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ABSTRACT: Hydroxide and tetrafluoroborate salts of imidazolium polyacrylates have been prepared from postpolymerization function-

alization of a brominated precursor containing mesogenic side chains followed by anion exchange. The ionic polyacrylates possessed

molecular weights in the range 1.1–1.3 3 104 g�mol21. Differential scanning calorimetry measurements and polarizing optical micro-

scope observation indicated that the resultant ionic polyacrylates exhibited smectic C and A liquid crystal phases over a temperature

range of about 60�C. Electrochemical impedance spectroscopy measurements show that ionic conductivities of the hydroxide salt

were much higher than those of the tetrafluoroborate salt for the imidazolium polyacrylates at the same temperature. The maximum

ionic conductivity of the random hydroxide salt of imidazolium polyacrylate in the smectic A phase reached 4.45 3 1022 S�cm21.

The ionic polyacrylates were successfully aligned by mechanical shearing in the smectic A phase. Ionic conductivities of the sheared

samples were more than 1 order of magnitude higher than those of the random samples in the solid state. VC 2014 Wiley Periodicals, Inc.

J. Appl. Polym. Sci. 2015, 132, 41564.
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INTRODUCTION

Ionic liquid crystals are emerging as a new class of materials

combining together the properties of ionic liquids and liquid

crystals.1 They have already found applications in ionic conduc-

tion, nanoparticle electrosynthesis, and energy-conversion.2–6

Imidazolium salts were widely used as ionic moieties because of

their thermal stability, nonflammability, and high ionic

conductivity.7,8 A few molecular designs have been explored

for preparing imidazolium liquid crystals. The 1-alkyl-3-

methylimidazolium and N, N0-dialkylimidazolium salts exhib-

ited smectic phases owing to the amphiphilic structures.9,10

Attaching mesogens including biphenyl, phenyl benzoate, and

azobenzene to substituted imidazolium salts also resulted in

smectic liquid crystals.11 Columnar and bicontinuous cubic

phases were observed in N-methylimidazolium and 2-methyl-N-

methylimidazolium salts containing triphenylene cores.12

Imidazolium ionic liquid crystal polymers are attractive because

they combine the characteristics of low molecular weight liquid

crystals with the mechanical properties of polymers. Kato et al.

prepared columnar and smectic imidazolium polymers, in

which linear or lamellar ionic pathways formed by virtue of

mesophases.13,14 These ionic polymers were obtained by photo-

polymerization of aligned imidazolium liquid crystals having

acrylate groups at the terminal sites. However, polymerization

of imidazolium liquid crystal monomers does not necessarily

bring about a mesomorphic polymer. For example, polymers

prepared from bromide salts of vinylimidazolium ionic liquids

containing mesogenic coumarin and biphenyl were amorphous

and did not show any mesophase.15

In this study, we demonstrate an alternative strategy to prepare

imidazolium liquid crystal polymers. We have modified a bro-

minated side chain liquid crystal polymer successfully with

2-hydroxyethanesulfonic acid sodium salt to obtain mesomor-

phic sulfonated polymers.16,17 In this report, hydroxide and tet-

rafluoroborate salts of imidazolium polyacrylates were prepared

by postpolymerization functionalization of the same brominated

precursor with 1-methyl-1H-imidazole. Fourier transform infra-

red (FT-IR) and 1H nuclear magnetic resonance (1H NMR) sug-

gested complete functionalization of the precursor. The

resultant ionic polymers exhibited smectic C and A phases over

a broad temperature range. Temperature dependent ionic con-

ductivities obtained by electrochemical impedance spectroscopy

(EIS) measurements shows that ionic conductivities of the

hydroxide salt were much higher than those of the tetrafluoro-

borate salt for the imidazolium polyacrylates at the same tem-

perature. Ionic conductivities of the imidazolium liquid crystal

polyacrylates were enhanced significantly after they were aligned

by mechanical shearing in the smectic phase. The imidazolium
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side chain liquid crystal polyacrylates prepared from postpoly-

merization functionalization have potential application in elec-

trochemical devices such as alkaline solid fuel cells.

EXPERIMENTAL

The synthetic strategy of the imidazolium liquid crystal polya-

crylates is shown in Scheme 1. Postpolymerization functionali-

zation of the brominated mesomorphic precursor (PBr) with

1-methyl-1H-imidazole gave bromide salt of imidazolium polya-

crylate ([PAIm][Br]). The anion exchange reactions of

[PAIm][Br] with silver tetrafluoroborate and potassium hydrox-

ide yielded tetrafluoroborate salt of imidazolium polyacrylate

[PAIm][BF4] and hydroxide salt of imidazolium polyacrylate

[PAIm][OH], respectively.

Materials and Instrumentation

All commercially-available starting materials, reagents, and sol-

vents were used as supplied and were obtained from TCI, Acros

and Chengdu Changzheng. All reactions were performed using

a dry nitrogen atmosphere.

1H NMR spectra were measured on a Bruker AV II-400 spec-

trometer. FT-IR spectra were conducted on a NEXUS 670 FT-IR

spectrometer. The molecular weights were determined on a gel

permeation chromatography (GPC) with Tosoh HLC-8320

high-speed liquid chromatograph equipped with two TSK gel

Super HM-H column (6 3 150 mm) at 70�C. Dimethyl fuma-

rate (DMF) containing 0.05 mol�L21 lithium bromide was used

as a solvent at a flow rate of 0.3 mL�min21. Differential scan-

ning calorimetry (DSC) measurements were performed on a TA

modulated Netzsch DSC 204 F1. Thermogravimetric analysis

(TGA) were performed in a nitrogen atmosphere using a TA

instrument Netzsch TGA 209C. The heating and cooling rates

were 10�C�min21. Cross-polarizing optical microscopies were

captured by using a Weitu XPL-30TF polarizing optical micro-

scope (POM) equipped with a WT-3000 hot-stage. X-ray dif-

fraction (XRD) data was collected on a Philips X’Pert pro

diffractometer using CuKa radiation at 40 kV and 40 mA. EIS

was recorded on an electrochemical workstation consisted of an

EG&G Princeton applied research potentiostat/galvanostat

model 273A and PAR lock-in-amplifier model 5210 connected

to a PC running electrochemical impedance software (Frequency

range: 10 mHz�100 KHz, applied voltage: 10 mV). The cell for

EIS measurements consisted of a pair of indium tin oxide

(ITO) electrodes. The distance (L) between the two electrodes

was fixed by a perforated teflon spacer to be 0.014 cm. Before

measurement, the sample was held in the hole (A 5 0.08 cm2)

of the spacer at isotropic temperature for several hours. After

the cell was slowly cooled to room temperature, impedance

spectra were recorded during a heating scan.

Synthesis of Bromide Salt of Imidazolium Polyacrylate

([PAIm][Br])

The brominated precursor containing mesogenic side chains

(PBr) was prepared according to the procedure described previ-

ously.16,17 The molecular weight of PBr was 1.1 3 104 g�mol21.

A mixture of PBr (3 g) and excess 1-methy-lH-imidazole

(2.08 g, 25.3 mmol) was stirred in DMF (10 ml) at 60�C for 72

h in a light-resistant container. The crude product was precipi-

tated by adding 150 mL tetrahydrofuran (THF). The precipitate

was then washed with methanol and the solution was concen-

trated in vacuo to give [PAIm][Br] (2 g) in a yield of 67%. The
1H NMR (400 MHz CDCl3) d (ppm): 10.85 (1H, N@CHAN),

8.14 (2H, Ar), 7.50 (4H, Ar), 7.15–7.13 (2H, NACH@CHAN),

6.98 (6H, Ar), 4.36�4.18 (2H, CH2AN), 4.06 (2H, OCH2), 4.02

(4H, OCH2), 3.78 (3H, NACH3), 1.75–0.6 (19H, CH2); FT-IR

(KBr)t: 3157, 3100, 2937, 2860, 1729, 1605, 1500, 1468, 1260,

1170, and 1074 cm21.

Synthesis of Tetrafluoroborate Salt of Imidazolium

Polyacrylate ([PAIm][BF4])

A solution of silver tetrafluoroborate (0.75 g, 3.84 mmol) in

methanol (20 mL) was added drop-wise to a solution of

[PAIm][Br] (2.0 g) in methanol with stirring at 0�C. The mix-

ture was then stirred at room temperature in the dark for 24 h.

An insoluble material was removed through a suction funnel

and the solution was concentrated in vacuo. The residue was

then dissolved in chloroform to remove inorganic salts and the

solution was concentrated in vacuo to give [PAIm][BF4] (1.8 g)

in a yield of 90%. The 1H NMR (400 MHz CDCl3) d (ppm):

9.36 (1H, N@CHAN), 8.14 (2H, Ar), 7.48 (4H, Ar), 7.15–7.13

(2H, NACH@CHAN), 6.96 (6H, Ar), 4.36�4.18 (2H,

CH2AN), 4.06 (2H, eOCH2), 4.02 (4H, OCH2), 3.78 (3H,

NACH3), 1.75–0.6 (19H, CH2); FT-IR (KBr)t: 3157, 3100,

2927, 2856, 1729, 1605, 1500, 1470, 1260, 1170, 1075, and

1035 cm21.

Synthesis of Hydroxide Salt of Imidazolium Polyacrylate

([PAIm][OH])

A solution of potassium hydroxide (0.11 g, 1.92 mmol) in

methanol (10 mL) was added drop-wise to a solution of

[PAIm][Br] (1.0 g) in methanol with stirring at 0�C. The mix-

ture was stirred at room temperature in the dark for 24 h. An

insoluble material was removed through a suction funnel and

the solution was concentrated in vacuo. The residue was then

dissolved in chloroform to remove inorganic salts and the solu-

tion was concentrated in vacuo to obtain [PAIm][OH] (0.94g)

in a yield of 94%. The 1H NMR (400 MHz CDCl3) d (ppm):

8.90 (1H, N@CHAN), 8.04 (2H, Ar), 7.40 (4H, Ar), 7.15–

7.13(2H, NACH@CHAN), 6.98 (6H, Ar), 4.36�4.18 (2H,

CH2AN), 4.02 (2H, OCH2), 4.12 (4H, OCH2), 3.88 (3H,

Scheme 1. Synthesis route of the mesomorphic imidazolium polyacylates.
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NACH3), 1.75–0.6(19H, CH2); FT-IR (KBr)t: 3156, 3100, 2932,

2857, 1730, 1607, 1500, 1470, 1437, 1258, 1169, and 1076 cm21.

RESULTS AND DISCUSSION

Structural Characterization

The structures of the [PAIm][Br], [PAIm][BF4], and [PAI-

m][OH] were well characterized. The FT-IR spectra of the poly-

mers are shown in Figure 1 and the characteristic IR bands are

listed in Table I. The bands at 3156 and 3100 cm21 were

ascribed to CAH stretching of imidazolium rings. The presence

of imidazolium ring indicated successful functionalization of

the brominated precursor. The absorption band at 1035 cm21

in the spectrum of [PAIm][BF4] was attributed to stretching

vibration of tetrafluoroborate anions. The absorption band at

1437 cm21 in the spectrum of [PAIm][OH] was assigned to in

plane bending vibration of hydroxide anions.

The 1H NMR spectra of the imidazolium polymers are shown

in Figure 2. The peaks at 4.36 and 4.18 ppm suggested the pres-

ence of imidazolium cation. Chemical shifts for N@CHAN

were sensitive to anion type, which were observed at 10.85,

9.36, and 8.90 ppm in the spectra of [PAIm][Br], [PAIm][BF4],

and [PAIm][OH], respectively. These shifts agreed well with 1H

NMR spectra of imidazolium cations reported in literatures.18–20

The absence of shift at 3.44 ppm, which was ascribed to alkyl

protons linked to the bromide groups of the precursor sug-

gested the complete functionalization.

Mesophases of the Imidazolium Polyacrylates

DSC and TGA thermograms of the ionic polyacrylates are

shown in Figure 3 and the 5% weight loss temperatures under a

nitrogen atmosphere are listed in Table II. [PAIm][BF4] had a

higher thermal stability than [PAIm][OH]. [PAIm][OH] and

[PAIm][BF4] exhibited more than one decomposition step as

other imidazolium ionic liquids did.21 The initial decomposition

of [PAIm][BF4] was assumed to be triggered by dealkylation of

the cation via an SN2 mechanism, whereas the decomposition

of [PAIm][OH] was likely initiated by a ring opening reaction

caused by the attack of hydroxide anion.22,23

The DSC thermograms suggested that the imidazolium polya-

crylates exhibited two mesophases during the heating scan. The

phase types were assigned based on POM observation. In the

Figure 1. FT-IR spectra of [PAIm][Br], [PAIm][BF4], and [PAIm][OH].

Table I. Characteristic IR Bands in cm21 of [PAIm][BF4] and

[PAIm][OH]

Vibrational mode
of functional groups [PAIm][BF4] [PAIm][OH]

Imidazolium ring
CAH stretching

3157, 3100 3156, 3100

Alkyl CAH stretching 2927, 2856 2932, 2857

C@O stretching 1729 1730

Aromatic ring stretching 160721470 160721470

OH2 bending — 1437

CH2 twisting 1260 1258

CAC stretching 1170 1169

CAOAC stretching 1075 1076

BF2
4 stretching 1035 —

Figure 2. 1H NMR spectra of [PAIm][Br], [PAIm][BF4]. and

[PAIm][OH].

Figure 3. DSC/TGA thermograms of [PAIm][BF4] and [PAIm][OH].

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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case of [PAIm][BF4], a broken focal conic texture was observed

when the sample was heated to 114�C and smectic C phase was

assigned. Upon further heated to 128�C, a characteristic focal

conic texture suggested that smectic A phase developed. Bire-

Table II. Transition Temperatures and Associated Enthalpy Changes of [PAIm][BF4] and [PAIm][OH]

Polymer Mw (g�mol21)
Phase transition temperature (oC)
(enthalpy changes (J�g21)) Td (oC)a

[PAIm][BF4] 1.3 3 104 G 59 K 114 (-b) SC 128 (-b) SA 174 (5.6) I 273

[PAIm][OH] 1.1 3 104 G 55 K 88 (1.8) SC 112 (2.4) SA 146 (0.1) I 209

SA, smectic A; SC, smectic C; K, crystalline; G, glassy; I, isotropic.
a Temperature of 5% weight loss.
b Value is underivable because of the overlapping peaks.

Figure 4. Polarized optical micrographs (6003 magnification) of [PAIm][BF4] at 120�C (a) and 135�C (b); [PAIm][OH] at 100�C (c), and [PAIm][OH]

at 135�C (d). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Photographs of [PAIm][BF4] (a) and [PAIm][OH] (b) films.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 6. Impedance spectra for [PAIm][OH] at 40�C and [PAIm][BF4]

at 120�C.
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fringence disappeared as [PAIm][BF4] became isotropic at

174�C. The characteristic textures observed for [PAIm][BF4]

and [PAIm][OH] are shown in Figure 4. XRD measurements

had been performed to explore molecular arrangements in the

mesophases. However, no clear small angle reflection was

observed for the smectic phases formed by the imidazolium

polyacrylates. Fully interleaved packing of side chains, as the

smectic structure of side chain methylpolyacrylates suggested by

Cook et al.,24 may account for the XRD patterns. The phase

transition temperatures and corresponding enthalpy changes

derived from the DSC thermograms are listed in Table II. Both

[PAIm][BF4] and [PAIm][OH] exhibited liquid crystal phases

over a temperature range of about 60�C. Because protons of

imidazolium ring and fluorine atoms of tetrafluoroborate anion

may form hydrogen bonding,25,26 [PAIm][BF4] had higher

phase transition temperatures than [PAIm][OH].

Self-standing [PAIm][BF4] and [PAIm][OH] films were obtained

through melt-casting method. Anion type had little effect on the

appearance of the casted imidazolium polyacrylates. As shown in

Figure 5, both films were opaque and pale yellow.

Ionic Conductivities of the Imidazolium Polyacrylates

Temperature dependent impedance spectra for [PAIm][BF4] and

[PAIm][OH] were obtained by the EIS technique previously

reported for measurements of ionic liquid crystals.27,28 Imped-

ance responses were characterized by the semicircles at high fre-

quencies, as shown in Figure 6. The resistance (Rb) was

estimated from the intersection of the real axis (Z0) and the

semicircle of the impedance spectrum. The direct current polar-

ization measurements suggested that the charge transport in the

imidazolium polymers was predominant ionic conduction with

a negligible contribution from electrons. The ionic conductivity

r was calculated using the following equation:

r5
L

RbA

where L is the distance (cm) between electrodes and A is the

sample area (cm2).

Figure 7. Temperature dependence of the ionic conductivity of the ran-

dom [PAIm][BF4] (w), random [PAIm][OH] (�), sheared [PAIm][BF4]

(�), and sheared [PAIm][OH] (�).

Figure 8. Polarized optical micrographs (6003 magnification) of [PAIm][OH] sheared at 130�C (a), [PAIm][OH] sheared at 130�C with 45� deflection

(b), [PAIm][BF4] sheared at 155�C (c), and [PAIm][BF4] sheared at 155�C with 45� deflection (d). Directions of A: analyzer; P: polarizer; S: shearing.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Conductivities of [PAIm][BF4] and [PAIm][OH] increased with

increase of temperature over the temperature range up to the

isotropic point, as shown in Figure 7. In a specific phase, log r
versus 1/T approximately followed a straight line. This ionic

conduction rule was also observed for nonmesomorphic side

chain imidazolium polyacrylates.29 However, the increase in the

conductivity was slightly discontinuous at the phase transition

temperatures for [PAIm][BF4] and [PAIm][OH]. The fact sug-

gested that phase type had effect on ionic conductivity. It was

assumed that ionic conduction in imidazolium polymers

depends on the mobility and nature of the corresponding anion

and on glass transition temperature.30 For the imidazolium liq-

uid crystal polyacrylates, nature of the corresponding anion

played an important role in the ionic conduction. Hydrogen

bonding nets in [PAIm][BF4] elevated energy barrier for ion

transportation, whereas high diffusivity of hydroxide ions in

[PAIm][OH] facilitated ion transportation.25,26,31 As a result,

[PAIm][OH] exhibited superior ionic conductivities over

[PAIm][BF4]. Ionic conductivity of the random hydroxide salt

of imidazolium polyacrylate was 7.6 3 1024 S�cm21 at 30�C
and reached 4.45 3 1022 S�cm21 in the smectic A phase

(144�C).

Side chain liquid crystal polymers exhibiting smectic phases can

be macroscopically aligned under the effect of a mechanical

field.32–34 The macroscopic alignments of the imidazolium poly-

acrylates were successfully achieved by mechanical shearing the

random smectic samples in the sandwiched glasses. The sheared

textures were retained upon rapidly cooling to room tempera-

ture for both [PAIm][BF4] and [PAIm][OH]. Periodic change

in brightness with the sample’s rotation for polarizing micro-

scopic observation suggested that long axes of most mesogenic

side chains were parallel to the shear direction (Figure 8). When

the rapidly cooled samples were reheated and held in the liquid

crystal phases, the sheared textures collapsed gradually owing to

molecular rearrangements.

To evaluate the effect of shearing alignment on ionic conduction

in the solid state, EIS measurements were conducted using the

same ITO electrodes. The conduction direction was perpendicu-

lar to the shear plane. The sheared sample exhibited much

higher ionic conductivities than the corresponding random

sample (Figure 7). The increase in conductivities had also been

observed for uniformly aligned imidazolium liquid crystal poly-

mers obtained by in situ photopolymerization.14 The enhanced

conductivities in the sheared samples were ascribed to the

increased ionic pathways formed in the regularly arranged mole-

cules. Ionic conductivity of the sheared [PAIm][OH] reached

1.0 3 1022 S�cm21 at 30�C, which was more than 1 order of

magnitude higher than that of the random [PAIm][OH] at the

same temperature.

CONCLUSIONS

Imidazolium salt terminated side chain polyacrylates containing

hydroxide and tetrafluoroborate anions were prepared from

postpolymerization functionalization of the mesomorphic bro-

minated precursor. The ionic polyacrylates exhibited smectic C

and A liquid crystal phases over a temperature range of

about 60�. Ionic conductivities of the hydroxide salt were much

higher than those of the tetrafluoroborate salt for the imidazo-

lium polyacrylates at the same temperature. The maximum

ionic conductivity of the random hydroxide salt of imidazolium

polyacrylate in the smectic A phase reached 4.45 3 1022

S�cm21. The ionic liquid crystal polyacrylates were successfully

aligned by mechanical shearing in the smectic A phase. Ionic

conductivities of the sheared samples were more than 1 order of

magnitude higher than those of the random samples in the

solid state. The imidazolium side chain liquid crystal polyacry-

lates prepared from postpolymerization functionalization have

potential application in electrochemical devices.
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