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In this study, a series of imidazolium salts with different N3-substituents (3-position: methyl, vinyl, ethyl, n-propyl, n-butyl)- 
based ionic-liquid crystals with iodide as counterion (ILCs) are synthesized and characterized, with the aim of regulating the 
mesogenic properties of imidazolium salts. The imidazolium salts-based ionic-liquid crystals are characterized by thermal 
analysis, polarized optical microscopy, X-ray powder diffraction, and single-crystalline diffraction. Liquid crystalline phase 
with a Smectic A phase interdigitated bilayer structure is observed. The mesophase temperature range decreases with the in-
crease of the alkyl chain length of N3-substituent. While when vinyl is attached to the N3 position, intermolecular - interac-
tions are formed in adjacent layers, which exert a positive effect on the formation of mesophase. The layer-spacing of imidazo-
lium salts keeps increasing with the increase of the alkyl chain length attached to both the N1 and N3 positions, and gradually 
decreases with the increasing temperature in liquid crystalline phase. The 1-alkyl-3-vinylimidazolium salt has the smallest lay-
er-spacing, due to the intermolecular - interactions between the vinyl and imidazolium rings in adjacent layers.  
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1  Introduction 

Ionic liquid crystals (ILCs) [1], which combine the proper-
ties of ionic liquids and liquid crystals, are composed of 
ionic species and exhibit a mesophase in a certain tempera-
ture range. Some of the properties of ILCs differ signifi-
cantly not only from those of conventional neutral organic 
liquid crystals, due to their ionic character, but also from 
conventional ionic liquids because of their anisotropic 
character caused by their self-organized orientational or-
dering at the nanometer level [2–5]. They have exhibited 
interesting potential applications as ion-conductive materi-
als in electrochemical devices [5,6], as organized reaction 
meida for the selectivity for organic reaction [7,8], and as 
templating agents in materials science [9]. Generally, the 

mesomorphism can be introduced into such an ionic materi-
al by choosing a sufficiently long alkyl chain [10]. The 
driving forces for the formation of mesophase in such ILCs 
are thought to be the van der Waals interactions of the alkyl 
chains, dipole-dipole, cation- interactions, and - stack-
ing, as well as the hydrogen bond between anion and cati-
ons [1,11,12]. Therefore, the mesogenic properties of ILCs 
including the melting point, clearing point, mesophase tem-
perature range, and layer-spacing d can be regulated by al-
tering the interactions mentioned above by changing the 
cations or anions. For instance, ILCs with different cations 
such as ammonium, phosphonium, pyridinium, and imidaz-
olium salts have been studied [1]. It has been found that 
with the increase of the long alkyl chain attached to 
N1-position, the mesophase temperature range increases 
drastically. Some groups that have studied counterion ef-
fects on mesomorphic properties [7,12–15] have shown that 
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counterions also greatly effect the mesogenic properties of 
ILCs. 

Because of the widespread use of imidazolium salts- 
based ionic liquids, many studies have been restricted to 
1-alkyl-3-methylimidazolium salts-based ILCs [16–18]. 
Examples of liquid crystalline 1-alkyl-3-methylimidazolium 
salts with different counterions such as chloride [19], bro-
mide [20], hexafluorophosphate [16], and tetrafluoroborate 
[17] have been reported. In most cases, a smectic phase with 
lamellar structure has been obtained for ILCs. As for 
1,3-disubsitituted imidazolium salts, some groups have re-
ported on the mesomorphism of symmetrically substituted 
1,3-dialkylibenzimidazolium salts and 1,3-dialkylimidazo-                            
lium salts-based ILCs [18,21–23]. It has been found that if 
sufficiently long alkyl chains are attached to both the N1 and 
N3 positions, the imidazolium salts show a mesophase. Luo 
et al. [24] studied 1-alkyl-3-vinyl imidazolium salts-based 
ILCs and found that the vinyl significantly influence the 
mesogenic properties of the ILCs. However, to date no sys-
tematic studies have been reported about the influence of 
N3-substituent on the appearance and structure of the liquid 
crystalline phase of 1,3-disubstituted imidazolium salts. 

Herein, a series of imidazolium salts-based ILCs with io-
dide as counterion were synthesized and characterized. The 
imidazolium cat ions were varied by modifying 
N3-substituent (Scheme 1), with the aim of revealing the 
relationship between the N3-substituent and the mesogenic 
properties of imidazolium salts. Imidazolium cations with 
relatively normal alkyl chains (methyl, ethyl, n-propyl, 
n-butyl) and functional group (vinyl) were chosen for their 
simple structure, with high chemical and electrochemical 
stability that is preferable for revealing the effects of the 
N3-substituent of the imidazolium ring on the mesogenic 
properties. The physicochemical properties and structures of 
the obtained imidazolium salts were studied by differential 
scanning calorimetry (DSC), polarized optical microscopy 
(POM), small angle X-ray diffraction (SAXD), and single-  
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Scheme 1  Synthesis of imidazolium salts with iodide as counterion. 

crystalline diffraction. 

2  Experimental  

2.1  Materials  

Diethyl ether and acetone were purchased from Sinopharm 
Chemical Reagent Co., Ltd. (China). Other reagents were 
purchased from Acros (USA). All reagents were used as 
received. 

2.2  Synthesis of imidazolium salts 

All of the imidazolium salts were synthesized with good 
yields (>85%, see Supporting Information online) by the 
quaternization of N-substituted imidazole with correspond-
ing iodide alkane, according to Scheme 1. Take 1-hexadecyl-  
3-methylimidazolium iodide (1a) for example: the mixture 
of 1-methylimidazole and 1-iodohexadecane was dissolved 
in acetone. Then the solution was placed into a 58 mL Tef-
lon-lined, stainless-steel autoclave and heated at 100 °C for 
12 h. The final product was obtained by multiple crystalli-
zations from diethyl ether. The purity of all the imidazolium 
salts was confirmed by 1H NMR and elemental analysis (see 
Supporting Information online).  

2.3  Analytical measurements  

Differential scanning calorimetry (DSC) was performed 
with a computer-controlled thermal analyzer (DSC821) with 
nitrogen as protection gas. The samples were placed in alu-
minium pans that were cold-sealed under nitrogen. Experi-
mental data are displayed in such a way that exothermic 
peaks occur at positive heat flow and endothermic peaks at 
negative heat flow. Heating and cooling rates were 10 
K/min. Given temperatures correspond to the onset of the 
respective thermal process.  

Optical observations were made by POM (Olympus 
BX51, Japan) equipped with a heating stage. Moving imag-
es were recorded at a magnification of 100× with a digital 
camera after the sample was cooled from isotropic phase. 

Small-angle X-ray powder diffraction patterns of imid-
azolium salts were determined using a TTRAX3 diffrac-
tometer (Rigaku, Japan) with Cu-K X-rays, =1.542 Å. 
Data were recorded in the 2 ranges of 1°–10° with a step 
of 0.02° at 293 K. Additionally, X-ray powder diffraction 
patterns of 3b at different temperatures were also performed 
in the 2 ranges of 2°–7°. 

Crystals 2b were grown by slow evaporation in an ace-
tone solution of 2b. A few crystals of 2b were selected at 
ambient temperature with the help of an optical microscope. 
The selected crystals were mounted on a Nonius Kappa- 
CCD area-detector diffractometer (Cu-K, =1.542 Å). 
Cell parameters were determined from reflections recorded 
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in 10 frames (1.0° in , 20 s). The crystal structures were 
solved by direct methods using SHELXS-97 [25] and ex-
panded using difference Fourier techniques, refined by 
SHELXL-97 [26] and full-matrix least-squares calculations. 
All H atoms attached to C atoms were positioned geometri-
cally with C–H=0.93, 0.97, and 0.96 Å. Further details of 
the data collections and structure refinements are given in 
Supporting Information online. CCDC-815835 contain(s) 
the supplementary crystallographic data for this paper. 
These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre (www.ccdc.cam.ac.uk/ 
data_request/cif).  

3  Results and discussion 

3.1  Thermal properties of ILCs 

The DSC data (phase-transition temperatures and phase- 
transition enthalpies, H) are listed in Table 1 (Figure S2). 
For 1a–3b, a mesophase is obvious in both the heating and 
cooling processes. When the n-propyl is attached to N3 po-
sition, only 4b displays a relatively lower mesophase-  
temperature range. For the imidazolium salts with n-butyl 
attached to the N3 position (5a, 5b), no mesophase is ob-
served in the detected temperature range. This phenomenon 

Table 1  Summary of the DSC analysis for imidazolium salts 1a–5b, 
including the heating and cooling processes 

NO. Phase transition a) 
Heating  Cooling 

T (C) H (kJ/mol)  T (C) H (kJ/mol)

1a 
Cryst1 b)-Cryst 49.85 7.15  – – 

Cryst-SmA 65.1 40.69  38.9 27.21 
SmA-Iso 187.5 1.15  184.9 1.16 

1b 

Cryst2–Cryst1 56.5 12.00  4.3 0.10 
Cryst1-Cryst 62.2 2.48  37.0 0.21 
Cryst-SmA 72.2 26.91  51.5 36.25 
SmA-Iso 218.5 1.34  192.6 1.24 

2a 
Cryst-SmA 69.9 81.08  37.3 34.65 
SmA-Iso 145.5 1.07  143.6 1.08 

2b 
Cryst-SmA 76.1 88.26  51.4 43.09 
SmA-Iso 184.9 1.40  182.9 1.33 

3a 
Cryst-SmA 63.7 64.06  38.9 32.40 
SmA-Iso 103.4 0.67  102.7 0.68 

3b 
Cryst-SmA 71.2 75.90  52.8 43.16 
SmA-Iso 147.8 1.07  147.2 1.05 

4a Cryst-Iso 52.4 58.81  32.9 35.85 

4b 
Cryst-SmA 60.9 69.24  48.3 43.59 
SmA-Iso 76.0 0.41  75.6 0.40 

5a 
Crst1-Crst 23.6 0.95  – – 

Cryst-I 48.6 55.88  24.9 40.32 
5b Cryst-I 60.2 66.93  42.5 46.32 

  a) The symbols cryst, iso, and SmA denote crytstal, isotropic liquid, and 
A liquid crystal with a Smectic A phase; b) Cryst1 and Cryst2 denote the 
different structure in crystalline phase probably caused by the comforma-
tional change of molecule. 

indicates that the N3-substituent of the imidazolium ring 
influences the formation of mesophase drastically. 

Figure 1 summarizes the mesogenic behavior of the im-
idazolium salts-based ILCs during the heating process. 
From Figure 1, it can be seen that the melting point doesn’t 
vary significantly for the imidazolium salts with the same n 
values, which suggests that the melting point mainly de-
pends on the anion. By contrast, the clearing point varies 
significantly and follows the order of methyl>vinyl>ethyl> 
n-propyl, which indicates that the increasing alkyl chain 
length of the N3-substitutent exerts a negative effect on the 
formation of mesophase. The vinyl attached to the N3 posi-
tion would benefit the mesophase stability more than ethyl. 

As reported [27], the ethyl, n-propyl, and n-butyl are 
more flexible than the rigid methyl and planar vinyl. From 
these results, we inferred that with the increase of the alkyl 
length attached to the N3 position, the intermolecular - 
stacking and hydrogen bond between the iodide and the 
proton of the aromatic ring would decrease, which in turn 
would drastically lower the clearing point. Typically for the 
imidazolium salts with n-propyl attached to the N3 position, 
when n=16 (4a), no mesophase is observed due to the ex-
istence of flexible n-propyl. When n=18 (4b), a relatively 
low mesophase temperature range is obtained due to the 
increase of the positive van der Waals interactions caused 
by the increasing length of the long alkyl chain attached to 
the N1 position. When n-butyl is attached to the N3 position, 
no mesophase is obtained in either 5a or 5b. Thus, on the 
one hand, the mesophase stability of imidazolium salts in-
creases with the increase of the length of the alkyl chain 
attached to the N1 position; on the other hand, it decreases 
with the increase of the length of the alkyl chain attached to 
the N3 position. As for 2a and 2b, the intermolecular - 
stacking interactions are formed between vinyl and imidaz-
olium rings, which exert a positive effect on the formation 
of mesophase. These details will be discussed in a subse-
quent section. 

It is also noteworthy that in the heating and cooling pro-
cesses, the H of the imidazolium salts with the same n 
value on the clearing point follows the order of methyl>  

 
Figure 1  Mesogenic behavior of imidazolium salts 1a–5b during the 
heating process. 
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vinyl>ethyl>propyl (Table 1 and Figure S3), which is 
mainly associated with the stability of mesophase (in fact, 
these are the driving forces for the formation of liquid crys-
talline phase). As they cool, all of the samples show larger 
temperature ranges for mesophase than during the heating 
process, due to the extensive supercooling before crystalli-
sation that is typical for the imidazolium salts [17]. 

3.2  Structural properties 

The presence of the mesophase is also supported by the 
textures observed through a polarized optical microscope 
(POM) (Figure S4). Figure 2 shows a POM texture of 2b 
that is typical of the imidazolium salts-based ILCs presented 
here. The obviously focal conic fan textures with large dark 
homeotropic areas confirm their layered structure. These 
results suggest that the liquid crystalline mesophase can be 
assigned to Smectic A mesophase (SmA), a result that has  
also been observed for other 1-alkyl-3-methylimidazolium 
ILCs [19]. Therefore, a lamellar mesophase of SmA with an 
average direction perpendicular to the layer surface is pro-
posed. This identification is also supported by the small- 
angle XRD data described below, and by the confirmation 
of mesophase as an interdigital bilayer SmA phase [12].  

First, SAXD patterns are performed at the crystalline 
phase in the low-angle region (0<2<10°) (Figure S5). 
Sharp peaks observed in the low-angle region indicate the 
formation of layered structures [28]. Figure 3 shows layer- 
spacing d of imidazolium salts at crystalline phase (Table 
S1). It is obvious that for the imidazolium salts with the 
same N3-substituent, the layer-spacing d keeps increasing 
with the increasing n values, an effect similar to other ILCs 
[29,30]. More important, for the imidazolium salts with the 
same n values, the layer-spacing d follows the sequence 
vinyl<methyl<ethyl<n-propyl<n-butyl. Even in the liquid 
crystalline mesophase, we may infer that the layer-spacing d 
follows the same order [12,28]. The layer-spacing d (except 
for 2a and 2b) is found to satisfy l<d<2l, where l is the fully 
extended length of the cation and is roughly estimated from 
crystallographic data [31]. This result suggests that an inter- 

 

Figure 2  Polarized optical microscopic textures of 2b at 160 °C.  

 
Figure 3  Layer-spacing d of imidazolium salts 1a–5b in crystalline phase 
(293 K). 

digitated bilayer structure is formed in SmA mesophase  
[32]. Moreover, in an interesting phenomenon, the layer- 
spacings d of 2a and 2b are the smallest—even lower than 
the fully extended length of the cation in crystalline phase. 
It is likely that the alkyl chain of the cation is tilted with 
respect to the layer plane with a large tilt angle in crystalline 
phase. This means that the vinyl plays a crucial role on the 
unique properties of 2a and 2b, which is different from oth-
er alkyl substituents attached to the N3 position.  

The SAXD patterns of 3b (Figure 4) are performed at 
different temperatures to study the structural transformation 
of imidazolium salts with phase transition. For 3b, peaks in 
crystalline are sharper than in liquid crystalline mesophase 
and only one peak is shown in liquid crystalline phase, 
which suggests the loss of positional ordering in the layer 
plane in liquid crystalline phase due to the melting of the 
long alkyl chain [12]. It is noteworthy that the shift of the 
main peak in the crystalline phase is negligible, whereas the 
peak in the liquid crystalline phase shifts to the high angle 
with increasing temperature. Figure 5 shows the dependence 
of layer-spacing d on temperature. In crystalline phase, layer-  
spacing d doesn’t change with the increase of temperature 
and in liquid crystalline phase it gradually decreases with 
increasing temperature. Additionally, the layer-spacing d is 

 

Figure 4  SAXD patterns of 3b at different temperatures.  
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Figure 5  Dependence of layer-spacing d of 3b on temperature. 

smaller in crystalline phase than in liquid crystalline phase, 
which indicates that the alkyl chain of the cation is also 
tilted to the layer plane in crystalline phase (Figure 6). 
When phase transition from crystalline to mesophase occurs, 
the tilted angle of the layer structure decreases with in-
creasing temperature, leading to an increase of the layer- 
spacing d. Whereas in SmA phase, the bilayer structure in-
terdigitates more deeply with increasing temperature due to 
the increase of thermal mobility of the long alkyl chains, 
leading to a decrease of the layer-spacing (Figure 6). 

3.3  Crystal structure of 1-octadecyl-3-vinyl imidazo-
lium iodide (2b) 

As mentioned above, the N3-substituent exerted a signifi-
cant effect on the formation of the mesophase and structural 
property of the imidazolium salts. Therefore, to elucidate 
this formation in detail, single-crystal X-ray diffraction is 
needed. However, to date we were unable to produce crys-
tals of most salts with a quality sufficient for a full structure 
determination, due to the formation of very thin platelike 
crystals. Only 2b (1-octadecyl-3-vinylimidazolium iodide) 
showed sufficient quality for single-crystalline X-ray dif-
fraction, which indicated that the exocyclic conjugated dou-
ble bond would benefit the crystal growth. Nonetheless, we 
can qualitatively illuminate the role of N3-substituent on the 
formation of mesophase and the structural property of im-
idazolium salts. 

As seen in Figure 7(a, b), the crystal structure of 2b con- 

 
Figure 6  Schematic of melting of bilayer structure from crystalline phase 
to mesophase (d1<d3<d2).  

sists of a discrete cation and anion. The imidazolium ring 
with vinyl attached to the N3-position is completely planar. 
Selected geometric parameters are shown in Table 2. The 
relatively short bond length of N1–C4 (compared to N2–C6) 
indicates that the  electrons of the vinyl and the imidazo-
lium ring are delocalized. The straight alkyl chain is dis-
rupted close to the imidazolium ring, where it adopts a bent 
conformation as shown by the respective torsion angles 
C2–N2–C6–C7, C3–N2–C6–C7, N2–C6–C7–C8, and 
C6–C7–C8–C9, which are 158.9(3)°, 26.5(7)°, 170.6(3)°, 
and 175.0(3)°. All other carbon-chain torsion angles ap-
proach 180°. Thus, the cation has a spoon-shaped structure. 
The crystal structure of 2b consists of sheet imidazolium 
rings and iodide ions separated by interdigitated alkyl 
chains. Of note is the lamellar structure with a long alkyl 
chain that is tilted relative to the layers of cations (about 45° 
from the normal of the layer plane (a-b plane), which can 
explain the smallest layer-spacing of d (l is about 26.3 Å, 
estimated from crystallographic data). The layer-spacing d 
is 18.76 Å obtained from single-crystal data, which is 
equivalent to the spacing calculated from powder XRD data 
for 2b (18.4 Å) within the margin of experimental error 
(Figure 7(c)). 

As reported, single-crystalline technique can be used to 
characterize the hydrogen bond, including bond length and 
bond angle [20]. Luo’s study [24] also showed that the vinyl  

 

Figure 7  (a) X-ray structure of 2b in the solid state (the numbering of 
atoms given here are used only for the X-ray diffraction studies); (b) unit 
cell of 2b; (c) partial crystal packing of 2b projected on the (b-c) plane; (d) 
H-bond between iodide and hydrogen of imidazolium ring in 2b (Å): 
H1···I1 2.943, H3···I1 2.940; (e) angles of H-bond in 2b (°): ∠I1···H1–C1 
172.2, ∠ I1···H3–C3 147.78; (f) intermolecular - stacking between 
imidazolium rings of different layers in 2b. Some atoms are omitted. 
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Table 2  Selected interatomic distances and torsion angles 

Bond Distance (Å) Bond Torsion angles (°)
N1–C3 1.333(4) C2–N2–C6–C7 158.9(3) 
N1–C4 1.422(4) N2–C6–C7–C8 175.0(3) 
N1–C1 1.378(4) C3–N2–C6–C7 26.5(7) 
N2–C3 1.311(4) C6–C7–C8–C9 170.6(3) 
C4–C5 1.295(5)   
C2–C1 1.332(5)   
N2–C6 1.479(4)   

 

 
functionalization provides additional hydrogen bonding 
interactions between the cations and anions. Therefore, 
from the crystallographic data it is reasonable to infer that 
the iodide anion forms two hydrogen bonds with two dif-
ferent imidazolium cations in the same layer (Figure 7(d, e)): 
one at ring C3–H with a bond length of 2.940 Å (H3···I1) 
and an angle of 147.8°, and the other at ring C1–H with a 
bond length of 2.943 Å (H1···I1) and an angle of 172.2°. It 
is also noteworthy that there are intermolecular - stacking 
interactions between the vinyl and the imidazolium rings at 
an average distance of 3.763 Å in adjacent layers (Figure 
7(f)). This result can explain the relatively large mesophase 
temperature range.  

According to previous reports, the hydrogen bond be-
tween anion and protons of imidazolium ring will exert 
great effects on the properties of imidazolium salts 
[1,12,33,34]. Generally, the ethyl, n-propyl, and n-butyl 
substituents are more flexible than the rigid vinyl and me-
thyl due to their complicated conformation caused by the 
rotation of the C–C and C–N bonds. Therefore, once they 
are attached to the N3 position, the hydrogen bond would 
drastically weaken due to their steric hindrance effect be-
tween the anion and protons of the imidazolium cation. In 
addition, intermolecular - stacking interactions would be 
impossible. Thus, the mesophase stability of imidazolium 
salts follows the sequence vinyl>ethyl>n-propyl>n-butyl. 
However, the volume of –CH=CH2 is larger than that of 
–CH3; in addition, it weakens the hydrogen bond between 
the anion and the proton of the aromatic ring due to steric 
hindrance, which couldn’t be offset by the - stacking in-
teractions. Therefore, compared with –CH3, –CH=CH2 at-
tached to the N3 position exerts a negative effect on the 
formation of mesophase. This result indicates that the hy-
drogen bond has a more positive effect than - stacking 
interactions on the formation of mesophase. Moreover, if 
the alkyl chain length of the N3-substituents continue to 
increase, mesophase may be observed due to the increasing 
van der Waals interactions [21]. In short, different N3-sub- 
stituents of imidazolium rings would result in different ef-
fects on the driving forces for the formation of mesophase, 
and consequently on the mesogenic properties. Thus, we 
can regulate the mesogenic properties of imidazolium salts- 
based ILCs as necesary by introducing different substituents 
or functional groups to the N3 position on the imidazolium 
ring. 

4  Conclusions 

A series of imidazolium salts with different N3-substituents 
(methyl, vinyl, ethyl, n-propyl, and n-butyl)-based ILCs are 
synthesized and their mesogenic properties, including met-
ing point, clearing point, and structural properties, are char-
acterized. By introducing different substituents to the N3 
position of the imidazolium ring, the mesogenic properties 
of ILCs are successfully regulated. The increasing alkyl 
chain length of the N3-substituent exerted negative effect on 
the formation and stability of the SmA phase, which is as-
sociated with the weakening of the hydrogen bond between 
iodide and the protons of the imidazolium ring due to their 
increasing steric hindrance effects. The layer-spacing d also 
keeps increasing with the increasing length of the alkyl 
chain attached to the N3 position. For the imidazolium salts 
with vinyl attached to the N3 position, extensive - stack-
ing interactions between the vinyl and the imidazolium ring 
in adjacent layers are formed, which results in a relatively 
large temperature range for mesophase. In addition, these 
adjacent layers tilt the alkyl chain of the cation with respect 
to the layer plane in the crystalline phase, which results in 
smallest layer-spacing d. These results suggest that the 
mesogenic properties of imidazolium salts-based ILCs can 
be regulated by the modification of the N3 substituents of 
the imidazolium ring. Further regulation of the driving 
forces for the formation of mesophase by changing the ani-
on will be pursued. 
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