase (SA) with interdigitated 
bilayers, whose endotherm is detected even after suc
cessive calorimetric runs.

In this section, all samples were monitored on heating 
and cooling through XRD, disclosing a smectic A phase 
for [C12-2-Pic][Br]. Hence, this material presents two dif
ferent LC phases: S1 on heating and SA under cooling. 
The latter is the one conserved upon overcycling.

Table 1 summarises the physical state and the thermo
tropic behaviour of each organic salt, including the tem
perature values for the main transitions, the mesomorphic 
window and the respective structural characterisation. It is 
worth noting that some materials exhibited a shift towards 
higher temperatures between the conversion to liquid crys
tal in the first and second heating runs.

Conductivity behaviour

Effect of the alkyl chain length

Envisaging future applications in the electronic field, [C6 

-2-Pic][Br], [C12-2-Pic][Br] and [C16-2-Pic][Br] were charac
terised by Dielectric Spectroscopy (DS) between −90°C 
and 160°C. In this context, their conductivity and impe
dance were measured as a function of frequency and 
temperature, allowing to investigate the impact of 
increasing the aliphatic tail on these properties [61]. 

Figure 3. Chemical structures and optical microphotographs addressed to the representative phases of the ILs involved in the study of 
the alkyl chain length: semi-crystal for [C6-2-Pic][Br], S1 for [C12-2-Pic][Br] and SA for [C16-2-Pic][Br].
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Moreover, the absence of a clear response associated 
with dipolar relaxation processes led to the conclusion 
that all ILs are mainly dissociated in their respective 
2-methylpyridinium cations and bromide anions.

For all organic salts, the conductivity spectra resem
ble those exhibited by a variety of semi-conducting 
materials [65], where it is possible to distinguish, in 
different isotherms, two regions: one dependent on the 
frequency and the other one independent, similar to 
a plateau. The first is due to a short-distance semi- 
diffusive charge transport mechanism, while the latter 
is originated by a long-distance diffusive charge migra
tion regime, named as direct current conductivity (σdc). 
Furthermore, a closer inspection of the [C6-2-Pic][Br] 
conductivity spectra, collected below 0°C, revealed 
a decrease at low frequencies owing to ions that accu
mulate at the sample/electrode interface without dis
charging, creating an additional capacitance and, thus, 
reducing the charge transfer. This phenomenon is called 
electrode polarisation and, for some applications, repre
sents a disadvantage. For the longer salts, this bending 
off was absent almost up to isotropisation.

It was also possible to establish a general correlation 
between conductivity and phase transformations of the 
three salts, since the rise of the direct current plateau is 
associated with the materials’ physical state. In fact, it was 
found that DS is even more sensitive to changes in the 
physical state than DSC. Moreover, the temperature 
dependence of σdc allowed to construct an activation 
map, providing a fingerprint of the materials’ charge 
transport. When C12 and C16 are crystalline and liquid 
crystalline, a linear behaviour (Arrhenian) with different 
slopes was observed, characteristic of a thermal activated 
charge migration mechanism. On the other hand, super
cooled C6 exhibited a curved profile, following a VFTH law, 
signature of a glass transition assisted mechanism [66], 
changing to an Arrhenius-type dependence upon cold 
crystallisation. From the linear branches, the activation 
energy (Ea) for charge migration was calculated, showing, 
for [C16-2-Pic][Br], superior values when charges migrate 
within the crystalline phases in comparison to the LC. 

Differently, for C12, Ea remains almost invariant along the 
different phases, acting as additional evidence of the 
smectic 1 ordering. These results indicate a strong depen
dence of conductivity relative to the materials’ physical 
state. Thus, care must be taken while comparing their 
properties at a definite temperature.

From the conductivity measurements, it was possible 
to estimate the cationic and anionic diffusion coeffi
cients, relevant to the performance of electronic devices 
[67], contributing to a wise design of novel functional 
materials [68]. Since bromide is common to the three 
salts, and the main responsible for charge transport, the 
substantial differences registered in the conductive and 
diffusional behaviours of the three salts allowed to infer 
that the cation also plays a role.

Finally, to further explore C12 and C16 responses at room 
temperature, their frequency-dependent impedance spec
tra (Bode plot) were modelled by an equivalent non-ideal 
RC electrical circuit, giving rise to a ‘depressed’ semi-circle in 
the alternative Nyquist plot representation. The extracted 
resistance (R) and capacitance (C) values showed that 
charge propagation in the crystalline state was mainly con
ditioned by R, being ~40 times higher for the lengthiest salt, 
while C keeps the same order.

These results, along with conductivity traces in the 
activation map, allowed to distinguish the charge migra
tion pathways of crystalline and liquid crystalline phases. 
This was rationalised in terms of i) a charge hopping 
motion through defects in the crystalline lattice, occurring 
longitudinally to the chain length, and ii) charge migra
tion in between layers in the mesophase, being almost 
independent of the alkyl size. A general illustration of 
these mechanisms is depicted in Figure 4, including 
a scheme for the respective energy barriers.

Conclusions

In the framework of the ‘Liquid Crystal Art Image of the 
Year 2022’ award by The International Liquid Crystal 
Society, the thermomesomorphic behaviour of six ionic 
liquids containing pyridinium and picolinium 

Table 1. Physical state and thermomesomorphic behaviour of each organic salt during heating.
[C12Pyr][Br] [C12-2-Pic][Br] [C12-3-Pic][Br] [C12-4-Pic][Br] [C6-2-Pic][Br] [C16-2-Pic][Br]

Physical state Cr Cr Cr + LC Cr + LC sCr Cr
TCr→LC (°C) 1st 48.31 81.67 27.04 n.d.a - 99.34

2nd 59.17 76.84 6.83 47.68 - 101.04
ΔTLC (°C) 65 47 12 22 - 19
TCr/LC→I (°C) 124.19 123.46 73.28 69.25 87.82 120.51
Mesophase SA S1

b SA SA - SA

With the exception of ΔTLC (liquid crystalline range), all values correspond to the peak temperature of the phase transitions. In order to mitigate the impact of 
the water content in the material’s thermal response, both ΔTLC and TCr/LC→I were determined in the second run. Cr - crystal phase; LC - general liquid crystal 
phase; sCr - semi-crystal phase; I - isotropic phase; SA - smectic A phase; S1 - smectic phase with ordered layers. 
aThe ill-defined endotherms found in the first heating run impaired the accurate analysis of this scan. 
bSA emerges on cooling.
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(methylpyridinium) cations is outlined. It was possible to 
identify bilayer interdigitated smectic phases in five of the 
investigated salts, leading to classify them as ionic liquid 
crystals. Moreover, a detailed study of chemical modifica
tions was performed in what concerns the effect of the 
methyl group position (unsubstituted, ortho-, meta- and 
para-) and alkyl chain length (C6, C12 and C16). In the latter, 
further Dielectric Spectroscopy measurements were carried 
out and modelled, allowing to understand how the size of 
the aliphatic group impacts the conductivity, impedance 
and ionic diffusion. The information provided by this 
ongoing project will guide the wise preparation of task- 
specific ionic liquid crystals through sustainable methods. 

‘Flying Colibri’, the Liquid Crystal Art Image of the Year 
2022 by Andreia F. M. Santos, NOVA University of Lisbon, 
Portugal.
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