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Abstract  A series of well-defined core cross-linked star (CCS) polymeric ionic liquids (PILs) were synthesized via a three-
step approach. First, the styrenic imidazole-based CCS polymer (S-PVBnIm) was prepared by the RAFT-mediated 
heterogeneous polymerization in a water/ethanol solution, followed by the quaternization of S-PVBnIm with bromoalkanes 
and anion exchange. The CCS polymers were characterized by gel permeation chromatography (GPC), nuclear magnetic 
resonance (NMR) spectroscopy, Fourier transform infrared spectroscopy (FTIR), thermal gravimetric analysis (TGA), and 
differential scanning calorimetry (DSC). The obtained CCS polymers were used as the effective emulsifiers for oil-in-water 
high internal phase emulsions (HIPEs). Multiple oils with different polarity including n-dodecane, undecanol, toluene and 
octanol were emulsified using 0.5 wt% S-PVBnIm aqueous solution under the acidic condition to form HIPEs with long-term 
stabilities. The excellent emulsification properties of CCS PILs were demonstrated by HIPE formation for a variety of oils. 
The properties of HIPEs in terms of emulsion type and oil droplet size were characterized by the confocal laser scanning 
microscopy (CLSM). The intriguing capability of CCS PILs to stabilize HIPEs of various oils holds great potentials for the 
practical applications. 
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INTRODUCTION 

High internal phase emulsions (HIPEs) are commonly defined as the concentrated emulsions containing an 
internal phase with a volume above 74%[1, 2]. They are important for a wide range of applications in food, 
cosmetic, pharmaceutical, and petroleum industries. HIPEs have also been used as the templates to prepare 
porous materials (polyHIPEs)[3] via the polymerization of the continuous phase containing monomers and cross-
linkers, and then removal of the internal phase of HIPEs[4−6]. PolyHIPEs are the replica of the emulsion 
structures at the gel point of polymerization and the pore structures of polyHIPEs are predominantly determined 
by the emulsion template. The emulsifiers used in emulsions determine the droplet size as well as the emulsion 
stability during the polymerization and the properties of the resulting polyHIPE. Therefore, the efficient 
stabilizers for HIPEs are highly demanding in the burgeoning soft materials field. 

Surfactants and particles are two important classes of emulsifiers for HIPEs. Typically, HIPEs are stabilized 
by large amounts of the surfactant (5%−50%)[4, 5] to ensure the stability of emulsion when the continuous phase 
is polymerized. However, significant efforts are needed to remove the surfactants from the resulting polyHIPEs. 
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To address such a problem, the colloidal particles, known as the Pickering emulsions, have attracted much 
interest for the stabilization of HIPEs because of their irreversible adsorption at the interface of emulsions[7−9]. 
For example, Akartuna et al.[10] reported the preparation of macroporous ceramics from the Pickering HIPEs 
stabilized by the inorganic particles. In their system, about 35 vol% particles were needed to stabilize the 
emulsions with internal phase fractions of only 72%–78%. Bismark et al.[11, 12] reported the use of silica and 
titania particles at a concentration of 2 wt% to form stable HIPEs with an internal phase volume of 90%. 
Although various inorganic particles have been used to stabilize HIPEs, most of them required subsequent 
chemical treatment or surface modification to tune the wettability. In the preparation of polyHIPEs by the 
reactions of continuous phase, additional considerations of the employed chemistry are needed to avoid the 
collapse of the emulsion structures.  

The organic particles have also been studied as the stabilizers for emulsions. Ngai et al. reported that the 
flexible microgels are excellent candidates for the HIPEs stabilization. The Pickering hexane-in-water (o/w) 
HIPEs with the volume fractions as high as 90% were stabilized by soft poly(N-isopropyl-co-methacrylic acid) 
microgel particles at the concentrations as low as 0.05 wt%[13]. They also prepared HIPEs by a phase inversion 
method using ionizable poly(styrene-co-methacrylic acid) microgels as the particulate emulsifiers[14]. Compared 
to the purely inorganic particles, the organic particles are relatively designable and can be modified with stimuli-
responsive properties, potentially enabling a more diverse range of HIPE emulsifiers to be developed. 

Star polymers represent an important class of polymer architectures and have been used in a wide range of 
fields[15−28]. The core cross-linked star (CCS) polymers have a large number of arms connected to a highly cross-
linked central core, which have been synthesized via either the core-first or the arm-first methods[15, 16]. The 
synthesis of CCS polymers via the RAFT-mediated arm-first method has been carried out predominantly in the 
solution polymerization, which typically suffers long reaction time, relatively low yields or high dispersity. 
Recently, several strategies have been developed to resolve these problems associated with the RAFT solution 
synthesis of CCS polymers. Boyer and co-workers employed the cross-linkers of low solubility in organic 
solvents to provide the CCS polymers with low dispersity[29]. Qiao and co-workers improved the livingness of 
photo-controlled RAFT polymerization to synthesize well-defined CCS polymers in high yields[30]. Recently, we 
developed a new method for the synthesis of CCS polymers via the RAFT-mediated heterogeneous 
polymerization including both the emulsion and dispersion polymerization[31−36], and explored their properties as 
the effective interfacial stabilizers for HIPEs[37−40].  

Ionic liquids (ILs) consist of cation/anion pairs with melting points below the boiling point of water       
(100 °C)[41]. The polymeric ionic liquids (PILs) have repeat units that are ionic liquids themselves. PILs 
combining the unique properties of ILs and the processability of polymers have been found the applications in 
various fields[42]. Especially, PILs have been investigated as the interfacial stabilizers and some of them show 
ion-responsive properties[42], which are discussed in this study. We hypothesize that if the arms of CCS polymers 
are made of PILs, the CCS PILs would have a combination of nanosize (high adsorption energy at interface), 
arm flexibility (optimal configuration at interface), and a high degree of structural diversity (tunable wettability). 
These projected properties of CCS PILs point to a new generation of effective interfacial stabilizers for the 
emulsions. Herein, we report the synthesis of a series of well-defined styrenic imidazolium-based CCS PILs, and 
their characterization and the use as the emulsifiers are also discussed. 

EXPERIMENTAL 

Materials 
2,2′-Azobis(2-methylpropionamidine) dihydrochloride (V-50, 97%) and styrene (99%) were purchased from 
Sigma-Aldrich. 4-Vinylbenzyl chloride (VBCl, 90%) was purchased from J&K Scientific. Imidazole (99%), 
acetone (> 99.5%), N,N-dimethylformamide (DMF, > 99.5%), 2,2′-azobis(2-methylpropionitrile) (AIBN, CP), 
hydrogen chloride (36%−38%), sodium hydroxide (96%), anhydrous sodium sulfate (AR), sodium bicarbonate 
(99.5%), dichloromethane (99.5%), divinylbenzene (DVB; mixture of o-, m-, p- isomers; 50% ethyl vinyl 
benzene and diethylbenzene content), anhydrous diethyl ether (> 99.7%) were purchased from Sinopharm 
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Chemical Reagent Co., Ltd. Bromoethane (99%), n-butylbromide (99%), 1-bromooctane (98%), 
bromoacetonitrile (97%), sodium fluoroborate (NaBF4, 99%), sodium hexafluorophosphate (NaPF6, 99%) and 
lithium bis(trifluoromethanesulphonyl) imide (LiTFSI, 99%) were purchased from Aladdin Reagent. 

Characterization 
NMR spectra were collected on a Bruker AV 500 MHz spectrometer in dimethyl sulphoxide (DMSO) and the 
chemical shifts were reported using the solvent residue as the reference. Fourier transform infrared (FTIR) 
spectra were collected at room temperature on a Nicolet AVATAR370 FT-IR spectrometer. Gel permeation 
chromatography (GPC) was performed on a Waters Alliance e2695 GPC system, equipped with a Styragel guard 
column, a Waters Styragel HR3 (molecular weight range 5.0 × 102 − 3.0 × 104 g/mol), a Waters Styragel HR4 
(molecular weight range 5.0 × 103 − 6.0 × 105 g/mol), and a Waters Styragel HR5 (molecular weight range      
5.0 × 104 − 4.0 × 106 g/mol), equipped with a 2414 refractive index (RI) detector using DMF (HPLC grade, 
containing 1 mg/mL LiBr) as the eluent at a flow rate of 0.8 mL/min. The temperature of the columns was set at 
65 °C and the temperature of the refractometer was set at 45 °C. Analysis of the molecular weight and the 
dispersity was performed using Empower 2 software against PMMA standards (molecular weight range           
2.4 × 102 − 1.0 × 106 g/mol). Dynamic light scattering (DLS) was performed on a Malvern ZS90 at a detection 
angle of 90°. Z-average radius and polydispersity were automatically analyzed in the cumulant mode using the 
Malvern software. The concentration of the samples was 0.5 wt%. Thermal stabilities of PIL CCS polymers were 
measured by thermal gravimetric analysis (TGA, TA Instrument, Q500) at a heating rate of 10 K/min under N2 
over a temperature range of 25−600 °C. Glass transition temperatures (Tg) were measured on a differential 
scanning calorimeter (DSC) (TA Instrument, Q2000) under N2. The samples were initially heated to 200 °C for 
10 min to remove the thermal history. Tg was determined from the second heating cycle (−30 °C to 300 °C) at a  
heating ramp of 5 K/min. Interfacial tensions were measured at 25 °C on a Dataphysics OCA20 via drop shape 
analysis using the pendent drop method. A drop of water or CCS polymer aqueous solution (0.5 wt%) was 
slowly formed into dodecane via a needle, and the shape of the drop was analyzed using software. Confocal laser 
scanning microscopy (CLSM) was performed on an Olympus F1000 microscope using the 488 nm laser to excite 
the samples stained with Nile red in the oil phase. The samples were directly placed on the cover slides and the 
x/y layers were scanned. The photographs of emulsions were taken with a digital camera (FinePix JV100). 

Synthesis of VBnIm Monomer 
VBnIm was prepared according to the procedures described in the literature[43]. 1H-NMR (500 MHz, DMSO, δ): 
7.77 (1H, s, N―CH―N), 7.45 (2H, d, Ph), 7.23 (2H, d, Ph), 7.18 (H, s, N―CH＝CH―N), 6.94 (H, s,      
N―CH＝CH―N), 6.71 (1H, m, CH＝CH), 5.82 (1H, d, CH＝CH), 5.25 (1H, d, CH＝CH), 5.18 (1H, s,    
Ph―CH―N). 

Synthesis of PVBnIm Macro-CTA (L-PVBnIm) 
PVBnIm macromolecular chain transfer agent (macro-CTA) was synthesized by the RAFT polymerization of 
VBnIm in DMF using a chain transfer agent (CTA) 2-ethylsulfanylthiocarbonylsulfanyl-propionic acid methyl 
ester at 70 °C. The concentration of VBnIm was 0.5 g/mL, and the molar ratio of CTA/VBIm/AIBN was 
controlled at 1:100:0.2. CTA (94.5%, 0.338 g, 1.4 mmol) and VBnIm (26.2 g, 140 mmol) were dissolved in  
52.4 mL of DMF. The solution was degassed with nitrogen at 0 °C for 40 min and then immersed into an oil bath 
at 70 °C. After the temperature was stabilized, a degassed solution of AIBN (46.7 mg, 0.28 mmol) in dioxane 
was injected via a microsyringe. The polymerization was conducted for 24 h and was stopped when the 
monomer conversion reached 79% as determined by 1H-NMR. The solution was diluted and the polymer was 
precipitated in ethyl ether. The polymer was collected by centrifugation and purified by the precipitation of the 
dichloromethane solution of the polymer in ethyl ether twice. After drying under vacuum, 18.74 g yellow solid 
was obtained, yield 89%. Mn,th = 14.8 kg/mol, Mn = 14.8 kg/mol (GPC), Ð = 1.07 (GPC). 1H-NMR (500 MHz, 
DMSO-d6, δ): 7.67 (1H, s, N―CH―N), 7.00 (2H, d, Ph), 6.75 (2H, d, Ph), 6.34 (2H, d, N―CH＝CH―N), 
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5.03 (2H, s, Ph―CH―N), 1.69−0.96 (backbone ―CH2―CH―). 

Synthesis of PVBnIm CCS Polymer (S-PVBnIm) 
S-PVBnIm was synthesized via the RAFT-mediated dispersion polymerization in a water/ethanol solution. The 
concentration of L-PVBnIm (macro-CTA) was 0.05 g/mL, and the molar ratio of L-PVBnIm/styrene/DVB/V-50 
was controlled at 1:5:5:0.2. L-PVBnIm (7.27 g, 0.49 mmol) was dissolved in a water/ethanol solution (1:1, V:V, 
145.2 mL), to which were added styrene (0.256 g, 2.45 mmol) and DVB (0.64 g, 2.45 mmol). After the mixture 
was degassed with N2 in an ice/water bath for 40 min, it was immersed into an oil bath at 70 °C. After the 
temperature was stabilized, a predegassed V-50 solution (200 μL, 26.7 mg, 0.1 mmol) was injected via a 
microsyringe. The polymerization was allowed to continue for 5 h under the protection of N2. The CCS polymer 
was synthesized in a 95% yield, which was purified by repeated ultrafiltration of its aqueous solution using 
Amicon Ultra-15 filtration tubes (MWCO 30 kg/mol) at a speed of 6000 r/min. RI-GPC: Mn = 96.6 kg/mol,       
Ð = 1.10. 1H-NMR (500 MHz, DMSO-d6, δ): 8.03 (1H, s, N―CH―N), 7.21 (2H, d, Ph), 7.02 (2H, d, Ph), 6.37 
(2H, d, N―CH＝CH―N), 5.11 (2H, s, Ph―CH―N), 2.08−0.98 (backbone ―CH2―CH―). 

Synthesis of Cationic CCS Polymers by the Quaternization of S-PVBnIm 
A general protocol for the synthesis of cationic CCS polymers was as follows: 0.06 mmol of S-PVBnIm,         
7.2 mmol of n-alkyl bromide or bromoacetonitrile and 5 mL of methanol were added into a 10 mL reactor. The 
mixture was stirred at 80 °C for 48 h. After cooling down, the reaction mixture was added dropwise into 100 mL 
of ethyl ether. The precipitate was filtered and dried under vacuum to a constant weight.  

CCS poly(3-ethyl-1-(vinylbenzyl)imidazolium) bromide (S-PVBnEtImBr), 1H-NMR (500 MHz, DMSO-d6, 
δ): 9.92 (1H, s, N―CH―N), 7.91 (2H, d, Ph), 7.36 (2H, d, Ph), 6.37 (2H, d, N―CH＝CH―N), 5.55 (2H, s, 
Ph―CH―N), 4.23 (CH3―CH2―N), 2.01−0.59 (backbone ―CH2―CH― and CH3―CH2―N). 

CCS poly(3-butyl-1-(vinylbenzyl)imidazolium) bromide (S-PVBnBuImBr), 1H-NMR (DMSO-d6, δ): 10.22 
(1H, s, N―CH―N), 7.92 (2H, d, Ph), 7.33 (2H, d, Ph), 6.33 (2H, d, N―CH＝CH―N), 5.56 (2H, s,        
Ph―CH―N), 4.20 (CH3(CH2)2―CH2―N), 1.98−0.49 (backbone ―CH2―CH― and CH3―(CH2)3―N). 

CCS poly(3-octyl-1-(vinylbenzyl)imidazolium) bromide (S-PVBnOcImBr), 1H-NMR (DMSO-d6, δ): 9.99 
(1H, s, N―CH―N), 7.93 (2H, d, Ph), 7.34 (2H, d, Ph), 6.34 (2H, d, N―CH＝CH―N), 5.53 (2H, s,        
Ph―CH―N), 4.21 (CH3(CH2)6―CH2―N), 1.98−0.50 (backbone ―CH2―CH― and CH3―(CH2)6―N). 

CCS poly(3-acetonitrile-1-(vinylbenzyl) imidazolium) bromide (S-PVBnAceImBr), 1H-NMR (DMSO-d6, 
δ): 10.11 (1H, s, N―CH―N), 8.07 (2H, d, Ph), 7.30 (2H, d, Ph), 6.39 (2H, d, N―CH＝CH―N), 5.91 (2H, s, 
Ph―CH―N), 5.59 (―CH2―CN), 1.99−0.59 (backbone ―CH2―CH―). 

Synthesis of PIL CCS Polymers by Anion Exchange 
The anion exchange reactions for S-PVBnEtImBr were performed to replace the Br− with other anions including 
BF4

−, PF6
− and TFSI−. The salt (2.97 g NaBF4, 4.49 g NaPF6, 7.76 g LiTFSI) was dissolved in deionized water 

and the solution was added dropwise into a 0.5 g of S-PVBnEtImBr aqueous solution with an anion molar ratio 
of Br−/(BF4

− or PF6
− or TFSI− ) at 1/10. The reaction mixture was stirred overnight, followed by filtration and 

washing with water three times. The end-point of exchange reactions was determined by showing no AgBr 
precipitation after the washing step (silver nitrate test). The resulting CCS PILs were dried in a vacuum oven for 
at least 24 h. The abbreviation of CCS PILs is designated according to the new anions: S-PVBnEtImBF4,          
S-PVBnEtImPF6 and S-PVBnEtImTFSI. Due to the low solubility of S-PVBnOcImBr in water, the anion 
exchange was conducted in DMF. S-PVBnOcImBr (0.21 g) and LiN(CF3SO2)2 (0.25 g) were dissolved in        
2.1 mL of DMF and stirred for 48 h at room temperature. Then, the reaction solution was added dropwise into  
30 mL of water for affording a viscous solid, which was then dissolved in THF. The precipitation was conducted 
by adding methanol/water (1/1, V/V) mixture into THF solution. The precipitation was repeated as described 
above and the final precipitate was dried under vacuum. 
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S-PVBnEtImBF4, 1H-NMR (DMSO-d6, δ): 9.16 (1H, s, N―CH―N), 7.72 (2H, d, Ph), 7.49 (2H, d, Ph), 
7.11 and 6.43 (2H, d, N―CH＝CH―N), 5.22 (2H, s, Ph―CH―N), 4.16 (CH3―CH2―N), 1.99−0.80 
(backbone ―CH2―CH― and CH3―CH2―N). 

S-PVBnEtImPF6, 1H-NMR (DMSO-d6, δ): 9.16 (1H, s, N―CH―N), 7.72 (2H, d, Ph), 7.49 (2H, d, Ph), 
7.04 and 6.43 (2H, d, N―CH＝CH―N), 5.22 (2H, s, Ph―CH―N), 4.16 (CH3―CH2―N), 1.99−0.53 
(backbone ―CH2―CH― and CH3―CH2―N). 

S-PVBnEtImTFSI, 1H-NMR (DMSO-d6, δ): 9.20 (1H, s, N―CH―N), 7.76 (2H, d, Ph), 7.42 (2H, d, Ph), 
6.96 and 6.39 (2H, d, N―CH＝CH―N), 5.18 (2H, s, Ph―CH―N), 4.16 (CH3―CH2―N), 1.99−0.53 
(backbone ―CH2―CH― and CH3―CH2―N). 

S-PVBnOcImTFSI, 1H-NMR (DMSO-d6, δ): 9.27 (1H, s, N―CH―N), 7.76 (2H, d, Ph), 7.49 (2H, d, Ph), 
6.96 and 6.32 (2H, d, N―CH＝CH―N), 5.22 (2H, s, Ph―CH―N), 4.12 (CH3―CH2―N), 1.99−0.53 
(backbone ―CH2―CH― and CH3―(CH2)6―N). 

Preparation of HIPEs 
The total volume of all the prepared emulsions was 1.5 mL and the oil phase volume fraction (Voil) was 80%. 
The oils include n-dodecane, undecanol, toluene, octanol and chloroform. An aqueous solution of the CCS 
polymers was mixed with one of the oils, and the mixture was homogenized using a Polytron PT 1200E 
homogenizer (7 mm head), operating first at the 1/4 position of the scale for 30 s and then at the maximum speed 
of 25000 r/min for 30 s. The emulsion type was identified by CLSM with the emulsions stained by Nile red in 
the oil phase. 

RESULTS AND DISCUSSION 

The synthesis of CCS PILs involved four steps as outlined in Scheme 1. In the first step, the RAFT 
polymerization of VBnIm in DMF was stopped at 79% monomer conversion and thus provided linear PVBnIm 
(L-PVBnIm) with Mn of 14.8 kg/mol and Ð of 1.07. L-PVBnIm was used as the macro-CTA for the second step 
synthesis of CCS polymer (S-PVBnIm) via the dispersion polymerization in the ethanol/water solution          
(1/1, V/V) by using styrene as the spacing monomer and DVB as the cross-linker. The formation of S-PVBnIm 
was monitored by GPC, which showed a gradual reduction of L-PVBnIm and evolution of high molecular 
weight species as a function of polymerization time, and the monomer conversion reached 95% after 1.5 h     
(Fig. 1a). No apparent change of GPC traces was observed for the reactions over 2 h (see kinetic plot in Fig. S2), 
suggesting that the polymerization was completed within 1.5 h. In order to obtain S-PVBnIm with high purity, 
the as-synthesized crude product was purified by ultrafiltration. From Fig. 1(b), we can see that the well-defined         
S-PVBnIm with Mn of 96.6 kg/mol and Ð of 1.10 was obtained after ultrafiltration. This purified S-PVBnIm was 
used for the subsequent synthesis to ensure the achievement of the well-defined CCS PILs. The purified            
S-PVBnIm was characterized by 1H-NMR (Fig. 2a). As expected, it was similar to that of L-PVBnIm. The core 
of S-PVBnIm was highly cross-linked and thus the protons in the core were not detectable by 1H-NMR 
measurement. 

The quaternization reactions of S-PVBnIm were conducted with excess amounts of n-alkyl bromide (n = 2, 
4 and 8) or bromoacetonitrile to ensure the quantitative conversion of the imidazole units to the imidazolium 
units. In comparison with the 1H-NMR spectrum of S-PVBnIm, the 1H-NMR spectra (Fig. 2a) of n-alkylated 
cationic CCS polymers, namely S-PVBnEtImBr, S-PVBnBuImBr, and S-PVBnOcImBr showed a new 
resonance (g) at δ = 4.25, corresponding to the methylene group resulted from alkylation. Both the benzylic 
protons and the protons on the imidazolium rings showed notable shifts to the downfield position, in comparison 
with those on the imidazole ring due to the aromatization upon quaternization. Most importantly, the integration 
ratio of g/c was unity, suggesting the quantitative conversion of quaternization. The successful quaternization 
was also confirmed by the FTIR analysis (Fig. 2b). Before quaternization, the neutral imidazole ring in              
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S-PVBnIm showed two absorption peaks at 1080 cm−1 (C―N―C and C―H in-plane bending) and 1520 cm−1 
(C＝C and C＝N stretching). After quaternization, the cationic imidazolium rings in S-PVBn(alkyl)ImBr 
showed new absorption peaks at 1150 cm−1 (C―N―C in-plane bending) and 1560 cm−1 (C＝C and C＝N 
stretching), respectively. 

 

Scheme 1  Synthesis of CCS PILs: (1) DMF, 0.4 g/mL, AIBN, 70 °C, 30 h; (2) ethanol/water (V/V = 1/1), 0.05 g/mL, 
styrene, DVB, V-50, 70 °C, 5 h; (3) methanol, 0.2 g/mL, n-alkyl bromide or bromoacetonitrile, 70 °C, 48 h; (4) water or 
DMF, NaBF4 or NaPF6 or LiTFSI, room temperature, 48 h 

 

Fig. 1  (a) GPC traces as a function of polymerization time; (b) GPC traces of L-PVBnIm macro-CTA, as-synthesized 
S-PVBnIm and purified S-PVBnIm 
 



Q.J. Chen and Z.S. An 60

CCS PILs were finally obtained via anion exchange of bromide in the corresponding cationic CCS 
polymers with three hydrophobic anions including BF4

−, PF6
−, and TFSI−. The presence of different anions is 

expected to affect the thermal stability, glass transition temperature and amphiphilicity of CCS PILs. Upon the 
anion exchange, all the proton resonances of imidazolium rings shifted to the upfield (Fig. 3a), compared to 
those with bromide as the anion (Fig. 2a). For example, proton f was located at δ = 10.11 in S-PVBnEtImBr, but 
it shifted to δ = 9.16−9.27 in S-PVBnEtImBF4, S-PVBnEtImPF6, and S-PVBnEtImTFSI. The FTIR results   
(Fig. 3b) also confirmed structures of the anion-exchanged CCS PILs by showing the characteristic peaks of the 
corresponding anions (i.e. TFSI− 1340, 1200 cm−1; PF6

− 833 cm−1; BF4
− 1050 cm−1)[44−46]. 

 

Fig. 2  (a) 1H-NMR spectra of L-PVBnIm, S-PVBnIm and quaternized CCS polymers in DMSO-d6; (b) FTIR spectra of      
S-PVBnIm and the quaternized CCS polymers 
 

TGA profiles showed that the thermal stabilities of CCS PILs were very sensitive to different anions[47]. The 
CCS polymers bearing Br−, S-PVBn(alkyl)ImBr (alkyl = Et, Bu, Oc), have the similar weight loss patterns    
(Fig. 4a). The first stage of weight loss (5%−10%) below 100 °C for S-PVBn(alkyl)ImBr was attributed to the 
loss of some residual water, due to the high hygroscopicity of these polyelectrolytes[48]. A sharp weight loss 
(35%−51%) appeared from 213 °C to 358 °C because of the nucleophilic substitution of alkylimidazole by  
Br−[48, 49]. Finally, the third stage of weight loss (28%−30%) occurred starting from 409 °C, which was attributed 
to degradation of the polystyrene backbone. Figure 4(b) shows the different patterns of weight loss when Br− was 
replaced by the less coordinating anions (i.e. BF4

−, PF6
−, TFSI−). No weight loss corresponding to residual water 

was observed below 100 °C for the relatively high hydrophobicity of the CCS PILs. Moreover, the weight loss of 
CCS PILs with BF4

− and TFSI− as anions did not take place until heating to 364 °C, suggesting the enhanced 
thermal stabilities of these CCS PILs[50, 51]. The occurrence of only one step of decomposition for S-PVBnEtBF4 
was somewhat different from the two steps of decomposition of the similar linear polymer[48]. However,                   
S-PVBnEtImPF6 displayed a two-step decomposition profile similar to the literature report on a linear 
polymer[48]. The onset of decomposition for S-PVBnEtImPF6 occurred at 245 °C, ascribing to an anion-mediated 
decomposition mechanism and the second decomposition was due to the decomposition of polymer backbone[48]. 

Tg of the CCS PILs was highly dependent on the chain length of the alkyl groups and the type of anions. 
Because the CCS PILs were better plasticized by longer alkyl chains, Tg decreased from 161 °C for                    
S-PVBnEtImBr bearing an ethyl group to 116 °C for S-PVBnOcImBr with an octyl group. For S-PVBnOcImBr, 
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Tg tremendously reduced to 8 °C after Br− was replaced by TFSI− (Fig. 5a). To further investigate the effect of 
anions on Tg of CCS PILs, ethylimidazolium-based CCS PILs with different anions were also characterized by 
DSC (Fig. 5b). It was observed that Tg decreased in the order of Br− > PF6

− > BF4
− > TFSI−, in agreement with 

the literature data on the ionic liquids[52, 53].  
 

Fig. 3  (a) 1H-NMR spectra of the PIL CCS polymers in DMSO-d6; (b) FTIR spectra of the PIL CCS polymers 
 

Fig. 4  TGA profiles of the CCS polymers 
 

The imidazole units in S-PVBnIm can be protonated and thus can be dissolved in acidic aqueous solutions. 
Interestingly, S-PVBnIm in aqueous solutions with different pH values exhibited excellent emulsification 
properties for a range of oils with varying polarities (e.g. dodecane, undecanol, toluene, octanol and chloroform), 
leading to the formation of HIPEs. As shown by the inverted vials containing emulsions (Fig. 6A), stable and 
gelled HIPEs containing 80 vol% of dodecane and 20 vol% of S-PVBnIm aqueous solution (0.5 wt%) were 
formed at pH ≤ 4.6. At pH above 4.6, S-PVBnIm became insoluble and thus could not be employed as an 
emulsifier in this case. CLSM revealed that the emulsions were of oil-in-water type comprising of droplets 
around 33 μm. When octanol (80 vol%) was used as the oil phase, stable HIPEs were formed as pH below 1.0 
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(Fig. 6B). The emulsions containing octanol were also of oil-in-water type with the droplets of ~13 μm as 
revealed by CLSM analysis. For toluene and chloroform with relatively higher polarity, the acidity of the 
solution necessary for HIPE formation was 2 mol/L HCl. In such a condition, it ensures a much higher degree of 
protonation (the imidazole units in the inner space of CCS polymers may be more difficult to be protonated) to 
reach a suitable wettability for the interface of octanol/water. HIPEs were stable and could be inverted under the 
acidic condition (Fig. S3). However, it should be emphasized that S-PVBnIm may not be suitable as the 
emulsifiers at high acidity, which is in direct contrast to the final PIL CCS polymers that are excellent 
emulsifiers on their own. At the pH 0.5, water-in-oil-in-water type of emulsions appeared and the size of the 
droplets reduced markedly from 50 μm to 20 μm. The emulsion evolution with increasing pH suggests that the 
degree of protonation of the imidazole units in S-PVBnIm primarily determines the solubility/location of           
S-PVBnIm in octanol, water, or the interface. Highly protonated S-PVBnIm predominantly dissolves in the 
aqueous solution and favors the formation of oil-in-water HIPEs, while at least a portion of less protonated       
S-PVBnIm may partition into the octanol phase, leading to the formation of multiple emulsions. 
 

Fig. 5  DSC curves of the CCS polymers 
 

Fig. 6  Photographs of HIPEs stabilized by 0.5 wt% S-PVBnIm at different acidicity for dodecane (80 vol%) (A) and 
octanol (80 vol%) (B); (C) CLSM images of HIPEs (80 vol%, 0.5 wt% S-PVBnIm, pH = 0.5) with the oil being dodecane 
(a), undecanol (b), toluene (c), octanol (d) and chloroform (e) 

 
After the quaternization of S-PVBnIm with bromoalkanes, the water-soluble imidazolium-containing CCS 

polymers, S-PVBnEtImBr and S-PVBnBuImBr, were also studied as the stabilizers in emulsions (Fig. 7).         
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S-PVBnIm, S-PVBnEtImBr and S-PVBnBuImBr could be used directly in water due to their excellent water 
solubility expect S-PVBnOcImBr with insolubility in water. S-PVBnEtImBr could emulsify dodecane, 
undecanol and toluene to form oil-in-water HIPEs with 80 vol% of oil, but could only emulsify octanol and 
chloroform to form water-in-oil-in-water multiple emulsions with 50 vol% of oil due to the relatively high 
polarity of octanol and chloroform. When S-PVBnBuImBr was used as the emulsifier, oil-in-water HIPEs 
containing 80 vol% of dodecane, undecanol, and toluene could be reliably formed, HIPEs with dodecane and 
undecanol were gelled emulsions as tested by invertedvial method while HIPE with toluene was a viscous fluidic 
emulsion. The emulsification of octanol using S-PVBnBuImBr only resulted in the formation of ordinary        
oil-in-water emulsions with 50 vol% of octanol, and further increase in the octanol volume fraction led to 
emulsion inversion, i.e., the formation of water-in-oil emulsions. These results again suggest that                       
S-PVBn(alkyl)ImBr with a shorter alkyl group and better water-solubility favors the formation of oil-in-water 
HIPEs, especially for the oils with relatively high polarity. 
 

Fig. 7  (A) Photograph of HIPEs (80 vol% of dodecane (DD), undecanol (UD), toluene (TL) and octanol (OA)) stabilized 
by 0.5 wt% of S-PVBnBuImBr; (B) CLSM images of emulsions stabilized by 0.5 wt% of S-PVBnBuImBr; (C) CLSM 
images of emulsions stabilized by S-PVBnEtImBr with the oil being dodecane (80 vol%) (a), undecanol (80 vol%) (b), 
toluene (80 vol%) (c), octanol (50 vol%) (d) and chloroform (50 vol%) (e), respectively  

 
For CCS PILs, only S-PVBnEtImBF4 was readily soluble in water at the temperatures higher than 32 °C due 

to the presence of an upper critical solution temperature (UCST) for such polyelectrolytes bearing BF4
− as the 

anion[54, 55]. The 0.5 wt% aqueous solution of S-PVBnEtImBF4 was transparent at 40 °C, and it became 
translucent at 30 °C, and turned completely turbid at 25 °C (Fig. 8a). These solubility changes as a function of  
 

 
Fig. 8  (a) Appearance of a 0.5 wt% S-PVBnEtImBF4 solution at different temperatures; (b) Photograph of the emulsions at 
room temperature containing different fractions of dodecane and 0.5 wt% S-PVBnEtImBF4 solution 
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temperature are consistent with UCST thermal transitions. Because S-PVBnEtImBF4 was completely dissolved 
in water at 40 °C with a Dh of 30 nm (a reasonable size for such CCS polymers), the emulsification of dodecane 
was first conducted at 40 °C and then naturally cooled to room temperature. Interestingly, gelled emulsions with 
a broad range of oil fractions (30 vol%−90 vol%) were effectively formed (Fig. 8b). While these gelled 
emulsions fully deserve further detailed investigations, we reasoned that the gelation of emulsions is presumably 
due to the UCST properties of S-PVBnEtImBF4. Upon cooling below its UCST, intra-/inter- star association 
occurs, leading to the network-like structures between the oil droplets. The interesting emulsification and 
gelation properties for emulsions suggest that CCS PIL may serve as the effective and responsive stabilizers for 
emulsions. 

CONCLUSIONS 

Well-defined S-PVBnIm, S-PVBn(alkyl)ImBr and S-PVBn(alkyl)ImX (X = BF4
−, PF6

−, TFSI−) CCS polymers 
were synthesized, producing a rich library of the pH-responsive and cationic CCS polymers whose thermal and 
emulsification properties could be modulated by a large degree of structural variations. S-PVBnIm are effective 
emulsifiers for the formation of HIPEs under the acidic conditions, while S-PVBn(alkyl)ImBr can be used under 
neutral conditions for the formation of HIPEs and their emulsification properties are dependent on the length of 
alkyl groups (Et versus Bu). Finally, S-PVBnEtImBF4, the only water-soluble CCS PIL above its UCST, shows 
interesting gelation of emulsions containing a broad range of dodecane fractions (from low to high internal phase 
emulsions) due to the physical association of CCS polymers at room temperature. This library of the CCS 
polymers greatly expands the polymer materials as the effective emulsifiers and is also expected to find 
applications in the heterogeneous catalysis[56]. 
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