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Summary. Four geminal ionic liquids (GILs), namely, 1,4-bis(1,1′-butyl-3,3′- meth-
ylene-imidazolium)-benzene bis[(trifluoromethyl)sulfonyl]imide (BBMIB-NTf2), 1,4- 
bis(1,1′-butyl-3,3′-methylene-imidazolium)-benzene tetrafluoroborate (BBMIB-BF4), 1,4- 
bis(1,1′-butyl-3,3′-methylene-imidazolium)-benzene hexafluophosphate (BBMIB-PF6), 
and 1,4-bis(1,1′-methyl-3,3′-methylene-imidazolium)-benzene bis[(trifluoromethyl) sul-
fonyl]imide (BMMIB-NTf2), were synthesized. They were statically coated onto the inner 
walls of fused-silica capillary columns and used as stationary phases for gas chromatog-
raphy. The evaluation of BBMIB-NTf2, BBMIB-BF4, BBMIB-PF6, and BMMIB-NTf2 as sta-
tionary phases is reported here for the first time. These new stationary phases exhibit ef-
ficiencies of at least 2.3 × 103 plates per meter. Abraham solvation parameter model was 
used to evaluate the solvation characteristics. The system constants indicated that the 
dipolarity/polarizability and the hydrogen-bond basicity play a major role among five 
molecular interactions between stationary phases and solute molecules. A fundamental 
understanding into the solvation characteristics of these GILs can be used as a guide to 
choosing the appropriate geminal ionic liquids for specific applications in various fields. 
The chromatographic separation performance was evaluated by a Grob test mixture, 
n-alkanes, alcohols, and aromatic isomers. Furthermore, the thermal stability was tested. 
The present results demonstrate that these geminal ionic liquids stationary phases pos-
sess excellent chromatographic separation performance and good thermal stability (at 
least up to 270 °C) and may be applicable as gas chromatography stationary phases for 
more application.  
 
Key Words: geminal ionic liquids, stationary phases, capillary gas chromatography, 
separation performance 

 

Introduction 
 
Due to the unique properties such as low volatility, high thermal stabilities, 
and variable polarities, ionic liquids as stationary phases for gas chroma-
tography have received an increasing attention and made great progress in 
various areas of analytical chemistry research over the past decades. Ionic 
liquids, collectively known as organic salts, are nonmolecular ionic solvents 
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with melting points at or below 100 °C. In most cases, ionic liquids are 
composed of nitrogen- or phosphorus-containing organic cations (e.g., alkyl 
imidazolium, alkyl phosphonium, alkyl pyrrolidinium, alkyl pyridinium, 
etc.) with inorganic anions (e.g., Cl−, PF6−, BF4−, etc.) or organic anions (e.g., 
NTf2−, TfO−, etc.). It has been reported that the amount of possible combina-
tions of ionic liquids can be up to 1018, because their corresponding cation-
ic/anionic moieties can be easily altered [1].  

In recent decades, ionic liquids have attracted an increasing attention in 
various areas of chemistry research due to their specific and beneficial 
physicochemical characteristics such as high thermal stability, a wide liq-
uid-phase temperature range, and negligible vapor pressure, in addition to 
varying viscosities, nonflammability, and variable polarities. The aforemen-
tioned unique properties allow ionic liquids to be widely applied in various 
analytical applications including gas chromatography [2–4], 
high-performance liquid chromatography [5], solvent-based microextraction 
[6], sorption-based extractions [7, 8], capillary electrophoresis [9, 10], mass 
spectrometry [11], and electrochemical sensing systems [12]. 

Moreover, their tunable selectivity and thermal stability enable ionic 
liquids to be employed as gas chromatographic stationary phases on the 
inner wall of fused silica capillaries. Unlike conventional stationary phases, 
ionic liquids possess the ability of undergoing multiple solvation interac-
tions, thus revealing unique selectivities toward a wide range of analytes 
with various functional groups [13]. Until now, the ionic liquids employed 
as stationary phases in gas chromatography are mainly composed of diver-
sified cations such as imidazolium [2], phosphonium [14], pyridinium [15], 
pyrrolidinium [16], and morpholinium [13] paired with several inorganic or 
organic anions. In order to increase the liquid range and improve thermal 
stability of ionic liquids, geminal ionic liquids were reported [17]. Compared 
with traditional monocationic ionic liquids, geminal ionic liquids exhibited 
higher thermal stabilities over 350 °C. The operating temperature ranges 
were also greatly expanded by using geminal ionic liquids as gas chroma-
tographic stationary phases [18]. Moreover, polymerized ionic liquids [19], 
functionalized ionic liquids [20], and chiral ionic liquids [21] have been ex-
ploited in gas chromatography. In addition, some ionic liquids stationary 
phases have been successfully used in the analysis of polyaromatic hydro-
carbons [22], flavor and fragrant compounds [23], and fatty acid methyl es-
ters [24]. 

In this work, four geminal ionic liquids (GILs) comprised of imidazo-
lium-based dications containing relatively inert anions were synthesized, 
which were named 1,4-bis(1,1′-butyl-3,3′-methylene-imidazolium)-benzene 
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bis[(trifluoromethyl)sulfonyl]imide (BBMIB-NTf2), 1,4-bis(1,1′-butyl-3,3′- 
methylene-imidazolium)-benzene tetrafluoroborate (BBMIB-BF4), 1,4-bis 
(1,1′-butyl-3,3′-methylene-imidazolium)-benzene hexafluophosphate 
(BBMIB-PF6), and 1,4-bis(1,1′-methyl-3,3′-methylene-imidazolium)-benzene 
bis[(trifluoromethyl)sulfonyl]imide (BMMIB-NTf2). Subsequently, GILs 
were statically coated onto the inner walls of fused silica capillary columns 
(10 m × 0.25 mm, inner diameter). In this work, the BBMIB-NTf2, BBMIB-BF4, 
BBMIB-PF6, and BMMIB-NTf2 used as stationary phases for gas chroma-
tography are reported for the first time. After this, Abraham system con-
stants were calculated to evaluate the solvation characteristics of the GILs, 
respectively. This is the first report to examine the solvation characteristics 
of the four GILs using the Abraham solvation parameter model. The results 
can provide additional insight on how to choose geminal ionic liquids ca-
pable of exhibiting desired solvation properties for specific applications. The 
separation performance of these GILs columns was evaluated by a Grob test 
mixture, several mixtures of homologous series, and aromatic positional 
isomers, and the effect of the nature of the cations and anions on the chro-
matographic separation performance was explored and will be discussed. 
 

Experimental 

Materials and Equipments 
 
Sodium tetrafluoroborate (NaBF4), lithium bis[(trifluoromethyl) sulfonyl] 
imide (LiNTf2), and 1-methylimidazole were purchased from J&K Scientific 
Ltd. (Beijing, China). Potassium hexafluorophosphate (KPF6) was purchased 
from Energy Chemical Company (Shanghai, China). 1-Butylimidazole and 
α,α′-dichloro-p-xylene were purchased from Alfa Aesar (Tianjin, China). All 
the analytes in different mixtures used for the evaluation of gas chromato-
graphic performance and all the solute molecules listed in Table I were pur-
chased from Aladdin Industrial Inc. (Shanghai, China). The mixtures include 
a Grob test mixture, a mixture of homologous series n-alkane, a mixture of 
homologous series alcohols, and aromatic positional isomers. All the mix-
tures were dissolved in methylene chloride. Untreated fused-silica capillary 
tubing (0.25 mm, inner diameter) was purchased from Yongnian Ruifeng 
Chromatogram Apparatus Co. Ltd. (Hebei, China).  
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Table I. List of solute molecules and their corresponding solute descriptors employed in 
this study 

Solute molecule E S A B L 

Methylene chloride 0.387 0.570 0.100 0.050 2.019 

Ethyl acetate 0.106 0.620 0 0.450 2.314 

n-Propanol 0.236 0.420 0.370 0.480 2.031 

n-Butanol 0.224 0.420 0.370 0.480 2.601 

n-Pentanol 0.219 0.420 0.370 0.480 3.106 

n-Octanol 0.199 0.420 0.370 0.480 4.619 

Cyclohexanone 0.403 0.860 0 0.560 3.792 

Pyridine 0.794 0.870 0 0.620 3.003 

Benzene 0.610 0.520 0 0.140 2.786 

Methylbenzene 0.601 0.520 0 0.140 3.325 

o-Xylene 0.663 0.560 0 0.160 3.939 

m-Xylene 0.623 0.520 0 0.160 3.839 

p-Xylene 0.613 0.520 0 0.160 3.839 

Phenol 0.805 0.890 0.600 0.300 3.766 

Naphthalene 1.340 0.920 0 0.200 5.161 

Nitropropane 0.242 0.950 0 0.310 2.894 

2-Pentanone 0.143 0.680 0 0.510 2.755 

o-Dichlorobenzene 0.872 0.780 0 0.040 4.518 

m-Dichlorobenzene 0.847 0.730 0 0.020 4.410 

o-Cresol 0.840 0.860 0.520 0.300 4.216 

m-Cresol 0.822 0.880 0.570 0.340 4.310 

p-Cresol 0.820 0.870 0.570 0.310 4.321 

n-Undecane 0 0 0 0 5.191 

n-Dodecane 0 0 0 0 5.696 

Cyclohexanol 0.460 0.540 0.320 0.570 3.758 

N,N-Dimethylformamide 0.367 1.310 0 0.740 3.173 

Tetrahydrofuran 0.289 0.520 0 0.480 2.636 

Benzaldehyde 0.820 1.000 0 0.390 4.008 

Acetic acid 0.265 0.650 0.610 0.440 1.750 

Acetonitrile 0.237 0.900 0.070 0.320 1.739 

Chloroform 0.425 0.490 0.150 0.020 2.480 

Isopropanol 0.212 0.360 0.330 0.560 1.764 

1,4-Dioxane 0.329 0.750 0 0.640 2.892 
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Table I. (continued) 

Solute molecule E S A B L 

Nitrobenzene 0.871 1.110 0 0.280 4.557 

Nonanal 0.150 0.650 0 0.450 4.856 

n-Nonane 0 0 0 0 4.182 

Methyl caprate 0.053 0.600 0 0.450 5.803 

Styrene 0.849 0.650 0 0.160 3.856 

Triethylamine 0.101 0.150 0 0.790 3.040 

n-Decane 0 0 0 0 4.686 

n-Hexadecane 0 0 0 0 7.714 

n-Octane 0 0 0 0 3.677 

Data obtained from Ref. [29]. 

 
 
All characterization and separation experiments were conducted using 

an Agilent Technologies 7890A gas chromatograph (Agilent Technologies, 
Palo Alto, CA, USA). The gas chromatograph is equipped with flame ioni-
zation detectors (FID). Nitrogen was used as the carrier gas with a flow rate 
of 1 mL min−1. Split injection was utilized and split ratio was 60:1. The inlet 
temperature was maintained at 250 °C, while the coupled detectors were 
held at 250 °C, the make-up flow of nitrogen at 25 mL min−1, the hydrogen 
flow at 40 mL min−1, and the air flow at 400 mL min−1. Agilent ChemStation 
software was used for data acquisition. Fourier transform infrared (FT-IR) 
spectra (4000–400 cm−1) were recorded using a Bruker VERTEX 70 spectro-
photometer (Bruker, Germany), and a Bruker Avance-400 MHz nuclear 
magnetic resonance spectrometer (Bruker, Switzerland) was used for the 
characterization of the synthesized GILs stationary phases. 

 
 

Synthesis of GILs Stationary Phases 

 
Briefly, four GILs stationary phases, namely, BBMIB-NTf2, BBMIB-BF4, 
BBMIB-PF6, and BMMIB-NTf2, were synthesized by anion exchange from 
Cl− salt to NTf2−, BF4− or PF6− salt with 1,4-bis(1,1′-butyl-3,3′- meth-
ylene-imidazolium)-benzene chloride (BBMIB-Cl) and 1,4-bis(1,1′-methyl- 
3,3′-methylene-imidazolium)-benzene chloride (BMMIB-Cl), respectively. 
The structures of these GILs are shown in Table II. 
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Table II. Structures of the geminal ionic liquids (GILs) stationary phases 

GILs Abbreviations 

 

BBMIB-NTf2 

 

BBMIB-BF4 

 

BBMIB-PF6 

 

BMMIB-NTf2 

 
 
The synthesis of BBMIB-NTf2, BBMIB-BF4, BBMIB-PF6, and 

BMMIB-NTf2 was completed following the procedure [3, 17, 25] with some 
variations. Firstly, BBMIB-Cl or BMMIB-Cl was synthesized by refluxing the 
mixture of 1-butylimidazole (10 mmol) and α,α′-dichloro-p-xylene (5 mmol) 
or 1-methylimidazole (10 mmol) and α,α′-dichloro-p-xylene (5 mmol) in 
tetrahydrofuran at 60 °C for 6 h and then cooled to room temperature. Then, 
the filtrate was collected and evaporated to dryness, and the residue was 
washed several times with ether and acetone. After evaporating ether and 
acetone under vacuum, BBMIB-Cl or BMMIB-Cl was obtained as a white 
solid. Then, anion exchange from Cl− salt to NTf2−, BF4−, or PF6− salt was 
made by metathesis reaction. For BBMIB-NTf2, BBMIB-Cl and LiNTf2 in the 
mole ratio 1:2 were mixed in the solvent of methylene chloride with water 
and then stirred for 6 h at ambient temperature. The lower organic layer was 
thoroughly washed with water, and the washings were treated with silver 
nitrate until no silver chloride precipitate was observed. It is well known 
that residual chloride impurities can have a large effect on the physical 
properties of the ionic liquids [20, 26]. After evaporation of methylene chlo-
ride, BBMIB-NTf2 was obtained as a yellow viscous liquid and heated under 
vacuum at 55 °C overnight to eliminate excess water. Similarly, BBMIB-BF4 
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and BBMIB-PF6 were synthesized by reacting BBMIB-Cl with NaBF4 and 
KPF6 in the mole ratio of 1:2, respectively. BMMIB-NTf2 was also obtained 
by anion exchange. All synthesized compounds were characterized and 
confirmed by FT-IR or 1H NMR. The obtained data for BBMIB-Cl are: FT-IR 
(film, cm−1) ν: 3421, 3059, 2963, 2868, 1722, 1636, 1560, 1456, 1376, 1157, 866, 
770, 639; for BBMIB-NTf2: FT-IR (film, cm−1) ν: 3436, 3153, 2968, 1564, 1459, 
1350, 1197, 1144, 1057, 745, 613, 513; 1HNMR: (CDCl3, 400 MHz, ppm)  
δ: 8.674 (s, 1H), 7.365–7.332 (d, 2H), 7.286–7.258 (d, 2H), 5.289 (s, 2H), 4.096  
(s, 2H), 1.763 (s, 2H), 1.262–1.245 (d, 2H), 0.844–0.808 (t, 3H); for BBMIB-BF4: 
FT-IR (film, cm−1) ν: 3467, 3084, 2965, 1632, 1560, 1456, 1077, 855, 765, 637, 524; 
for BBMIB-PF6: FT-IR (film, cm−1) ν: 3434, 3166, 2964, 1564, 1458, 1159, 839, 
758, 640, 559; for BMMIB-NTf2: FT-IR (film, cm−1) ν: 3440, 3165, 1618, 1573, 
1427, 1350, 1193, 1052, 833, 739, 615, 571, 512; and 1HNMR: (CDCl3, 400 MHz, 
ppm) δ: 8.465 (s, 1H), 7.318–7.259 (d, 2H), 7.225–7.218 (d, 2H), 5.204 (s, 2H), 
3.745 (s, 3H). 

 

Preparation of Capillary Columns 
 

Prior to static coating, four fused-silica capillary columns (10 m × 0.25 mm) 
were purged with nitrogen at 260 °C for 2 h and pretreated with saturated 
solution of sodium chloride in methanol. Then, the pretreated columns were 
coated individually by static coating method at 40 °C using 0.3% (w/v) of 
the GILs stationary phases dissolved in methylene chloride. During the 
coating process, one end of the capillary column was sealed, and the other 
end was connected to a vacuum system in order to gradually remove meth-
ylene chloride under vacuum.  

The coated capillary columns were then conditioned from 50 °C to 
180 °C at the rate of 5 °C min−1 and held at 180 °C for 8 h under a constant 
flow of nitrogen at 1 mL min−1. The film thickness (df, µm) of the coated 
columns was 0.19 µm, which was calculated by: 
 

c
f 400

d c
d

×
=  

 
where dc is the inner diameter of the capillary (µm) and c is the concentration 
of the stationary phase coating solution (%, w/v). Column efficiency was 
tested using naphthalene at 110 °C. All coated columns had efficiencies of 
2300 plates per meter or better. The prepared columns are shown in Table III.  
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Table III. GILs capillary columns prepared in the present work 

Stationary phases 
Column dimension 

(m × mm) 
Film thickness 

(µm) 
Efficiency 

(plates per meter) 

BBMIB-NTf2 10 × 0.25 0.19 5.3 × 103 

BBMIB-BF4 10 × 0.25 0.19 2.3 × 103 

BBMIB-PF6 10 × 0.25 0.19 3.1 × 103 

BMMIB-NTf2 10 × 0.25 0.19 4.8 × 103 

 
Abraham Solvation Parameter Model 

 
Some different approaches have been exploited to study the solvation char-
acteristics of ionic liquids and will lead to effective use of ionic liquids in a 
broad range of applications [27, 28]. The solvation parameter model [29] was 
developed by Abraham and coworkers, which can be used extensively to 
evaluate the solvation properties of a variety of gas chromatographic sta-
tionary phases, including ionic liquids [20, 30]. This model is described by 
the following equation: 

log k c lL eE sS aA bB= + + + + +  

It is a linear free-energy model that describes the contribution of indi-
vidual solvation interactions of a solvent (e.g., ionic liquid) by examining 
solute–solvent interactions. According to the equation, k is the retention 
factor of a solute and is calculated by measuring the retention time of a so-
lute and dead volume of the chromatographic column. The solute de-
scriptors (E, S, A, B, L) are probe-specific parameters that have been deter-
mined for a large number of solute molecules [29]. The solute descriptors are 
defined as E is the excess molar refraction calculated from the solute’s re-
fractive index, S is the solute dipolarity/polarizability index, A and B rep-
resent the solute hydrogen-bond acidity and basicity, respectively, and L is 
the solute gas–liquid distribution coefficient on hexadecane at 298 °K. The 
coefficients of each solute descriptor (e, s, a, b, l) are system constants, and 
their values provide a measure for the strength of the solvation interactions 
between the stationary phase and the solutes. Specifically, e provides a 
measure of the solute-stationary phase interactions via ̟–̟ and n–̟ interac-
tions, s is a measure of stationary phase dipolarity/polarizability, a provides 
a measure of hydrogen-bond basicity, b is a measure of the hydrogen-bond 
acidity, and l describes overall dispersive-type interactions. The intercept 
term c can be used to determine the phase ratio of the column. There are 42 
solute molecules used in this work and their solute descriptors are listed in 
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Table I. All solute molecules were dissolved in methylene chloride and in-
jected separately at temperatures of 80 °C and 110 °C. The system constants 
are calculated through multiple linear regression analysis of the log k term 
and the five solute descriptors.  

 
Results and Discussion 

 
Characterization of GILs Stationary Phases Using Solvation 

Parameter Model 
 
The Abraham system constants of the GILs stationary phases were deter-
mined at temperatures of 80 °C and 110 °C, respectively, and the results are 
listed in Table IV. Generally speaking, it can be noticed from Table IV that the 
 

Table IV. System constants of the GILs stationary phases examined in this study 

Stationary phas-
es/temperature (°C) 

System constants 

c e s a b l na R2b 

BBMIB-NTf2         

80 
−1.56 
(0.08)c 

−0.11 
(0.07) 

1.34 
(0.09) 

1.46 
(0.10) 

−0.08 
(0.12) 

0.43 
(0.02) 

35 0.98 

110 
−1.25 
(0.08) 

−0.06 
(0.06) 

0.98 
(0.08) 

1.16 
(0.06) 

−0.02 
(0.11) 

0.31 
(0.02) 

32 0.99 

BBMIB-BF4         

80 
−1.20 
(0.11) 

−0.34 
(0.11) 

1.18 
(0.12) 

1.55 
(0.11) 

−0.05 
(0.14) 

0.30 
(0.02) 

32 0.98 

110 
−0.70 
(0.08) 

−0.13 
(0.07) 

0.77 
(0.09) 

0.66 
(0.11) 

−0.12 
(0.10) 

0.17 
(0.02) 

29 0.98 

BBMIB-PF6         

80 
−1.49 
(0.10) 

−0.11 
(0.08) 

1.48 
(0.12) 

1.85 
(0.22) 

−0.14 
(0.12) 

0.32 
(0.02) 

27 0.99 

110 
−0.60 
(0.05) 

−0.06 
(0.06) 

0.70 
(0.07) 

0.85 
(0.05) 

−0.03 
(0.06) 

0.13 
(0.01) 

27 0.99 

BMMIB-NTf2         

80 
−1.56 
(0.08) 

−0.27 
(0.09) 

1.42 
(0.11) 

1.55 
(0.09) 

0.00 
(0.13) 

0.40 
(0.02) 

35 0.99 

110 
−1.07 
(0.06) 

−0.12 
(0.06) 

1.00 
(0.08) 

1.11 
(0.07) 

−0.11 
(0.10) 

0.25 
(0.01) 

32 0.99 
 

aThe number of probe analytes used in the multiple linear regression. 
bThe coefficient of determination.  
cThe numbers in parentheses are the standard deviations for the system constants. 
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system constants of the GILs stationary phases are affected by both cations 
and anions. Moreover, the anion seems to exert a stronger influence on the 
system constants than the cation. 

Table IV shows that the BBMIB-BF4 stationary phase has weaker dipo-
larity/polarizability (s) than the other GILs stationary phases. The reason for 
the lower s value is that the number of fluorine atoms in the tetrafluorobo-
rate anion (BF4−) of BBMIB-BF4 molecule is smaller than that in the hex-
afluorophosphate anion (PF6−) and the bis[(trifluoromethyl)sulfonyl] imide 
anion (NTf2−). It can be noticed that the BBMIB-PF6 stationary phase exhibits 
the strongest hydrogen-bond basicity (a). It is because the PF6− has more 
electrons than BF4−, it is easier for BBMIB-PF6 to interact with electron ac-
ceptor. Meanwhile, owing to the steric hindrance of NTf2−, it is difficult for 
an electron acceptor to get access to interact with BBMIB-NTf2. Comparing 
the BBMIB-NTf2 and BMMIB-NTf2 stationary phases, it can be found that the 
system constants of them have slight differences due to the same anion. With 
the elongation of alkyl chain of the cation, the BBMIB-NTf2 stationary phase 
shows weaker tendency to interact with dipole/polarizable solute molecules 
than the BMMIB-NTf2 stationary phase owing to the steric hindrance of the 
cation. Moreover, the negative values of hydrogen-bond acidity (b) of these 
four GILs stationary phases indicate that the quaternary nitrogen atoms are 
inaccessible as a result of the steric hindrance. Theoretically, the e term pro-
vides a measure of the solute-stationary phase interactions via ̟–̟ and n–̟ 
interactions, but the e values of all the GILs stationary phases are below zero 
and do not become more negative as temperature goes up. It can be ex-
plained that the negative e values are because of repulsive interactions be-
tween fluorinated moieties of anion and solute molecules [31]. 

It should be noticed that not all 42 solute molecules could be subjected 
to multiple linear regression analysis due to the fact that some solute mole-
cules with very low boiling points and weak interactions with the stationary 
phase would elute with the solvent peak, particularly at higher temperature. 
The other reason is that some solute molecules would retain in the column 
for 3 h or much longer as a result of the strong interactions with the station-
ary phase. 

In conclusion, the GILs stationary phases interact with solute molecules 
mainly through dipolarity/polarizability and hydrogen-bond basicity. Dif-
ferent chromatographic separation performance on the GILs stationary 
phases can be reasonably expected based on the values of Abraham system 
constants, which were investigated and confirmed in the coming section of 
this study. 
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Separation Performance of the Grob Test Mixture on GILs 

Columns 
 
Chromatograms a–d in Fig. 1 show the gas chromatographic separation of a 
Grob test mixture on four 10 m capillary columns of the BBMIB-NTf2, 
BBMIB-BF4, BBMIB-PF6, and BMMIB-NTf2 stationary phases. The mixture of 
10 analytes possessed various functional groups including hydrocarbons, 
alcohols, esters, aldehydes, and substituted aromatic compounds. The em-
ployed temperature program used for all columns was chosen by first op-
timizing the separation on the BBMIB-NTf2 column.  
 

 
Fig. 1. Gas chromatographic separation of a Grob test mixture of 10 analytes on  

a) BBMIB-NTf2 column, b) BBMIB-BF4 column, c) BBMIB-PF6 column, and  
d) BMMIB-NTf2 column. Peaks: (1) n-decane, (2) n-undecane, (3) n-dodecane,  

(4) n-nonanal, (5) n-octanol, (6) 2,3-butanediol, (7) methyl decanoate,  
(8) 2,6-dimethylphenol, (9) 2,6-dimethylaniline, and (10) 2,4-dimethylaniline. All 

chromatograms were obtained using the following temperature program—initial: 35 °C 
for 2 min; ramps: 5 °C min−1  to 140 °C hold for 15 min 
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As shown in Fig. 1, all the analytes are baseline resolved on the 
BBMIB-NTf2 column and BMMIB-NTf2 column while the BBMIB-BF4 and 
BBMIB-PF6 stationary phases separate most of the analytes. The BBMIB-NTf2 
and BMMIB-NTf2 stationary phases exhibit the same elution order for all the 
analytes because of the same anion. n-Octanol and 2,3-butanediol (peaks 5 
and 6), which are well resolved in Fig. 1a, coelute on the BBMIB-BF4 column. 
The explanation is supported by the corresponding system constants of the 
BBMIB-BF4 stationary phase in Table IV. As shown in Table IV, it can be noted 
that the BBMIB-BF4 stationary phase has weaker dipolarity/polarizability (s), 
and the value of hydrogen-bond basicity (a) dramatically decreases as tem-
perature goes up. It is suggesting that the BBMIB-BF4 stationary phase has 
weaker intermolecular interactions with n-octanol and 2,3-butanediol. Thus, 
in this case, the Abraham system constants can provide an effective measure 
to interpret specific molecular interactions between gas chromatographic 
stationary phases and analytes. 

Fig. 1c shows the BBMIB-PF6 stationary phase achieved baseline sepa-
ration and exhibits excellent chromatographic selectivity for most com-
pounds with the exception of n-decane (peak 1), which coelutes with meth-
ylene chloride. The explanation is supported by the lower value of l in Table 
IV. Additionally, the same explanation can also apply for the fact that the 
BBMIB-PF6 stationary phase retains most of the analytes shorter than the 
others, especially for n-undecane and n-dodecane (peaks 2 and 3). A differ-
ent elution order of the analytes can be also observed as 2,6-dimethylphenol 
(peak 8) exhibits much longer retention than 2,6-dimethylaniline (peak 9) 
and 2,4-dimethylaniline (peak 10). The reason for this can be explained 
based on the higher value of a. It can be found from Table IV that the 
BBMIB-PF6 stationary phase possesses much stronger hydrogen-bond ba-
sicity (a) interaction than the BBMIB-NTf2, BBMIB-BF4, and BMMIB-NTf2 
stationary phases, suggesting that the BBMIB-PF6 stationary phase has 
stronger intermolecular interactions with electron acceptors like 
2,6-dimethylphenol (peak 8). This suggestion can be confirmed by the re-
versal elution order of n-octanol (peak 5) and 2,3-butanediol (peak 6) on the 
columns of the BBMIB-PF6 and BBMIB-NTf2 stationary phases. On the col-
umn of the BBMIB-PF6 stationary phase, 2,3-butanediol (peak 6) elutes be-
fore n-octanol (peak 5). It is because the 2,3-butanediol contains two hy-
droxyl groups and it has weaker interactions with electron donors such as 
BBMIB-PF6 stationary phase. 

The differences of the four GILs stationary phases in separation can be 
attributed to the different molecular interactions between the stationary 
phases and the analytes owing to their anion difference. 
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Separation Performance of Mixtures of Homologous Series 

n-Alkanes and Homologous Series Alcohols on GILs Columns 
 
Figure 2 shows the gas chromatograms for the separation of a mixture of 
homologous series n-alkanes on the columns of GILs stationary phases. 
Baseline separation and satisfactory peak shapes can be observed for almost 
all the analytes on the four columns with only one exception that n-nonane 
(peak 2) coelutes with the solvent on the BBMIB-PF6 column (see Fig. 2c).  

Alcohols are known to have the propensity to exhibit peak tailing and 
peak broadening in the gas chromatographic analysis because of hydroxyl. 
As shown in Fig. 3, alcohols can be baseline resolved on the columns of 
BBMIB-NTf2  and  BMMIB-NTf2  stationary phases with very nice symmetry 
of peak shapes while they show severe peak tailing on polymeric  
 

 
Fig. 2. Gas chromatographic separation of a mixture of homologous series n-alkanes on  

a) BBMIB-NTf2 column, b) BBMIB-BF4 column, c) BBMIB-PF6 column, and  
d) BMMIB-NTf2 column. Peaks: (1) n-octane, (2) n-nonane, (3) n-decane, (4) n-undecane, 
(5) n-dodecane, (6) n-tetradecane, and (7) n-cetane. All chromatograms were obtained 

using the following temperature program—initial: 35 °C for 2 min; ramps: 5 °C min−1 to 
140 °C hold for 15 min 
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Fig. 3. Gas chromatographic separation of a mixture of homologous series alcohols on  
a) BBMIB-NTf2 column, b) BBMIB-PF6 column, and c) BMMIB-NTf2 column. Peaks:  

(1) n-propanol, (2) n-butanol, (3) n-pentanol, (4) n-hexanol, (5) n-heptanol, (6) n-octanol,  
(7) n-nonanol, (8) n-decanol, (9) n-undecanol, and (10) n-dodecanol. All chromatograms 

were obtained using the following temperature program—initial: 35 °C for 2 min;  
ramps: 5 °C min−1 to 140 °C hold for 15 min 
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imidazolium-based ionic liquids [32] and phosphonium-based ionic liquids 
[14], as clearly shown in the references, respectively. The alcohols can be also 
baseline resolved on BBMIB-PF6 column whereas the peak broadening is 
observed for short-chained alcohols (see Fig. 3b). An explanation for this 
behavior may be due to the hydrogen-bond interaction between 
short-chained alcohols and the delocalized electron on the weakly basic PF6−. 
While investigating the separation performance of each GILs stationary 
phase, it is observed that the anion plays a crucial role in the efficiency of the 
chromatographic separations. 

 

Selectivity for Aromatic Positional Isomers on GILs Columns 
 

Table V  lists the capacity factors (k) and resolutions (R) of the tested aromatic 
positional isomers on four columns of BBMIB-NTf2, BBMIB-BF4, BBMIB-PF6, 
and BMMIB-NTf2 stationary phases. Comparing the capacity factors of each 
mixture of isomers, it demonstrates that all the isomers are separated on 
BBMIB-NTf2 column and BMMIB-NTf2 column, while xylene and cresol 
isomers coelute on BBMIB-BF4 column, and BBMIB-PF6 stationary phase also 
exhibits coelution of xylene isomers. The chromatogram in Fig. 4 showing 
the separation of four groups of isomers on BBMIB-NTf2 column indicates 
that NTf2−-based stationary phase has excellent separation efficiency for 
tested aromatic positional isomer. This may be due to the aromatic posi-
tional isomers being capable of interacting with the stationary phase through 
dispersion forces and, more importantly, by ̟–̟ interactions, when GILs 
have NTf2−.  

 
Fig. 4. Gas chromatographic separation of a) xylene, b) dichlorobenzene, c) nitrotoluene, 

and d) cresol isomers on BBMIB-NTf2 column 
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Table V. Separations of aromatic positional isomers on four columns of BBMIB-NTf2, 
BBMIB-BF4, BBMIB-PF6, and BMMIB-NTf2 stationary phases 

Compounds 
Stationary 

Phases 

Tempera- 
ture 

(degree 
Celsius) 

Peak Order k1a k2 k3 R1b R2 

Xylene BBMIB-NTf2 50 p-, m-, o- 0.92 2.2 3.07 3.45 1.87 

 BBMIB-BF4 50 c – – – – – 

 BBMIB-PF6 50 c – – – – – 

 BMMIB-NTf2 50 p-, m-, o- 0.41 1.02 1.51 3.66 2.64 

Dichloro-
benzene BBMIB-NTf2 80 m-, p-, o- 2.21 2.58 3.52 1.55 3.48 

 BBMIB-BF4 50 m-, p-, o- 2.38 3.28 4.46 2.16 2.14 

 BBMIB-PF6 50 m-, p-, o- 2.06 2.85 4.06 1.19 1.45 

 BMMIB-NTf2 50 m-, p-, o- 2.76 3.36 4.97 2.14 4.57 

Nitrotoluene BBMIB-NTf2 110 o-, m-, p- 7.23 8.98 11.03 3.76 3.84 

 BBMIB-BF4 110 o-, m-, p- 3.32 3.79 4.75 2.05 4.22 

 BBMIB-PF6 110 o-, m-, p- 3.96 4.59 5.64 2.06 3.05 

 BMMIB-NTf2 110 o-, m-, p- 4.71 5.66 6.91 3.98 4.59 

Cresol BBMIB-NTf2 110 o-, p-, m- 9.61 14.8 15.53 8.5 1.36 

 BBMIB-BF4 110 c – – – – – 

 BBMIB-PF6 160 o-, p-, m- 2.97 4.51 4.73 5.93 0.81 

 BMMIB-NTf2 110 o-, p-, m- 6.45 10.05 10.59 11.61 1.41 

aCapacity factor. 
bResolution. 
cIndicates that isomers could not be resolved under given conditions 

 
 

Thermal Stability 
 

The thermal stability of gas chromatographic stationary phases is often in-
vestigated either by thermogravimetric analysis or by observing baseline 
drift on the column bleeding profile. Neither method could provide ade-
quate information about gas chromatographic separation performance. In 
the present work, the thermal stability of the GILs stationary phase was 
evaluated in a more comprehensive method. Figure 5 illustrates the separa-
tion performance of a Grob test mixture of 10 analytes after the BMMIB-NTf2 
column was conditioned up to 210 °C, 240 °C, and 270 °C for 12 h. As shown 
in Fig. 5, there is no significant difference in both retention times and elution 
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Fig. 5. Thermal stability of the BMMIB-NTf2 column for gas chromatographic separation 
of a Grob test mixture of 10 analytes after the column was subsequently conditioned from 
40 °C up to a) 210 °C, b) 240 °C, and c) 270 °C at the rate of 5 °C min−1 and held at the final 

temperature for 12 h. Peaks: (1) n-decane, (2) n-undecane, (3) n-dodecane,  
(4) n-nonanal, (5) n-octanol, (6) 2,3-butanediol, (7) methyl decanoate,  

(8) 2,6-dimethylphenol, (9) 2,6-dimethylaniline, and (10) 2,4-dimethylaniline.  
All chromatograms were obtained using the following temperature program—initial: 

35 °C for 2 min; ramps: 5 °C min−1 to 140 °C hold for 15 min 
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order after conditioning the BMMIB-NTf2 column up to three different 
temperatures for a long time period (12 h). The results have indicated that 
the GILs stationary phase possesses excellent thermal stability at least up to 
270 °C. It should be mentioned that, in the present work, all the GILs capil-
lary columns were just physically coated by using static coating method in-
stead of involving polymerization or cross-bonding during the coating pro-
cess. Therefore, the thermal stability of the GILs stationary phases can be 
further improved by introducing polymerization or cross-bonding during 
the synthesis of GILs or the coating process of capillary columns. 

 
 

Conclusion 
 

In this work, the synthesis of geminal ionic liquids (GILs) and preparation of 
gas chromatographic capillary columns by coating four GILs as stationary 
phases are described. For the first time, the solvation characteristics of four 
GILs have been studied using the Abraham solvation parameter model. The 
system constants indicated that the major molecular interactions of the GILs 
with analytes are dipolarity/polarizability and hydrogen-bond basicity. The 
separation performance of various mixtures on GILs columns demonstrated 
that the GILs stationary phases exhibit excellent separation performance for 
a wide variety of analytes and good selectivity for aromatic positional iso-
mers while they can be obtained via a relatively simple synthetic method. 
Through the comparison of separation performance for various mixtures, it 
indicates that the structural composition of GILs stationary phase employed 
may affect the retention and selectivity of analytes. Moreover, the GILs sta-
tionary phases also possess good thermal stability. The NTf2−-based ionic 
liquid has much better selectivity for alcohols and aromatic positional iso-
mers than BF4−-based and PF6−-based GILs. The nature of the anion deter-
mines the gas chromatographic separation performance on the GILs sta-
tionary phases. In conclusion, the present work demonstrates that the GILs 
may well be considered as promising gas chromatographic stationary phases, 
while future research will be directed to the practical application.  
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