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Preface to ”Ionic Liquid Crystals”

As the Guest Editor, I am delighted to introduce this book edition of the Special Issue on Ionic

Liquid Crystals (ILCs) published by the journal Crystals. I was prompt to accept the invitation as

Guest Editor for the Special Issue by an awareness of the peculiarity of ILCs: Despite the fact that

they can be seen as both ionic liquids and/or liquid crystals, the combination of the properties of

these latter two materials into a single substance promotes the emergence of new properties and

novel features. Obviously, new issues and difficulties also appear, which necessitate a renewed effort,

both from an experimental and theoretical point of view, in order to better understand their behavior,

the structure-properties relationships, and to exploit the possible technological applications.

Ionic liquid crystals are attracting more and more attention in the literature and there is a rapid

increase in the number of papers dealing with ILCs. The detailed understanding of their properties is,

however, still far from being complete and, although ILCs merge together the positive characteristics

of both ionic liquids and liquid crystals, they also combine their drawbacks, such as, for example, a

relatively high viscosity. The design of novel ionic liquid crystalline phases with a lower viscosity

and better performance is indeed a very difficult task.

For this reason, this Special Issue collects several papers from authors belonging to diverse

disciplines—engineering, synthetic organic chemistry, optical and magnetic spectroscopy, theoretical

physics, computational chemistry—reflecting the wide scope of the field and the vast array of

techniques needed to investigate ILCs. It has been a pleasure and an honor to receive the submissions

from many esteemed authors, colleagues, and friends, and I wish to thank them for their contribution.

I am also extremely pleased to say that all papers were very well received from the many reviewers

selected from an international panel of expert in the field.

Moreover, I wish to thank the Editorial Office of the journal Crystals, particularly Mr. Adonis

Tao, for inviting me to guest edit the Special Issue and for the help during the whole process.

I hope this book will further stimulate work in the field of ILCs and, more importantly, I hope it

will highlight the need for an interdisciplinary approach to their study.

Giacomo Saielli

Special Issue Editor
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Giacomo Saielli
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Received: 23 May 2019; Accepted: 26 May 2019; Published: 27 May 2019

The term “Ionic Liquid Crystals” (ILCs) clearly results from the blending of the well-known
“Ionic Liquids” (ILs) and “Liquid Crystals” (LCs) names of the corresponding materials.
The concatenating word Liquid is crucial since this is the property that makes all three types of
materials so important: Without the key feature of being fluid, there would be not such notable interest
in the phase behavior of either an ionic or molecular solid. Coincidentally, both ILs and LCs were
discovered in 1888 [1,2] and they remained just an academic curiosity for many decades, until industrial
applications eventually took off. This happened during the 1970s for liquid crystals, after the synthesis
of a new family of LCs based on cyanobiphenyls, stable to oxidation and light irradiation [3]; similarly,
ILs had to wait until the discovery of air and water stable imidazolium salts in the 1990s [4] before they
started to become appealing for industrial processes.

Thermotropic Ionic Liquid Crystals were first officially reported some 50 years later [5], compared
to the “parent” compounds, but in fact they have been known since ancient times, since soaps, that is
metal alkanoates, exhibit ionic liquid crystal phases. ILCs can be viewed as ILs that, at some intermediate
temperature between the isotropic liquid and the crystal phase, also exhibit a liquid-crystalline (LC)
mesophase. Most of the ILC compounds known today are composed by the same type of cations
and anions usually found in ILs; however, because of the presence of relatively long carbon chains,
micro-segregation leads to the formation of LC phases, almost invariably of smectic type, that is layered.
Other LC phases encountered in ionic systems are columnar and cubic ones. In contrast, the ionic
nematic phase is extremely rare and the quest for a family of compounds showing a stable ionic nematic
phase, near room temperature and with a relatively large thermal range of stability, is an active field
of research. In any case, even for the most common kinds of ILCs, the detailed understanding of the
relationship between the molecular structure of cation and anion and the phase behavior and thermal
stability is far from being understood.

The potential applications of ILCs span a wide range of options and they have been tested in
several proof-of-principle devices. The special solvation properties of ILs, combined with the partial
orientational and/or translational order of LCs, make ILCs promising media in all cases where a
transport of mass and/or charge is needed. There is a main drawback, though, that is the relatively
high viscosity. This is the reason why deeper and more thorough investigations of ILCs are necessary,
in order to understand how the many details of the molecular structure of cations and anions affect the
macroscopic properties and the thermal range and type of mesophases of ILCs. These, in fact, depend
on the interplay of a number of steric, van der Waals, H-bonding, and electrostatic interactions and
their modeling is an arduous task.

This Special Issue on Ionic Liquid Crystals aims at gathering together some of the specialists
working with ILCs, to shed light on the properties and behavior of ILCs. The papers cover many aspects
of ILCs science and technology from organic to computational chemistry, from physical chemistry to
engineering applications, thus reflecting the many interests of the community of scientists active in
the field.

In Reference [6], Liu et al. have investigated the ability of nanoparticles to trap ionic impurities in
a LC cell and therefore the possibility to reduce the residual DC current. The residual direct current

Crystals 2019, 9, 274; doi:10.3390/cryst9050274 www.mdpi.com/journal/crystals1
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voltage caused by the accumulation of mobile ions is here prohibited. Although the system investigated
is not stricto sensu a thermotropic ILC, the work clearly highlights the importance of the precise control
and understanding of ionic interaction in LC mesophase for real applications.

In Reference [7], Bhowmik and co-workers report the synthesis and characterization of a series of
viologen-based ionic liquid crystals having 4-n-alkylbenzenesulfonates as counter-anions. Viologens
have interesting redox and electrochromic properties, therefore the investigation of their mesophase
behavior is of utmost importance in view of possible applications.

In Reference [8], Laschat, Giesselmann and co-workers report the synthesis and characterization
of discotic ILCs based on crown ethers. The systems formed columnar mesophases and the authors
observed an improved electronic transport, namely the hole mobility, in macroscopically aligned thin
films. They excluded the presence of channels for fast cation transport; rather they found that the ion
migration is dominated by non-coordinating anions propagating trough the ordered medium.

An interesting investigation of the relationship between molecular structure of the constituent
cations and anions and the phase behavior of the material, is reported by Goossens et al. in Reference [9].
They prepared a series of 4,5-bis(n-alkyl)azolium salts and studied their behavior. The authors observed
that the presence of substituents on the 4- and 5-positions of the imidazolium ring increases the melting
points and lowers the clearing points compared to the 1,3-disubtituted analogues.

An entirely different perspective on ILCs is presented by Cao and Wang. In their paper,
Reference [10], they investigated imidazolium salts using fully atomistic molecular dynamics (MD)
simulations. They prepared different crystal structures of 1-tetradecyl-3-methylimidazolium nitrate
and heated them up to the transition into the smectic phase. They observed that all systems melt
into the same SmA phase. The systems go through a metastable state which is characterized by an
orientation of the chains almost perpendicular to the smectic layers. The power of MD simulations is
therefore highlighted by the possibility to study phases not accessible by experiments and to rationalize
their stability.

Nuclear Magnetic Resonance spectroscopy is a fundamental experimental technique to investigate
ordered phases; measuring 13C-1H dipolar couplings of samples in an orientationally ordered medium
allows to obtain orientational order parameters of the corresponding C-H bonds. Based on this
technique, Dvinskikh and co-worker in Reference [11] have analyzed the orientational order of the
thermotropic ILC 1-tetradecyl-3-methylimidazolium nitrate in the thermal range of stability of the
smectic phase. They reported a significantly lower value of the orientational order parameters compared
to conventional non-ionic LC phases.

Finally, we also presented a contribution concerned with MD simulations, using highly
coarse-grained models, of ILCs [12]. We considered a mixture of ellipsoidal particles based on
the Gay–Berne potential, positively charged to represent the cations, and spherical Lennard–Jones
particles negatively charged to represent the anions. Though extremely simplified, the investigation of
the phase diagram of such a model system showed the appearance of a very stable ionic nematic phase
between the isotropic phase and the smectic phase.

To conclude, I believe that this Special Issue on Ionic Liquid Crystals touches on the latest
advancements in several aspects related to ILCs science: Synthesis of novel compounds, spectroscopic
studies, MD simulations, and investigations of both structural and dynamic properties. I wish to
express my deepest and sincere gratitude to all authors who contributed, for having submitted
manuscripts of such excellent quality. I also wish to thank the Editorial Office of Crystals for the
fast and professional handling of the manuscripts during the whole submission process and for the
help provided.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The decrease of the residual direct current (DC) voltage (Vrdc) of the anti-parallel liquid
crystal (LC) cell using silver (Ag)-doped Polyimide (Ag-d-PI) alignment layers is presented in this
manuscript. A series of Ag/PI composite thin layers are prepared by spurting or doping PI thin layers
with Ag nano-particles, and Ag/PI composite thin layers are highly transparent and resistive. LC are
homogeneously aligned between 2.0 mg/mL Ag-d-PI alignment layers, and the Vrdc of the cell that
assembled with Ag-d-PI alignment layers decreases about 82%. The decrease of Vrdc is attributed to
the trapping and neutralizing of mobile ions by Ag nano-particles. Regardless of the effect of Ag
nano-particles on the conductivity of Ag-d-PI alignment layers, the voltage holding ratio (VHR) of the
cells is maintained surprisingly. The experiment results reveal a simple design for a low Vrdc LC cell.

Keywords: liquid crystal; alignment layer; residual DC; Ag nano-particles doping

1. Introduction

Liquid crystals (LC) are widely used in electro-optic devices because of their unique electro-optic
anisotropy; however, the mobile ions in LC cause a lot of problems relating to LC switching. The moving
of mobile ions driven by electric forces towards alignment layers results in their accumulation on
alignment layers, which finally generates residual direct current (DC) voltage (Vrdc) inside LC cells and
adversely affects LC’ switching [1–6]. During the last several decades, a series of researches focused
on distinguishing, detecting mobiles ions, and revealing the influences of mobile ions shifting on LC
switching were conducted, and nowadays a lot of explorations are carried out to reduce mobile ions’
adverse functions on LC [7–12]

A lot of attempts have been adopted to prevent the influences of mobile ions on LC electro-optical
performances, such as designing special LC molecules, purifying LC, doping LC [13,14], replacing the
polyimide (PI) alignment layers with conductive materials [15–18], and photo-aligning LC [19–21], etc.
Compared with other methods, doping is much easier; however, doping LC with nano-materials brings
new issues, for instance, the doped nano-materials are too poor to be dispersed, and the aggregation
of these nano-materials makes LC insensitively respond to external voltage. The aggregation of
nano-materials is partially prevented by tightly limiting the amount of doped nano-materials; however,
because of the electric field, the doped nano-materials in LC move towards alignment layers and are

Crystals 2019, 9, 181; doi:10.3390/cryst9040181 www.mdpi.com/journal/crystals4
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accumulated on alignment layers, which enhances Vrdc generation. Replacing PI alignment layers with
conductive alignment layers significantly reduces Vrdc on cells; however, the conductive alignment
layers in the cells raise the issue of a voltage holding ratio (VHR) decrease [22,23].

Micro silver (Ag) particles are highly transparent and conductive and have been adopted to
accelerate LC optical switching and trap the ionic charges. In this manuscript, Ag-spurted PI (Ag-s-PI)
alignment layers and Ag nano-particles-doped PI (Ag-d-PI) alignment layers are prepared and used to
trap the mobile ions in LC, and the residual DC of the cell assembled with Ag-d-PI alignment layers
decreases obviously. As shown in Figure 1, the displacement polarization occurs in Ag nano-particles,
when the external voltage is applied on the cell that assembled with Ag-d-PI composite alignment
layers. The Ag nano-particles are immobilized by PI molecules, which restricts their shift to the LC
medium. The mobile ions driven by electric forces move towards and gather near Ag-d-PI composite
alignment layers, and the positive and negative charges carried by mobile ions are trapped and
neutralized by Ag nano-particles. In this case, the Vrdc caused by the accumulation of mobile ions
is prohibited. Because the amount of doped Ag nano-particles is limited up to 2 mg/mL (mAg/VPI),
the electrical conductivity change of Ag-d-PI composite alignment layers could be ignored, and the
decrease of voltage holding ratio on the cell is prevented.

Figure 1. The schematic of mobile ions accumulating on Ag-d-PI composite alignment layers.

2. Materials and Methods

Ag-doped PI solutions were prepared by doping Ag nano-particles (particle size < 100 nm,
Sigma-Aldrich) into homogeneous PI solutions (SE7792, Nissan Chemical Corporation) with their
concentrations maintained at 0.2 mg/mL, 0.5 mg/mL, 1.0 mg/mL, and 2.0 mg/mL, respectively, and Ag/PI
solution was sonicated at room temperature for 30 min to disperse Ag nano-particles uniformly. Ag-d-PI
thin layers were prepared by spin-coating the prepared Ag/PI solutions on ITO substrates, and Ag
nano-particles spurted PI thin layers were prepared by spurting Ag nano-particle solutions (Ag/acetone,
0.2 mg/mL, 0.5 mg/mL, 1.0 mg/mL, and 2.0 mg/mL) onto spin-coated PI alignment layers. Considering
that the rubbing process is necessary to align LC, and during the rubbing process Ag nano-particles
may be partially removed, two Ag nano-particles-spurted PI alignment layers were prepared. One is
spurting Ag nano-particles on the PI alignment layers and then followed with the rubbing process
(Ag-s-PI), and the other is spurting Ag nano-particles on the rubbed PI alignment layers (Ag-s-rPI).
The transmittance spectra of Ag/PI thin layers on glass slides were characterized by using a double-beam
UV-Vis spectrophotometer (UV-2101, Shimadzu, Japan) and a 3-D laser-beam profiler system.

Anti-parallel cells with the cell gaps of 60 and 5 μm were assembled, and the commercial LC
(ne = 1.5702, n0 = 1.4756, and Δε = 10.7; from Merck) was injected into the fabricated cells. Alignment
of LC between Ag/PI composite alignment layers was characterized by a polarized optical microscopy
(POM, BXP 51, Olympus); the anchoring energy of LC on Ag/PI composite alignment layers, the Vrdc

and the capacitance of the cells were evaluated by means of a capacitance-voltage (C-V) hysteresis
method (LCR meter, Agilent 4284A) with the maximum bias voltage of 10 V and a step bias voltage
of 0.1 V.
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3. Results and Discussion

As shown in Figure 2, the prepared Ag/PI alignment layers are transparent and have a transmittance
above 82%; no obvious transmittance difference is observed between Ag-s-rPI, Ag-s-PI and Ag-d-PI
alignment layers. Besides the transmittance decrease, the aggregation of Ag nano-particles may
cause more serious issues, for instance, the aggregated Ag nano-particles block light and result in the
non-uniform transparency of thin layers. The blocking performance of Ag/PI composite thin layers
was characterized by using a 3D profiler as shown in Figure 3, and no significant difference is observed
between the light source and the laser crossing Ag/PI composite thin layers in distribution and intensity,
which reveals the potential application of Ag/PI composite thin layers for real LC devices.

Figure 2. The transmittance of Ag/PI composite alignment layers (Coated on glass substrate).

Figure 3. The schematic diagram of 3-D profiler and the captured images of laser-crossed Ag/PI
alignment layers.

The alignment of LC between Ag/PI composite alignment layers was confirmed by using POM
as shown in Figure 4. Obvious light leakages are observed from the cell assembled with Ag-s-rPI
alignment layers, and due to the Ag nano-particles aggregation effect, the light leakages become more
serious while increasing the amount of spurted Ag nano-particles. The alignment of LC sandwiched
between Ag-s-PI alignment layers is more uniform compared with the mentioned Ag-s-rPI alignment

6
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layers, which indicates that the aggregated Ag nano-particles have been removed during the rubbing
process. Even the concentrated Ag nano-particles, as high as 2.0 mg/mL, are doped into PI solutions;
LC are homogeneously aligned between Ag-d-PI alignment layers and no obvious light leakages
are observed.

Figure 4. POM images of LC sandwiched between Ag-s-rPI thin layers, Ag-s-PI thin layers and Ag-d-PI
thin layers, respectively.

The polar anchoring energy of LC sandwiched between Ag/PI composite alignment layers
varies a lot as shown in Figure 5. LC sandwiched between Ag-s-PI alignment layers and Ag-s-rPI
alignment layers have similar polar anchoring energies, however, the polar anchoring energy of LC
sandwiched between Ag-d-PI composite alignment layers decreases a lot in comparison. The surfaces
of Ag nano-particles-spurted PI alignment layers are almost covered with Ag nano-particles, and the
surfaces of Ag-d-PI alignment layers are almost PI molecules conversely. Thus, the difference between
polar anchoring energies is due to the surface composition alterations by spurting or doping Ag
nano-particles, which tunes the interactions between LC and Ag/PI composite thin layers.

Figure 5. The polar anchoring energy of LC sandwiched between Ag-s-rPI alignment layers, Ag-s-PI
alignment layers and Ag-d-PI thin layers, respectively.

7
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When the external voltage is applied on the cell, the mobile ions in LC are driven to shift towards
alignment layers and trapped in the localized defect regions, and in this case, Vrdc is generated.
The fractional coverage of the alignment layer surface, which indicates alignment layers ability to trap
mobile ions, is determined as ϕs, and

ϕs =
δ
δs

,

here, δ and δs are the surface density of the adsorption sites occupied by ions and the surface density
of all adsorption sites on the alignment layer surface, respectively. After the displacement polarizing
of Ag nano-particles, the Ag nano-particles in PI layers trap and neutralize the mobile ions, and thus
the ϕs of Ag/PI composite alignment layers get much lower compared with that of the conventional PI
alignment layers.

During the rubbing process or driven by external electric filed, partial Ag nano-particles spurted
on PI alignment layers are detached and dive into LC. A small amount of detached Ag nano-particles in
LC trap and neutralize the charged mobile ions and decrease Vrdc. However, if the amount of detached
Ag nano-particles is large, the Ag nano-particles shift towards the alignment layers and contribute to
the generation of Vrdc. By doping and immobilizing Ag nano-particles in PI alignment layers, the Vrdc

generated by detached Ag nano-particles is prevented. As shown in Table 1 and Figure 6, the Vrdc

of the cell assembled with Ag-d-PI alignment layers is as low as 0.1132 V when the concentration of
doped Ag nano-particles in PI alignment layers is increased to 2.0 mg/mL.

Table 1. Vrdc of cells assembled with Ag/PI composite alignment layers.

Ag-s-PI Ag-s-rPI Ag-d-PI

Vrdc
+ Vrdc

− Vrdc Vrdc
+ Vrdc

− Vrdc Vrdc
+ Vrdc

− Vrdc

0.2 0.6735 0.5899 0.6317 0.7455 0.8417 0.7936 0.4915 0.5107 0.5011

0.5 0.6371 0.6685 0.6528 0.8900 0.8608 0.8754 0.3234 0.3518 0.3376

1.0 - - - - - - 0.2121 0.2049 0.2085

2.0 - - - - - - 0.1091 0.1173 0.1132

Figure 6. Voltage-dependence capacitance hysteresis characteristic of the cell fabricated from 2.0 mg/mL
Ag-d-PI thin layers.

Trapping and neutralizing the charged mobile ions in LC by the displacement polarization
in Ag nano-particles may cause the undesired screening effect and the decrease of VHR, and the
capacitance of the cells assembled with Ag-d-PI alignment layers is characterized and shown in Figure 7.
The capacitance of the cells assembled with Ag-d-PI alignment layers is found slightly decreased with
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the increase of the amount of doped Ag nano-particles; however, the maximum capacitance of each
cell is almost maintained at about 2.4. By increasing the frequency of external voltage on the cells up to
10 khz, a slightly red shift of the capacitance is observed; however, no significant capacitance change in
value is observed. The threshold voltage of the cells maintains at about 1.4 V regardless of the increase
of the amount of doped Ag nano-particles or the frequency of external voltage, and the maintained
capacitance and threshold voltage of cells is attributed to the fact that barely any electrical conductivity
change is generated by the different amounts of Ag nano-particles doping.

Figure 7. The capacitance-voltage curve of LC sandwiched between (a) 0.2 mg/mL, (b) 0.5 mg/mL,
(c) 1.0 mg/mL, and (d) 2.0 mg/mL Ag-d-PI composite thin layers.

4. Conclusions

In conclusion, LC is homogenously aligned between Ag-d-PI alignment layers, and the mobile
ions in LC are trapped and neutralized by Ag nano-particles due to their displacement polarization
when the external voltage is on, which decreases the Vrdc on cells effectively. Compared with the
cells assembled with conductive alignment layer cells, the VHR of the cells assembled with Ag-d-PI
composite alignment layers is maintained. The extremely simple design adopted to deduce the Vrdc on
the cells in this manuscript is worth more attentions.
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Abstract: A series of viologens containing 4-n-alkylbenzenesulfonates were synthesized by the
metathesis reaction of 4-n-alkylbenzenesulfonic acids or sodium 4-n-alkylbezenesulfonates with the
respective viologen dibromide in alcohols. Their chemical structures were characterized by Fourier
Transform Infrared, 1H and 13C Nuclear Magnetic Resonance spectra and elemental analysis. Their
thermotropic liquid-crystalline (LC) properties were examined by differential scanning calorimetry
and polarizing optical microscopy. They formed LC phases above their melting transitions and
showed isotropic transitions. As expected, all the viologen salts had excellent stabilities in the
temperature range of 278–295 ◦C as determined by thermogravimetric analysis.

Keywords: viologens; 4-n-alkylbenzenesulfonic acids; metathesis reaction; ionic liquid crystals;
thermotropic; smectic phase A; differential scanning calorimetry; polarizing optical microscopy;
thermogravimetric analysis

1. Introduction

The 1,1′-dialkyl-4,4′-bipyridium salts are commonly known as viologens. They are an important
class of dicationic salts and appropriately called advanced functional materials. The versatility of their
applications arises from their redox properties, ionic conductivity, thermochromism, photochromism,
and electrochromism [1]. These applications, to name a few, include electrochromic devices,
molecular machines, organic batteries, and carbohydrate oxidation catalysts in alkaline fuel cells [2,3].
In addition, they were studied not only for the preparation of the ever-increasing class of ionic
liquids with proper chemical modifications of cations and anions [4–12], but also for the preparation
of ionic liquid crystals (ILCs) [7,13–24]. To mention several their chemical structures (I-VI) are
given in Figure 1 as representative examples. Their LC phases are found to be dependent on
both the chemical architecture of viologen moieties including dialkyl [13,17–19,23], asymmetric
dialkyl [7], di(oligooxyethylene) [14,15], di(3,4,5-tri-n-alkoxybenbenzyl) [22], diphenyl [16,24], and
4-n-alkoxyldiphenyl [24], and the chemical architecture of the anions are of varying sizes. The anions to
date include bromide, iodide [14,15], −BF4, −PF6 [22,24], −OTf, −SCN, −NTf2, 4-n-alkylsulfonates [24],
4-n-alkylbenzenesulfonates [16], and 3,4,5-tri-n-dodecyloxybenzenesulfonate [23]. Recently, their
use in energy-related systems stemming from the unique properties of redox properties as well as
LC properties of viologen moieties has given the boost for the exploration of this class of materials.
Undoubtedly, this field is an active area of research for a decade or so that is manifested in a number of
excellent reviews on this important topic [2,25–31].

As a continuation of our research efforts in the ILCs, herein, we describe the synthesis of a series
of symmetric viologen compounds with 4-n-alkylbenzenesulfonates (n = 6, 7, 8, 9, 10, 12, 14, 16, 18);
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wherein n denotes the carbon atoms in the alkyl chain), determine both their chemical structures by
1H and 13C NMR spectra—as well as elemental analysis—and the characterization of their thermotropic
LC properties by several experimental techniques, including differential scanning calorimetry (DSC)
and polarizing optical microscopy (POM). Their thermal stabilities by thermogravimetric analysis
(TGA) are also included. The general structures and designations for these synthesized viologen
salts, and their synthetic routes are shown in Scheme 1. The LC properties of this series of symmetric
viologen salts with these anions enable one to establish the structure-property relationship of this
important class of ILCs. Additionally, in contrast to other anions, reports of ILCs on these anions are
relatively less studied [16].

Figure 1. Cont.
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Figure 1. Some of the representative ILCs based on viologens that exhibits smectic phases and columnar
LC phases depending on their chemical architectures.

Δ,

Δ,

Scheme 1. Synthetic routes for the preparation of symmetric viologen salts containing
4-n-alkylbenzenesulfonates (Vn).

2. Materials and Methods

2.1. Instrumentation

The Fourier transform infrared (FTIR) spectra of several viologen salts were recorded with a
Shimadzu IRPrestige FTIR analyser with their neat films on KBr pellets. The 1H and 13C nuclear
magnetic resonance (NMR) spectra of the symmetric viologen salts, whenever possible, in CD3OD
were recorded by using VNMR 400 spectrometer operating at 400 and 100 MHz at room temperature.
Elemental analysis was performed by Atlanta Microlab Inc., Norcross, GA. Differential scanning
calorimetry (DSC) measurements of these salts were conducted on TA module DSC Q200 series in
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nitrogen at heating and cooling rates of 10 ◦C/min. The temperature axis of the DSC thermograms was
calibrated before use with reference standards of high purity indium and tin. Their thermogravimetric
analyses (TGA) were performed using a TGA Q50 instrument at a heating rate of 10 ◦C/min in nitrogen.
Polarizing optical microscopy (POM) studies of these salts were performed by sandwiching each of
them between a standard microscope glass slide and coverslip. The salts were heated and cooled on a
Mettler hotstage (FP82HT) and (FP90) controller; and observations of the phases were made between
crossed polarizers of an Olympus BX51 microscope. In short, salts were heated above their clearing
transitions and cooled at 10 ◦C/min to room temperature, with brief pauses to collect images and
observe specific transitions.

2.2. General Procedure for the Synthesis of 4-n-alkylbenzenesulfonic Acids (n = 12, 14, 16, 18)

The synthesis of 4-n-alkylbenzenesulfonic acids was carried out in accordance with the literature
procedures [32,33]. The preparation of dodecylbenzenesulfonic acid from n-dodecylbenzene by using
chlorosulfonic acid in chloroform was described as a typical procedure [33].

Chloroform (20 mL) was added to n-dodecylbenzene (2.26 g, 9.17 mmol) to form a colorless
solution in a 50 mL flask that was placed in an ice bath. Cholorosulfonic acid (1.28 g, 11.0 mmol) was
added slowly to the reaction flask over 10 min, resulting in a yellow viscous solution. The reaction
mixture was stirred for 3 h inside an ice bath. At the end of the reaction, the reaction flask was
taken out of the ice bath to reach the ambient temperature. The organic solvent was removed using
a rotary evaporator. The product was dried overnight in vacuum to remove any residual solvent.
It was then purified by washing with the excess toluene and dried again in vacuum to yield the white
product (2.20 g, 73%). Similarly, 4-n-tetradecylbenzene- (2.96 g, 8.35 mmol), 4-n-hexadecylbenzene
(2.69 g, 7.04 mmol), and 4-n-octadecylbenzenesulfonic (2.79 g, 6.80 mmol) were prepared from the
corresponding n-alkylbenzenes with the yields of 74, 67, and 70%, respectively.

2.3. General Procedure for the Synthesis of Sodium 4-n-alkylbenzenesulfonates (n = 6, 7, 8, 9, 10, 12)

The modified literature procedure [34] was adopted for the synthesis of sodium
4-n-octylbenzenesulfonate, as an example, is as follows. Chloroform (20 mL) was added to
n-octylbenzene (2.60 g, 13.7 mmol) to form a colorless solution in an Erlenmeyer flask that was
set in an ice bath. Chlorosulfonic acid (1.90 g, 16.3 mmol) was added dropwise to the reaction flask,
forming a yellow solution. The reaction mixture was stirred for 3 h in an ice bath. At the end of the
reaction, the reaction flask was taken out of the ice bath to reach the ambient temperature. The organic
solvent from the reaction mixture was removed using a rotary evaporator to yield the yellow viscous
liquid. A saturated sodium chloride solution was carefully added to the viscous liquid on stirring to
form the white precipitate of the product. It was then filtered and washed with a minimum quantity of
water and excess toluene, respectively, to yield the white product (2.91 g, 9.95 mmol, 73%). Similarly,
sodium 4-n-hexylbenzenesulfonate (3.02 g, 11.4 mmol), sodium 4-n-heptylbenzenesulfonate (2.91 g,
10.5 mmol), sodium 4-n-nonylbenzenesulfonate (3.00 g, 9.79 mmol), sodium 4-n-decylbenzenesulfonate
(2.30 g, 7.18 mmol), and sodium 4-n-dodecylbenzenesulfonate (2.90 g, 8.85 mmol) were prepared from
the corresponding n-alkylbenzenes with the yields of 75, 73 74, 57, and 76%, respectively.

2.4. Synthesis of 1,1′-di-n-butyl-4,4′-bipridinium Dibromide

This salt was prepared according to the literature procedure [18].

2.5. General Procedure for the Synthesis1,1′-di-n-butyl-4,4′-bipyridinium di(4-n-alkylbenzenesulfonates) by
Metathesis Reaction (V12, V14, V16, V18) Using 4-n-alkylbenzenesulfonic Acid [35]

Ethanol (35 mL) was slowly added to 1,1′-di-n-butyl-4,4′-bipyridinium dibromide (0.93 g,
2.16 mmol) in a 100 mL round-bottomed flask and heated on stirring to form a clear solution. The
4-dodecylbenzenesulfonic acid (1.50 g, 4.60 mmol) was then slowly added to the hot solution, and the
reaction flask was heated to reflux for 48 h. The solvent was reduced using a rotary evaporator. Then
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cold water was added to dissolve the HBr acid produced in the metathesis reaction to yield the product
as white precipitate. It was collected by filtration and washed with excess water until the filtrate was
neutral to litmus paper to yield the white product. Finally, V12 was washed with ether and dried in
vacuum to yield (1.77 g, 1.88 mmol, 87%). IR (KBr) ν (cm−1): 3507, 3433, 3125, 3051, 2959, 2920, 2851,
1640, 1601, 1562, 1466, 1450, 1404, 1377, 1238, 1211, 1188, 1123, 1034, 1011, 953, 891, 841, 822, 779, 718,
694, 675, 610. 1H NMR (CD3OD, 400 MHz, ppm) δ 9.24 (d, J = 6.8 Hz, 4H), 8.66 (d, J = 6.8 Hz, 4H), 7.71
(d, J = 8.4 Hz, 4H), 7.23 (d, J = 8.4 Hz, 4H), 4.74 (t, J = 7.6 Hz, 4H), 2.63 (t, J= 7.6 Hz, 4H), 2.08–2.01 (m,
4H), 1.63–1.59 (m, 4H), 1.48–1.41 (m, 4H), 1.32–1.28 (m, 36H), 1.02 (t, J = 7.4 Hz, 6H), 0.89 (t, J = 7.4 Hz,
6H). 13C NMR (CD3OD, 100 MHz, ppm): δ 149.79, 145.62, 145.23, 142.42, 127.89, 126.85, 125.52, 61.61,
35.21, 33.00, 31.65, 31.14, 29.36, 29.33, 29.30, 29.16, 29.05, 28.87, 22.31, 19.03, 13.04, 12.34. Anal. Calcd.
for C54H84N2O6S2

.H2O (939.40): C 69.04, H 9.23, N 2.98, S 6.83; found: C 69.03, H 9.41, N 2.97, S 6.76.
Similarly, V14, V16, and V18 were prepared by using the corresponding 4-n-alkylbenzenesulfonic
acid with the yields of 93, 92, and 93%, respectively. Data for V14: 1H NMR (CD3OD, 400 MHz, ppm)
δ 9.24 (d, J = 6.8 Hz, 4H), 8.66 (d, J = 6.8 Hz, 4H), 7.71 (d, J = 8.4 Hz, 4H), 7.23 (d, J = 8.4 Hz, 4H),
4.74 (t, J = 7.6 Hz, 4H), 2.63 (t, J= 7.6 Hz, 4H), 2.07–2.02 (m, 4H), 1.63–1.59 (m, 4H), 1.49–1.43 (m, 4H),
1.32–1.28 (m, 44H), 1.02 (t, J = 7.4 Hz, 6H), 0.89 (t, J = 7.4 Hz, 6H). 13C NMR (CD3OD, 100 MHz, ppm):
δ 149.79, 145.63, 145.23, 142.42, 127.87, 126.85, 125.51, 61.63, 35.20, 33.00, 31.64, 31.13, 29.36, 29.33, 29.15,
29.04, 28.86, 22.30, 19.03, 13.02, 12.36 (Figure S7 in the Supplementary Materials). Anal. Calcd. for
C58H94N2O6S2

.H2O (995.51): C 69.98, H 9.52, N 2.81, S 6.44; found: C 70.35, H 9.58, N 2.83, S 6.39. Data
for V16: 1H NMR (CD3OD, 400 MHz, ppm) δ 9.24 (d, J = 6.8 Hz, 4H), 8.66 (d, J = 6.8 Hz, 4H), 7.71 (d,
J = 8.4 Hz, 4H), 7.23 (d, J = 8.4 Hz, 4H), 4.74 (t, J = 7.6 Hz, 4H), 2.63 (t, J = 7.6 Hz, 4H), 2.08–2.01 (m, 4H),
1.63–1.59 (m, 4H), 1.48–1.41 (m, 4H), 1.32–1.28 (m, 52H), 1.02 (t, J = 7.4 Hz, 6H), 0.89 (t, J = 7.4 Hz, 6H).
Because of limited solubility in CD3OD, its 13C NMR was not recorded (Figure S8). Anal. Calcd. for
C62H100N2O6S2

.H2O (1051.61): C 70.81, H 9.78, N 2.66, S 6.10; found: C 70.57, H 9.81, N 2.53, S 6.04.
Data for V18: 1H NMR (CD3OD, 400 MHz, ppm) δ 9.24 (d, J = 6.8 Hz, 4H), 8.66 (d, J = 6.8 Hz, 4H), 7.71
(d, J = 8.4 Hz, 4H), 7.23 (d, J = 8.4 Hz, 4H), 4.74 (t, J = 7.6 Hz, 4H), 2.64 (t, J = 7.6 Hz, 4H), 2.07–2.04 (m,
4H), 1.63–1.59 (m, 4H), 1.49–1.44 (m, 4H), 1.32–1.28 (m, 60H), 1.03 (t, J = 7.4 Hz, 6H), 0.89 (t, J = 7.4 Hz,
6H). Because of limited solubility in CD3OD, its 13C NMR was not recorded (Figure S9). Anal. Calcd.
for C66H110N2O6S2

.H2O (1107.72): C 71.56, H 10.01, N 2.53, S 5.79; found: C 71.35, H 10.14, N 2.51,
S 5.72.

2.6. General Procedure for the Synthesis 1,1′-di-n-butyl-4,4′-bipyridinium di(4-n-alkylbenzenesulfonates) by
Metathesis Reaction (V6, V7, V8, V9, V10, V12,) Using Sodium 4-n-alkylbenzenesulfonate

Ethanol (35 mL) was slowly added to 1,1′-di-n-butyl-4,4′-bipyridinium dibromide (0.47 g,
1.09 mmol) in a 100 mL round-bottomed flask and heated on stirring to form a clear solution. Sodium
4-n-dodecylbenzenesulfonate (0.83 g, 2.40 mmol) was then slowly added to the hot solution, and the
reaction flask was then heated to reflux for 48 h. The solvent was reduced using a rotary evaporator.
Then cold water was added to dissolve the NaBr produced in the metathesis reaction to yield the
product as a white precipitate. It was collected by filtration and washed with excess water until the
filtrate gave the negative test with aqueous AgNO3 solution to yield the white product. Finally, V12 was
washed with ether and dried in vacuum to yield (0.68 g, 0.74 mmol, 68%). Its spectral characteristics and
elemental analysis were identical to those of V12 prepared by using 4-n-dodecylbenzenesulfonic acid.

Similarly, in the cases of V6–V10, methanol (rather than ethanol) was used for this metathesis
reaction for better solubility, by using the corresponding sodium 4-n-alkylbenzenesulfonates. Their
yields were (1.77 g, 88%), (1.89 g, 93%), (1.25 g, 89%), (1.90 g, 96%), and (1.50 g, 75%), respectively. Data
for V6: 1H NMR (CD3OD, 400 MHz, ppm) δ 9.24 (d, J = 6.8 Hz, 4H), 8.66 (d, J = 6.8 Hz, 4H), 7.71 (d,
J = 8.4 Hz, 4H), 7.24 (d, J = 8.4 Hz, 4H), 4.74 (t, J = 7.6 Hz, 4H), 2.65 (t, J= 7.6 Hz, 4H), 2.09–2.01 (m,
4H), 1.63–1.57 (m, 4H), 1.50–1.41 (m, 4H), 1.36–1.30 (m, 12H), 1.04 (t, J = 7.4 Hz, 6H), 0.89 (t, J = 7.4 Hz,
6H). 13C NMR (CD3OD, 100 MHz, ppm): δ 149.79, 145.62, 145.23, 142.39, 127.88, 126.84, 125.49, 61.62,
35.19, 32.99, 31.38, 31.07, 28.50, 22.22, 19.02, 12.96, 12.37, 12.36. Anal. Calcd. for C42H60N2O6S2

.H2O
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(771.08): C 65.42, H 8.10, N 3.63, S 8.32; found: C 65.29, H 8.12, N 3.55, S 8.27. Data for V7: 1H NMR
(CD3OD, 400 MHz, ppm) δ 9.24 (d, J = 6.8 Hz, 4H), 8.66 (d, J = 6.8 Hz, 4H), 7.71 (d, J = 8.4 Hz, 4H),
7.24 (d, J = 8.4 Hz, 4H), 4.74 (t, J = 7.6 Hz, 4H), 2.65 (t, J= 7.6 Hz, 4H), 2.06–2.03 (m, 4H), 1.63–1.59 (m,
4H), 1.48–1.43 (m, 4H), 1.33–1.25 (m, 16H), 1.04 (t, J = 7.4 Hz, 6H), 0.89 (t, J = 7.4 Hz, 6H). 13C NMR
(CD3OD, 100 MHz, ppm): δ 149.79, 145.62, 145.23, 142.39, 127.88, 126.84, 125.49, 61.62, 35.18, 32.99,
31.53, 31.11, 28.81, 22.24, 19.02, 12.98, 12.36. Anal. Calcd. for C44H64N2O6S2

.H2O (799.13): C 66.13, H
8.32, N 3.51, S 8.02; found: C 66.20, H 8.20, N 3.52, S 7.93. Data for V8: IR (KBr) ν (cm−1): 3507, 3433,
3125, 3051, 2955, 2924, 2851, 1643, 1562, 1450, 1377, 1238, 1211, 1188, 1119, 1034, 1011, 845, 690, 606.
1H NMR (CD3OD, 400 MHz, ppm) δ 9.24 (d, J = 6.8 Hz, 4H), 8.66 (d, J = 6.8 Hz, 4H), 7.69 (d, J = 8.4 Hz,
4H), 7.22 (d, J = 8.4 Hz, 4H), 4.74 (t, J = 7.6 Hz, 4H), 2.65 (t, J= 7.6 Hz, 4H), 2.09-2.01 (m, 4H), 1.63–1.59
(m, 4H), 1.51–1.41 (m, 4H), 1.30–1.26 (m, 20H), 1.00 (t, J = 7.4 Hz, 6H), 0.87 (t, J = 7.4 Hz, 6H). 13C NMR
(CD3OD, 100 MHz, ppm): δ 149.79, 145.62, 145.24, 142.41, 127.89, 126.85, 125.51, 61.63, 35.20, 33.00,
31.58, 31.12, 29.11, 28.97, 28.85, 22.28, 19.04, 19.03, 13.01, 12.38. Anal. Calcd. for C46H68N2O6S2

.H2O
(827.19): C 66.79, H 8.53, N 3.39, S 7.75; found: C 66.56, H 8.73, N 3.39, S 7.76. Data for V9: 1H NMR
(CD3OD, 400 MHz, ppm) δ 9.24 (d, J = 6.8 Hz, 4H), 8.66 (d, J = 6.8 Hz, 4H), 7.71 (d, J = 8.4 Hz, 4H), 7.24
(d, J = 8.4 Hz, 4H), 4.74 (t, J = 7.6 Hz, 4H), 2.65 (t, J = 7.6 Hz, 4H), 2.09–2.01 (m, 4H), 1.63–1.59 (m, 4H),
1.49–1.43 (m, 4H), 1.32–1.28 (m, 24H), 1.03 (t, J = 7.4 Hz, 6H), 0.89 (t, J = 7.4 Hz, 6H). 13C NMR (CD3OD,
100 MHz, ppm): δ 149.81, 145.64, 145.23, 142.38, 127.88, 126.85, 125.51, 61.64, 35.20, 33.01, 31.61, 31.12,
29.25, 29.15, 28.99, 28.84, 22.29, 19.03, 13.00, 12.37. Anal. Calcd. for C48H72N2O6S2

.2H2O (873.26): C
66.02, H 8.77, N 3.21, S 7.34; found: C 66.19, H 8.62, N 2.90, S 7.94. Data for V10: IR (KBr) ν (cm−1):
3507, 3433, 3125, 3051, 2959, 2920, 2851, 1639, 1450, 1238, 1211, 1188, 1122, 1034, 1011, 845, 694, 610.
1H NMR (CD3OD, 400 MHz, ppm) δ 9.24 (d, J = 6.8 Hz, 4H), 8.65 (d, J = 6.8 Hz, 4H), 7.71 (d, J = 8.4 Hz,
4H), 7.23 (d, J = 8.4 Hz, 4H), 4.74 (t, J = 7.6 Hz, 4H), 2.63 (t, J= 7.6 Hz, 4H), 2.08–2.00 (m, 4H), 1.62–1.59
(m, 4H), 1.50–1.41 (m, 4H), 1.31–1.28 (m, 28H), 1.03 (t, J = 7.4 Hz, 6H), 0.89 (t, J = 7.4 Hz, 6H). 13C NMR
(CD3OD, 100 MHz, ppm): δ 149.84, 145.61, 145.23, 142.35, 127.86, 126.84, 125.49, 61.63, 35.18, 33.01,
31.61, 31.10, 29.27, 29.13, 29.00, 28.82, 22.28, 19.02, 12.99, 12.34. Anal. Calcd. for C50H76N2O6S2

.H2O
(883.29): C 67.99, H 8.90, N 3.17, S 7.26; found: C 67.73, H 8.90, N 3.17, S 7.26 (Figure S1–S6).

3. Results and Discussion

In this study, several viologen salts containing 4-n-alkylbenzenesulfonates (V6–V18) were
synthesized, characterized for their chemical structures by spectroscopic methods, and further
characterized for their thermotropic LC properties by DSC and POM studies. The thermal stabilities of
the viologen salts were also determined by TGA.

3.1. Synthesis of Viologen Salts (V6–V18)

The synthetic methods of 4-n-alkylbenzenesulfonic acids (n = 12, 14, 16, 18) and sodium
4-n-alkylbenzenesulfonates (n = 6, 7, 8, 9, 10, 12) are shown in Scheme 1, which also includes the
synthetic procedures of the viologen salts (V6–V18). We prepared the long alkyl chain sulfonic
acids as hydrates in respectable yields, in contrast, we also prepared the short alkyl chain sodium
4-n-alkylbenzenesulfonates as anhydrous forms in respectable yields. Both sulfonic acids and
sodium salts were successfully used in the metathesis reaction for the synthesis of V6–V18 salts
as monohydrates except V9, in this case, it was dihydrate from viologen dibromides. The yields of the
metathesis reaction were also respectable.

3.2. Thermotropic LC Properties of 4-n-alkylbenzenesulfonic Acids (n = 12, 14, 16, 18) by DSC and
POM [36–40]

Sodium 4-n-alkylbenzenesulfonates (n = 6, 7, 8, 9, 10) showed melting transitions, that is, solid to
isotropic transitions with high melting enthalpies at relatively high temperatures, as expected. Their
melting peaks were at 296, 285, 275, 263, and 261 ◦C, respectively, as determined by DSC at a heating
rate of 10 /min. Their thermal stability was in the range of 413–429 ◦C as determined by TGA at
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a heating rate of 10 ◦C/min in nitrogen. In contrast, 4-n-alkylbenzenesulfonic acids (n = 12, 14, 16,
18), as hydrates showed LC phases at relatively low melting temperatures and also showed isotropic
transitions at high temperatures. Their melting peaks were at 40, 47, 52, and 65 ◦C, respectively, as
determined by DSC at a heating rate of 10 ◦C/min, and isotropic peaks were at 134, 150, 144, and
141 ◦C, respectively. Figure 2 shows the LC phases of n = 12 and n = 18 sulfonic acids as examples.
Their thermal stability was relatively low: as expected, there was 15% of water at about 130 ◦C.

  
(A) (B) 

Figure 2. POM textures of (A) 4-n-dodecylbenzenesulfonic acid at 100 ◦C and (B)
4-n-octadecylbenzenesulfonic acid at 110 ◦C displying oily streaks and bâtonnets textures of SmA
phases (magnification 400 ×).

3.3. Thermotropic LC Properties of (V6-V18) by DSC and POM [36–40]

Figure 3 displays the DSC thermograms of V6 in the heating and cooling cycles. The first heating
cycle clearly shows two endotherms. In conjunction with POM, the large endotherm corresponded to
crystal–LC transition, Tm, at 185 ◦C, and the small endotherm corresponded to LC–isotropic transition,
Ti, at 202 ◦C. In the first cooling cycle, it showed an exotherm that corresponded to the isotropic
transition to LC transition. The absence of LC-crystallization exotherm in the first cooling cycle
and the crystal-LC transition in the second heating cycle suggested it remained in the LC state and
subsequently went to isotropization at 213 ◦C. Thus, it was found that V6 showed the LC phase that
underwent isotropic transition at high temperature. The DSC thermograms of V7 were essentially
identical to those of V6 and hence the similar interpretations, suggesting that it also showed a Tm at
185 and a Ti at 199 ◦C. It went to isotropization at 214 ◦C in the second heating cycle. Like V6, V7

formed a LC phase and an isotropic phase (Figure S10).
Figure 4 shows the DSC thermograms of V8 in its heating and cooling cycles. In the first heating

cycle, it showed three endotherms that were related to the crystal–LC phase (Tm) at 181, LC–LC
transition at 199, and LC-isotropic transition at 238 ◦C. In the first cooling cycle, isotropic-SmA,
SmA-SmX, and Smx-crystalline transitions occurred at 227, 194, and 127 ◦C, respectively. Figure 5
shows the DSC thermograms V9 in its heating and cooling cycles. In the first heating cycle, it showed
the Tm at 178 and Ti at 268 ◦C. In between Tm and Ti there were two additional endotherms that were
presumably related LC–LC transitions. In the first cooling cycle, the isotropic–SmA, SmA–crystal
and crystal–crystal transition occurred at 250, 161, and 39 ◦C, respectively. The features for DSC
thermograms of V10–V18 in their heating and cooling cycles were essentially identical (Figure S11–S14).
For example, V10 showed Tm at 174 wherein it transformed into a LC phase and Ti at 202 ◦C as a
small endotherm in the first heating cycle. In the first cooling cycle, the isotropic–LC transition was
not detected in its DSC thermogram, but it was detected by POM studies. However, the LC–crystal
transition was detected in the first cooling cycle and verified with POM studies. It did not show the
crystal–crystal transition at low temperature, but V12–V18 did show addition endotherms as these
transitions at low temperatures. Figure 6 shows the DSC thermograms of V18 in its heating and cooling
cycles, which are the representative thermograms for V10–V16. Figure 7 shows the photomicrographs
of V8, V9, V10, and V12 taken at specified temperatures suggestive of their SmA phases (Figure S15).
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Figure 3. DSC thermograms of V6 obtained at heating and cooling rates of 10 ◦C/min in nitrogen.

Figure 4. DSC thermograms of V8 obtained at heating and cooling rates of 10 ◦C/min in nitrogen.

Figure 5. DSC thermograms of V9 obtained at heating and cooling rates of 10 ◦C/min in nitrogen.
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Figure 6. DSC thermograms of V18 obtained at heating and cooling rates of 10 ◦C/min in nitrogen.

  
(A) (B) 

  
(C) (D) 

Figure 7. Typical textures observed by polarizing optical microscopy studies, revealing Schlieren or
focal conic textures of (A) V8 at 230 ◦C (B) V9 at 260 ◦C (C) V10 at 190 ◦C (D) V12 at 200 ◦C on heating
suggestive of their smectic A LC phases (magnification 400 ×).
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The thermodynamic properties of phase transition temperatures of V6–V18 determined from
DSC measurements and POM studies are compiled in Table 1.

Table 1. Thermodynamic properties of phase transition temperatures of V6–V18 obtained from DSC
measurements and POM textures. Phase transition temperatures (◦C) and their enthalpy changes (J/g)
were taken at a scanning rate of 10 ◦C/min from the first heating and cooling cycles.

Identification Phase Transition Temperature (Enthalpy Change) ◦C (J/g)

V6 Cr 185 (85.4) SmA 202 (14.3) I
I 199 (−26.9) SmA

V7 Cr 185 (84.0) SmA 199 (24.1) I
I 204 (−27.7) SmA

V8 Cr 181 (83.0) SmX 199 (12.7) SmA 238 (3.2) I
I 227 (−3.3) SmA 194 (−17.9) SmX 127 (−12.4) Cr

V9 Cr 178 (85.8) SmX 202 (1.2) SmX 245 (10.6) SmA268 (1.7) I
I 250 (−5.0) SmA 161 (−7.0) Cr 39 (−7.6) Cr

V10 Cr 174 (84.2) SmA 202 (1.2) I
I − SmA 148 (−71.8) Cr

V12 Cr 56 * Cr 169 (79.5) 206 (0.8) I
I − SmA 145 (−58.3) Cr 54 Cr

V14 Cr 68 * Cr 164 (81.5) SmA 195 (20.9) I
I – SmA 159 (−3.4) SmX 126 (−37.2) Cr 88 (−1.0) Cr 66 (−8.2) Cr

V16 Cr 75 * Cr 157 (81.3) SmA 205 (2.3) I
I – SmA 160 (− 4. 2) SmX 113 (−29.4) Cr 73 (−20.0) Cr

V18 Cr 80 * Cr 160 (82.9) SmA 206 (2.2) I
I – SmA 134 (−60.5) Cr 62 ( −20.2) Cr

Cr-Crystal, I-Isotropic, SmA-Smectic A, SmX-Unidentified smectic phase. * Too broad transition.

The thermotropic LC properties of this new series of viologen salts are remarkable in the sense
that they showed isotropic transitions below their decomposition temperatures. These results were
presumably related to the flexible n-butyl groups lined to the viologen moieties. Note here that
diphenylviologens containing the long alkylbenzene sulfonates (n = 10, 13 and 15) do form SmA
phases until their decomposition temperatures, that is, they do not show the isotropic transitions
because of the presence of the more rigid phenyl groups attached to the viologen moieties [16,35].
The short alkylbenzenesulfonates with n = 6 and 8 do not form LC phases [16,35]. In addition,
guanidinium alkylbezene sulfonates with even alkyl chain lengths n = 8 or higher do form smectic LC
phases [34]. This study along with other reports (vide supra) indicate that n-alkylbenzenesulfonates are
an interesting class of counterions that may be exploited for the synthesis of ILCs including viologens-
a versatile class of functional materials.

3.4. Thermal Stabilities of Viologen Salts (V6–V18)

The thermal stabilities of the viologen salts were studied by TGA and determined as the
temperature (◦C) at which a 5% weight loss for each of the salts occurred at a heating rate of 10 ◦C/min
in nitrogen. Despite the presence of flexible alkyl chains both in the viologen moieties and the
benzenesulfonate moieties, TGA thermograms of some of these salts (V10–V18), as shown in Figure 8,
show relatively high thermal stabilities that are in the temperature range of 285–292 ◦C. On the one
hand, these temperatures slightly increase at a gradual pace with the increase of carbon numbers in
the alkyl chain. On the other hand, these temperatures (278–282 ◦C) for V6–V8 gradually decrease
with the decrease in carbon numbers in the alkyl chain, except for V9 (295 ◦C) (Figure S16).

21



Crystals 2019, 9, 77

Figure 8. TGA thermograms of V10–V18 obtained a heating rate of 10 ◦C/min in nitrogen.

4. Conclusions

A new series of viologens with 4-n-alkylbenzenesulfonates were prepared by the metathesis reaction
of viologen dibromide with 4-n-alkylbenzenesulfonic acids or sodium-4-n-alkylbenzenesulfonates in
alcohols. The chemical structures of these salts were established using spectroscopic techniques and
elemental analysis. Their thermotropic LC properties as determined by DSC and POM suggested that
they exhibited crystal–LC transitions and LC–isotropic transitions; and showed Schlieren or focal conic
textures indicative of their SmA phases. They had good thermal stability. These results suggest that
they belong to a class of ILCs that have practical implications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/2/77/s1,
Figures S1–S7: 1H and 13C NMR spectra of V6–V14, Figures S8 and S9: 1HNMR spectra of V16 and V18, Figures
S10–S14: DSC thermograms of V7, V10, V12, V14 and V16, Figure S15: POM texture of V18, Figure S16: TGA
thermograms of V6–V9.
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Abstract: The Li+- and K+-complexes of new discotic mesogens, where two n-alkoxy-substituted
triphenylene cores are connected by a central crown ether (12-crown-4 and 18-crown-6), provide
interesting structural and electronic properties. The inter- and intra-columnar structure was
investigated by small and wide angle X-ray scattering. The electronic and ionic transports were studied
by temperature dependent photoconductivity and impedance spectroscopy, respectively. Besides a
strong increase of the stability and the width of the columnar phases the presence of soft anions (iodide,
thiocyanate, tetrafluoroborate) leads to an improved intra-columnar order. The hereby shortened
stacking-distance of the triphenylene cores leads to a significant increase of the photoconductivity in
the columnar mesophase. Furthermore, the ionic conductivity of the new materials was investigated
on macroscopically aligned thin films. The existence of channels for fast cation transport formed
by the stacked crown ether moieties in the centre of each column can be excluded. The cations are
coordinated strongly and therefore contributing only little to the conductivity. The ionic conductivity
is dominated by the anisotropic migration of the non-coordinated anions through the liquid, like side
chains favouring the propagation parallel to the columns. Iodide migrates about 20 times faster than
thiocyanate and 100 times faster than tetrafluoroborate.

Keywords: liquid crystals; columnar; discotic; crown ether; electron transport; ion transport;
ion channels; impedance spectroscopy; photoconductivity; X-ray diffraction; salt effect

1. Introduction

Columnar phases of discotic liquid crystals display one-dimensional (1D) photoconductivity
according to a seminal discovery by Haarer et al. in 1993 [1], turning the investigation of the electronic
charge transport in columnar liquid crystals into a very active field of research [2,3]. Columnar materials
can be used as semiconductors in applications, like organic field effect transistors (OFET) [4,5], organic
light emitting diodes (OLED) [6], or organic photovoltaic cells (OPV) [7]. The main advantage of using
organic materials with liquid crystalline phases is the easy alignment, which facilitates the processing of
the organic semiconductor significantly [5]. Currently, the design of discotic mesogens providing good
charge transport properties in a suitable temperature range is of major interest [8–10]. Among these
materials liquid crystalline crown ethers are particularly promising providing a unique entry into
supramolecular chemistry due to their known propensity for selective metal salt complexation [11–13].
Previously, we reported about bi-centred liquid crystalline crown ethers and the impact of the molecular
flexibility and geometry on structure and electronic charge transport properties in their columnar
phases [14]. The mesogens consisted of a central crown ether that connects two n-alkoxy substituted
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triphenylene cores [15,16]. We demonstrated that the structure and the electronic transport along the
stacked triphenylenes are strongly affected by the above-mentioned molecular parameters. The mesogen
carrying a small rigid 12-crown-4 connecting the two triphenylenes as symmetric as possible led to the
formation of a broad mesophase with high intra-columnar order, which provided the highest hole
mobility among the investigated compounds [14]. Furthermore, complexation of 12-crown-4 and
18-crown-6 with Li+ and K+ salts, respectively, carrying soft anions rather than hard halides resulted in
significant broadening or even the induction of columnar mesophases [17]. Complementary 1H and
13C NMR experiments in solution [17,18] revealed that the use of soft polarizable anions, like iodide
and thiocyanate, led to the formation of tight ion pairs in the case of the KI- and KSCN-complex of
the 18-crown-6 derivative. These results suggested that Coulomb interactions between the mesogens
should improve the columnar order.

Previously reported small angle X-ray diffraction data revealed that the broad columnar hexagonal
phase (p6mm) of the neat 12-crown-4 derivatives became even wider after complexation with LiI and
the lattice constant a increased [15]. On the other hand, the neat 18-crown-6 derivatives possessed a
narrow columnar rectangular mesophase (c2mm) [18]. Due to the coordination of K+ ions accompanied
by soft anions the phase type changed. The KI and KBF4 complexes displayed a highly ordered
Colr phase with p2mg symmetry, while the KSCN complex showed a highly ordered Colr phase with
p2gg symmetry.

Since the observed salt-induced changes in the phase behaviour must be related to the molecular
arrangement of the columns, the stacking of the triphenylenes within the column should be affected as
well. Thus, we surmised that ion uptake should not only change the structure, but also the electronic
transport. This concept of combining aromatic groups for the electronic transport along the stacks with
a crown ether that is able to coordinate specific types of cations leads to several possible features of
the columnar phase. The coordination of ion pairs provides the unique opportunity to change the
intra-columnar packing of the mesogens without varying any of the important remaining material
parameters, like the aromatic cores or the lateral side chains (Figure 1).

 

Figure 1. Structures of the bi-centred crown ether based discotic mesogens in this study and the
expected impact of salt complexation. The coordinated ions are expected to improve the order and
thus the hole transport via the stacked triphenylenes. Furthermore, the mesophase should provide
channels for fast cation transport along the columns due to the stacked crown ether moieties.

Furthermore, we anticipated that, most likely, anisotropic ionic conductivity might be induced in
the columnar phase. Since the crown ether moieties are stacked on top of each other in the centre of the
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columns channels for fast cation transport might be generated in the mesophase [19]. For smectic liquid
crystal phases, strongly anisotropic two-dimensional (2D) ionic conductivity was demonstrated [20].
The transport of Li+ in smectic phases of PEO-based (poly(ethylene)oxide) mesogens [21,22] is up to
100 times faster parallel to the smectic layers than perpendicular to them. Similar behavior was found
for H+ in smectic phases of mesogens with terminal diol-moieties [23]. Additionally, in columnar
phases, strongly anisotropic 1D ion transport through the column centre was already observed by
Yoshio et al.in columnar phases of an imidazolium-based ionic liquid crystal [24]. Beginn et al. could
show that the membranes of polymerized columnar phases of liquid crystalline crown ethers where
4–5 molecules form supramolecular discs are at least permeable for several ions [25,26].

In the current study, the validity of the concept outlined in Figure 1 was probed by investigation
of the electronic and ionic transport in the mesophase of the Li+-complex of 12-crown-4 and the
K+-complex of 18-crown-6 based discotic mesogens. The transport properties were studied by
photoconductivity (electronic transport) and impedance spectroscopy (ionic transport), respectively,
and they were correlated to structural observations from X-ray experiments. As described below,
our results reveal that the enhanced intra-columnar order in the KSCN and KI complexes of the
18-crown-6 derivative leads to improved photoconductivity, which is mainly due to anion mobility
rather than cation transport.

2. Materials and Methods

2.1. Synthesis of the Crown Ether Salt Complexes

LiI complexes of 12-crown-4 LiI-1a (R = C9H19) and LiI-1b (R = C12H25) were prepared according
to our previously published procedure [15]. KX complexes of 18-crown-6 KI-2a (R = C9H19) and KI-2b,
KSCN-2b (R = C11H23), and KI-2c, KSCN-2c, and KBF4-2c (R = C12H25) were prepared according to
our previously reported method [18]. The complexation of the known crown ethers 1a,b and 2a–c

was performed by adding a solution of the crown ether in CH2Cl2 to a solution of 1.5 equiv. of the
respective LiI or KX salt in MeOH, stirring for 18 h at room temperature, followed by filtration, and
then evaporation of the solvent. As described in refs. [16–18], the formation of (1:1) complexes was
monitored by the characteristic 1H and 13C NMR chemical shifts and MALDI-TOF MS spectra.

2.2. X-Ray Diffraction

Small angle X-ray scattering experiments were performed on a SAXSess system (Anton Paar, Graz,
Austria), equipped with an advanced collimation block providing a very narrow line shaped X-ray
beam. The X-ray source is a Cu-Kα X-ray tube providing a monochromatic wavelength of 0.1542 nm.
The detector is either a CCD camera with a pixel size of 24 × 24 μm2 or a 5 × 20 cm imaging plate
read out in a imaging plate reader (Perkin Elmer Cyclone plus, Waltham, MA, USA). The sample is
contained in quartz capillaries, with a diameter of 0.7 mm being placed in a temperature controlled
sample holder (25–300 ◦C). The accessible q-range is 0.04–27 nm−1.

The wide angle X-ray scattering experiments have been performed on a home-made imaging plate
camera with a sample to imaging plate distance of 10 cm. The source is a Cu-Kα X-ray tube (Siemens
Kristalloflex X-ray generator, Erlangen, Germany), providing a monochromatic wavelength of 0.1542 nm.
The sample is placed in a small hole (about 2 mm in diameter) in a brass block as thin film and was
kept between two permanent magnets providing a magnetic field of about 2 Tesla. The imaging plate
is developed in an imaging plate reader (Fujifilm BAS SR, Tokyo, Japan). A Lakeshore 331 controller
varies temperature.

To avoid the precipitations of the salt the compounds were filled into the capillary or the hole as a
powder. During the X-ray experiments, the samples were never heated above their clearing point.
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2.3. Photoconductivity

The sample was contained in typical liquid crystal glass cells (0.8 and 1.3 μm gap) equipped with
ITO (Indium Tin Oxide) electrodes and rubbed polyimide alignment layers on both sides. Cells were
filled with the isotropic melt of the compounds by capillary action. The temperature of the sample
was controlled by a hot stage (Mettler Toledo FP-5, Columbus, OH, USA). A dc electric field of
0.25–1 V μm−1 is applied by a power supply. The sample was illuminated by a Xe-lamp (Perkin Elmer
150 W, Waltham, MA, USA) at a certain wavelength that was adjusted by an optical filter at (366 ± 5)
nm or a monochromator (Horiba Spex 1681B, Kyoto, Japan). The light was chopped at the frequency of
6 Hz by a mechanical chopper, while a lock-in amplifier detected the photocurrent (Stanford Research
Systems SR830 DSP, Sunnyvale, CA, USA). Data acquisition was done by a computer equipped
with LabView.

2.4. UV/Vis Spectroscopy

Spectra were taken using a UV-Vis Spectrometer (Perkin Elmer Lambda 2, Waltham, MA, USA)
with a wavelength range of 190–1100 nm. The samples are contained in 0.8 μm polyimide coated liquid
crystal cells that were placed in a homemade temperature controlled sample holder.

2.5. Alignment and Polarizing Microscopy

The alignment of the sample and the changes in texture at the phase transitions have been tracked
by a polarizing microscope (Olympus BH-2, Tokyo, Japan) equipped with a hot stage (Instec Mk2,
Boulder, CO, USA). Large homeotropic aligned domains could be grown in parallel rubbed polyimide
coated cells after careful thermal cycling close to the clearing point. All of the compounds showed a
certain degree of macroscopic segregation between complex and neat compound after heating to the
isotropic melt.

2.6. Impedance Spectroscopy

An impedance analyser (Hewlett Packard 4192 A, 5 Hz–13 MHz, Palo Alto, CA, USA), equipped
with a homemade temperature controller was used. The amplitude of the ac-voltage was set to 0.2 V.
The sample was measured using interdigitating platinum electrodes (d = 225 nm) on glass substrates
(Schott AF45, Jena, Germany). The electrode structure provided a channel length of 5 μm and a total
width of 115 cm. The ac-response of a liquid crystalline sample on interdigitating electrodes can be
modelled by a simple RQ-equivalent circuit (Figure 2). Q is a constant phase element accounting for
the slightly depressed semicircles in the Nyquist diagram.

Figure 2. Equivalent circuit for the modeling of the impedance measurements. R0 is the resistance of
the wires and the electrodes themselves. Rs is the bulk dc-resistance of the sample and Q is the constant
phase element (CPE).

The bulk resistance Rs was deduced from the diameter of the semicircle in the Nyquist diagram.
The cell constant A in cm−1 was determined by calibrating the setup with 1 mM KCl-solution of known
conductivity. The ionic dc-conductivity σion was determined according to:
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σion =
A
Rs

(1)

The liquid crystal was put on the surface covered by a thin glass slide and then heated to the
columnar phase to equilibrate. The specific alignment of the columns was achieved by shearing
the material in the liquid crystal phase either parallel or perpendicular to the electric field of the
interdigitating electrodes. Data analysis was done using ZView (Scribner Associates Inc., Southern
Pines, NC, USA).

3. Results and Discussion

3.1. Mesophase Structure of the Complexes

Figure 3 shows the investigated liquid crystalline crown ethers. The well-defined cavity size of
the crown is responsible for the coordination of specific types of cations, which leads to the formation
of (1:1) complexes with several ion pairs in solution.

 
Figure 3. Investigated LiI-complexes of the 12-crown-4 and KX-complexes (X = I, SCN, BF4) of the
18-crown-6 derivative bearing lateral side chains of OC9H19, OC11H23, and OC12H25.

For the detailed determination of the mesophase structure and the analysis of the electronic and
ionic transport properties the alignment of the materials is of crucial importance. After filling the
isotropic melt of the complexes into polyimide coated liquid crystal cells, it turned out that a significant
part of the coordinated salt was macroscopically precipitated. The conglomerate was visible in the
light microscope. This led to a phase separation of the free crown ether and the complex. Figure 4
shows the polarizing micrographs of the columnar phase of KSCN-2b in a liquid crystal cell after
cooling down from the isotropic melt. Above 132 ◦C, dark parts are visible that are due to isotropic
neat crown ether 2b (Figure 4a). Upon further cooling (top to bottom) the isotropic-to-columnar phase
transition of neat 2b at 132 ◦C was clearly visible (Figure 4b).
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Figure 4. KSCN-2b sample in a polyimide coated cell after cooling down from the isotropic melt.
Above 132 ◦C (a) the macroscopic segregation of the complex (texture) and isotropic free crown 2b

(dark parts) can be seen clearly. By cooling down (top to bottom) the isotropic-columnar phase transition
(b) of 2b at 132 ◦C can be observed. In (c), the columnar phase of KSCN-2b and neat 2b coexist.

Approximately half of the crown ether complexes in the sample kept their ion pairs and they were
able to self-assemble into the columnar mesophase even after repetitive heating/cooling cycles. For the
18-crown-6 derived K+ complexes the tendency towards thermal decomplexation was dependent
on the counterions. Complexes with SCN− were more stable than those with I−, BF4

−, Br−, and Cl−
counterions. In case of Cl− or Br−, the respective salt KCl or KBr precipitated already partially in the
columnar phase and completely after heating to the isotropic phase. Due to the problems that are
caused by the thermal decomplexation, we focused on the 18-crown-6 complexes KI-2b and KSCN-2b

and the corresponding 12-crown-4 complex LiI-1b and re-examined them by SAXS (small-angle
X-ray scattering).

The known diffraction patterns for KI-2b (Colr, p2mg), LiI-1b (Colh, p6mm), and KSCN-2b (Colr,
p2gg) [15–18] could be confirmed. However, for KSCN-2b, we discovered an additional 46 K wide
high temperature phase with p2mg symmetry between 190 ◦C and the clearing point at 236 ◦C
(Figure 5, Table S1). The lattice constants of the low temperature phase (p2gg) a = 53.1 Å and b = 47.4 Å
(at 180 ◦C) are very similar to those found previously [15–18]. The lattice parameters of the new high
temperature phase (p2mg) a = 64.1 Å and b = 38.2 Å (at 220 ◦C) are significantly different. Figure 5
shows the small angle diffraction patterns of both columnar phases and the solid state of a polydomain
sample of KSCN-2b. The X-ray data with the respective Miller indices are summarized in Table S1.
In both columnar phases, numerous sharp reflexes can be observed, indicating a high degree of
inter-columnar order.

In the solid state of KSCN-2b, instead the diffraction pattern changed to diffuse scattering, where
only one single broad peak plus a small shoulder could be clearly identified. At higher angles, several
broad peaks were detected, indicating that the well-defined crystal structure of neat 2b (see [14]) is
turned into a glassy state g by the coordination of KSCN. The SAXS pattern in Figure 5 however
indicates, that the inter-columnar order of the p2gg phase is not fully preserved in the glassy state, which
might originate from conformational changes of the mesogens below the glass transition. The new
phase sequence of KSCN-2b is shown in Figure 6. Since the Colr-Colr phase transition could neither
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be seen via POM (polarizing optical microscopy) or DSC (differential scanning calorimetry) on cooling,
the value is shown in parentheses.

Even though we do not have the full XRD data set for complex KSCN-2c due to lack of material,
we assume that the phase behaviour is rather similar to KSCN-2b, since both of the complexes showed
very similar behaviour in the DSC (Figure S2 in the Supplementary Materials) as well as in the POM.

Figure 5. Small angle diffraction pattern of the new high temperature Colr-phase (p2mg) (�) at 220 ◦C,
the already known colr-phase (p2gg) (�) at 180 ◦C and the solid state (g) at 20 ◦C (Δ) of KSCN-2b.

 

Figure 6. New phase sequence of KSCN-2b. The phase sequence of KSCN-2c is assumed to be
very similar.

After having clarified the mesophase geometries, we wondered how the coordination of ions
might affect the intra-columnar order and thus the electronic properties of the material. Therefore,
we performed detailed wide angle X-ray diffraction experiments. Figure 7 exemplarily shows the
comparison of the wide angle diffraction patterns of neat crown ethers 1b, 2c, and their respective LiI-
and KSCN-complexes.

Figure 7. Wide angle diffraction patterns of 1b vs. LiI-1b (left) and 2c vs. KSCN-2c (right).
An additional peak can be observed in the diffraction pattern of KSCN-2c due to the ion coordination.
The dotted curves divide the scattering pattern in single Gaussian distribution functions.
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The XRD patterns of the 12-crown-4 derivatives 1b and LiI-1b were very similar. In each case,
three peaks could be observed. The broad halo at lowest angle is attributed to the liquid, like alkyl
chains with a mean distance of about 4.7 Å. The peak at highest angle belongs to the stacking of
the triphenylene cores with a mean distance of 3.7 Å. The peak in the middle is probably due to the
periodic arrangement of the small rigid crown ethers. The distance between the crown ether units is
about 4.1–4.2 Å. The scattering of the triphenylenes indicated a slightly increased correlation length
(lower peak width) in the case of LiI-1b as compared to 1b.

The XRD patterns of the 18-crown-6 derivatives showed clear differences. While the scattering of
the crown ether units cannot be observed in neat 2c the peak was visible in the complex KSCN-2c.
Furthermore, the stacking period of the triphenylenes decreased from 3.9 to 3.8 Å. Presumably, due to
the coordination of K+, the flexibility of the crown ether is restricted by the coordinative bonds of the
oxygen atoms to the central cation.

This model is in good agreement with previous studies on crystal structures of salt complexes of
aryl-substituted crown ethers, which revealed that oxygen atoms are arranged in a plane surrounding
the cation and the aromatic residues are oriented out of this plane, leading to a bowl-shaped
arrangement [27–30]. Such planar arrangement should result in decreased intracolumnar distances
between neighboring mesogens. The increased order of the oxygen atoms leads to the additional
diffraction peak at 4.2 Å, which was observed only for the small rigid 12-crown-4 derivatives 1.

These results show that the coordination of ions promotes a higher intra-columnar order. The strong
broadening of the columnar phases can be explained by these findings. The increased order and
the decreased stacking distance of the triphenylenes should improve the electronic transport along
the stacks.

In the solid state the complexes LiI-1b and KSCN-2c showed the expected broad diffraction
patterns bearing only diffuse peaks (Figure S4), which are typical for a glassy state. Since the
intra-columnar order is very low, the electronic charge transport should be disfavoured in the solid
states of the complexes.

3.2. Electronic Transport

The combination of photoconductivity measurements and impedance spectroscopy allows for
the complementary detection of either the electronic or the ionic transport in the columnar material.
The use of these two different methods provides insight into the electronic properties of mixed
conductors. We chose the lock-in technique to measure the photoconductivity, because it is a useful
tool to separate the electronic from the ionic transport. For a good charge transport along the stacked
triphenylene columns, homeotropic alignment in the liquid crystal cell is required. The alignment was
achieved by surface interaction of the mesogens at the isotropic-to-columnar phase transition. For the
subsequent experiments, KSCN-2c was used, because it showed sufficient stability during repetitive
heating/cooling cycles and the growth of large homeotropically aligned domains of the complex on
the electrode area. According to our previous results, neither the crown ether size nor the length of
the side chains influences the absorbance spectra of the compounds [14]. In current experiments, we
observed that the presence of coordinated salts in the crown does not change the shape and position of
the absorption bands as exemplified for 2b and KSCN-2b (Figure S2). Since the liquid crystal cells are
fabricated from glass blocking wavelengths shorter than 310 nm, the only suitable optical transitions
are the absorption bands at 346 and 363 nm belonging to the vibration fine structure of the S0 → S1

transition of the triphenylene unit [31].
Figure 8 shows the typical temperature dependent photoconductivity profile of KSCN-2c

(red curve) without any contributions from the segregated 2c due to its edge-on (planar) alignment.
The measurement was obtained using a 3.5 μm polyimide coated cell that was illuminated at 370 nm
via monochromator. The applied electric field was held at 1 V μm−1. The second graph shows the
photoconductivity profile of neat 2c (black curve). The photoconductivity of KSCN-2c displayed
a strong dependence on the phase type and temperature. As expected, in the isotropic state, the

32



Crystals 2019, 9, 74

photocurrent is very close to zero. Both Colr mesophases (p2mg and p2gg) instead provided significant
photoconductivity. The maximum response was detected at about 160 ◦C in the low temperature
mesophase with p2gg symmetry. The glassy solid state g appears to be completely insulating regarding
the electronic transport. All of the phase transitions were visible in the profile, but they are not as
distinct as in the corresponding photoconductivity profile of the neat crown ether 2c, making the
assignment of a sharp transition temperature difficult. The highest signal for the neat crown ether
2c was measured in the crystalline states Cr1, Cr2 at about 65 ◦C, while the rectangular columnar
phase (c2mm) between 123 and 133 ◦C showed considerably lower photoconductivity. All of the phase
transitions were very distinct in the profile of neat 2c. It is evident from Figure 9 that neat 18-crown-6
2c and the complex KSCN-2c display complementary behaviour. The electronic transport in the
crystalline solid state of 2c was totally suppressed by ion uptake. In contrast, in the columnar phase of
neat 18-crown-6 2c, no electronic transport was detected, whereas ion uptake, i.e., the formation of
the complex KSCN-2c resulted in a significant increase of the electronic transport as compared to the
glassy solid state.

Figure 8. Typical normalized temperature dependent photoconductivity profile of KSCN-2c (red)
and neat 2c (black). The phase transitions are depicted by the color coded vertical dashed lines for
2c and KSCN-2c. Neat 2c shows low photocurrent in the columnar phase (c2mm) and a significantly
raised signal in both crystalline solid states Cr1 and Cr2. The complex instead shows an “inverted”
profile. The two columnar phases (p2gg and p2mg) provide significant photoconductivity while the
signal vanishes completely in the glassy solid g. In both cases, no current could be detected in the
isotropic melt.

To achieve optimum conditions for quantitative comparison of the photoconductivity in the
columnar phases of both compounds, neat 18-crown-6 2c and KSCN-2c were aligned in a 0.8 μm
polyimide-coated cell. The applied electric field was held at 0.25 V μm−1 and both light intensity and
wavelength were controlled by an optical filter at (366 ± 5) nm. The measurement was performed
between the clearing point of the respective compound and room temperature at a cooling rate of
2 K min−1. Figure 9a) shows the comparison of the measured photocurrent jphoto in the Colr phases
of neat 2c and KSCN-2c. The homeotropic alignment of neat 2c and KSCN-2c, respectively, on the
electrode area in the cell are shown in Figure 9b,c.
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Figure 9. Temperature dependent photoconductivity (a) of the columnar phase of neat 2c (�) and the
low temperature columnar phase of KSCN-2c (�) both contained in a 0.8 μm LC (liquid crystal) cell.
The polarizing micrographs show the nearly homeotropically aligned neat 2c (b) all over the electrode
area, in contrast to the phase separated KSCN-2c in the liquid crystal cell (c).

It should be emphasized that a quantification of the experimentally determined photocurrents
has to be considered with great care for several reasons. Only about 50% of the electrode area in
the KSCN-2c sample was covered with the homeotropically aligned mesophase of the complex,
while the remaining area was partly covered with free 18-crown-6 derivative 2c, which is isotropic at
temperatures exceeding 120 ◦C and thus does not contribute to the total photoconductivity. In the
sample of neat 2c, about 90% of the electrode area was covered (Figure 9). This means that the effective
intersection of the light beam with the photoactive parts of KSCN-2c is only about half as large as
it is in the sample of neat 2c. Additionally, a weakening of the internal dc-field in KSCN-2c due to
the formation of electrolytic double-layers at the electrode surface in the presence of ions should be
expected. This is not the case for neat 2c. Despite these limitations, the results in Figure 10 suggest that
the photoconductivity in the columnar phase of KSCN-2c is about three times higher as compared
to the neat 18-crown-6 2c, which is in agreement with the changes of the inter- and intracolumnar
structure, as determined by SAXS and WAXS (wide-angle X-ray scattering) experiments. Unfortunately,
the exact determination of the charge carrier mobility with the organic field effect transistor (OFET)
was not possible for the complexes. The desired field effect current was strongly superimposed by the
ionic current flow.
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Figure 10. Bright and dark state polarizing micrographs of KI-2c films on interdigitating electrodes
with columns aligned parallel to the electric field direction (a) and columns aligned perpendicular to
the electric field direction (b).

3.3. Ionic Transport

To investigate the ionic conductivity, we performed impedance spectroscopy, which is a powerful
tool to measure the bulk ionic dc-conductivity. Since the use of liquid crystal cells for these measurements
was impossible due to the precipitation of the coordinated salt we used interdigitating gold electrodes.
The liquid crystalline material was held at temperatures that were only slightly above the melting
point during sample preparation.

In order to clarify, whether coordinated cations in the centre of each mesogen could migrate
through the stacked crown ether moieties as 1D transport channels, experiments were carried out
on planar aligned films with columns either parallel or perpendicular to the electric field direction.
Figure 10 shows two aligned films of KI-2c in the liquid crystal phase at 140 ◦C in the bright and dark
state between crossed polarizers. Since the photographs have been taken in reflexion, the bright stripes
in the bright states are the platinum electrodes. In Figure 10a, the columns of the LC phase are aligned
parallel to the electric field, while in Figure 10b the columns are aligned perpendicular.

By comparing the interference colour of the films in linear polarized light with samples of known
thickness in liquid crystal cells, the thickness of the films could be estimated to be about 5 μm.
Van Gerwen et al. calculated the electric field distribution in the case of interdigitating electrodes [32].
Applying this method to our geometry, where the 230 nm high and 5 μm wide electrode digits are
separated by 5 μm, a minimum film thickness of 10 μm is required to cover 100% of the electric stray
field. On the other hand, a 5 μm thick film still covers about 80% and the thickness of both films is quite
similar (yellow/orange main colour). This means that the comparison of the measured dc-conductivity
values for the films should be reliable.

Figure 11 shows the results for KI-2c measured parallel to the columns at 150 ◦C in the LC-phase.
The frequency dependence of the total impedance |Z|(ω) and the phase angle φ(ω) are displayed in
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the Bode diagram. Furthermore, the Nyquist diagram −Z′′ (Z′) is shown where the imaginary part of
the impedance is plotted versus the real part, leading to a semicircle.

Figure 11. Bode plot showing the frequency dependence of the total impedance |Z|(ω) and the phase
angle φ(ω) (top) and the Nyquist plot −Z′′ (Z′) (imaginary part vs. real part of the impedance) showing
a slightly depressed semicircle that was fitted by the equivalent circuit shown in the inlet (bottom).

The equivalent circuit we used for fitting the data is shown in the inlet. The pre-resistance of the
wires and the platinum electrodes themselves is represented by R0. It is in series with the standard
RQ-circuit that was used for the modelling of electrolytes on interdigitating electrode structures.
The constant phase element Q accounts for the slightly depressed shape of the semicircle. The diameter
of the semicircle is given by the bulk dc-resistance Rs of the film. With the specific cell constant A of
0.0076 cm−1, the ionic dc-conductivity is determined from Equation (2) (see below). At low frequencies,
the onset of a second semicircle could be observed in the Nyquist diagram. This phenomenon could be
due to the formation of an ionic double layer at the electrode surface. Another possibility would be the
contribution of a second transport process, for example, the migration through domain boundaries.
In crystalline solids, the strong effect of grain boundaries on the charge transport is well known [33].
Since the low frequency arc did not affect the measurement results, its origin was not investigated
further. Figure 12 shows the ionic conductivity parallel σ‖ and perpendicular σ⊥ to the columns
determined from the measurements of the aligned films of KI-2c shown in Figure 10. Both of the films
were measured between 120 and 155 ◦C in the Colr phase (p2gg).

It is clearly seen that σ‖ is slightly higher than σ⊥, but the maximum anisotropy at 155 ◦C (= 2.33 ×
10−3/K in Figure 12) is only σ‖/σ⊥ = 1.7. If channels for fast K+ transport exist in the columnar phase,
the value of σ‖ should be much higher than σ⊥. Parallel to the columns, the cations should migrate
through the stacked crown ethers but perpendicular to the columns the cations cannot contribute to the
conductivity, since they would have to leave their coordination site (compare the inset of Figure 10).
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In comparison to liquid crystalline materials providing channels for fast ion transport with anisotropy
values between 10 and 100 [21,23,24], the observed difference in conductivity is most probable not due
to the 1D transport of the coordinated K+ cations. Furthermore, the measured conductivity values
turned out to be rather low never exceeding 10−7 S cm−1, which is not typical for materials featuring
ion channels. The measured anisotropy was in the order of magnitude of a conventional nematic liquid
crystal where the anisotropy in ionic conductivity is just caused by the anisotropic structure of the
liquid crystal, as shown by Stegemeyer et al. [34]. Presumably, the K+ ions are strongly coordinated
and the ion migration should be dominated by the non-coordinated anions that migrate through the
side chains of the columnar system. Since the transport seems not to be dependent on the orientation of
the columns in the liquid crystal phase and other investigated compounds showed anisotropy values
≤1.7, the following measurements were carried out on randomly aligned thicker films (>10 μm).

Figure 12. Arrhenius diagram of the ionic conductivity parallel σ‖ (�) and perpendicular σ⊥ (�) to the
columns in the columnar phase of KI-2c.

Since the anion seems to play the decisive role, we investigated the K+ complexes KX-2c with
different anions (X = I, SCN and BF4) (Figure 13). Upon using smaller counter ions, like Br− or Cl−,
the precipitation of the respective salt already took place at the solid-to-columnar phase transition,
making it impossible to get reproducible conductivity values.

Figure 13. Arrhenius diagram of the ionic conductivity of KI-2c (Δ), KSCN-2c (�), and KBF4-2c (�).
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The conductivity for KI-2c (4 × 10−8 S cm−1 at 140 ◦C = 2.42 × 10−3/K in Figure 13) was 20 times
higher than for KSCN-2c and 100 times higher than for KBF4-2c. This result suggests that the anions
dominate the contribution to the ionic conductivity. This result might be rationalized by SCN− acting as
a bridging ligand. If the SCN− is coordinating two K+ complexes, then it would be firmly incorporated
in the columnar structure, which would be detrimental to its mobility in the electric field. On the
contrary, the less polarizable BF4

− might be less soluble in the liquid crystal and precipitation of KBF4

might cause a lower charge carrier concentration and thus lower conductivity.
Thus, different kinds of counter ions have a strong impact on the ionic conductivity of the columnar

phase. Since the melting points were in the same temperature range (125 ◦C for KI-2c, KBF4-2c and
110 ◦C for KSCN-2c) and all of the compounds form columnar rectangular mesophases, a similar
viscosity was proposed for these derivatives. Among the tested anions, I− is traveling much faster
than SCN− or BF4

−, resulting in more than one order of magnitude higher conductivity. These results
indicate comparatively strong bound cations in the centre of the crown ether moiety of each mesogen
plus mobile anions that are located mainly in the peripheral liquid, like side chains. The observed
anisotropy of σ‖/σ⊥ = 1.7 (at 155 ◦C) could be explained by considering the local viscosity anisotropy
of the side chains, since the viscosity scales with the order parameter of the alkyl chains. This might
indicate enhanced conductivity perpendicular to the columns, which was not observed. On the other
hand, ions migrating along the columns do not have to overcome the barriers of stacked crown ether
moieties. Thus, ion migration along the columns might be favorable for the anions.

Since the anions seem to be mobile parallel and perpendicular to the columns (Figure 12),
we assume that they are located mainly in the amorphous side chains of the columnar system.
The viscosity η of the solvent influences the ion mobility μion, according to the Stokes–Einstein equation:

μion =
ze

6πηrion
(2)

where z describes the charge number, e the elementary charge, and rion the radius of the solvated ion. By
the variation of the side chains it should be possible to change the environment of the anions specifically,
since the cations are located in the centre of the columns. By elongation of the side chains, the local
viscosity should be lowered, which would result in higher ion mobility according to Equation (2).
A similar effect is expected by enlarging the central crown ether moiety. Therefore, we compared thick
films (>10 μm) of the iodide-complexes with different chain lengths (-OC9H19 or -OC12H25), namely
LiI-1a,b and KI-2a,c (Figure 14).

Figure 14. Arrhenius diagram of the ionic conductivity of LiI-1a (�), LiI-1b (�) KI-2a (�), and KI-2c (Δ).
Both pairs of compounds with neat and filled symbols, respectively, bear the same ion pairs but they
differ in side chain length.
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Upon comparison of the homologues with different side chain length, the derivatives with C12
chains (� and Δ) showed higher conductivity than those with C9 chains (� and �). When comparing
the K+ complexes of the 18-crown-6 derivatives with the Li+ complexes of the 12-crown-4 derivatives
with identical side chains (Δ vs. � and � vs. �) the higher conductivity was observed for the complexes
KI-2a,b. The ion mobility can be increased by elongated side chains. Since the side chains should not
affect the transport of the coordinated cations in the column centres, the results in Figure 14 suggest
that the anions dominate the conductivity of the columnar phase and that they are located mainly in
the amorphous side chains.

The observed anisotropy of σ‖/σ⊥ = 1.7 favors the migration of the anions parallel to the columns.
This might be rationalized by comparing these columnar systems with a nematic liquid crystal. In a
conventional nematic liquid crystal, the transport of ions is favored parallel to the director, i.e., parallel
to the long axis of the rod-like molecules. A value of the anisotropy σ‖/σ⊥ = 1.3 was published by
Stegemeyer et al. [34], which is somehow comparable to our case, if the columns of the columnar
phases of the crown ether complexes are considered as rods of an ordered nematic phase.

When considering that only the anion contributes to the charge transport and that every mesogen
incorporates one ion pair, it is also possible to derive mobility values for the different anions. The specific
conductivity of electrolytes σ is given by:

σ = Λmc, (3)

with Λm being the molar conductivity and c the concentration of charge carriers. Excluding the
migration of cations, the molar conductivity can be calculated as:

Λm = |z−|υ−Fμ−, (4)

where |z−|υ− is the electrovalence of the anions being 1 in our case, F is the Faraday-constant, and μ− is
the mobility of the anions. Since there is one anion per mesogen, the concentration can be estimated by
the density of mesogens per unit volume in the columnar phase. Finally, the mobility of the anions can
be derived from:

μ− =
σ
F

M
�

, (5)

with M as molar mass of the mesogen and � the density of the phase.
While the density could not be experimentally measured, the crystallographic density of the crown

ethers substituted with aromatic units was taken from the literature 1.3 g cm−3 [27–30]. The coordination
of ions increases the density, while the substitution with long alkyl tails in turn decreases it. Therefore,
the density of 1.3 g cm−3 should be appropriate. According to these estimations, the mobility of the
anions was determined at 140 ◦C for the different compounds and they are summarized in Table 1.
When comparing these values with the recently determined hole mobility of the Colr phase of the neat
2c [14], it can be seen that the hole transport in our materials is about four orders of magnitude faster
than the anion transport.

Table 1. Calculated anion mobility in the columnar rectangular mesophases of KI-2c, KSCN-2c, and
KBF4-2c at 140 ◦C for the estimated density of 1.3 g cm−3.

Structure of the Phase
σ

[S cm−1]
M

[g mol−1]
μanion

[cm2 V−1 s−1]

KI-2c
colr

(p2mg) 2.0 × 10−8 2301.3 3.6 × 10−10

KSCN-2c
colr

(p2gg) 2.2 × 10−9 2232.5 4.0 × 10−11

KBF4-2c
colr

(p2mg) 4.2 × 10−10 2261.2 7.5 × 10−12
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4. Conclusions

The ion complexes of different bi-centred liquid crystalline crown ethers that are based on
18-crown-6 and 12-crown-4 moieties were studied regarding a correlation between the structure of
the mesophases and their electronic and ionic transport properties. XRD experiments revealed that
the free 12-crown-4 1b and its complex LiI-1b both exhibit a broad columnar hexagonal mesophase.
No significant differences were found regarding the intra-columnar order. In contrast, the free
18-crown-6 2c exhibited a columnar rectangular mesophase (ΔT = 13 K) with c2mm symmetry. Upon
coordination of K+ salts with soft anions, like I− or SCN−, the mesophase range was highly broadened
and the symmetry of the phases changed. KI-2c possessed a Colr phase (ΔT = 80 K) with p2mg
symmetry. KSCN-2c displayed a high temperature Colr phase (ΔT = 46 K) with p2mg symmetry and a
low temperature Colr phase (ΔT = 85 K) with p2gg symmetry.

Furthermore, KSCN-2c showed an improved intra-columnar order, leading to a better packing
of the crown ether moieties plus a shortened stacking distance of the triphenylene cores of 3.8 Å in
contrast to 3.9 Å for the neat compound 2c.

The increased intra-columnar order had a pronounced impact on the photoconductivity where
the detected signal was about three times higher in the columnar phase of KSCN-2c than in neat 2c.

Investigation of the ion migration on macroscopically aligned thin films of KI-2c revealed that
the dc-conductivity parallel to the columns in the liquid crystal phase was only slightly higher than
perpendicular to them. The anisotropy was determined to be σ‖/σ⊥ = 1.7 for KI-2c at 155 ◦C. The type
of the anion (I−, SCN−, BF4

−) had a strong impact on the conductivity of the K+-complex of 2c. KI-2c

showed 20 times higher conductivity than KSCN-2b and conductivity that was 100 times higher
than KBF4-2c. From the dependence of the ionic conductivity on the size of the central crown and
the length of the lateral side chains in LiI-1a,b and KI-2a,b, we concluded that the ion migration is
dominated by the non-coordinated anions propagating through the anisotropic liquid, like side chains,
while the cations are strongly bound in the centre of the columns. Thus, the existence of channels
for fast cation transport could be excluded. It should be noted that Bardaj, Espinet, and coworkers
recently reported similar ionic conductivities for K+ complexes of diaza-18-crown-6 ethers carrying
six decyloxy-p-cyanobiphenyl chains and showing nematic mesophases [35]. The corresponding Li+

complexes showed 10 times higher conductivity, which was rationalized by cations that were jumping
from one crown to another close to it [35].

As showcased for 18-crown-6 2c and the corresponding complexes KX-2c with different anions, the
ion complexes form highly ordered columnar mesophases with improved stacking of the triphenylene
cores, leading to increased 1D photoconductivity (Figure 15). The coordinated cations are strongly
bound to the centre of the columns while the non-coordinated anions are mobile in the anisotropic
liquid like side chains. The calculated mobility for KX-2c with different anions was in the order of
10−12–10−10 cm2 V−1 s−1, which is four orders of magnitude lower than the hole mobility of the neat
18-crown-6 2c. This again correlates well with the results by Bardaj, Espinet, and coworkers, which
observed 20 times higher conductivity, when the crown ether metal complex was doped with the neat
“empty” crown [35].

In conclusion, the complexation of columnar liquid-crystalline crown ethers did not lead to fast ion
migration, as might be expected by the presence of crown ether channels. On the other hand, however,
the coordination of ions in the channels improved the intra-columnar packing of the crown ether rings
and thereby enhanced the electronic charge transport, namely the hole mobility. Even without fast ion
channels, the complexation of liquid-crystalline crown ethers turned out to be a promising tool for
tailoring the charge transport properties in this class of materials.
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Figure 15. Our new mesogenic bi-centred ion complexes form highly ordered columnar mesophases
providing improved quasi one-dimensional (1D) hole transport. The cations are coordinated strongly
by the central crown ether moieties showing no significant contribution to the ionic conductivity.
The anions are mobile in the anisotropic liquid like side chains.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/2/74/s1.
Figure S1: KI-2b in the columnar state (p2mg) (left) and in the solid state g (right). The texture shows no significant
differences. Figure S2: DSC curves of the complexes KSCN-2b (a) and KSCN-2c (b). Heating/cooling rate 10
K/min. Figure S3: WAXS pattern of KSCN-2b taken from ref. [1]. Figure S4: Wide angle diffraction pattern of
LiI-1b (�) and KSCN-2c (�) in the solid state. Only diffuse smeared peaks can be observed indicating a low
intra-columnar order. Figure S5: Absorbance spectrum of neat 2b (�) and its KSCN-complex KSCN-2b (�) in the
solid state. Figure S6: Photoconductivity profiles of a segregated sample of KSCN-2b (Δ) where both components
contribute to the photocurrent in the respective temperature ranges. Furthermore, the profile of neat 2b (�) and a
KSCN-2b sample (�) where only the complex contributes are shown. Figure S7: Large scale pictures of the aligned
thin films of KI-2b between crossed polarizers in the bright state (left) and the dark state (right). The columns
have been aligned parallel (A, B) and perpendicular (C, D) to the electric field. Figure S8: Temperature dependent
ionic conductivity in thick films of KI-2b with columns aligned randomly (�), parallel (�) and perpendicular (�)
to the electric field. Table S1: Small angle X-ray data of KSCN-2b. θ is the scattering angle, hk the Miller indices,
dob and dcal are the observed and calculated distances while a and b are the lattice constants for the rectangular
unit cell. Table S2: XRD data of KSCN-2b taken from ref. [1].
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Abstract: We describe the thermal phase characteristics of a series of 4,5-bis(n-alkyl)azolium
salts that were studied using thermogravimetric analysis (TGA), differential scanning calorimetry
(DSC), polarized-light optical microscopy (POM), and synchrotron-based small- to wide-angle
X-ray scattering (SWAXS) measurements. Key results were obtained for 1,3-dimethyl-4,5-bis(n-
undecyl)imidazolium iodide (1-11), 1,3-dimethyl-4,5-bis(n-pentadecyl)imidazolium iodide (1-15),
and 1,2,3-trimethyl-4,5-bis(n-pentadecyl)imidazolium iodide (2), which were found to adopt
enantiotropic smectic A mesophases. Liquid-crystalline mesophases were not observed for
1,3-dimethyl-4,5-bis(n-heptyl)imidazolium iodide (1-7), 3-methyl-4,5-bis(n-pentadecyl)thiazolium
iodide (3), and 2-amino-4,5-bis(n-pentadecyl)imidazolium chloride (4). Installing substituents in the
4- and 5-positions of the imidazolium salts appears to increase melting points while lowering clearing
points when compared to data reported for 1,3-disubstituted analogues.

Keywords: liquid crystals; ionic liquid crystals; ionic liquids; imidazolium; thiazolium; mesophases

1. Introduction

Attachment of relatively long alkyl or fluoroalkyl chains to the nitrogen atoms of heterocyclic
cations, such as imidazolium moieties, typically bestows thermotropic liquid-crystalline (LC) properties
due to an enhancement in amphiphilicity [1–4]. Ionic liquid crystals (ILCs) are of high interest
because they hold potential for use in a variety of applications [5–9]. For instance, it has already been
demonstrated that ILCs may be used as non-volatile electrolytes in dye-sensitized solar cells [10–12],
as organized reaction media [13], and as active components in electrochromic devices that do not
require additional electrolytes [14–16]. On a more fundamental level, a comprehensive knowledge
of the structural parameters that determine the thermal properties of ILCs and the long-range
supramolecular organization in their mesophases contributes to a better understanding of the
short-range nanosegregation phenomena that occur in room-temperature ionic liquids (ILs) [17–27].
Such structure–property relationships may also improve molecular designs of new ILCs and ILs, and
facilitate tailoring for specific applications.

Although imidazolium moieties are among the most widely used cationic cores to obtain ILCs, the
majority of studies have focused on N-substituted derivatives due to the ease of their synthesis [5–7,28–30].
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The influence of installing alkyl or aryl substituents in the 2-position of imidazolium-based ILCs on
thermal phase characteristics has also been investigated [31–40]. To the best of our knowledge, only one
LC imidazolium salt with a substituent in the 4-position, 1,3,4-trimethylimidazolium n-dodecylsulfonate,
is known and was reported to adopt a monotropic smectic A (SmA) phase (Cr · (SmA · 93 ·) 95 ·
Iso (◦C)) [32]. For comparison, 1,3-dimethylimidazolium n-dodecylsulfonate self-organizes into an
enantiotropic SmA phase upon heating and displays a considerably higher clearing point (Cr · 90 ·
SmA · 177 · Iso (◦C)) whereas the corresponding 1,2,3-trimethylimidazolium (Cr · 202 · Iso (◦C)) and
1,3,4,5-tetramethylimidazolium (Cr · 109 · Iso (◦C)) salts are not LC [32]. Even in the realm of ILs,
limited physical property data are available for tri-, tetra-, and pentasubstituted imidazolium salts (with
the additional substituents often being limited to methyl groups) [29,30,41–48]. Beyond differences in
thermal properties, highly substituted imidazolium salts may be expected to show an increased stability
toward base, particularly if they are to be used in, for instance, alkaline fuel cell membranes [49].

Recently, some of us prepared a series of 4,5-bis(n-alkyl)imidazolium salts by utilizing
Radziszewski-type chemistry for the formation of the requisite heterocyclic cores [50–53]. In addition,
4,5-bis(n-pentadecyl)thiazolium salts were synthesized from a thiazole precursor that was obtained by
reacting P2S5, formamide and 17-bromodotriacontan-16-one [51]. The bromoketone was also used to
prepare a novel guanidinium salt (i.e., 4,5-bis(n-pentadecyl)imidazolium with an amino group in the
2-position) [51]. The aforementioned salts were studied as lipid analogues in model cell systems or used
as precursors for N-heterocyclic carbenes for the stabilization of nanoparticles [50–53]. From the library
of compounds, we selected six 4,5-bis(n-alkyl)azolium salts (1-n (n = 7, 11, 15) and 2–4, Scheme 1)
and investigated their thermal characteristics. The data were compared with those reported for
analogous 1,3-bis(n-alkyl)imidazolium and 2-[3,4-bis(n-alkyloxy)phenyl]-1,3- dimethylimidazolium
ILCs (for example, 5-n and 6-n in Scheme 1) [38,54–59]. Collectively, the results that will be described
below show how the disposition of long alkyl chains around five-membered, heteroaromatic, cationic
cores affects the thermal characteristics of the resulting salts.

 
Scheme 1. Left: overview of the 4,5-bis(n-alkyl)azolium salts that were investigated in this work. Right:
previously reported imidazolium salts that feature two relatively long alkyl chains [38,54].

2. Materials and Methods

The synthesis of compounds 1-n and 2–4 has been described elsewhere [50,51].
Optical textures were observed using an Olympus BX53-P polarized-light optical microscope

that was equipped with a rotatable graduated sample platform and an Instec HCS402 dual heater
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temperature stage. The latter was equipped with a precision XY positioner, and was coupled to an
Instec LN2-SYS liquid nitrogen cooling system and an Instec mK2000 programmable temperature
controller. Images were recorded by a QImaging Retiga 2000R CCD camera that was coupled to
the microscope. The samples were pressed between an untreated glass slide and glass coverslip
(0.13–0.17 mm thick, Duran) prior to analysis.

Differential scanning calorimetry (DSC) data were recorded under nitrogen (50 mL·min−1) on
a TA Instruments DSC Q2000 module equipped with an RCS90 cooling system at a heating rate
of 10 ◦C·min−1 and a cooling rate of 5 ◦C·min−1. The quantity of sample analyzed was typically
4–5 mg. A small hole was pierced into the lid of the aluminum sample pans. The measurements were
performed using the TzeroTM Heat Flow T4P option. High-purity sapphire disks were used for the
TzeroTM calibration and high-purity indium was used as a standard for temperature and enthalpy
calibrations. DSC data analysis was performed with the Universal Analysis 2000 software (version
4.5A) from TA Instruments (New Castle, DE, USA). The abbreviations used to describe the thermal
phase properties are explained in the main text and in the captions of the figures and tables.

Thermogravimetric analysis (TGA) data were recorded under nitrogen (60 mL·min−1) on a TA
Instruments TGA Q500 module at a heating rate of 5 ◦C·min−1 and using a platinum sample pan.
The quantity of sample analyzed was typically 5–8 mg. High-purity nickel was used as a standard for
temperature calibration (based on its Curie temperature).

Synchrotron-based X-ray scattering measurements were performed at the PLS-II 6D UNIST-PAL
Beamline of the Pohang Accelerator Laboratory (PAL), Pohang, Republic of Korea. The X-rays coming
from the bending magnet were monochromated using Si(111) double crystals and focused at the
detector position by the combination of a second, sagittal-type monochromator crystal and a toroidal
mirror system. The diffraction patterns were recorded by a Rayonix MX225-HS 2D CCD detector
(225 × 225 mm2 square active area, full resolution 5760 × 5760 pixels) with 2 × 2 binning. The peak
positions in the 1D intensity profiles, which were obtained from azimuthal averaging of the 2D
patterns of non-aligned samples (with dezingering applied to the data of two separate measurements),
were used for phase type assignments. Small- to wide-angle X-ray scattering (SWAXS) patterns
(for periodicities up to 67 Å) were recorded using 12.3984 keV X-ray radiation (wavelength λ = 1.00 Å)
and a sample-to-detector distance (SDD) of ca. 431 mm. Diffraction angles were calibrated using a
lanthanum hexaboride (LaB6) standard (NIST SRM 660c). Samples were contained in borosilicate
glass (glass #50) capillaries with an outer diameter of 0.4 mm and a wall thickness of 10 μm and
were irradiated for 10–30 s per measurement, depending on the saturation level of the detector.
The capillaries were inserted into a custom-made brass holder that was placed into a Linkam TS1500V
heating stage to achieve temperature control. The samples were allowed to equilibrate at each temperature
before starting a measurement.

Molecular models were created using the Chem3D Pro 15.1 software package (PerkinElmer
Informatics, Inc., Waltham, MA, USA).

3. Results

We examined the thermal properties of 4,5-bis(n-alkyl)azolium salts 1-n and 2-4 using TGA, DSC,
and polarized-light optical microscopy (POM). Key results are summarized in Table 1. Figures showing
the TGA and DSC thermograms can be found in the Supplementary Material (Figures S1–S7).
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Table 1. Summary of phase transition temperatures and other thermal data recorded for the
4,5-bis(n-alkyl)azolium salts 1-n (n = 7, 11, 15) and 2-4, as well as corresponding assignments.

Compound Transition 1 T (◦C) 2 ΔH (kJ·mol−1) 3 T1% (◦C) 4

1-7 Cr → Iso 5 26 0.7 n.d.
1-11 HR1: Cr → SmA 6 50, 55 6 21.6 6 n.d.

SmA → Iso 77 2.3
HR2: g → SmA ~−14 –

SmA → Iso 76 2.2
1-15 Cr → SmA 76 38.3 ~181

SmA → Iso 88 7 0.7
2 Cr → SmA 8 70 8 – 8 ~194

SmA → Iso 88 7 0.5
3 Cr → Iso 9 73 7 16.4 ~135
4 Cr → Iso 9 68 7 38.1 ~206

1 Abbreviations: Cr = crystalline phase; g = glass; SmA = smectic A phase; Iso = isotropic liquid phase. HR1 = first
heating run; HR2 = second heating run. 2 Onset temperatures obtained by DSC during the second heating run
(unless indicated otherwise) at a rate of 10 ◦C·min−1 and under an atmosphere of N2 (50 mL·min−1). A small hole
was pierced into the lid of the DSC sample pans. The glass transition temperature was defined by the inflection
point of the signal recorded in the respective DSC thermogram. 3 Enthalpy change. 4 Temperature at which 1%
weight loss was measured by TGA (neglecting initial small weight losses attributed to the release of H2O). n.d.
= not determined. 5 During the second heating run, melting was preceded by an exothermic recrystallization
event with a peak temperature of 22 ◦C (ΔH = −0.4 kJ·mol−1) (Figure S1). 6 This transition involved two, partially
resolved transitions between 37 ◦C and 68 ◦C (Figure S2). The peak temperatures of the two signals and the total
enthalpy change are listed. Examination by POM revealed that the sample became plastic after the first transition
upon heating. 7 Peak temperature. 8 The transition to the LC mesophase upon heating was preceded by multiple
transitions (Figure S4). The peak temperature of the last endothermic signal just before the temperature range of the
SmA phase is given. Examination by POM revealed that the sample gradually became plastic above ~50 ◦C upon
heating. The enthalpy change associated with the transition from the SmA phase to the solid state at 40 ◦C upon
cooling was measured to be 12.2 kJ·mol−1. 9 Melting was preceded by solid-to-solid transitions (Figures S5 and S6).

The slightly higher thermal stability measured for 2 as compared to salt 1-15 can be ascribed to the
replacement of the acidic H(2) proton of the imidazolium with a methyl group. The result is in accordance
with the generally observed higher thermal stabilities of 2-methylsubstituted 1,3-dialkylimidazolium
ILs relative to their unsubstituted counterparts [60]. The 3,4,5-trialkylsubstituted thiazolium salt 3

showed a relatively low thermal stability, with weight losses starting to occur at about 135 ◦C under
the conditions employed for the TGA measurements. The most thermally stable salt among the
compounds that were studied was 4 (T1% ≈ 206 ◦C), despite the fact that it contains nucleophilic Cl−

anions as well as amino groups.
DSC and POM investigations of compounds 1-n and 2–4 led to the conclusion that imidazoliums

1-11, 1-15, and 2 are thermotropic ILCs but imidazolium 1-7, thiazolium 3, and guanidinium 4 are not.
To the best of our knowledge, 2 is the first example of a LC pentasubstituted imidazolium salt. Salt
1-7, which was obtained as a partially crystallized compound, melted to an isotropic liquid around
room temperature. In contrast, solid samples of 1-11, 1-15, and 2, which are more amphiphilic than 1-7,
melted to birefringent mesophases which produced “oily streaks” when viewed by POM (Figure 1).
Homeotropic domains were observed as well. Further heating facilitated transitions to isotropic liquid
states, for which, in the case of 1-15 and 2, only weak signals were observed in the DSC thermograms
(Figure 2 and Figures S2–S4). Upon cooling, ill-shaped “bâtonnets” were seen by POM upon entering
the LC states and gradually transformed into focal-conic-like textures with further cooling. In the
case of 1-11, the sample spontaneously aligned homeotropically when cooled from the isotropic liquid
state and the LC mesophase vitrified around −23 ◦C; glass transitions continued to be seen during
subsequent heating/cooling cycles (Figure 2a). The non-mesomorphic salts 3 and 4 melted directly to
isotropic liquids without passing through intermediate LC phases. The melting point data recorded
for all 4,5-bis(n-pentadecyl)azolium salts (1-15 and 2–4) are similar and situated in the range of 68
to 76 ◦C.
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(a) 

(b)

Figure 1. Polarized-light optical microscopy (POM) images of the SmA phases of (a) 1-11 at 24 ◦C
(upon cooling from the isotropic liquid state and after applying pressure to the sample) and (b) 2 at
77 ◦C (during the first heating run of a pristine sample).

Synchrotron-based small- to wide-angle X-ray scattering (SWAXS) measurements of the LC
mesophases adopted by 1-15 and 2 afforded patterns that were characterized by two sharp reflections
in the small-angle region, in addition to a diffuse wide-angle scattering signal centered at 4.4–4.6 Å
(Figure 3, Table 2 and Figure S8). The latter corresponds to the lateral short-range order of the molten
alkyl chains (c.f. hch) and the ionic headgroups (c.f. hion), respectively, which were not resolved in the
experimental data. The reciprocal d-spacings of the sharp small-angle reflections were related by a 1:2
ratio and the signals can be indexed as the (001) and (002) reflections that originate from the formation
of layers. Collectively, the POM and SWAXS data indicate that the LC mesophases adopted by salts
1-15 and 2 are SmA phases. A slightly larger layer thickness was found for 2 as compared with 1-15

at similar temperatures (see Table 2), which can be ascribed to the protruding 2-methyl substituents
in the former. Based on the POM observations, the mesophase adopted by 1-11 is also a SmA phase.

48



Crystals 2019, 9, 34

SWAXS patterns that were recorded for 3 at different temperatures revealed that the sample adopted a
lamellar structure in the solid state before melting to an isotropic liquid at about 73 ◦C (Figure S9).

(a) 

(b) 

Figure 2. Differential scanning calorimetry (DSC) data recorded for (a) 1-11 and (b) 2 at a heating rate
of 10 ◦C·min−1 and a cooling rate of 5 ◦C min−1 under an atmosphere of N2. Endothermic peaks
point upward.
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Figure 3. Synchrotron-based SWAXS data that were recorded for the SmA phase of 1-15 at 75 ◦C upon
cooling (the X-ray wavelength used was 1.00 Å).

Table 2. Summary of synchrotron-based SWAXS data recorded for the LC mesophases adopted by 1-15

and 2, including calculated structural parameters and corresponding assignments.

Cpd.
Type of LC
Mesophase

T (◦C) dobs. (Å) 1 I 2 hkl 3 dcalcd. (Å) 1
Structural

Parameters of the LC
Mesophases 4

1-15 SmA 75 31.63 VS (sh) 001 31.68 d = 31.68 Å
(upon 15.86 W (sh) 002 15.84 Vmol ≈ 1072 Å3

cooling) 4.5–4.6 br h1 AM ≈ 67.7 Å2

σch ≈ 22.1 Å2

2 SmA 78 32.91 VS (sh) 001 32.88 d = 32.88 Å
16.42 W (sh) 002 16.44 Vmol ≈ 1098 Å3

4.4–4.5 br h1 AM ≈ 66.8 Å2

σch ≈ 22.2 Å2

1 The dobs. and dcalcd. values refer to the measured and calculated diffraction spacings, respectively. dcalcd. = <d001>
= [Σld00ll]/N00l, in which N00l = the number of (00l) reflections. 2 I is the intensity of each reflection: VS = very
strong, W = weak, sh = sharp reflection, and br = broad reflection. 3 hkl are the Miller indices of the reflections.
h1 indicates the center position of the diffuse wide-angle signal that originates from the lateral short-range order
of the ionic moieties (c.f. hion) and the molten alkyl chains (c.f. hch). 4 Vmol is the molecular volume, which was
estimated as Vmol(T) = (Mcation/0.6022)f + Viodide, in which Mcation is the molecular mass of the cations (in g·mol−1),
f is a temperature-correcting factor (f = 0.9813 + 7.474 × 10−4T with T in ◦C) and Viodide is the partial volume
of the iodide anions as determined from reference salts [61]. AM is the cross-sectional area that is occupied by
molecular assemblies along the sequence of smectic layers and was calculated as AM(T) = 2Vmol(T)/d(T) [38,61].
The cross-sectional area of one fully stretched aliphatic chain, σch [62], is listed for comparison.

From the structural parameters that were obtained from the SWAXS measurements as well
as the temperature-dependent molecular volumes calculated for 1-15 and 2, it can be concluded
that the SmA phases are characterized by alternating, nanosegregated ionic and aliphatic sublayers,
with a head-to-head arrangement of the ionic headgroups in the former, and partially interdigitated
and folded alkyl chains in the latter [63,64]. The values calculated for the molecular cross-sectional
areas, AM (see Table 2), are comparable to those previously reported for the SmA phases adopted by
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2-aryl-1,3-dimethylimidazolium iodide salts having two alkyl chains per cation (6-n (n = 6, 10, 14)) [38].
The supramolecular arrangements found in all of these SmA phases are similar. We note that 1-15 has
been reported to spontaneously form thermodynamically stable vesicles in buffered aqueous media
without the addition of other lipids [52]. As such, the structure of its thermotropic LC mesophase may
resemble the local structure of the vesicle bilayer membranes. It was also found that 1-7 does not form
bilayer vesicles under similar conditions [52]. Herein we report that it does not form a thermotropic
LC mesophase either.

4. Discussion

The observation of SmA mesophases for imidazolium salts 1-n (n = 11, 15) and 2 was not
unexpected, since structurally related 1,3-bis(n-alkyl)imidazolium salts with long alkyl chains are
known to adopt thermotropic SmA phases [54–59]. However, inspection of the literature data, some of
which are collected in Table 3, shows that the clearing points of the 4,5-disubstituted ILCs are lower
than those of 1,3-analogues. For example, the alkyl substituents of iodide salt 5-16 contain only one
more methylene group than 1-15 or 2, yet the clearing point of the former is 59 ◦C higher and its SmA
phase is stable over a temperature range of 80 ◦C [54]. Even the homologue with n-dodecyl groups in
the 1- and 3-positions, 5-12, exhibits a similar clearing point as 1-15 and 2 despite its lower amphiphilic
character. Since 5-12 also has a lower melting point, its mesophase temperature range is about
49 ◦C [56]. Likewise, [C16C16im][BF4] and [C16C16im][PF6] display higher clearing points and, thus,
more stable SmA phases than 1-15 or 2 (we note that [BF4]− has a similar volume as the iodide anion,
while [PF6]− is about 1.5 times as large [65]) [54,57]. Compound 1-11 also has a higher melting point
and lower clearing point than 5-12 [56]. As such, 1,3-disubstitution appears to induce thermotropic LC
mesomorphism in imidazolium salts more effectively than the 4,5-disubstituted analogues.

Table 3. A comparison of the thermal phase characteristics exhibited by 1,3-bis(n-alkyl)substituted
imidazolium salts and the 4,5-bis(n-alkyl)imidazolium salts 1-11, 1-15, and 2.

Compound 1 Phase Transition Temperatures (◦C) 2

1-7 Cr · 26 · Iso
1-11 HR1: Cr · ~55 3 · SmA · 77 · Iso

HR2: g · ~−14 · SmA · 76 · Iso
1-15 Cr · 76 · SmA · 88 · Iso

2 Cr · 70 · SmA · 88 · Iso

[C10C10im][I] (5-10) [54] Cr · < 0 · SmA · 55 · Iso
[C12C12im][I] (5-12) [56] Cr · 40 · SmA · 89 · Iso
[C16C16im][I] (5-16) [54] Cr · 67 · SmA · 147 · Iso

[C10C10im][BF4] [57] Cr · 18 · SmA · 25 · Iso
[C12C12im][BF4] [57] Cr · 50 · SmA · 69 · Iso
[C14C14im][BF4] [57] Cr · 63 · SmA · 106 · Iso
[C16C16im][BF4] [57] Cr · 70 · SmA · 125 · Iso

[C10C10im][PF6] [54,66] Cr · 16 · Iso
[C12C12im][PF6] [54,57] Cr · 45 · Iso

[C14C14im][PF6] [54] Cr · 59 · SmA · 81 · Iso
[C16C16im][PF6] [54] Cr · 68 · SmA · 105 · Iso

1 [CnCnim]+ = 1,3-bis(n-alkyl)imidazolium, where the subscript n indicates the number of carbon atoms in the alkyl
chains. 2 Abbreviations: Cr = crystalline phase; g = glass; SmA = smectic A phase; Iso = isotropic liquid phase.
HR1 = first heating run; HR2 = second heating run. 3 See Table 1.

While the reasons underlying the aforementioned deduction are unclear, the imidazolium H(4)
and H(5) atoms are known to participate in hydrogen bonds with halide counterions (see, for example,
reference [67]), which may stabilize the ionic sublayers in the smectic mesophases. Replacement of
the hydrogen atoms by long alkyl chains may impede such hydrogen-bond interactions. The steric
parameters of the methyl groups in the 1- and 3-positions may also hinder compact arrangement of
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the ionic headgroups in the ionic sublayers, although: (1) similar AM values were found for the SmA
phases adopted by 2-aryl-1,3-dimethylimidazolium iodide salts having two alkyl chains per cation
(see above) and those smectic phases were stable until 147–164 ◦C [38], and (2) LC mesophases were
not detected for thiazolium salt 3 which features only one N-methyl group. The latter observation
provides another example of how subtle structural and electronic changes in organic salts may have
a considerable impact on their physical properties. Although LC thiazolium salts have not yet been
reported to the best of our knowledge, the apparent absence of mesomorphic properties for compound
3 does not exclude the possibility that 3-alkylthiazolium salts with relatively long alkyl chains may
show such characteristics.

We tentatively ascribe the higher melting point of imidazoliums 1-11 and 1-15 as compared with
5-12 and 5-16, respectively, to a closer proximity of the alkyl chains in the former. Such arrangement
may facilitate van der Waals interactions between the chains and increase the melting point.

As mentioned above, a LC phase was not observed for 4. The potential beneficial effect of the N–H
sites in the cationic headgroup, which could participate in hydrogen bonds within ionic sublayers,
may be counteracted by a mismatch in cross-sectional area between the ionic moieties and the molten,
long alkyl chains, which is a prerequisite for the development of a smectic LC mesophase. The latter
effect may explain the direct transition to an isotropic liquid and the lowest measured melting point
among the series (1-15)–4.

We also note that 6-15 exhibits enantiotropic cubic and columnar LC mesophases while
homologues with shorter alkyl chains adopt only SmA phases [38]. The absence of non-smectic
LC phases for the salts discussed herein underscores the importance of the “taper angles” and precise
geometric shapes of the polar headgroups of amphiphilic mesogens for inducing columnar and
bicontinuous cubic mesophases [68–70].

5. Conclusions

We report the thermal properties for a series of 4,5-bis(n-alkyl)azolium salts. The majority
of previously reported imidazolium- and thiazolium-based ionic liquids and ionic liquid crystals
featured 1,3-disubstituted or N-substituted cations, respectively. The attachment of two long alkyl
chains in the 4- and 5-positions of imidazolium or thiazolium rings is unusual because it requires
a different synthetic approach than simply alkylating commercially available precursors, such as
1-methylimidazole, imidazole, or thiazole. While 1,3-dimethyl-4,5-bis(n-heptyl)imidazolium iodide
(1-7) is non-mesomorphic, 1,3-dimethyl-4,5-bis(n-undecyl)imidazolium iodide (1-11), 1,3-dimethyl-4,5-
bis(n-pentadecyl)imidazolium iodide (1-15) and the analogue with an additional methyl group in
the 2-position (2) were found to be liquid-crystalline; they adopt SmA phases upon heating albeit
over relatively narrow temperature ranges. For comparison, 3-methyl-4,5-bis(n-pentadecyl)thiazolium
iodide (3) or 2-amino-4,5-bis(n-pentadecyl)imidazolium chloride (4) did not display liquid-crystalline
properties under the conditions explored. Regardless, installing relatively long alkyl substituents
in the 4- and 5-positions of the imidazolium salts appears to result in increased melting points and
lowered clearing points, particularly when compared to data reported for 1,3-disubstituted analogues.
The observation may be attributed to changes in hydrogen-bonding interactions, increased steric
requirements of the ionic headgroups due to the N-methyl groups, and/or differences in proximity
of the long alkyl chains. It remains to be seen whether non-smectic mesophases can be formed by
4,5-dialkylazolium salts. Further synthetic developments may be needed to answer these questions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/1/34/s1,
Figures S1–S6: DSC data recorded for compounds 1-n (n = 7, 11, 15) and 2–4, Figure S7: TGA data recorded for
compounds 1-15 and 2–4, Figure S8: synchrotron-based SWAXS pattern that was recorded for compound 2 at
78 ◦C, Figure S9: synchrotron-based SWAXS patterns that were recorded for compound 3 at different temperatures.
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Abstract: Five distinct crystal structures, based on experimental data or constructed manually, of ionic
liquid [C14Mim][NO3] were heated in NPT molecular dynamics simulations under the same pressure
such that they melted into the liquid crystal (LC) phase and then into the liquid phase. It was found
that the more entropy-favored structure had a higher solid-LC transition temperature: Before the
transition into the LC, all systems had to go through a metastable state with the side chains almost
perpendicular to the polar layers. All those crystals finally melted into the same smectic-A LC
structure irrelevant of the initial crystal structure.

Keywords: ionic liquid; phase behavior; crystal polymorphs; ionic liquid crystal

1. Introduction

Ionic liquid crystals (ILCs) are the intersections of ionic liquids (ILs) and liquid crystals (LCs), with
the features of ILs being comprised of pure ions and of LCs having order(s) in one or two dimensions,
whose application prospects [1,2] have been appreciated in the most recent twenty years.

Long-chain imidazolium-based ILs [CnMim]X, with a proper combination of alkyl-chain length
n and anion type X, are well known to be able to form LC structures and have been intensively
studied. The combinations have been experimentally determined to be n ≥ 10 for (FH)2F, n ≥ 12 for
NO3 and BF4, n ≥ 14 for PF6, etc. [3]. Their thermotropic phase behavior, as an essential physical
property, has been investigated by both experiments [3–12] and simulations [13–17]. In experiments,
IL samples usually undergo several heating-cooling cycles, heated from a crystal phase to reach LC
and/or liquid phases and then cooled down to recrystallize, during which crystal polymorphism is
often reported, which is potentially of great importance in materials science and industry because
physiochemical properties of polymorphs, such as thermal stability [6,9,18], ion conductivity [9,12],
etc., can significantly affect productions and applications of ILs and ILCs. Due to the complexity of IL
and ILC systems, however, the microscopic details of the phase behaviors related to IL polymorphs can
only be speculative solely based on experimental data, in which molecular dynamics (MD) simulations
can play a vital role [14,18,19].

From a simulation viewpoint, there are two convenient ways to obtain ILC structures. One is from
heating a crystal structure [13–15,20–22], and another is through simulated annealing processes [17,23].
For the first way, the initial crystal structures are either handmade or from experimental data and
may differ from one work to another, exhibiting the existence of crystal polymorphs. If the unit cells
of these polymorphs are very different, the transitions between them can hardly be observed during
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normal MD simulations without specifically designed techniques [24–27]. In other words, when simply
heating simulation systems with initial crystal structures significantly different from each other, they go
through different pathways in the phase space toward melting. The relation between the microscopic
details and pathways has rarely been studied before, and the temperature at which the pathways
join up is unclear. In addition, the structure of ILCs might in principle depend on thermal history,
so it is necessary to clarify whether ILCs obtained from different crystal polymorphs are the same,
i.e., whether the heating pathways merge above the solid-ILC phase transition temperatures.

In our previous simulations [14], we began with manually constructed crystal structures of ILs
[CnMim][NO3] to study the influence of alkyl-chain length on phase behavior during heating. Initial
crystal structures for different systems with chain lengths of n = 4, 6, 8, 10, 12 were prepared as
similarly as possible. During heating, a solid-solid phase transition took place for all the systems, and a
metastable state occurred at the melting point for all except n = 6. The ILC structure was observed for
n = 10 and 12, but not for smaller values of n.

On the basis of the previous discoveries, in this work, we prepared five crystal polymorphs of
[C14Mim][NO3], focusing on the evolution of structures with temperature. Three of the polymorphs
were based on experimentally determined structures of [C14Mim]X [9,28], where anions X were
replaced by nitrates, and the other two were manually constructed and recursively refined. The anions
of the polymorphs were the same to exclude the impact of different anion types [7,29,30], and the choice
of nitrate enabled a direct comparison to previous results [13,14,17,20–23,31,32]. With these crystals as
initial structures, we performed a series of NPT MD simulations with the temperature being gradually
increased. It has been observed that all the initial structures go through solid-LC and LC-liquid
phase transitions sequentially, ending with a nanoscale segregation liquid (NSL) structure [31–33].
The potential energy, density, layer spacing, and some order parameters were computed to locate
transition points, characterize structural features, and recognize phases. Different crystal polymorphs
take different pathways to reach the ILC state at distinct solid-LC phase transition temperatures.
According to the simulation data, we propose that the [C14Mim][NO3] IL is a special enantiotropic
system, the schematic of which is compared to that of a monotropic system in Figure 1, where CrI
and CrII refer to any two of the five crystal polymorphs. As shown in Figure 1a, in a common
enantiotropic system, the low-temperature crystal CrI transits to a high-temperature crystal CrII,
and the system melts at the melting point of CrII, but this solid-solid phase transition did not take
place for the [C14Mim][NO3] IL during our MD simulations, leading to an interesting phenomenon
that CrI and CrII had two distinct melting points, so the system behaved somewhat like a monotropic
system. However, in a monotropic system (Figure 1b), an entropy-favored, disordered structure
has a lower melting point, but here the entropy-favored structure had a higher one, so we conclude
that [C14Mim][NO3] is a special enantiotropic system. During solid-LC transitions, what always
presents is a metastable state featuring cationic alkyl-chains being perpendicular to polar layers,
as already observed in our previous simulations [14]. The metastable state eventually evolved into
the same smectic-A (SmA) LC structure, irrelevant of the initial crystalline structure and heating
pathway. The simulation temperatures kept increasing until the LC-liquid phase transitions happened.
The potential energy changes at the clearing point were much smaller than those at the melting points,
which agreed with the experimental results of ILCs composed of the same imidazolium cation and
different anions [4–7,10,12].
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Figure 1. Schematics of (a) enantiotropic and (b) monotropic systems. CrI and CrII are two crystal
polymorphs. We propose that the ionic liquid (IL) polymorphism in this work belongs to the former,
but the transition from CrI to CrII did not occur during our molecular dynamics (MD) simulations.

2. Methods

2.1. Simulation Setup

As we did in our previous works [14], we adopted an all-atom model based on an AMBER force
field [34]. To obtain partial charges, we first performed an ab initio optimization at the mp2/6-31g*
level with a Gaussian package [35], and then produced charges by fitting the electrostatic potential in
space according to the Merz–Singh–Kollman scheme [36,37] at the same level. The partial charges were
finally determined by the RESP utility [38] provided in the AMBER package. The MD simulations
were run with the GROMACS 5.1.4 package [39]. The systems were coupled with an anisotropic or
semi-isotropic Parrinello–Rahman barostat [40] to keep the shape of the simulation box flexible and
properly commensurate with the crystal and LC structures. Each component of the reference pressure
was set to 1 bar, and the compressibility was 4.5 × 10−5 bar−1. The temperature was controlled by
a Nosé–Hoover thermostat [41], and a periodic boundary condition (PBC) was applied to all three
dimensions. Electrostatic interactions were computed with the Particle-Mesh Ewald method [42] with
a real-space cutoff of 12 Å, the same as the cutoff for van der Waals (VDW). VMD software [43] was
used when visualizing simulation trajectories and when constructing and modifying crystal structures.

In the production simulations, temperatures were increased stepwise with a step of 25 K (50 K
for the larger-size double bilayer (DB) system described below), and 5 K near the transition points.
For the crystal phase, whose fluctuations were small, the systems were sampled within 10 ns. When
the temperature approached the melting point and the systems became LCs or liquid structures
whose fluctuations became large, the systems were sampled for more than 10 ns and up to 40 ns
when necessary.

2.2. Preparation of Initial Configurations

The first handmade crystal structure, denoted by HM1 hereafter, was obtained by elongating
the alkyl chains of the manually constructed [C12Mim][NO3] structure we presented in a previous
work [14]. The second handmade one (HM2) was newly constructed by greatly enlarging the tilt angle
of the alkyl chains in HM1, so the layer spacing became much narrower. The other three structures
were obtained by modifying the experimentally determined structures by replacing the anions with
nitrates and removing the water molecules wherever they presented. DB represents the double bilayer
structure modified from Reference [28], whereas EM1 and EM2 refer to the bilayer structures modified
from References [28,29], respectively. The simulation boxes were made up by copying unit cells along
the lattice vectors. The lattice vector a was always along the x axis, and b was in the x–y plane, so the
polar bilayers were parallel to the x–y plane. The unit cells of HM1 and HM2 with 4 ion pairs were
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copied 6 × 6 × 3 times along lattice vectors a, b, and c, so the simulation boxes totally contained
432 ion pairs. A unit cell of a DB with 6 ion pairs was copied 4 × 4 × 4 times and 6 × 6 × 3 times to
form two system sizes of 384 and 684 ion pairs, respectively. EM1, having 2 ion pairs per unit cell,
was copied 6 × 4 × 8 times, and EM2, with 4 ion pairs, was copied 4 × 3 × 8 times, both resulting in a
simulation box with 384 ion pairs.

With the anisotropic barostat applied, the crystal lattices were equilibrated at 5 K for 200 ps.
Series of 2-ns NPT simulations then followed to increase the temperature stepwise to 300 K for further
equilibration. The systems were annealed to 200 K, at which the production simulations began.
The obtained crystal data of the polymorphs at 200 K are listed in Table 1, and the unit cells are drawn
in Figure 2. Although the anions were replaced by nitrates, the DB, EM1, and EM2 retained their
essential structural features with the space groups unchanged. The conformation of cation was also
preserved: The cations were straight in HM1, HM2, and EM1; straight in one layer and bend (head
group perpendicular to side chain) in neighboring layers in the DB; and “crank-handle”-like in EM2.

Table 1. Lattice constants of the five polymorphs at T = 200 K.

Crystal Data HM1 HM2 DB EM1 EM2

a (Å) 9.27 13.22 7.79 6.50 7.75
b (Å) 8.00 8.19 8.16 6.65 9.80
c (Å) 27.21 20.15 52.01 22.74 25.81
α (◦) 84.3 78.1 84.5 91.2 90.0
β (◦) 86.1 103.5 89.3 96.1 86.7
γ (◦) 74.3 73.9 63.2 100.0 90.1

Z 4 4 6 2 4
Crystal system Triclinic Triclinic Triclinic Triclinic Monoclinic

Space group P1 P1 P1 P1 P21/a
ρ (g/cm3) 1.174 1.164 1.157 1.177 1.158

Figure 2. Unit cells of crystal structures at T = 200 K. The lattice vector a is along the x axis (red).

2.3. Order Parameters

Different phases have different spatial orders, which can be quantified by carefully defined order
parameters. Distinct phases can be identified by a combination of several order parameters. To quantify
the translational order of crystal structures, the translational order parameter (TOP) of a configuration
is defined as

τ =
1
nt

nt

∑
α=0

∣∣∣∣∣ 1
NUC

NUC

∑
j=0

exp(i
→
rα

j ·
→
G)

∣∣∣∣∣, (1)
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where vector r denotes the position of the αth site in the jth unit cell, vector G is the sum of the three
basis vectors of reciprocal lattice, | . . . | means taking the modulus, and nt and NUC are the number
of a certain type of sites in the unit cell and the number of unit cells in the simulation box, respectively.

When the systems are in the SmA LC phase, which has no crystal lattices but a one-dimensional
translational periodicity, the TOP is modified accordingly as [44]

τLC =
1
Nt

Nt

∑
α=0

|exp(izα/d)|, (2)

where z is the z-component of the position, d is the layer spacing, and Nt is the total number of cationic
headgroups and anions in the simulation box.

The basis vectors of the reciprocal lattice are determined from the real-space lattice. One set of
the basis vectors of the real-space lattice is obtained by dividing the box vectors by the numbers of
copies of unit cells along them. One of the basis vectors in the set is fixed in GROMACS to be along
the x axis, and the other two vectors are further selected among the allowed primitive vectors (linear
combinations of the other two basis vectors in the set) so that τ takes the maximum. Similarly, for LCs,
the layer spacing d is chosen by maximizing τLC.

With a directional vector defined for a cation connecting the center of masses (COMs) of its head
and tail groups (the CH3 group at the end of alkyl chain), the orientational order parameter (OOP) of a
configuration is defined to quantify the orientational order of the system, which is

S = 〈P2(cos θ)〉, (3)

where P2 denotes the third term of the Legendre polynomials, θ is the angle between the directional
vector of a cation and the average directional vector of the simulation box, and 〈. . .〉 means to take the
average among the cations.

To quantify the conformational order of alkyl chains, all the dihedral angles defined by three
consecutive carbon–carbon bonds on the same chain are computed, based upon which the ratio of the
trans-conformation, whose angle is between 150◦ and 180◦, is calculated and used as the conformational
order parameter, denoted by Rt.

These order parameters, together with the energy and density of the systems, are taken
into account when judging whether the system is in equilibrium or at least in local equilibrium.
The averages and variances of these quantities over nanosecond time scales are computed when their
values with respect to time have no evident drift.

3. Results

When heating the systems, all the initial crystal polymorphs underwent phase transitions from
crystal to LC and then from LC to liquid. Solid-solid phase transitions could happen below the solid-LC
transition temperature, and a metastable state always occurred during the solid-LC transition. Note
that the solid-solid phase transitions were not from one of the five initial structures to another, but
rather the crystal structures initiated from the five simulated systems before melting were always
different from each other. We present the snapshots of these phases during the simulations of HM1 in
Figure 3. The snapshots of the metastable state, LCs, and NSL for the other four structures are basically
the same. In the crystal phase (Figure 3a), all the polymorphs shared the same feature that cationic
headgroups and anions arranged in an ordered pattern, forming polar bilayers with the nonpolar
region composed of all-trans interdigital alkyl chains in between (except that EM2 had a gauche
configuration near the headgroup). This structural feature held for the whole crystal range despite
the fact that the lattice constants differed from polymorph to polymorph and changed during the
solid-solid phase transitions. The DB structure was exceptional in that the number densities of cationic
headgroups and anions in neighboring polar bilayers were different (see the unit cell in Figure 2):
The layer with straight cations had a number density twice as much as the layer with headgroups
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bent to the alkyl chains, resulting in a doubled periodicity. In the metastable state (Figure 3b) between
crystal and LC, which had an intermediate order, the alkyl chains turned to be more perpendicular
to the polar bilayers and no longer in the straight all-trans style, but they were still interdigital with
each other. The LC structure (Figure 3c) was even more disordered than the metastable structure,
although the structural layering still existed, whose alkyl chains were no longer interdigitally aligned
due to large thermal energy, and thus the layer spacing increased accordingly. As the temperature
further went up, the polar layers dispersed, and the system eventually changed into the NSL phase
(Figure 3d).

Figure 3. Snapshots of [C14Mim][NO3] beginning with the HM1 structure at various temperatures.
(a) HM1 crystal at 200 K; (b) Metastable state during the solid-liquid crystal (LC) transition at 455 K;
(c) SmA LC at 550 K; (d) Nanoscale segregation liquid (NSL) at 650 K.

The transition temperatures and corresponding potential energy changes are listed in Table 2.
The details of the structures appearing in the table could be characterized by the density, layer spacing,
and order parameters, as is shown below. The phase transitions in Table 2 corresponded to the
kinks on the caloric curves shown in Figure 4. The PV term was in fact negligible (~10−2 kJ/mol)
compared to the large potential energy since the interactions in our model were strong and the
applied pressure (1 bar) was relatively small, so the potential energy changes basically equaled the
enthalpy changes. Note that in EM2, there were two solid-solid phase transitions, whose potential
energy changes were both negative because the initial structure obtained by modifying the reported
structure of [C14Mim][PF6] and re-equilibrating below 300 K was not the most stable structure for
[C14Mim][NO3], and when the temperature was adequately high, the structure could transit into the
more stable structure with a lower potential energy. Moreover, the LC-liquid transitions ca. 655 K were
unidentifiable only by looking at the caloric curves in Figure 4, since the potential energy differences
were too small, which agreed well with the experimental results of similar ILCs [4–7,10,12].

Figure 4. Caloric curve of one mole [C14Mim][NO3] in each system during heating.
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Table 2. Phase transition temperatures and potential energy changes.

Initial Crystal Polymorph Phase Transition T (K) ΔEp (kJ/mol)

HM1 Solid-metastable 450 18.92
Metastable-LC 455 22.45

LC-liquid 650 1.98

HM2 Solid-solid 365 9.52
Solid-solid 435 4.71
Solid-LC 500 23.04
LC-liquid 655 1.58

DB Solid-LC 530 29.52
LC-liquid 655 1.58

EM1 Solid-solid 355 12.31
Solid-LC 485 22.85
LC-liquid 660 0.34

EM2 Solid-solid 335 −16.29
Solid-solid 375 −11.27

Solid-metastable 480 23.21
Metastable-LC 480 13.55

LC-liquid 650 2.07

The structural differences between polymorphs and the structural changes during phase
transitions could be illustrated by density and layer spacing, shown in Figure 5. The layer spacing
d in Equation (2) of a crystal is the height of a unit cell perpendicular to the polar bilayers, and that
of an LC is the one-dimensional periodicity along the ordered direction. The density reflected the
compactness of packing, and no experimental density data for [C14Mim][NO3] were available for
comparison. Figure 5 shows that the crystal polymorphs had similar densities, but different layer
spaces. Sharp changes in density and layer spacing took place when the solid-solid and solid-LC
phase transitions happened. In contrast, for the LC-liquid transition, the density changes were very
small, and the fluctuations of the estimated LC layer spacing increased with temperature and became
divergent at the clearing point.

Figure 5. (a) System density and (b) layer spacing versus temperature. The error bars represent
variances, and for the points without error bars, the error bars are smaller than the symbols.

The crystal phase was quantitatively characterized by computing the translational order
parameters (TOPs). The crystalline TOP computed for the COMs of cations according to Equation (1)
are shown in Figure 6a. For the HM1 and HM2 structures with 432 ion pairs, the TOPs kept above ca.
0.95 until they melted into LCs, justifying that they were strict in crystalline arrangement throughout
the crystal phase. For the DB, EM1, and EM2 with 384 ion pairs, the TOPs were also beyond 0.7 before
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melting, although the values were relatively smaller, and the fluctuations were large. However, a
series of additional simulations of the DB system with 648 ion pairs showed larger TOPs and smaller
fluctuations, as can be seen in Figure 6b, indicating a noticeable finite-size effect. Nevertheless, the TOP
values for the system with 384 ion pairs were already large enough to demonstrate that the COMs of
cations were basically at the lattice positions before the melting points.

Similarly, the SmA LC was quantified by one-dimensional LC TOP, defined in Equation (2),
calculated for the COMs of cationic headgroups and the COMs of anions. The LC TOP is also shown in
Figure 6a. Compared to the large values of crystalline TOPs, the LC TOP was only about 0.5, indicating
that the LC phase of the IL was rather disordered and merely had a rough layered structure.

Figure 6. (a) Translational order parameters (TOPs) of the crystal and SmA liquid crystal structures;
(b) Crystalline TOPs of the DB structure calculated for the center of masses (COMs) of headgroups,
anions, and cations with 384 and 648 ion pairs, respectively.

The orientational order parameters (OOPs) and the number ratios of the trans conformation of
the alkyl chains, defined in Equations (2) and (3), respectively, are shown in Figure 7. As indicated by
the OOP values shown in Figure 7a, which were close to 1 at low temperatures, the cations in the unit
cell were almost along the same direction. The OOPs decreased sharply to about 0.5 when the crystals
turned to LCs, suggesting that, unlike the common rod-like LCs, the soft alkyl chains of ILCs were
not well aligned. When the temperature increased to around 655 K, the OOPs decreased suddenly to
0.1~0.2, corresponding to the occurrence of the LC-liquid transitions. The OOP values did not go to
zero probably due to the finite-size effect.

Figure 7. (a) Orientational order parameters (OOPs) and (b) number ratios of trans conformations
versus temperature during heating.
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As for the number ratio of trans conformations, Figure 7b shows that the alkyl chains in the crystal
phase, especially at low temperatures, were basically in the all-trans conformation. The ratio of EM2
crystal was an exception, and was about 0.909 (10/11), because of the gauche conformation composed
of the first four carbons near the headgroup, i.e., the “crank-handle”-like conformation (see the unit
cell shown in Figure 2). As the temperature increased, solid-solid phase transitions happened, and the
alkyl chain conformations became less ordered, indicated by the decrease of the trans-conformation
ratio. At the melting point, the decrease was more evident, because the breakdown of the interdigital
structures allowed the alkyl chains to take more conformations without strong constraints between
each other. On the contrary, the trans-conformation ratio remained unchanged at the clearing point,
demonstrating that the conformations of alkyl chains in LC and in liquid were the same.

4. Discussion

It should be noted that, as a common problem for MD simulations, the transition temperatures
were different from those obtained from experiments [3] because of hysteresis. It is a knotty
problem to acquire transition temperatures in MD simulations comparable to experimental results
for complex systems such as ILs, even with the aid of some free-energy-involved methods [45–47].
Nevertheless, the transition temperatures for all systems were systematically shifted to one side in the
MD simulations, which did not hinder the qualitative comparison with each other.

There are two types of crystal polymorphisms, which are schematically shown in Figure 1. For the
enantiotropic system, solid-solid phase transitions from one to another take place below the melting
points, but not for the monotropic system. We suggest that the IL system in this work is an enantiotropic
system. Note that the free energy at zero temperature equals the potential energy, and the slopes of the
curves in Figure 1 equal the opposite of entropies. If CrI does not turn to CrII at the intersection of
their free energy curves in Figure 1a in a finite-time simulation, it turns to LC at a lower temperature
with a smaller entropy near the transition points, and CrII turns to LC at a higher temperature with
a larger entropy, which coincides with the simulation data of the IL system here: Generally, the IL
system with a lower density (Figure 5a) and smaller order parameters (Figure 7), indicating a more
disordered structure with a larger entropy, tended to have a higher solid-LC transition point.

In our MD simulations, CrI and CrII could refer to any two of the five polymorphs, and we did
not see the solid-solid phase transition from CrI to CrII, which should thermodynamically happen
according to the diagram in Figure 1a. The reason was that the energy barrier between the two
crystal structures was so high that this was almost impossible to occur during very limited MD
simulation time and even experimental time [7]. Moreover, the type of anion may also have affected
the occurrence of the solid-solid phase transition, as it has been reported to happen in ILs with BF4 [12],
but not with other anions. After all, the inhibition of transitions between different crystal structures
leads to the counterintuitive phenomenon that more entropy-favored systems have higher solid-LC
transition temperatures.

The processes of the solid-LC transitions were studied in detail. First, for the metastable states
occurring during this transition, we could see by eye that the alkyl chains became upright. We therefore
calculated the orientation of the cations to quantify this phenomenon and show the results in Figure 8.

As shown in Figure 8a, during the solid-LC transition, the system first turned to a metastable
structure whose lifetime could be very short, and the alkyl chains became perpendicular to the polar
layers, before it melted into the SmA LC, except the case of the DB, when the alkyl chains were
already perpendicular in the crystal structure. Take the example of EM2, whose metastable state had a
relatively long lifetime. From Figure 8b, in the crystal phase, both the polar and azimuth angles of alkyl
chains were restricted in a narrow range. In the metastable state, the polar angles were still restricted to
ca. 10◦, but the azimuth angles were evenly distributed in all directions, demonstrating that the alkyl
chains were on average perpendicular to the polar layers. In the SmA LC, the polar angles increased to
ca. 30◦ with a broader distribution because the alkyl chains were no longer interdigital and bent. From
a thermodynamic viewpoint, the distributions of alkyl-chain directions in metastable states were more
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symmetric than those in crystals, and the trans-conformation ratio of alkyl chains in metastable states
was also smaller, leading to a larger entropy than crystal, but still smaller than LC. On the other hand,
the alkyl chains in metastable state were still in the interdigital style, so the VDW potential between the
alkyl chains, and thus the potential energy of the system, did not increase a lot. Together, the structure
of metastable states favored entropy more without a large structural change costing the potential
energy too much, so it was a reasonable intermediate structure along the solid-LC transition pathway.

Figure 8. (a) The average angle between cations and the z axis ranging from 0◦ to 90◦ evolving with
time at the solid-LC transition temperature; (b) The angle distributions of cation orientation vectors in
different stages of solid-LC transitions of EM2 at 480 K, where θ is the polar angle ranging from 0◦ to
180◦, and φ is the azimuth angle ranging from −180◦ to 180◦.

All the above quantities clearly show that, after the solid-LC transitions, all these crystal
polymorphs transformed into the same SmA ILC. The curves for those quantities, which were separated
from each other in the crystal ranges, overlapped very well after the solid-LC transition. This was
true even for the DB structure with alternate anion densities in polar layers, as shown in Figure 9.
When the crystal phase transitioned to the LC phase, the layer spacing increased, and the headgroups
and anions moved across the nonpolar regions to rearrange, leading to nonzero densities of ions in
nonpolar regions and then uniform polar layers with the same density. In the larger-size DB system
(Figure 9b), this rearrangement completed shortly at the melting point of 530 K, with the anion densities
in nonpolar regions coming back to zero, but it was more difficult for the smaller-size DB system
(Figure 9a) to complete this process until 560 K. Consequently, the smaller DB system had all its
quantity curves deviate from those for other systems in the ILC range from 530 K to 560 K, but it was a
finite-size effect. All in all, we can conclude that heating a crystal IL can always produce the same ILC
structure, and there is no need to consider the details of the initial crystal structure if we just want to
have the ILC structure. It is probably the most thermodynamically stable structure in the temperature
range from the melting point (up to 530 K) to the clearing point of about 655 K.

Based on our simulation results, we would like to remark on some experimental results in the
literature. In the experiments of References [3–7,9–12] studying phase behaviors of ILs, the crystalline
samples were measured during both heating and cooling. However, when we cooled the systems by
MD simulation, they could only form SmA ILCs and dynamically go into a glassy state. Crystallization
was practically almost impossible by MD simulation, let alone different crystal polymorphs, so we
only presented the heating process. The comparisons between our simulation results and experimental
results focused on layer spacing in the crystal phase or the ILC phase measured with X-ray scattering,
as well as on the potential energy changes during phase transitions, more qualitatively, with the
transition enthalpy measured with DSC. The comparison was limited to the species of [C14Mim]X with
a size (ionic volume) of the anion X, similar to nitrate. The electronic structure of the anion and more
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detailed interactions of hydrogen bonding, anion-π, etc., which may affect the IL structure, especially
the structure of polar layers [30], were not considered in this work.

To our knowledge, the solid-solid phase transitions of [C14Mim]X have been reported in three
experimental works [6,9,12], in which the anions had similar sizes to nitrate. In Reference [6], solid-solid
transitions were reported for [C14Mim]2[PdCl4], which were irreversible for the low-temperature
crystal grown from the solution and reversible for the high-temperature crystals occurring afterwards
(along with the solid-LC transition). The layer spacing changed from 5.21 nm to 3.52 nm, and then
to 3.72 nm for the crystal phases, and to 3.03 nm for the ILC phase. All these transitions had large
transition enthalpies ranging from 16.1 to 18.8 kJ/mol, analogous to our observation of the DB structure
melting into the LC. In Reference [9], solid-solid transitions were observed for [C14Mim][PF6], where
the layer spacing had a smaller increase and the transition enthalpies were reported to be much
smaller than in Reference [6]. Although the EM2 structure was modified from the structure reported in
this work, the transition observed in the experiment was more like the solid-solid transition of EM1
observed in our simulation by an increase in the degree of motion in the anion and alkyl chain after
the transition indicated by order parameters. In Reference [12], the solid-solid transition changed the
bilayer structure to a double or extended bilayer structure for [C14Mim][BF4]. The layer spacing of the
bilayer structure was close to HM1, EM1, or EM2, and for the double or extended bilayer was close to
the DB. Such a transition was not observed in our MD simulations.

Figure 9. Average number densities of nitrates along the z axis for (a) the DB structure with 384 ion
pairs at 530 K in the crystal phase (black), at 530 K after the solid-LC transition (red), and at 560 K
in the equilibrated LC phase (blue); and (b) for the DB structure with 648 ion pairs, in the crystal
phase (black), after the solid-LC transition when the system was not well equilibrated (red), and in the
equilibrated LC phase (blue), all at 530 K.

The metastable state was in accord with the transient state reported in Reference [11] and the
low-temperature smectic phase in Reference [12], as described in our previous work [14]. When
the metastable state melted into the SmA LC phase, the layer spacing of the ILC computed from
simulations was close to the experimental results for the [C14Mim] salt with a similar-sized anion [6,7].

In experimental works [28], the DB structure has been proposed to explain the peak corresponding
to spatial periods twice as large as those of bilayer structures in the direction perpendicular to the
polar layers in X-ray scattering experiments, while another proposed structure has been the extended
bilayer crystal structure [7,11,12], in which the alkyl chains are assumed to be in the end-to-end
style, which was not observed in our MD simulations. The extended bilayer crystal structure seems
unreasonable, since the area of the polar layers is incompatible with the cross-section of the nonpolar
region if alkyl chains are in the end-to-end style, and thus the alkyl chains must bend and cannot result
in a doubled periodicity. On the other hand, the experimental inference of heating a DB structure to
ILC and then recrystallizing to a bilayer structure [7] seems to be contradictory to the fact that we
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have described that the DB structure is probably thermodynamically more stable than the bilayer
structure at higher temperatures. A possible explanation is that the growth of the DB structure is easy
in solvent [6,7], but very difficult in ILC, and hence it has never been reported. Another possibility
concerns Ostwald’s rule [48], according to which the least stable polymorph, here the bilayer structure,
crystallizes first and becomes more stable as the temperature decreases, leading to the disappearance
of DBs.

5. Conclusions

The thermotropic phase behaviors of IL [C14Mim][NO3] during the heating of five distinct crystal
polymorphs were investigated by MD simulation. The simulations started from the initial crystal
structures at 200 K and ended at the clearing point of ILC, about 655 K, when the systems were in the
liquid phase. The phases and phase transitions in between were recognized by measuring the potential
energy, densities, layer spacing of crystals or LCs, and several order parameters. By analyzing the
simulation data, we could reach the following three points. First, the IL is a special enantiotropic
system characterizing an entropy-favored polymorph tending to have a higher melting point. Second,
there always exists a metastable state between the crystal and the SmA LC, which has the feature that
the alkyl chains become perpendicular to the polar layers and have more disordered conformations.
Third, the structure of the SmA LC is irrelevant to the thermal history (i.e., different crystal polymorphs
melt into the same SmA structure). The first point deserves further studies and may serve as an
example for soft matter that entropy is of great importance in thermal stabilities. The second point
presents a common state that all crystal polymorphs must go through during the melting of crystal into
SmA LC, and may help uncover the melting process of similar ILC-forming ILs. The third point reveals
that the SmA LC structure is independent of the crystal structure at a lower temperature, which is
practically valuable for the study of ILC by MD simulation.
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Abstract: We investigate conformational dynamics in the smectic A phase formed by the mesogenic
ionic liquid 1-tetradecyl-3-methylimidazolium nitrate. Solid-state high-resolution 13C nuclear
magnetic resonance (NMR) spectra are recorded in the sample with the mesophase director aligned
in the magnetic field of the NMR spectrometer. The applied NMR method, proton encoded local
field spectroscopy, delivers heteronuclear dipolar couplings of each 13C spin to its 1H neighbours.
From the analysis of the dipolar couplings, orientational order parameters of the C–H bonds along
the hydrocarbon chain were determined. The estimated value of the molecular order parameter S is
significantly lower compared to that in smectic phases of conventional non-ionic liquid crystals.

Keywords: ionic liquids; liquid crystals; ionic liquid crystals; molecular orientational order; nuclear
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1. Introduction

Ionic liquids that form ordered mesophases in temperature ranges between solid and isotropic
liquid phases belong to a class of ionic liquid crystal (ILC) materials [1]. Molecules and ions in
liquid crystals (LC) exhibit a high molecular translational and rotational mobility combined with
orientational and positional order. The unique synergy of ionic conductivity and anisotropic nanoscale
structure makes ILC materials in high demand in the development of low-dimensional charge transport
technology and other applications [2].

Nuclear magnetic resonance (NMR) spectroscopy is widely used to study molecular
conformational and rotational dynamics and orientational order in LC [3,4]. Site-specific information
at the atomic level can be obtained by high resolution 13C NMR combined with selective suppression
of spin interactions. Structural and order parameters are obtained through the measurements of
orientation- and distance-dependent dipole couplings. Due to the orientational ordering, the dipolar
coupling in mesophase is not averaged to zero, in contrast to isotropic phase. 13C–1H heteronuclear
dipolar couplings in LC are measured by two-dimensional (2D) separated local field spectroscopy
technique [5].

The local bond order parameter SCH characterizes the average orientation of the C–H bond to
the LC director. The ratio of the residual dipolar coupling averaged by the anisotropic motion, to its
unaveraged value provides the SCH. For molecules with long hydrocarbon chains one can study a
C–H bond order parameter profile, a variation of SCH along the chain, which characterizes the average
molecular structure in the mesophase [6–8].

Here we investigate conformation and molecular order of organic cations in the smectic A
phase of the mesogenic ionic liquid 1-tetradecyl-3-methylimidazolium nitrate (C14mimNO3) [9].
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The sample forms interdigitated bilayer structures where the molecules, consisting of non-ionic and
ionic non-miscible parts, phase-separate at the nanoscale. Relatively low transition temperatures
between meso- and isotropic phases and a wide temperature range of the mesophase existence make
this sample particularly suitable for preparing it both in un-aligned state and with director aligned with
respect to external magnetic field. In the latter case, the sample is suitable for studies by high-resolution
solid-state NMR at stationary condition (without sample spinning). We apply 2D 13C–1H dipolar NMR
spectroscopy to the Smectic A phase of the C14mimNO3 to quantitatively characterize the molecular
dynamics. Based on the profiles of the order parameters obtained, we put forward a model for the
motion of the organic cations in the bilayer of the smectic A phase.

2. Materials and Methods

The sample of C14mimNO3 (1-tetradecyl-3-methylimidazolium nitrate, CAS 799246-94-9) was
obtained from Angene International and used as received. Water content in the sample was estimated
to ≈1.0 wt.% from 1H NMR spectrum recorded in the isotropic phase. No other significant impurity
signals were observed. The sample exhibited the following phase transition temperatures: Isotropic
+129 ◦C−−−−→ Smectic A +43 ◦C−−−−→ Crystal, as observed by recording proton NMR spectra. Transition
temperature to the smectic phase is in agreement with reported phase diagram [9]. Slightly higher
crystallization temperature compared to that determined by differential scanning calorimetry in [9] is
presumably due to much slower cooling rate applied in our NMR experiments. Upon slow cooling
from the isotropic phase in the presence of the strong external magnetic field, director of the smectic
phase is aligned perpendicular to the magnetic field vector. Most of our experiments were performed
in such an oriented sample. To produce random director orientation in the smectic phase, the sample
was cooled from the isotropic phase while out of the magnet. Due to the high viscosity of the smectic
phase, the domains of different orientations do not reorient when the sample in the smectic phase is
placed in magnetic field.

Experiments were performed using Bruker 500 Avance III spectrometer at Larmor frequencies of
500.1 and 125.7 for 1H and 13C, respectively. About 0.5 g of the sample was loaded in a standard 5 mm
NMR tube. NMR spectra were recorded using solution state multinuclear 5 mm probe-head. The 1H
and 13C 90◦-pulse lengths were 8 and 13 μs, respectively. For heteronuclear proton decoupling
in the mesophase, Spinal64 sequence [10] with the 1H nutation frequency of 23 kHz was used
during acquisition time of 120 ms. To enhance the intensity of the 13C signal, proton-to-carbon
cross polarization (CP) with adiabatic demagnetization in the rotating frame (ADRF) [11] was applied
with nutation frequencies up to 16 kHz and contact time in the range 10–20 ms.

Dipolar 1H–13C spectra were recorded using proton detected/encoded local field (PDLF) NMR
spectroscopy [12]. The PDLF spectrum is governed by a two-spin interaction and thus cross sections in
the indirect dimension present superposition of dipolar doublets. The actual PDLF pulse sequence is
shown in the Supplementary Materials, Figure S2. The evolution time in indirect time domain was
incremented with 384 μs in 256 steps, at each with four collected transients. Proton homonuclear
decoupling during the evolution time was achieved by the BLEW-48 multiple-pulse sequence [13]
with a nutation frequency of 31.2 kHz.

The temperature was regulated with an accuracy of 0.1 ◦C. The temperature shift and temperature
gradient within the sample, caused by the decoupling irradiation, were calibrated by observing the
change in the 13C spectral line widths and positions. Decoupling power, irradiation time, and repetition
delay were adjusted to limit heating effects to <0.5 ◦C.
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3. Results and Discussion

3.1. Carbon-13 Nuclear Magnetic Resonance (NMR) Spectra

Representative 13C NMR spectra of the C14mim ions in different phases are displayed in Figure 1.
All carbons, except carbons 5 and 6 with overlapped signals, were resolved. The assignment of the
carbon signals in the isotropic and mesophase was verified, respectively, by the INADEQUATE (incredible
natural-abundance double-quantum transfer) experiment [14] and by dipolar INADEQUATE experiment
as described in Supplementary Materials. The chemical shifts of the corresponding signals in the spectra in
Figure 1a,b reflect different parts of residual chemical shift anisotropy (CSA) tensor. The signal positions in
the isotropic phase are given by the isotropic averages δi of the respective CSA tensors. In the spectrum
in the aligned mesophase, (Figure 1b), the chemical shift corresponds to one of the principal values
δαα(α = x, y, z) of the residual CSA tensor.

 
Figure 1. 13C nuclear magnetic resonance (NMR) spectra of C14mimNO3 in the isotropic (a) and
smectic A phase (b,c) at indicated temperatures. The spectrum (c) was recorded in the un-aligned
smectic A phase.

In uniaxial liquid crystals, the chemical shift tensor is described by the components along and
orthogonal to the phase director, δLC

|| and δLC
⊥ , respectively. In our sample, which exhibits a negative

anisotropy of the diamagnetic susceptibility, the director aligns in the plane perpendicular to the
magnetic field of the spectrometer. Hence, the observed chemical shifts are determined by the δLC

⊥
values. This is verified comparing the spectrum of the aligned sample in Figure 1b to the spectrum of
the sample prepared with random director distribution, Figure 1c. The random director alignment was
achieved by cooling the sample from the isotropic phase outside the NMR magnet. The chemical shifts
corresponding to the edges of the axially symmetric CSA patterns observed in un-aligned sample,
match those of the respective lines in the aligned mesophase.
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3.2. 1H–13C Dipolar Spectra

The 2D PDLF spectrum at 66 ◦C is shown in Figure 2a. The cross sections in the dipolar direction
for different carbons are shown in Figure 2b. The dipolar splittings between directly bound 13C and 1H
spins are well resolved and can be directly measured in the spectrum for each carbon in the molecule.
Additional low intensity doublets observed for some of the dipolar cross-sections, e.g., in the spectrum
of the chain carbon 2, are due to partial overlap with nearby signals in the 2D spectrum. The inner
multiplets with small splittings resolved for some carbon sites arise from couplings to remote protons
in neighbouring groups.

 
Figure 2. (a) Part of 2D proton detected/encoded local field (PDLF) spectrum in C14mimNO3 smectic
A phase at 66 ◦C. (b) Cross-sections along dipolar dimension are shown for all carbons. For spectral
assignment, see molecular structure in Figure 1.

The dipole–dipole spin couplings are orientation- and interatomic distances dependent.
Anisotropic molecular motion results in partial averaging of the intramolecular dipolar interactions
over the conformational dynamics, molecular reorientations, and the molecular axis fluctuations
about the mesophase director. Intermolecular spin couplings are averaged to zero by translational
dynamics [15]. Different motional modes can often be considered uncorrelated and their effects
on spin interactions can be separated. A simplified description of orientational ordering can be
applied considering an approximately cylindrical symmetry due to fast uniaxial rotations of elongated
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mesogenic molecules [16]. For a 1H–13C spin pair in a molecule in an anisotropic phase the dipolar
coupling is:

dCH = bCH〈P2(cos θPL)〉 (1)

with P2(cos θPL) = (3 cos2 θPL − 1)/2, where θPL is the angle between the C–H vector, which defines
a principal frame axis P of the dipolar interaction, and the magnetic field B0 (defines the laboratory
frame axis L). The dipolar coupling constant in the principal frame bCH = −(μ0/8π2)(γHγC

�/r3
CH)

can be estimated from the atomic distances rCH and the gyromagnetic ratios γH , γC. For a single C–H
bond with account for vibration effects we accept bCH values of −21.5 kHz and −22 kHz for aliphatic
and aromatic sites, respectively [17,18].

Anisotropic molecular mobility leads to a partial averaging of the angular term 〈P2(cos θPL)〉.
Dynamic molecular disorder in LC is measured by the molecular orientational order parameter
S = 〈P2(cos θMN)〉, where θMN is the instantaneous angle between the long molecular axis M and
the director N. Similarly, the orientational averaging of the local C–H bond direction with the respect
to director is described by the bond order parameter SCH = 〈P2(cos θPN)〉, where θPN is the angle
between the inter-nuclear vector P and the director N. Thus,

dCH = bCHSCH P2(cos θNL) (2)

where θNL is the angle between director and magnetic field vector. Hence, local bond order parameters
SCH can be estimated directly from the NMR dipolar spectra. Assuming statistical independence and
large time-scale separation of molecular reorientation and conformational dynamics, the bond order
parameters SCH can be related to the molecular order parameter S by the expression:

SCH = 〈P2(cos θPM)〉S (3)

where θPM defines the angle between the bond vector and molecular axis. Thus, Equation (2)
can be expanded:

dCH = bCH〈P2(cos θPM)〉SP2(cos θNL) (4)

For non-rigid molecules, the separation of the terms 〈P2(cos θPM)〉 and S requires some model
assumptions of molecular conformational dynamics.

The splitting Δν observed in the PDLF experiment is contributed by residual dipolar coupling
dCH and isotropic indirect spin coupling JCH :

Δν = k(2dCH + JCH) (5)

(anisotropic part of indirect coupling ΔJCH is neglected compared with dipolar coupling [16]). Upon
application of homonuclear decoupling both these interactions are scaled down. For the pulse sequence
BLEW48 [13], the scaling factor was experimentally calibrated to k = 0.418 ± 0.02.

The magnitudes of the isotropic coupling JCH were measured in the isotropic phase by recording
13C NMR spectrum without proton decoupling. The sign of JCH is known to be positive. Note that
the sign of the splitting Δν is not obtained in the PDLF experiment. However, the sign of the dipolar
coupling dCH can be determined from Equation (4) considering average orientation of molecular
axis in the magnetic field and C–H bond angles with respect to molecular axis. The dipolar coupling
constant in the principal frame bCH is negative for a proton-carbon pair. The molecular order parameter
S is positive. The term P2(cos θNL) = −0.5 for the director aligned perpendicular to the magnetic
field. The sign of the angular term P2(cos θPM) can be deduced by considering molecular geometry as
discussed below.
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3.3. Order Parameters

With dipolar couplings dCH obtained from Equation (5), local bond order parameters SCH are
directly calculated using Equation (2). With some assumptions about the direction of the molecular
axis, as discussed below, molecular order parameter S can as well be estimated from Equation (3).
Thus, the analysis on the PDLF spectra provides quantitative information on the local and molecular
order parameters, SCH and S.

The variations of SCH along the alkyl chain, or order parameter profiles, are plotted in Figure 3
for selected temperatures in the smectic A phase. The SCH values are negative assuming the average
orientation of the C–H bond perpendicular to the direction of long molecular axis. As expected, the
methylene groups close to the imidazolium core are less disordered and segmental mobility increases
gradually towards the chain terminal methyl. While this average character of the chain dynamics
persists in the whole temperature range of the smectic phase, the alkyl chains become more ordered at
lower temperatures.

 
Figure 3. C–H bond order parameter SCH profiles for the alkyl chain of the cation in the smectic A
phase of C14mimNO3.

The SCH magnitudes are small and similar to those typically found in lyotropic lamellar phases [8].
It is interesting that SCH values obtained by MD simulation for C16mimNO3 homologue were also
found to be similarly small [19]. The low values of SCH , on one hand, may indicate a significant
conformational dynamics by trans-gauche isomerisation. The fast decrease of SCH towards chain
terminal suggests a gradual intensification of the conformational mobility with increasingly significant
population of gauche conformers. On the other hand, limited variation of the order parameters for
the first few methylene groups close to the imidazolium core suggests a restricted conformation
dynamics for this part of the chain with predominant trans conformation. In this case, relatively
small observed values of SCH parameters for the carbons in vicinity of the head group can be due
to either a low value of the molecular order parameter S (cf. Equation (3)) or a significant tilt angle
of this part of the chain with respect to main molecular axis oriented along the director. Based on
this observation, we consider the following model of average molecular conformation in the further
analysis: the part of the chain in vicinity of the head group is predominantly in the trans conformation
and the symmetry axis of this chain fragment does not significantly deviate from the long molecular
axis. The latter assumption is, in fact, supported by the values of SCC order parameters, estimated
from the 13Cn–13Cn+2 dipolar couplings for the chain carbons separated by two bonds. The coupling
constants were obtained from the dipolar INADEQUATE experiment described in the Supplementary
Materials. The estimated magnitude of the order parameters SCC ≈ 0.31 at 66 ◦C (averaged value
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over methylene segments 1 to 5) is a factor of two larger than the corresponding value SCH ≈ −0.16.
The ratio SCC/SCH ≈ −2 is indeed expected for Cn–Cn+2 and C–H vectors, respectively, along and
perpendicular to the molecular axis, and thus the model assumption is corroborated.

Within this approach, for the methylenes close to the head group the angular term is P2(cos θPM) ≈
−0.5. The molecular order parameter S is, thus, estimated using Equation (4). Temperature dependence
S(T) is displayed in Figure 4b, while temperature dependencies of the local bond order parameters for
the imidazolium core and for the selected carbons in the chain are shown in Figure 4a. We conclude
that the ionic smectic A phase is formed (counter-intuitively) with significantly lower value of the
molecular order parameter S when comparing to non-ionic smectic mesogens [20–22]. Theoretical and
computational studies suggest that, in contrast to neutral mesogens, the orientational ordering is less
important for the stabilization of the smectic layers in ILC where dominant stabilizing effect is due to a
"charge-ordered" nanoscale segregation induced by ionic interactions [1,19,23,24].

Figure 4. (a) Temperature dependencies of the local bond order parameters SCH for the imidazolium
core and selected carbons in the chain in the smectic A phase of C14mimNO3. (b) Temperature
dependence of the molecular order parameter S.

In order to analyse the dipolar couplings and local bond order parameters in the imidazolium core
(Figure 4a), the molecular axis alignment to imidazolium ring plane has to be correctly accounted for.
The planar molecular structure as displayed in Figure 1 is not consistent with the observed couplings
in the imidazolium core. In fact, it has been shown by density functional theory (DFT) analysis of
similar compounds that in the energy optimized equilibrium structure of Cnmim cations there is a
significant angle between the core plane and the symmetry axis of the all-trans aliphatic chain [25].
Non-planar molecular structure is also consistent with recent molecular dynamics (MD) simulation
data [19]. A rotation/flip of the imidazolium core around N–C bond can also be accompanied by
the chain re-alignment. The correlation of motion by ion-pairing, as has been observed in isotropic
phase of ionic liquids, may impose additional restriction on the core dynamics [26–29]. On the other
hand, diffusion and conductivity studies have indicated (partial) dissociation of cations and anions
in mesophases [28–30]. With reservations for the complexity of the processes controlling the core
alignment and dynamics, it is still possible make rough estimates of the order parameters using DFT
structure analysis as presented in [19]. Application of Equation (3) using the direction angles given
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in [19] results in SCH estimates of −0.14, +0.04, and −0.07 for the carbons C1, C2, and C3, respectively,
(at 66 ◦C) in rough agreement with our experimental results (Figure 4a).

4. Conclusions

In the presented work, the molecular and conformational dynamics of flexible organic cations
in the smectic A phase of the ionic liquid C14mimNO3 was studied by means of 1H–13C dipolar
NMR. We demonstrated that the solid-state dipolar NMR spectroscopy in ILC samples is a powerful
tool sensitive to details of the molecular conformation and dynamics in the organic smectic layer.
The approach does not require isotope labelling; the measurements are performed in samples with
natural isotopic abundance. With the sample director aligned in the magnetic field of the spectrometer,
the solid-state high-resolution NMR spectra can be obtained in a stationary sample without the
necessity of using a magic angle spinning technique.

The obtained experimental data are consistent with the model of the chains preferentially aligned
with the layer normal and characterized by relatively low values of the orientational order parameters.
Within the temperature interval of the smectic phase, the molecular order parameter S is in the range
of 0.25–0.35, which is in approximate agreement with the results of MD analysis of the C16-homologue
sample [19,31]. The high rotational/conformational mobility of the organic component in the smectic
phase is also accompanied by fast translational displacement as has been shown in experimental and
computational diffusion studies of structurally similar ILC [30,32]. Thus, this and previous studies
prove highly dynamic behaviour of organic cations in smectic bilayers in ILC.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/1/18/s1,
Figure S1: Temperature dependent 13C NMR spectra of C14mimNO3 in isotropic and smectic A phase. Figure S2:
PDLF pulse sequence to record dipolar 13C–1H spectra. Figure S3: Dipolar INADEQUATE spectrum in smectic
A phase of C14mimNO3. Table S1: 13C–13C dipolar splittings and dipolar couplings for alkyl chain carbons
separated by two bonds.
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Abstract: We present a Molecular Dynamics study of mixtures of charged Gay-Berne (GB) ellipsoids
and spherical Lennard-Jones (LJ) particles as models of ionic liquids and ionic liquid crystals. The GB
system is highly anisotropic (GB(4.4,20.0,1,1)) and we observe a rich mesomorphism, with ionic
nematic and smectic phases in addition to the isotropic mixed phase and crystalline phases with
honeycomb structure. The systems have been investigated by analyzing the orientational and
translational order parameters, as well as radial distribution functions. We have directly compared
1:1 mixtures, where the GB and LJ particles have a charge equal in magnitude and opposite in sign,
and 1:2 mixtures where the number of LJ particles is twice as large compared to the GB and their
charge half in magnitude. The results highlight the role of the long-range isotropic electrostatic
interaction compared to the short-range van der Waals anisotropic contribution, and the effect of the
stoichiometry on the stability of ionic mesophases.

Keywords: ionic liquids; liquid crystals; ionic liquid crystals; molecular dynamics

1. Introduction

Ionic liquid crystals (ILC) are interesting materials composed of ions, as are their analogues
ionic liquids (IL), and exhibiting thermotropic mesomorphism as non-ionic liquid crystals (LC).
A comprehensive review on this subject has been published [1] where the synthesis and technological
applications of ILCs have been thoroughly discussed. ILCs are normally composed by organic
nitrogen cations, like imidazolium [2], pyridinium [3,4], bipyridinium (also known as viologens) [5–8],
guanidinium [9–12], pyrrolidinium [13], to mention the most common ones, and inorganic anions like
halides, tetrafluoroborate, hexafluorophosphate, bis(trifluoromethanesulfonyl)imide (also known as
bistriflimide, or Tf2N−). A remarkable feature of ILCs is that almost all known compounds exhibit
a smectic A, or even a more ordered-like smectic B and T, type of LC phase. Very few examples
of an ionic nematic phase have been reported in the literature [14–16]. The reason of this behavior
can be traced back to the structure of the cations: this is usually formed by a charged moiety and
a relatively long alkyl chain and these two parts tend to micro-segregate, therefore promoting the
formation of layered, that is smectic, phases instead of isotropic phases. In fact, such micro-segregation
is well-known also to affect the structure of the isotropic phase of ILs [17]: Systems with relatively short
alkyl chains do not form ILC phases, nonetheless a non-homogeneous structure of the isotropic phase
of the IL has been observed first from MD simulations [18–20] and later confirmed experimentally [21].
A detailed discussion about the structure and properties of ILs can be found in the literature [22].
The relationship between the micro-segregation in the isotropic phase of ILs and the emergence of

Crystals 2018, 8, 371; doi:10.3390/cryst8100371 www.mdpi.com/journal/crystals81
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ionic LC phases has been the subject of both theoretical [23], computational [24,25] and experimental
works [26–28]. In particular, Nelyubina et al. [29] found a correlation between the ratio of cation/anion
volumes and the minimum chain length of 1-alky-3-methylimidazolium salts for which an ionic LC
phase is observed: the larger the anion, the longer the alkyl chain needs to be in order for the compound
to exhibit an ILC phase. However, one of the main issues related to ILC structure, that is the lack of
a stable, and with a wide temperature range of existence, ionic nematic phase, is still an open question.
Interestingly, in [1] the authors also stressed the lack of systematic computational and theoretical
investigations of ILCs that would help to establish a set of structure-properties relationships in order
to guide the synthesis of compounds potentially able to display an ionic nematic phase. Recent fully
atomistic simulations have been focused on the popular methylimidazolium salts [30,31].

In this article we are continuing our investigation of the phase diagram of mixtures of charged
ellipsoidal Gay-Berne (GB) particles and spherical Lennard-Jones (LJ) particles as models of ILCs.
A preliminary account concerning 1:1 mixtures of particles with opposite charges, +q* (the asterisk
indicates scaled quantities, see below) for the GB and −q* for the LJ, and using the parameterization of
the GB particles proposed by Bates and Luckhurst [32], was reported recently [33]. A more extensive
investigation of the phase diagram of 1:1 mixtures using the GB parameterization of Berardi et al. has
been also published [34]. Here, for the first time, we will compare the results obtained for 1:1 mixtures
and 1:2 mixtures (still using the parameterization of Bates and Luckhurst), that is systems where the
GB particles bear a positive +2q* charge while the LJ particles, twice in number, bear a charge of −q*.
Hereafter, the systems will be identified simply by the value of q* and the stoichiometry of the mixture.
By keeping all other interaction parameters fixed, we will compare three different packing fractions
(η* = 0.371, η* = 0.428 and η* = 0.514) thus highlighting and singling out which is the effect of the
stoichiometry on the stability of ionic liquid crystal phases.

2. Materials and Methods

Simulations were run with the LAMMPS software (version 28/09/2016) package [35]. We used
cubic boxes with periodic boundary conditions in the NVT (constant number of particles, volume and
temperature) ensemble with 5488 particles (2744 GB and 2744 LJ) for the 1:1 mixtures and 5184 particles
(1728 GB and 3456 LJ) for the 1:2 mixtures. We tested the box size effect by running a set of simulations
for the 1:1 system at a packing fraction of 0.514 (one of the packing fractions studied, see below) and
no charge with a box of 10,832 particles and the results of the energy vs scaled temperature showed
negligible differences with the system of 5488 particles. Moreover, box size effects were also extensively
tested in [34] and we observed negligible effects for a number of particles larger than 4000. At least
500,000 time steps have been used for equilibration, followed by 500,000 time steps of production runs;
longer equilibration were run close to the transition points.

Figure 1. (top) Structural formula of some ionic liquid crystals (ILCs) with 1:1 stoichiometry (left,
Reference [36,37]) and 1:2 stoichiometry (right, Reference [5,38–40]). (Bottom) schematic representation
of the ion pairs of Gay–Berne (GB) and Lennard-Jones (LJ) particles used in the simulations.
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The type of Gay-Berne potential selected for our simulations is that one proposed by Bates
and Luckhurst [32]. This choice is dictated by the fact that such parameterization, compared to the
parameterization of Berardi et al. [41], has a larger length to breadth ratio (4.4 instead of 3) and a larger
side-by-side to end-to-end ratio of the interaction potential (20.0 instead of 5.0). For these reasons we
expect it to be closer to very elongated molecules, such as the imidazolium and especially the viologens
in Figure 1, with alkyl chains of several carbon atoms. It is worth mentioning that the relatively long
and flexible alkyl chains of the real systems are not included in the model potential; however, this
limitation is the same as encountered when the pure GB potential is used as a model to describe
non-ionic liquid crystals, for example cyanobiphenyls, that very often have an alkyl chain of several
carbon atoms. Nonetheless, the lack of alkyl chains in the GB potential has not limited its application to
the study of LCs. The GB potential is shown in Equation (1): it is essentially a Lennard-Jones potential
with a constant distance and well depth between the particles that depends on the relative orientations
of the two ellipsoids, ui and uj, and the orientation of the vector connecting their center of mass, rij [42].

UGB = U
(
ui, uj, rij

)
= 4ε0ε

(
ui, uj, rij

)[( σ0
rij−σ(ui ,uj ,rij)+σ0

)12
−

(
σ0

rij−σ(ui ,uj ,rij)+σ0

)6
]

, (1)

The parameters σ0 and ε0 are used to scale the distance and the energy, respectively, for all
interactions, which are the GB-GB, the LJ-LJ and the mixed GB-LJ interactions. The LJ potential
used for the sphere interaction, in fact, can be seen as the spherical limit of the GB potential in
Equation (1) that can be obtained by setting ε(ui,uj,rij) = 1 and σ0(ui,uj,rij) = σ0. The mixed potential
is based on the interaction potential between two biaxial particles as implemented in the software
package LAMMPS [35] based on the theoretical derivation of [43,44]. Since we are interested in
understanding the effect of the stoichiometry on the stability of ionic mesophases we keep all other
interaction parameters fixed (except the charge). Throughout the manuscript we will make use of
scaled quantities, defined with respect to the distance and interaction scaling parameters of the GB
potential as follows:

the scaled potential energy, U∗ = U
ε0

;
the scaled distance, r∗ = r

σ0
;

the scaled volume, V∗ = V
σ3

0
;

the scaled number density, ρ∗ = N
V∗ ;

the scaled packing fraction, η∗ = NV∗
m

V∗ ; where V∗
m is the scaled molecular volume

the scaled temperature, T∗ = kBT
ε0

;

the scaled time, t∗ = t
√

ε0
mσ0

;

the scaled charge, q∗ = q√
ε0σ0

,

(2)

The two initial boxes were prepared as follows: the initial 1:1 box was obtained by first creating
a unit cell of size r* = 5 containing an ion pair (one GB and one LJ particles) manually placed inside at
random position and orientation, avoiding overlap; then the unit cell was replicated 14 times along x,
y and z direction of the box, thus 14 × 14 × 14 = 2744 ion pairs = 5488 particles. For the initial 1:2 box
the same unit cell was filled with one GB and two LJ particles and then replicated 12 times along x,
y and z, thus 12 × 12 × 12 = 1728 ion triplets = 5184 particles. The boxes were first equilibrated for
1000 t-steps at this very low density and T* = 8.0 to completely randomize positions and orientations,
then the box size and particle positions were rescaled at the desired packing fraction at the same
relatively high temperature of T* = 8.0. The obtained configurations were used as starting points for
the cooling runs where the box at each temperature was equilibrated starting from the box obtained at
the previous run at higher temperature. Cooling runs were then followed by heating runs to check for
possible hysteresis.
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Electrostatic interactions were handled using the particle-particle particle-mesh solver [45] setting
a precision of 10−6 on the calculated forces. The cut-off for the short-range interaction was set to
10 scaled units and the temperature was controlled by a Nose-Hoover thermostat [46].

The results of the MD simulations will be analyzed by calculating the orientational order
parameter of the GB particles, 〈P2〉 =

〈
1
2
(

3cos2θ − 1
)〉 , where the brackets indicate an ensemble

average over the GB particles only. θ is the angle between the director of the phase and the long
axis of the GB particle. In addition to the orientational order, we also calculate the translational
order parameter as τ = |exp(2iπr∗/d∗)|, where d* is the scaled layer thickness of the smectic phase.
The calculation of follows the procedure of [32]. In the evaluation of 〈τ〉 we considered an average
value among the 10 last configurations of the cooling run. In the snapshots, obtained with the software
package QMGA [47], GB particles are colour-coded based on the orientation with respect to the director.

3. Results

We will present a direct comparison of the phase behavior of the two mixtures, with 1:1 and
1:2 stoichiometry. In order to correctly compare the systems, we set the scaled packing fraction, η*,
to the same value, thus the number densities differ, as indicated in Table 1.

Table 1. Systems investigated in this work.

ρ*(1:1) ρ*(1:2) η*

Case #1 0.261 0.332 0.371
Case #2 0.303 a 0.383 0.428
Case #3 0.363 a 0.460 0.514

a System investigated in [33].

3.1. Comparison of 1:1 and 1:2 Stoichiometry for a Packing Fraction 0.371

In Figure 2 we report the dependence of the orientational order parameter 〈P2〉 and the
translational order parameter 〈τ〉 on the scaled temperature T* for systems with different scaled
charges q*. We recall here that a given value of q* means charges of +q* and −q* for GB and LJ,
respectively, for the 1:1 mixture; while it means +2q* and −q* for GB and LJ, respectively, for the
1:2 mixture. Thus, for clarity, we will use, hereafter, the explicit indication of both charges for the
GB:LJ mixtures, as qGB*/−qLJ*. So, for example, a value of q* = 1.00/−0.50 would indicate a 1:2 GB:LJ
mixture with qGB* = +1.00 and qLJ* = −0.50; while a notation of q* = 0.50/−0.50 would represent a 1:1
mixture with qGB* = +0.50 and qLJ* = −0.50.

Figure 2. Cont.
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Figure 2. Dependence of the orientational order parameter, 〈P2〉, (top panels) and translational
order parameter, 〈τ〉, (bottom panels) on the scaled temperature, T*. The left panels refer to the
1:1 stoichiometry; the right panels to the 1:2 stoichiometry. Packing fraction η* = 0.371. H and C refer to
heating and cooling runs, respectively.

For the non-charged systems, q* = 0.0/0.0, we observe a similar behavior for both stoichiometries:
there is a discontinuity in the orientational order parameter are at T* = 1.15 and T* = 1.10 for the 1:1 and
1:2 mixtures, respectively, while the translational order parameter remains zero until the temperature
is lowered down to T* = 1.05 and T* = 1.00, for the 1:1 and 1:2 mixtures, respectively. Therefore, we can
conclude that a narrow range of ionic nematic phase is present, with a temperature range of about 0.1
scaled unit, and a thermal range slightly at lower temperature for the 1:2 stoichiometry. Then, below
T* = 1.05 and T* = 1.00, a smectic phase is formed.

However, as we can expect for a mixture of non-charged particles of very different shape, a phase
separation occurs. This phenomenon has been studied by several authors, e.g., for mixtures of hard
rod-core particles [48] and soft and non-charged GB/LJ mixtures [49]. The observed phase separation
can be traced back to entropy effects related with the excluded volume and is generally stronger the
more the particle’s shapes and volumes differ.

Such phase separation can be clearly seen in the snapshots reported in Figure 3.
Interestingly, for the 1:2 mixture, the phase separation occurs before the transition of the GB particles
into a LC phase, see Figure 3c, left snapshot.

A more interesting phase behavior is observed once the charge is switched on. First, we observe
a general decrease of the phase-transition temperatures, and the larger the charge the lower is
the temperature where the isotropic mixed state undergoes a transition to a more ordered phase.
For a charge q* = 0.50/−0.50 (1:1) and q* = 0.50/−0.25 (1:2) the transition from isotropic to a LC phase
with an incipient smectic ordering (since 〈τ〉 = 0.1) is at about T* = 0.70, in both cases (1:1 and 1:2
mixtures), with an overall increase of the stability of the isotropic mixed phase of about ΔT* = 0.40,
with respect of the non-charge case. Inspection of the values of 〈P2〉 and 〈τ〉 reveals that at the first
point, on cooling the temperature, where 〈P2〉 
= 0 we also have 〈τ〉 
= 0, meaning that the phase
formed is of smectic type and a nematic phase may exist only in a temperature range smaller than 0.05,
the step in the temperature used during the heating and cooling runs. Snapshots of the simulations
boxes can be seen in Figure 3.

For a charge q* = 1.0/−1.0 (1:1) we observe again a single transition from the isotropic mixed
phase to the smectic phase for the 1:1 stoichiometry. The transition temperature is now much
lower, at T* = 0.50; in contrast the 1:2 stoichiometric mixture does not exhibit any mesophase
for q* = 2.0/−1.0 (1:2) and the system remains isotropic and mixed until the lowest temperature
investigated, that is T* = 0.50, where a transition to a highly ordered smectic phase is observed.
Therefore, increasing the charge leads to a destabilization of the ionic LC phases, as already observed
for a different GB/LJ system with a 1:1 stoichiometry [34].
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Figure 3. (a) 1:1 mixture: phase-separated nematic GB and isotropic LJ: q* = 0.0/−0.0, T* = 1.10;
(b) 1:1 mixture: ionic LC phase with incipient smectic layering of the GB particles: q* = 0.50/−0.50,
T* = 0.65. (c) 1:2 mixture: phase separated GB and LJ particles: q* = 0.0/−0.0, T* = 1.10 (left snapshot)
and T* = 1.30 (right snapshot); (d) 1:2 mixture: microphase segregation GB and LJ particles:
q* = 0.50/−0.25, T* = 0.65 (left snapshot) and T* = 0.70 (right snapshot), with GB particles arranged
in layers. Packing fraction η* = 0.371.

3.2. Comparison of 1:1 and 1:2 Stoichiometry for a Packing Fraction 0.428

In Figure 4 we show the orientational and translational order parameters for the two mixtures
with 1:1 and 1:2 GB:LJ stoichiometry at a packing fraction η* = 0.428.

As we can see, increasing the density of the systems destabilize the isotropic mixed phase.
For the non-charged system, the first transition on cooling down the temperature occurs at T* = 1.80
and T* = 2.0, for the 1:1 and 1:2 mixtures, respectively. Such a transition is accompanied by a phase
separation with a phase composed by GB particles in the LC phase and isotropic LJ particles.
The thermal range of stability of such bi-phasic system is rather large since the translational order
parameter becomes different from zero only at T* around 1.4 for both systems.

As already observed for the previous less-dense system, the presence of opposite charges
again increases the stability of the isotropic mixed phase by opposing the phase separation.
For a charge q* = 0.50/−0.50 (1:1) and q* = 0.50/−0.25 (1:2) the transition of the system from
an isotropic into a nematic phase is about T* = 1.3 and T* = 1.1 for the 1:1 and 1:2 mixtures, respectively.
Moreover, while the 1:1 mixture has a non-negligible thermal range of existence of the nematic phase
(ca. ΔT* ≈ 0.4), the 1:2 systems almost immediately goes into a smectic phase. For larger charges,
we did not observe a clear ILC phase, rather a direct transition into a crystal lattice of GB particles as
shown in Figure 5d. As we can see the GB particles arrange in triangular channel, or nanotubes whose
walls are made by a side-by-side packing of the ellipsoids. The inside of the nanotubes is filled with
an ordered distribution of LJ particles. The nano-channels are arranged into a honeycomb structure.

86



Crystals 2018, 8, 371

Figure 4. Dependence of the orientational order parameter, 〈P2〉, (top panels) and translational
order parameter, 〈τ〉, (bottom panels) on the scaled temperature, T*. The left panels refer to the
1:1 stoichiometry; the right panels to the 1:2 stoichiometry. Packing fraction η* = 0.428. H and C refer to
heating and cooling runs, respectively

Figure 5. (a) 1:1 mixture: ionic nematic phase: q* = 0.50/−0.50, T* = 0.90; (b) 1:1 mixture: highly ordered
crystal/smectic phase: q* = 2.00/−2.00, T* = 0.50. (c) 1:2 mixture: microphase segregated GB and LJ particles:
q* = 0.50/−0.25, T* = 0.55 (left snapshot) and T* = 1.00 (right snapshot); (d) 1:2 mixture: microphase
segregation GB and LJ particles: q* = 2.00/−1.00, T* = 0.50 (left snapshot) and T* = 0.55 (right snapshot),
with GB particles arranged into an hexagonal structure hosting LJ particles inside the channels. We do not
use colour-coding here since there is not a director of the phase. Packing fraction η* = 0.428.
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3.3. Comparison of 1:1 and 1:2 Stoichiometry for a Packing Fraction 0.514

In Figure 6 we show the orientational and translational order parameters for the mixtures at the
packing fraction of 0.514.

Figure 6. Dependence of the orientational order parameter, 〈P2〉, (top panels) and translational
order parameter, 〈τ〉, (bottom panels) on the scaled temperature, T*. The left panels refer to the
1:1 stoichiometry; the right panels to the 1:2 stoichiometry. Packing fraction η* = 0.514. H and C refer to
heating and cooling runs, respectively.

As we can see, following the trend already observed, increasing the packing fraction leads to
a stabilization of the ordered phases and a destabilization of the isotropic mixture. In particular,
for the non-charged 1:1 system a nematic phase of the GB particles is found between about T* = 2.0
and T* = 5.9, although as for the previous cases, the transition is concomitant with a phase separation.
In contrast, for a scaled charge q* = 0.50/−0.50 we observe a homogeneous ionic nematic phase in the
range between T* = 1.4 and T* = 4.8. A relatively wide range of ionic nematic phase is also observed
for the higher charge of q* = 2.00/−2.00, extending from T* = 0.9 to T* = 2.4.

Comparing these results with those obtained from the 1:2 mixture we note a significant
destabilization of the LC phase in favour of a mixed isotropic phase. For the non-charged 1:2 system
the first transition, on cooling down the temperature, occurs around T* = 4.5 (we note some hysteresis),
that is 1.4 units of scaled temperature lower than the corresponding 1:1 mixture. Also, the charged
systems exhibit much lower transition temperatures: for example, both the 1:2 mixtures with charge
q* = 0.50/−0.25 and q* = 1.00/−0.50 have a transition from the isotropic into the ionic nematic phase
at T* = 3.2 and T* = 2.2, respectively, much below the value of T* = 4.8 of the 1:1 mixture with charge
0.50/−0.50. Finally, as noted already for the lower packing fraction of 0.428, the 1:2 mixture, when the
charge is above a certain value does not exhibit any LC phase, rather a crystalline structure where the
GB particles form channels of a hexagonal structure hosting the spherical LJ particles.
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Figure 7. (a) 1:1 mixture: ionic nematic phase: q* = 0.50/−0.50, T* = 4.00; (b) 1:1 mixture: microphase
segregated ionic smectic phase: q* = 0.50, T* = 1.00. (c) 1:2 mixture: ionic nematic phase: q* = 0.50/−0.25,
T* = 1.00 (left snapshot) and T* = 2.00 (right snapshot); (d) 1:2 mixture: microphase segregation GB and LJ
particles: q* = 2.00/−1.00, T* = 0.30 (left snapshot) and T* = 0.70 (right snapshot), with GB particles arranged
to create a hexagonal structure hosting LJ particles inside the channels. Packing fraction η* = 0.514.

We mention here that very similar aggregation patterns as found in Figure 7c have been recently
observed experimentally in mixtures of oppositely charged colloidal particles [50,51]. In that case,
the formation of alternating layers of positive and negative particles was obtained by imposing
an oscillating electric field. In Figure 7d, the GB particles also arrange in triangular channels,
or nanotubes, by a side-by-side packing of the ellipsoids. The inside of the nanotubes is filled with
a few LJ particles. The nano-channels are arranged into a honeycomb structure similarly to the system
with η* = 0.428.

4. Discussion

In Table 2 we report a summary of the phases and transition temperatures obtained by
the combined observation of the orientational and translational order parameters, 〈P2〉 and 〈τ〉,
respectively, recalling that they are calculated considering only the GB particles’ orientation
and positions. The assignment is made as follows: if both 〈P2〉 = 0 and 〈τ〉 = 0 the phase is
isotropic; if 〈P2〉 
= 0 and 〈τ〉 = 0 the phase is nematic; finally, if both 〈P2〉 
= 0 and 〈τ〉 
= 0 the phase is
smectic. Inspection of the radial distribution functions (see supporting information) and snapshots is
used to confirm the assignment as well as to assign crystal phases. Therefore, only structural properties
of the GB particles have been considered for the phase assignment without explicitly considering
the amount of clustering and micro-segregation or mixing/demixing of the GB/LJ particles and
also without considering dynamic properties and possibly the formation of glassy states. A more
detailed description of the phases can be obtained by inspection of the snapshots in Figures 3, 5 and 7.
Moreover, in Figure 8 we show the thermal range of stability of the phases of the various systems
as histograms.
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Table 2. Systems investigated in this work.

GB:LJ = 1:1 GB:LJ = 1:2

|q*| Phases q* Phases η*

0.0 a Sm–1.05–N–1.15–Iso 0.0/0.0 a Sm–1.10–Iso
0.3710.5 Sm–0.70–N–0.75–Iso 0.50/−0.25 Sm–0.70–Iso

2.0 Cr–0.50–Iso 1.00/−0.50 Iso

0.0 a Sm–1.35–N–1.84–Iso 0.0/0.0 a Sm–1.5–N–2.0–Iso

0.428
0.5 Sm−0.90–N–1.25–Iso 0.50/−0.25 Sm–1.0–N–1.10–Iso
2.0 Cr–0.65–Iso 1.00/−0.50 Cr–0.65–Iso

2.00/−1.00 Cr–0.55–Iso

0.0 a Sm–1.9–N–5.7–Iso 0.0/0.0 a Sm–2.05–N–4.30–Iso

0.514
0.5 Sm–1.4–N–4.9–Iso 0.50/−0.25 Sm–1.0–N–3.1–Iso
2.0 Sm–0.75–N–2.25–Iso 1.00/−0.50 Sm–0.75–N–2.2–Iso

2.00/−1.00 Cr–1.0–Iso
a For non-charged systems we always observe a phase separation between GB and LJ particles.

Figure 8. Temperature range of stability of the various systems investigated. (a): packing fraction
η* = 0.371, GB:LJ = 1:1; (b) packing fraction η* = 0.371, GB:LJ = 1:2; (c): packing fraction η* = 0.428,
GB:LJ = 1:1; (d) packing fraction η* = 0.428, GB:LJ = 1:2; (e): packing fraction η* = 0.514, GB:LJ = 1:1;
(f) packing fraction η* = 0.514, GB:LJ = 1:2. Note the different T* scale for the highest packing
fraction (e,f).
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The main differences between the 1:1 and 1:2 stoichiometries can be summarized as follows: by
increasing the mole fraction of spherical LJ particles (and changing the relative charge accordingly,
in order to keep the system electrically neutral) we note a significant destabilization of the LC phases;
for the lowest packing fraction investigated we note that the nematic range appears smaller in the
non-charged 1:2 mixtures while even the smectic phase is suppressed when the charge is increased
to q* = 2.00/−1.00. Increasing the density confirms this trend and, while the charged 1:1 mixtures
do exhibit a sequence of ionic nematic and ionic smectic phases, for the analogous 1:2 mixtures these
are destabilized, and interesting hexagonal arrangements appear made of the highly anisotropic,
and positively charged, GB particles hosting the negatively charged LJ spheres. This arrangement
maximizes the side-by-side van der Waals interaction of the GB particles and, at the same time,
the electrostatic energetic cost due to the repulsion between cations is compensated by the attractive
interaction with the anions inside the channels. The GB interaction is, in fact, highly anisotropic, being
20 times larger, in the side-by-side configuration, than both the end-to-end interaction and the LJ-LJ
interaction, so it plays a major role in the phase structure of the systems, favouring a smectic type of
phase for the GB particles.

The honeycomb arrangement observed at relatively high packing fractions, high charge and low
temperatures can be understood as a fortuitous matching of the relative length of the GB particles and
size of the LJ particles. In Figure 9 we show a very schematic and bi-dimensional representation of
the triangular unit composing the honeycomb structure. This is an oversimplified geometrical model
just to highlight the importance of the right length of the GB particles; thus, we ignore, for the sake
of simplicity, the overlap at the ends of each ellipsoid. The side of the equilateral triangle, in such
an arrangement, is l = 4.4, while the radius of the LJ sphere is rLJ = 0.5. A simple calculation shows
that the available area inside, that is the area of the triangle excluding the internal area occupied by
the ellipsoids, is l·cos(30◦)·l/2 − l·rLJ·π·1.5 = 3.1995. The last factor 1.5, accounts for the fact that each
triangle contains only half of each ellipsoid, that is 1.5 in total (besides, it contains also 3 spheres,
thus keeping the correct stoichiometry of 1:2). The area of the three spheres is only 2.3561945, that
is less than the available area inside the triangle. Therefore, three LJ spheres can be accommodated
inside the honeycomb structure for this particular GB.

Figure 9. Schematic structural unit of the honeycomb arrangement observed for some systems at high
packing fraction, high charge and low temperature.

We might expect that for a more anisotropic GB particle a different structure might be formed,
e.g., of square shape. This behavior is very close to what was extensively studied by Tschierske and
co-workers in several papers, see for example [52,53]. The systems investigated by the authors consists
of the so-called T-shape mesogens, generally non ionic, where one or more flexible tails are linked to
the middle of a rigid core. Various types of honeycomb structures with different symmetries can be
observed depending on the ratio between the length of the rigid core and the lateral chains. In our
mixtures made by ellipsoids and spheres, the size and shape anisotropy of the ellipsoids and the size
of the spheres are the most important factors leading to the formation of the interesting geometrical
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structures such as the honeycomb and square shapes. The second important factor is weak ionicity,
because the strong charge would cause strong ion pairing by the GB and LJ oppositely charged
particles, thus avoiding the macroscopic phase separation as described above.

A second interesting effect is the stronger tendency to phase-separate of the 1:2 non-charged
mixtures, compared to the analogous non-charged 1:1 mixtures. Because of the strong shape anisotropy
of the GB particles (breadth-to-length ratio of 4.4), excluded volume effects are quite significant and
the mixing is observed only at relatively high temperatures, or low densities. For the 1:2 mixture we
observe phase separation, on cooling the temperature, even before the GB particles have a transition
into a LC phase.

Therefore, ionic nematic phases can be formed in mixtures of particles of different shapes,
oppositely charged; however, a fine tuning of the van der Waals (vdW) vs electrostatic (ES)
contributions is necessary. In particular, doubling the charge of the ellipsoidal particles compared
to that of the spheres (thus doubling the number of LJ particles to keep the system neutral) is
detrimental to the stability of ionic LC phases. The fine tuning of vdW and ES interaction would
be realized by designed molecular structure by steric, flexibility, effective charge strength and so on.
However, the studied mixture of GB and LJ particles proved the possibility of forming a nematic ionic
liquid crystalline phase.

Finally, we note that a general effect of increasing the charge, for a given packing fraction,
is to increase the stability of the isotropic mixed phase, and therefore to destabilize the ionic
liquid mesophases. This result has been also experimentally confirmed recently by Laschat and
co-workers [54]: the authors investigated a series of amino acid/crown ether ionic LCs and found that
increasing the charge is detrimental for the stability of ionic LC phases.

5. Conclusions

To summarize, in this manuscript we have presented a direct comparison of 1:1 and 1:2 mixtures of
charged GB and LJ particles as models of ionic liquids and ionic liquid crystals. Despite the simplicity
of the model, we observe a rich polymorphism with isotropic, nematic, smectic and crystal phases of
ionic type. Generally speaking, both increasing the charge above a certain limit, as well as increasing
the ratio of LJ over GB particles, leads to a destabilization of the ionic mesophases. While tuning
the charge in the simulations is very easy, this is not true for a real ionic compound. One possible
approach could be to favour charge transfer from the anion to the cation. It is, in fact, well-known
that charge transfer occurs in ionic liquids and the effective charge of the ions is around 0.7–0.8e for
some cation–anion combinations [55]. Another possibility is to increase the relative weight of π-π
interactions and their anisotropy in the rigid core in order to make the electrostatic contribution less
important. Finally, these results suggest that, in order to increase the thermal range of stability of
ionic mesophases, especially if the elusive ionic nematic phase is sought, one possible strategy is
to vary the stoichiometry in favour of the anisotropic GB cations, e.g., by synthesizing salts of 2:1
stoichiometry, with the cations bearing half the charge of the anions, and to increase the van der Waals
forces compared to the electrostatic interaction by designing systems with large polarizability.

Supplementary Materials: The following are available online at www.mdpi.com/link, Figures S1–S20: radial
distribution functions, g(r), of the systems investigated.
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