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Introduction

High-performance liquid chromatography (HPLC) has 
widely been used as an essential analysis tool in the fields 
of pharmaceutical quality control, food analysis and inspec-
tion, environmental analysis, and biomolecular separation 
and detection [1, 2]. The most commonly used HPLC sta-
tionary phases often possess unique interaction mechanism, 
such as hydrophobic interaction for separating non-polar 
compounds on reversed-phase packing and ion-exchange 
interaction for separating ions on ion-exchange packing. 
However, some complex samples from pharmacology, 
environment, and food are often mixtures with different 
properties, thus cannot be separated efficiently on station-
ary phases possessing single separation mechanism.

Mixed-mode stationary phase, relative to single-mode, is 
a kind of promising stationary phase which can be applied 
in different modes on single column based on the multiple 
interaction mechanisms. This kind of stationary phase can 
reduce the testing cost and improve work efficiency to a 
great extent, especially for the analysis of some complex 
samples [3, 4]. These stationary phases took advantage of 
the functional groups with charged or chargeable moie-
ties. Ionic or electrostatic interaction was involved in the 
separation of ionic analytes with the ion-exchange chro-
matographic condition [4]. For example, Lämmerhofer and 
his co-workers prepared the mixed-mode reversed-phase/
weak anion-exchange separation materials by functionaliz-
ing thiol-modified silica with N-(10-undecenoyl)-3-amino 
quinuclidine and N-(10-undecenoyl)-3-α-aminotropane, 
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respectively [5–7]. In addition, the mixed-mode phases 
have distinct interaction sites on a single chromatographic 
ligand, such as a hydrophobic alkyl chain strand (hydro-
phobic domain), embedded polar functional groups (hydro-
philic domains), and a terminal bicyclic quinuclidine or 
tropane ring which accommodate the anion-exchange site 
(ionic domain). Many other nitrogen compounds, such as 
amine [8, 9], pyridine [10–13], 8-quinolinol [14], and imi-
dazolium [15] were also immobilized to silica gel through 
a coupling carbon chain to achieve a mixed-mode reversed-
phase/anion-exchange stationary phase. Since the phase 
combines hydrophobic-binding domains with terminal 
anion-exchange moiety, it exhibits both RP and anion-
exchange chromatographic modes to achieve complemen-
tary selectivity. Multiple retention mechanisms, including 
hydrogen bonding, hydrophobic, electrostatic, and π–π 
interactions were coexisted.

Imidazolium is a widely used cation in ionic liquids 
(ILs), which constitutes novel solvents or materials with 
excellent physical and chemical properties. ILs can also 
be supported on silica, and they have been used for novel 
column packing materials termed surface-confined ILs 
(SCILs) or IL-modified silica stationary phases [15]. 
Because of the unique properties of SCILs, they have been 
used for the separation of various solutes, such as inorganic 
and organic anions, cations, bases, phenols, polycyclic aro-
matic hydrocarbons (PAHs), steroids, etc. A remarkable 
advantage of ILs is its tunability, i.e., the diversity of the 
species that can be generated by varying the organic cation, 
the inorganic or organic anion, and the length of the side 
chain attached to the organic cation. Imidazolium coupling 
with different functional groups (such as aliphatic chains, 
aromatic rings, sulfonic acid, etc.) was often immobilized 
to silica gel to achieve new stationary phases with special 
performances [16–26]. To our best knowledge, there is no 
report on imidazolium stationary phase simultaneously 
embedded phenyl and aliphatic group.

Octylbenzimidazole, formed from the simultaneous 
introduction of phenyl and octyl on the imidazolium, has 
displayed special physicochemical properties [27]. As a 
chromatographic ligand, octylbenzimidazole has distinct 
interaction sites. First, the aliphatic octyl on the ligand can 
interact with hydrophobic solutes in analogy with the con-
ventional C18 columns. Second, the aromatic imidazolium 
and benzene group could lead to an enhanced selectivity 
to aromatic compounds, such as PAHs by π–π interac-
tions. Third, the polar cationic imidazolium can give anion-
exchange, hydrogen bonding, and electrostatic repulsion 
effect to specific solutes. In this work, the benzimidazole-
embedded C8-based-modified silica (BeImC8-Sil) was 
facilely prepared and further used for mixed-mode chro-
matographic separation. The new material could be utilized 
as a reversed-phase stationary phase for the separation of 

neutral solutes, as well as an anion-exchange stationary 
phase for the separation of inorganic anions, which indi-
cates its multi-interaction mechanism and mixed-model 
characteristic, and its analytical prospect for complex 
samples.

Experimental

Apparatus and Materials

Silica gel (with particle size of 5 μm, pore size of 100 Å, 
and specific surface area of 300 m2 g−1) was provided by 
the Lanzhou Institute of Chemical Physics, Chinese Acad-
emy of Sciences (Lanzhou, China). 3-Chloropropyltrimeth-
oxysilane was purchased from Aladdin reagent Company 
(Shanghai, China). HPLC-grade acetonitrile and methanol 
were purchased from Kermel Chemical Reagent (Tianjin, 
China). Organics, including PAHs, mono-substituted ben-
zenes, isomers of disubstituted benzene, anilines, and phe-
nols, used in reversed-phase chromatographic tests, as well 
as inorganic salts, including potassium iodate, potassium 
bromide, potassium iodide, potassium bromate, and potas-
sium thiocyanate used in anion-exchange chromatographic 
tests were analytical-grade reagents (AR). Potassium chlo-
ride used as a buffer salt in anion-exchange chromato-
graphic tests was guaranteed reagent (GR). All the other 
compounds used in experiments were of analytical grade 
without further purification. Deionized water was obtained 
on Milli-Q purification equipment. C18, C8, home-made 
1-methylimidazolium column (Key Laboratory for Natural 
Medicine of Gansu Province, Lanzhou Institute of Chemi-
cal Physics, Chinese Academy of Sciences, 150 mm), and 
phenyl column (IBM commercial column, 150 mm) were 
used as referenced columns.

HPLC analysis was performed using an Agilent 1260 
series system equipped with a 1200 model quaternary 
pump, a G1315A model DAD detector, and a G1316A 
model thermostatic column compartment. The elemen-
tal analysis was performed on a Flash EA 1112 elemental 
analyzer (Thermo Electron Corporation). IR spectra were 
performed on a Brucker IFS120HR Fourier-transform 
spectrometer (Ettlingen, Germany). The thermogravimet-
ric analysis was carried out with a Shimadzu DT-40 ther-
mal analyzer, and the analysis was performed from 40 to 
650 °C at heating rate of 10 °C min−1 in argon atmosphere 
with a gas flow rate of 20 mL min−1.

Preparation of BeImC8‑Sil

1-Octylbenzimidazole was synthesized according to the 
reported procedure [27]. The developed stationary phase 
was synthesized via two steps (Fig. 1). First, chloropropyl 
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silica (SilprCl) was prepared based on the previous reports 
[24]. In brief, 3.0 g silica was placed in a 250 mL flask. 
After, it was suspended in 80 mL dried toluene; 3 mL 
3-chloropropyltrimethoxysilane was added, followed 
by refluxing and mechanical agitation for 24 h at 110 °C 
under nitrogen atmosphere. The resulting product, chloro-
propyl silica (SilprCl), was cooled to room temperature, 
and washed with methanol and methanol/water (1:1, v/v) 
repeatedly. Finally, SilprCl was dried under vacuum and 
used as a precursor in the following reaction.

Second, octylbenzimidazole-bonded stationary phase 
BeImC8-Sil was prepared. 3.0 g of SilprCl (3-chloro-
propyl silica) and 80 mL 1,4-dioxane were placed in a 
250 mL reaction flask. Then, 1.0 g of octylbenzimida-
zole was added into the mixture. The reaction mixture 
was stirred under nitrogen at 100 °C for 48 h. Then, the 
reaction was stopped, and the modified silica was col-
lected and washed with ethanol, water, and methanol suc-
cessively. BeImC8-Sil was thus obtained and dried under 
vacuum at 75 °C for 10 h, before column packing and 
characterizations.

Results and Discussion

Characterization of BeImC8‑Sil

In the infrared spectrum of SilprCl, the symmetric exten-
sion vibration of methylene (–CH2–) appeared at 790 cm−1, 
asymmetric extension vibration of –CH2– group at 
2974 cm−1, and asymmetric extension vibration of –CH2–
Cl at 1170 cm−1. After the covalent anchoring of benzimi-
dazole, the IR spectrum of BeImC8-Sil indicated that the 
organic ligands are bonded onto silica gel. Peaks emerged 
at 2900 cm−1, which could be assigned to the aliphatic 
C–H stretching of the tetrahedral carbon. Peaks emerged 
around 1550 cm−1 were attributed to the aromatic C=C 
or C=N stretching vibration, and the new bands around 
750 cm−1 were attributed to the aromatic C=C or C=N 

bending vibration, resulting from the presence of the benzi-
midazolium groups on BeImC8-Sil.

The quantitative information on the new packing was 
attained via the elemental analyses. The carbon content 
for SilprCl was 4.28 % (bonding density of chloropropyl 
ligand was approximately 4.1 µmol m−2), which elevated to 
9.66 % after the immobilization of BeImC8; meanwhile the 
nitrogen content of BeImC8-Sil was 1.08 %. Based on the 
nitrogen content, the bonding amount of BeImC8 was ca. 
1.5 µmol m−2. The relatively low density of BeImC8 was 
foreseeable, since the reaction was carried out heterogene-
ously, as well as the significant steric hindrance of benzene 
ring.

TG analysis curve showed that the weight loss tempera-
ture of BeImC8-Sil was higher than 330 °C, indicating that 
the packing material possessed reliable thermal stability at 
ambient temperature. The total weight loss was 8.32 % for 
BeImC8-Sil in the temperature range of 40–650 °C, which 
was attributed to the decomposition of organic species 
bonded on the silica surface together dehydration of silica 
from the condensation of silanols.

Tanaka Test

To comprehensively investigate the chromatographic 
properties and uniqueness of BeImC8-Sil, another four 
columns, including C18, Phenyl, C8, and a home-made 
1-methylimidazolium stationary phase, were encompassed 
in the following chromatographic evaluations using the 
various types of test solutes, including PAHs, mono-sub-
stituted benzenes, phenols, anilines, inorganic anions, 
and organic acids (The chromatograms were not given). 
However, it was very important for selecting appropri-
ate chromatographic conditions to perform separation and 
revealing the retention mechanism of the stationary phase. 
BeImC8-Sil was selected to separately investigate the chro-
matographic conditions on the retention factors.

The performance of BeImC8-Sil was first evaluated 
by the Tanaka test, a chromatographic standard test well 

Fig. 1  Illustration for the syn-
thesis of BeImC8-Sil
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established by Tanaka et al. [28, 29], which was commonly 
used to evaluate the hydrophobicity, and shape selectivity 
(capability to differentiate planar and non-planar solutes) 
of RP columns. The retention factor (k) of neutral solutes 
like alkylbenzenes on RP columns depended on the carbon 
content or ligands density of the stationary phases [29]. As 
shown in Table 1, BeImC8-Sil exhibits modest smaller kPB 
values than C18. These results indicate that the hydropho-
bicity of BeImC8-Sil is weaker than C18, which could be 
attributed to the lower carbon loading compared with C18. 
Retention factor ratio of pentylbenzene and butylbenzene, 
known as hydrophobic selectivity, is usually used to evalu-
ate the hydrophobic potency of the stationary phase and 
surface coverage by accessing the ability of the phase to 
separate alkylbenzene solutes (with one methylene group 
difference). As shown in Table 1, both BeImC8-Sil and 
LiChrosorb C-18 phase share similar αCH2 value (1.32 
for BeImC8-Sil and 1.42 for LiChrosorb C-18), which is 
higher than that of XTerra phenyl phase. It indicates that 
BeImC8better with the increase of benzene number-Sil 
possessed the capacity to separate the compounds differing 
by only a methylene group.

Retention factor ratio of n-pentylbenzene and o-ter-
phenyl previously suggested by Lindner [30] reflects the 
selectivity of stationary phase toward separating aromatic 
solutes. Making the comparison of the results displayed 
in Table 2, it is evident that BeImC8-Sil gives a relatively 
small value of αPB/O, indicating that the solute of o-terphe-
nyl with higher number of aromatic rings is retained longer 
on the BeImC8-Sil phase than that of pentylbenzene, which 
should be ascribed to the stronger π–π interaction.

The retention factors ratio of triphenylene (planar) and 
o-terphenyl (non-planar) (αTR/O = ktriphenylene/ko-terphenyl), an 
indicator for shape selectivity of the stationary phase, was 
then calculated to illustrate the capability of a stationary 
phase to differentially separate planar and non-planar ana-
lytes with similar molecular weights and sizes. As shown 
in Table 2, the higher shape selectivity (αTR/O = 2.58) was 
obtained for BeImC8-Sil compared with C18 (αTR/O = 1.66) 
and RP phenyl phases (αTR/O = 0.88), which indicates that 
BeImC8-Sil has a better capacity to differentiate com-
pounds with spatial configuration. The possible reason can 
also be ascribed to π–π interaction as discussed above, as 
the planar triphenylene with a larger delocalization π elec-
trons conjugated system than that of non-planar o-terphe-
nyl, the π–π interaction was stronger between triphenylene 
and BeImC8-Sil, so it retained longer on the BeImC8-Sil. 
Furthermore, five PAHs were separated on BeImC8-Sil 
to evaluate its π–π interaction. As shown in Fig. 2, under 
the same chromatographic conditions, the retention times 
increase with the extension of the π-electron system in five 
PAHs, which indicates the presence of the π–π interac-
tion between BeImC8-Sil and PAHs. In addition, under the 
adjustment of π–π interaction, the selectivity also became 
better with the increase of benzene number.

Separation of Mono‑Substituted Derivatives of Benzene

Baseline separation of the mono-substituted derivatives of 
benzene with high column efficiency (21000 plates m−1) 
and high selectivity was achieved on the BeImC8-Sil 
packed column within 20 min (Fig. 3). The octanol/water 

Table 1  Tanaka test results of BeImC8-Sil, C18, and Phenyl station-
ary phases

a Data taken from Ref. [30]

Columns KPB αCH2 αPB/O αTR/O

LiChrosorb C18 7.51 1.42 1.14 1.66

XTerra phenyla 1.26 1.28 0.75 0.88

BeImC8-Sil 2.56 1.32 0.65 2.58

Table 2  Retention, selectivity, and resolution factors for mono-sub-
stituted benzenes obtained on BeImC8-Sil

Analytes Log P k α R

Acetophenone 1.58 2.311 – –

Nitrobenzene 1.81 2.826 1.223 1.811

Toluene 2.73 3.718 1.316 2.592

Chlorobenzene 2.81 4.733 1.273 2.342

Bromobenzene 2.99 5.932 1.253 2.386

Iodobenzene 3.25 8.637 1.456 4.125
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5

Fig. 2  Chromatogram of PAHs on BeImC8-Sil. Mobile phase: meth-
anol–water (80/20, v/v); flow rate: 1.0 mL min−1; detection wave-
length: 254 nm. Peaks: 1, benzene; 2, naphthalene; 3, anthracene; 4, 
chrysenee; 5, perylene



1441Silica-Based Phenyl and Octyl Bifunctional Imidazolium as a New Mixed-Mode Stationary Phase…

1 3

partition coefficient (log P) is often used as a measurement 
of the molecular hydrophobicity. Compounds with larger 
log P values are usually more hydrophobic. Comparing 
with the retentions of six mono-substituted derivatives of 
benzene, the solutes with larger log P values were retained 
longer, which illustrate the important role of hydrophobic 
interaction on BeImC8-Sil. In addition, as the log P values 
of toluene and chlorobenzene are closer, they cannot be 
separated on C18 due to the similar hydrophobicity [31]. 
However, baseline separation can be obtained on BeImC8-
Sil, which should be ascribed to the dipole–dipole interac-
tion due to the existence of polar imidazolium groups.

Separation of Polar Phenols and Anilines

The test polar mixture composed of p-dihydroxyhenzene 
(log P, 0.59; pKa, 10.85), m-dihydroxybenzene (log P, 0.8; 
pKa, 9.32), phenol (log P, 1.46; pKa, 9.99), o-dihydroxy-
henzene (log P, 0.88; pKa, 9.45), o-chlorophenol (log P, 
2.15; pKa, 8.56), and 1-naphthol (log P, 2.85; pKa, 9.34) 
was used to investigate the chromatographic performance 
of BeImC8-Sil. As shown in Fig. 4, the separation of six 
phenols is obtained with 50 % (v/v) methanol–water. Dif-
ferent from benzimidazolium-boned counterpart without 
aliphatic substituent [24], the hydrophobicity of BeImC8-
Sil which resulted from the introduction of C8 group shows 
an important role in the separation of phenols. The stronger 
retention of o-dihydroxybenzene than phenol may be attrib-
uted to the hydrogen-bonding interaction. For 1-naphthol, 
it was more strongly retained than other phenols, which 
may be resulted from stronger π–π and hydrophobic 

interactions. In a word, the hydrophobic interaction, as well 
as π–π interaction, electrostatic repulsion, and hydrogen 
bond interaction were all involved in the separation mecha-
nism of phenols on BeImC8-Sil. Under the comprehensive 
adjustment of the multiple interactions, the mixture of ani-
lines was also well separated (Fig. 5). All pKa and log P 
data in this paper were taken from SRC PhysProp database.

Separation of Inorganic and Organic Anions

Based on the cation composed of nitrogen ring atom with 
a localized pair, imidazole was often used as the anion-
exchange chromatography ligand to separate organic or 
inorganic anions. Using KCl solution as the mobile phase, 
BeImC8-Sil can also be applied as an anion-exchange sta-
tionary phase. Inorganic anions composed of IO3

−, BrO3
−, 

Br−, I−, and SCN− were chosen to investigate the anion-
exchange characteristic of the BeImC8-Sil phase in anion-
exchange mode. As shown in Fig. 6, it is easy to understand 
that the retentions of inorganic anions decrease with the 
increase of KCl concentration. It was observed in Fig. 7 
that all components of the test mixture were fully separated 
on BeImC8-Sil using 25 mmol L−1 KCl-methanol (95/5, 
v/v) as mobile phase. The test organic anions mixture com-
posed of benzoic acid (log P, 1.87; pKa, 4.19), p-aminoben-
zoic acid (log P, 0.83; pKa, 2.38), p-hydroxybenzoic acid 
(log P, 1.58; pKa, 4.54), p-methylbenzoic acid (log P, 2.27; 
pKa, 4.37), and p-chlorobenzoic acid (log P, 2.65; pKa, 
3.98) were well separated on BeImC8-Sil column using 
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Fig. 3  Chromatogram of mono-substituted benzenes on BeImC8-Sil. 
Mobile phase, methanol–water (60/40, v/v); flow rate: 1.0 mL min−1; 
detection wavelength: 254 nm. Peaks: 1, acetophenone; 2, nitroben-
zene; 3, toluene; 4, chlorobenzene; 5, bromobenzene; 6, iodobenzene
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Fig. 4  Chromatograms of phenols on BeImC8-Sil. Mobile phase, 
methanol–water (55/45, v/v); flow rate: 1.0 mL min−1; detection 
wavelength: 254 nm. Peaks: 1, p-dihydroxyhenzene; 2, m-dihydroxy-
benzene; 3, phenol; 4, o-dihydroxybenzene; 5, o-chlorophenol; 6, 
1-naphthol
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35 % (v/v) methanol in 10 mmol L−1 KH2PO4 solution as 
a mobile phase in Fig. 8. There is neither hydrophobic nor 
electrostatic correlation observed for the retention of ben-
zoic acid derivatives on the BeImC8-Sil which indicates 
that the synergistic interaction based on the multiple inter-
actions controls their chromatographic behaviors.

Conclusions

The preparation and characterization of a reversed-phase/
anion-exchange mixed-mode stationary phase based 
on octylbenzimidazolium-functionalized silica were 

described. Different series of analytes, including PAHs, 
anilines, phenols, and inorganic anions, were successfully 
separated on this novel multi-modal stationary phase. In 
comparison with other stationary phases such as C8, C18, 
phenyl, and 1-methylimidazolium-based columns, the 
existence of multi-interaction mechanisms, including π–π, 
hydrophobic, electrostatic, and anion-exchange interactions 
was confirmed between BeImC8-Sil and analytes. With 
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Fig. 5  Chromatogram of anilines on BeImC8-Sil. Mobile phase, 
methanol–water (60/40, v/v); flow rate: 1.0 mL min−1; detection 
wavelength, 254 nm. Peaks: 1, aniline; 2, 2, 6-dimethylaniline; 3, 
m-nitroaniline; 4, 2,6-diisopropylaniline; 5, diphenylamine

Fig. 6  Effect of KCl concentration on retention k of inorganic anions
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Fig. 7  Chromatogram of inorganic anions on BeImC8-Sil. Mobile 
phase, 25 mmol L−1 KCl–water (95/5, v/v); flow rate8: 1.0 mL min−1; 
detection wavelength: 210 nm. Peaks: 1, iodate; 2, bromate; 3, bro-
mide; 4, iodide; 5, thiocyanate
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Fig. 8  Chromatogram of organic acids on BeImC8-Sil. Mobile 
phase, 35 % (v/v) methanol in 10 mmol L−1 KH2PO4 solution; flow 
rate: 1.0 mL min−1; detection wavelength: 250 nm. Peaks: 1, benzoic 
acid; 2, p-aminobenzoic acid; 3, p-hydroxybenzoic acid; 4, p-meth-
ylbenzoic acid; 5, p-chlorobenzoic acid
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such characteristics of multi-interaction mechanism and 
mixed-mode separation potency, this stationary phase has 
a promising application in the analysis of complex samples.
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