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Abstract
This work describes the separation performance of the amphiphilic star-shaped calix[4]resorcinarene (C4A-CL) as the 
stationary phase for capillary gas chromatography (GC). The statically coated C4A-CL capillary column exhibited medium 
polarity and high column efficiency of 3877 plates m−1 determined by naphthalene at 120 °C. Importantly, the C4A-CL 
column exhibited extremely high resolving capability for aliphatic analytes with varying polarity, including n-alkanes, esters, 
ketones, alcohols, and bromoalkanes. In addition, the C4A-CL column exhibited high selectivity and resolving capability for 
positional, structural and cis-/trans-isomers. Among them, the C4A-CL column displayed advantageous resolving capability 
over the commercial DB-17 column for aromatic amine isomers. Moreover, it was applied for the determination of isomer 
impurities in real samples, showing good potential in GC applications.

Keywords Capillary gas chromatography · Stationary phase · Calix[4]resorcinarene · ε-Caprolactone · Separation 
performance

Introduction

Calixarenes (CAs), which are known as the third genera-
tion of host supramolecules after crown ethers and cyclo-
dextrins, are macrocyclic compounds consisting of phenolic 
units linked by methylene bridges [1]. A number of selective 

factors should be considered in CAs configuration; these fac-
tors include conformation, cavity size, and substituents [2]. 
Their high selectivity, and good chemical and thermal stabil-
ity endow them good candidates as stationary phases for gas 
chromatography (GC). Mangia et al. first used p-tert-butyl-
calix[8]arene as stationary phase in packed GC and studied 
its retention behavior for alkanols, chlorinated hydrocarbons, 
and aromatic compounds [3]. Mŭnk et al. studied the inclu-
sion properties of p-tert-butylcalix[4]arene by GC [4]. How-
ever, the unsubstituted calixarenes are difficult to coat onto 
the capillary column walls because of their high melting 
point and poor solubility, thereby leading to poor column 
efficiency and separation ability. Subsequently, calixarenes 
are usually used together with polysiloxanes either in physi-
cal mixtures or chemically grafted polymers to improve the 
column efficiency and separation performance [5–8].

ε-Caprolactone (CL) is a monomer used to synthesize 
poly ε-caprolactone and is widely used in pharmaceutical 
industry [9]. In synthetic compounds, CL can provide many 
excellent physicochemical properties to the synthesized 
compounds. The amphipathic straight chain, which is gained 
from the open loop of CL, has five nonpolar methylenes 
and one polar ester group on a structural unit. The straight-
chain ε-caprolactone is introduced into the subject molecule 
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of CAs to form a star-shaped compound structure [10, 11]. 
This structure is beneficial in breaking the intramolecular H 
bonds in CAs to increase the dissolving ability and decrease 
the glass transition temperature, thereby improving the film 
formation of CAs significantly. Calix[4]resorcinarene is a 
type of CAs that contains eight phenolic hydroxyl groups. 
Calix[4]resorcinarene becomes a core molecule due to its 
excellent star-shaped compounds, which are attributed to 
multiple functional groups. Therefore, the star-shaped 
calix[4]resorcinarene can be used as the stationary phase 
of GC.

As illustrated in Scheme 1, we report the investigation 
of utilizing the amphiphilic star-shaped calix[4]resorcin-
arene (C4A-CL) as the stationary phase for GC separations. 
First, the C4A-CL capillary column was fabricated by static 
coating method and characterized for its column efficiency 
and polarity. Then, it was investigated for its separation 
performance and retention behaviors by employing more 
than a dozen mixtures covering a wide range of analytes 
and isomers. Afterwards, the C4A-CL column was applied 
for the determination of isomer impurities in real samples. 
To our knowledge, this is the first report on employing the 
CL-modified CAs with a star-shaped conformation in GC 
separations.

Experimental

Materials and Equipments

All the reagents and solvents employed were commer-
cially available and were used as received without further 

purification. All the analytes were of analytical grade and 
dissolved in dichloromethane. Untreated fused-silica capil-
lary tubing (0.25 mm, i.d.) was purchased from Yongnian 
Ruifeng Chromatogram Apparatus Co., Ltd. (Hebei, China). 
The commercial capillary column DB-17 (30 m × 0.25 mm, 
i.d., 0.25 μm film thickness, and 50% phenyl 50% dimethyl 
polysiloxane) was purchased from Agilent Technologies.

An Agilent 7890A gas chromatograph equipped with a 
split/splitless injector, a flame ionization detector (FID), and 
an autosampler was used for GC separations. All the separa-
tions were performed under the following GC conditions: 
nitrogen of high purity (99.999%) as carrier gas, injection 
port at 250 °C, split ratio at 60:1, FID detector at 250 °C. 
Oven temperature programs for the GC separations were 
individually provided in their figure captions. 1H NMR spec-
tra were recorded on a Bruker Biospin 400 MHz instrument 
using TMS as the internal standard. IR spectra were recorded 
on a Bruker Platinum ART Tensor II FT-IR spectrometer. 
MALDI-TOF-MS was recorded on a Bruker BIFLEX III 
mass spectrometer. Thermogravimetric analysis (TGA) was 
used on a DTG-60AH instrument (Shimadzu, Japan). Scan-
ning electron microscopy (SEM) images were recorded on 
a Zeiss Sigma 500 microscope (Zeiss, Germany).

Synthesis of the C4A‑CL Stationary Phase

The C4A-CL was synthesized by the procedures described 
in Fig.  1. First, 1,3-bis(2-hydroxyethoxy)benzene (2  g, 
10.09 mmol), hendecanal (1.71 g, 10.05 mmol), and 37% 
HCl (4 mL) were added in ethanol (5 mL). The mixture was 
stirred for 16 h at 90 °C under nitrogen, cooled to room tem-
perature, and filtered and washed with methanol:water = 1:1 

Scheme 1  The C4A-CL capil-
lary column for GC separation
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(V:V), getting white sticky solid. Afterwards, the white 
sticky solid (0.2 g, 0.14 mmol), caprolactone (0.128 g, 
1.12 mmol), and Sn(Oct)2(20 mg) were added in toluene 
(5 mL) and refluxed at 100 °C for 24 h under nitrogen, cooled 
to room temperature, dissolved in tetrahydrofuran, and pre-
cipitated in diethyl ether to obtain the white solid product 
(C4A-CL, 87% yield). m.p. 37–39 °C. 1H NMR (400 MHz, 
DMSO-d6) δ: 7.75 ~ 5.87 (m, 8H), 4.51 (d, J = 24.4 Hz, 
8H), 4.35 ~ 4.26 (m, 4H), 3.96 (dt, J = 13.2, 6.8 Hz, 16H), 
3.85 ~ 3.65 (m, 8H), 3.62 ~ 3.32 (m, 16H), 2.29 ~ 2.22 (m, 
8H), 1.79 ~ 1.58 (m, 8H), 1.52 (dd, J = 8.8, 7.6 Hz, 16H), 
1.41 ~ 1.13 (m, 72H), 0.82 (d, J = 7.6 Hz, 12H). IR (KBr, 
 cm−1): 3353, 2851, 1713, 1609, 1582, 1500, 1455, 1409, 
1373, 1295, 1160, 1070, 902, 816, 734, 702, 587; MALDI-
TOF MS: m/z calcd for  C108H176O24: 1857.2552 (100%); 
found: 1881.2470[M + Na]+ (100%).

Fabrication of the C4A‑CL Capillary Column

The C4A-CL capillary column was fabricated by static coat-
ing method [12, 13]. Before coating, one bare fused-silica 
capillary column (10 m × 0.25 mm, i.d.) was pretreated 
with a saturated solution of sodium chloride in methanol 
for the inner surface roughening of the capillary column. 
The roughening procedure was performed with reference 
to the methods in Ref [14, 15]. First, 6 mL of the satu-
rated solution of sodium chloride in methanol was added 
to 8 mL of chloroform under stirring, and then, another 
8 mL of chloroform and 0.6 mL of methanol were added. 
Then, the obtained suspension of sodium chloride in the 
solvent mixture was passed through the capillary column 
and stayed for 1 h. Afterwards, the solution was removed 
and the column was conditioned up to 200 °C and held for 

2 h under nitrogen atmosphere. The C4A-CL was dissolved 
in the solution of dichloromethane with the concentration 
of 1.5 mg mL−1 (0.15%, w/v). Then, the pretreated column 
was statically coated with the C4A-CL solution at 40 °C by 
one end of the column sealed and the other end connected 
to a vacuum pump to remove the solvent. Further condition-
ing of the coated column was performed with a temperature 
program: 40 °C for 30 min, then conditioned up to 160 °C 
at 1 °C min−1, and held at the final temperature for 7 h under 
nitrogen. The as-prepared C4A-CL column was used for the 
following work.

Results and Discussion

Characterization of the C4A‑CL Stationary Phase 
and Column

The inherent thermal stability of the C4A-CL station-
ary phase was evaluated by thermal gravimetric analysis 
(TGA). As shown in Fig. 2a, the C4A-CL stationary phase 
showed about 5% weight loss at 263 °C, suggesting its 
good thermal stability and feasibility as the stationary 
phase for GC separations. As shown in Fig. 2b, the Golay 
curve relating the heights equivalent to a theoretical plate 
(HETP) with flow rates were determined by naphthalene at 
120 °C, and the minimum HETP of 0.26 mm was observed 
at 0.5 mL min−1 corresponding to the column efficiency 
of 3877 plates m−1. The higher column efficiency can be 
attributed to the good solubility of the C4A-CL stationary 
phase in the solvent for column fabrication, facilitating its 
uniform coating on the capillary wall. Figure 2c presents 
the SEM cross-sectional images of the C4A-CL column, 
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confirming its good coating. The film thickness (df, μm) 
of the C4A-CL column was about 0.10 μm obtained by the 
empirical formula df = (dc× c)/400, where dc is the cap-
illary inner diameter (μm), c is the concentration of the 
stationary phase solution (%, w/v) [16]. Polarity of the 
C4A-CL stationary phase was evaluated by McReynolds 
constants of five probe solutes, namely benzene, 1-butanol, 
2-pentanone, 1-nitropropane, and pyridine, which were 
determined at 120 °C [17, 18]. Table 1 lists the general 
polarity and average polarity of the C4A-CL stationary 
phase in comparison to the commercial polysiloxane sta-
tionary phase, suggesting its moderate polarity as GC 
stationary phase. Abraham system constants can be used 

for quantitative evaluation of the specific intermolecu-
lar interactions between the given stationary phase and 
diverse probe analytes, and can be determined on the basis 
of Abraham’s linear solvation parameter model [19, 20]. 
The Abraham system constants of the C4A-CL station-
ary phase were determined at three temperatures (60 °C, 
80 °C, and 100 °C) and the results are provided in Table 2. 
Table S1 (Supporting information) provides the solutes 
used in this work and their solute descriptors. Table 2 indi-
cates that the major interactions of the C4A-CL stationary 
phases are H-bonding basicity (a), dipole–dipole (s), and 
dispersion (l) interactions. Observably, C4A-CL stationary 
phase exhibits strong H-bonding basicity interactions due 
to its hydroxyl functional groups.

Fig. 2  a TGA curves of the C4A-CL stationary phase; b Golay curves of the C4A-CL capillary column determined by naphthalene at 120 °C; c 
the cross-sectional SEM images on the inner wall surface and the coating thickness of the C4A-CL capillary column

Table 1  McReynolds constants 
of the C4A-CL and commercial 
DB-17 columns

X′ benzene, Y′, 1-butanol, Z′ 2-pentanone, U′ 1-nitropropane, S′ pyridine, and T temperature: 120 °C

Stationary phases X′ Y′ Z′ U′ S′ General 
polarity

Average

C4A-CL 73 234 121 197 206 831 166
DB-17 154 134 176 266 218 948 190
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Separation Capability and Retention Behaviors

Separation capability and retention behaviors of the C4A-
CL column were evaluated by GC separation of different 
analytes of great variety, including nonpolar (n-alkanes), 
low-to-medium polar (bromoalkanes, esters, and ketones), 
polar analytes (alcohols), and the mixture of 28 analytes 
with varying polarity. On the above basis, the C4A-CL 
column was further explored for its resolving capability 
for different types of isomers mixtures. Also, the DB-17 
column was employed for the separation.

Separation the Linear Analytes with Same Carbon 
Numbers

Figure 3 presents the separations of the linear analytes 
with same carbon numbers on C4A-CL column, including 
the mixtures of n-alkanes, esters, ketones, alcohols, and 
bromoalkanes. As shown, the C4A-CL column baseline 
resolved (R > 1.5) all of the analytes with good peak shapes, 
displaying high separation performance for analytes ranging 
from nonpolar to polar nature. The C4A-CL stationary phase 
shows high resolving ability for aliphatic analytes due to its 
comprehensive molecular interactions including H-bonding, 

Table 2  The Abraham system constants (± SD) of the C4A-CL stationary phase

n Number of solutes used in the model, R2 coefficient of determination, F Fisher’s factor, SE standard error of the estimate

T(°C) e s a b l c R2 SE F n

60 − 0.001 (0.006) 0.818 (0.050) 1.525 (0.083) 0.168 (0.066) 0.651 (0.021) − 2.649 (0.001) 0.990 0.046 466 30
80 0.003 (0.008) 0.705 (0.043) 1.126 (0.068) 0.094 (0.060) 0.522 (0.021) − 2.314 (0.086) 0.991 0.043 542 32
100 − 0.001 (0.004) 0.696 (0.038) 0.967 (0.054) 0.045 (0.048) 0.408 (0.017) − 2.075 (0.071) 0.991 0.032 488 29

Fig. 3  GC separation of a n-alkanes, b esters, c ketones, d alco-
hols, and e bromoalkanes on C4A-CL column. Peaks for (a): (1) 
n-hexane, (2) n-heptane, (3) n-octane, (4) n-nonane, (5) n-decane, 
(6) n-undecane, (7) n-dodecane, and (8) n-tridecane; Peaks for (b): 
(1) methyl valerate, (2) methyl hexanoate, (3) methyl heptanoate, 
(4) methyl octanoate, (5) methyl nonanoate, (6) methyl decanoate, 
(7) methyl undecanoate, and (8) methyl dodecanoate; Peaks for (c): 
(1) 2-pentanone, (2) 2-hexanone, (3) 2-heptanone, (4) 2-octanone, 

(5) 2-nonanone, (6) 2-decanone, (7) 2-undecanone, and (8) 2-dode-
canone; Peaks for (d): (1) 1-pentanol, (2) 1-hexanol, (3) 1-heptanol, 
(4) 1-octanol, (5) 1-nonanol, (6) 1-decanol, (7) 1-undecanol, and (8) 
1-dodecanol; Peaks for (e): (1) 1-bromopentane, (2) 1-bromohexane, 
(3) 1-bromoheptane, (4) 1-bromooctane, (5) 1-bromononane, (6) 
1-bromodecane, (7) 1-bromoundecane, and (8) 1-bromodecane. Tem-
perature program for (a–e): 40 °C for 1 min to 160 °C at 10 °C min−1 
and flow rate at 0.6 mL min−1
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dipole–dipole, and dispersion interaction from its unique 
star-shaped conformation with different linear links.

Separation of the Mixture of 28 Analytes 
with Varying Polarity

Afterwards, the selectivity and retention behaviors of the 
C4A-CL stationary phase were investigated by utilizing 
a mixture consisting of 28 analytes with varying polarity. 
Meanwhile, the DB-17 column was utilized as the refer-
ence for the evaluation. Figure 4 shows the separations of 
the mixture of 28 analytes with varying polarity including 
n-alkanes, esters, ketones, alcohols, and bromoalkanes on 
the C4A-CL column (a) in comparison to the DB-17 column 
(b). Notably, the C4A-CL column achieved the baseline res-
olution (R > 1.5) for all the analytes with good peak shapes 
within 13 min. Regarding retention behaviors, the C4A-CL 
column showed reversal elution sequences for some ana-
lytes in contrast to the DB-17 column, revealing its different 
retention behaviors that governs its separation performance. 
Although the C4A-CL and DB-17 columns have close polar-
ity, the elution order of most analytes in the composite in 
the two columns is significantly different. Except for alco-
hols, other analytes are eluted on the C4A-CL column in the 
order of boiling points, thereby indicating that van der Waals 
interactions have a dominant role between C4A-CL phase 
and analytes. The C4A-CL stationary phase is manifested 
as nonpolarity or weak polarity, which may be related to 
the long alkyl groups of the C4A-CL phase. In addition, 
the alcohol and adjacent analytes are eluted on the C4A-
CL column against in the order of boiling point, such as 

n-decane/hexanol (peak 7/8), bromoheptane/heptanol (peak 
11/12), bromooctane/octanol (peak 15/16), bromononane/
nonanol (peak 18/19), bromodecane/decanol (peak 21/22), 
bromoundecane/undecanol (peak 24/25), and bromodecane/
dodecanol (peak 27/28). Subsequent alcohol elution can be 
attributed to their strong H-bonding and dipole–dipole inter-
actions with the OH groups of C4A-CL stationary phase. 
The results show that the C4A-CL phase exhibits the char-
acteristics of a polar stationary phase. This finding is related 
to the abundant OH groups on the upper rims of the C4A-CL 
stationary phase. The CL chains in the stationary phase have 
similar structures with alcohols, and shape-fitting interac-
tions are present between these chains. In general, C4A-CL 
has different retention behavior and interaction mechanisms 
to the analytes of varying polarities. According to the defini-
tion of the dual-nature retention behavior of GC stationary 
phase by Anderson et al., the amphipathic C4A-CL station-
ary phase has dual selectivity characteristics [21].

Separation the Aliphatic and Aromatic Isomers 
of Varying Polarities

The above findings on its high separation performance 
suggested the good potential of the C4A-CL column for 

Fig. 4  Separations of the mixture of 28 analytes with varying polar-
ity on the C4A-CL column (a) in comparison to the DB-17 column 
(b). Peaks: (1) n-heptane, (2) valeraldehyde, (3) n-octane, (4) hexa-
nal, (5) n-nonane, (6) heptaldehyde, (7) n-decane, (8) 1-hexanol, 
(9) 2-octanone, (10) methyl heptanoate, (11) 1-bromoheptane, (12) 
1-heptanol, (13) 2-nonanone, (14) methyl octanoate, (15) 1-bro-

mooctane, (16) 1-octanol, (17) 2-decanone, (18) 1-bromononane, 
(19) 1-nonanol, (20) methyl decanoate, (21) 1-bromodecane, (22) 
1-decanol, (23) methyl undecanoate, (24) 1-bromoundecane, (25) 
1-undecanol, (26) methyl laurate, (27) 1-bromodecane, and (28) 
1-dodecanol. Temperature program: 40  °C (1  min) to 160  °C at 
10 °C min−1 and flow rate at 0.6 mL min−1

Fig. 5  Separations of isomer mixtures of a propylbenzene and butylb-
enzene, b trimethylbenzene, c methylnaphthalene and dimethylnaph-
thalene, d dichlorobenzene, e trichlorobenzene, f nitrochlorobenzene, 
g butanol and pentanol, h xylenol, i carvacrol/thymol, and j methylb-
enzaldehyde on the C4A-CL column. Temperature program for all 
isomer mixtures: 40 °C (1 min) to 160 °C at 10 °C min−1 and flow 
rate at 0.6 mL min−1

▸
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separations of analytes of a wide ranging polarity. In addi-
tion, we made the investigations on its capability for separa-
tions of aliphatic and aromatic isomers of varying polarities, 
covering alkylated benzenes and naphthalenes, halogenated 
benzenes, alcohols, phenols, benzaldehyde, anilines, and 
geometric cis-/trans-isomers. Figure 5a–j shows the sepa-
rations of ten structural and positional isomers ranging from 
nonpolar to polar nature on the C4A-CL column. As can 
be seen, the C4A-CL column well resolved all the isomer 
mixtures in a quite short run time, less than 3 min for most 
of them. As shown, the C4A-CL column achieved base-
line resolution for all the isomer mixtures, demonstrating 
its extraordinary high resolving ability for the critical ana-
lytes. Figure 5a–c illustrates the separation of the alkylated 
benzene and naphthalenes isomers on C4A-CL column 
with high resolution and good peak shapes, and the ana-
lytes eluted in order of their boiling points. Their elution 

sequence mainly accords with their strength of π–π interac-
tion with the C4A-CL stationary phase. The 3D aromatic 
skeleton of calixarene played the crucial roles in the separa-
tion of nonpolar aromatic isomers. Figure 5c illustrates the 
separation of the isomer mixtures of halogenated benzenes 
containing dichlorobenzenes, trichlorobenzenes, and nitro-
chlorobenzenes on C4A-CL column. The dichlorobenzene 
and trichlorobenzene isomers are eluted on the C4A-CL col-
umn in the order of their boiling points. However, the nitro-
chlorobenzene isomers are eluted on the C4A-CL column 
in the order of the increasing their polarity. As a result, the 
separation of the aromatic compounds with weak polarity on 
the basis of C4A-CL column is mainly realized by π–π and 
dispersion interactions. Meanwhile, the separation of polar 
aromatic compounds is mainly controlled by H-bonding 
interactions. We also examined the separation capability of 
the C4A-CL column for isomers, such as alcohols, phenols, 

Fig. 6  GC separations of toluidine and xylidine isomers on the C4A-CL column in comparison to the DB-17 column. Temperature programs for 
toluidine and xylidine: 40 °C (1 min) to 160 °C at 10 °C min−1 and flow rate at 0.6 mL min−1



1705Amphiphilic Star-Shaped Calix[4]resorcinarene as Stationary Phase for Capillary Gas…

1 3

and benzaldehydes, which are liable to severe peak tailing 
and hard to resolve well. Figure 5g–j presents the separa-
tion results for the critical isomer mixtures of propanols and 
butanols, xylenols, carvacrol/thymol, and 2-/3-/4-methylb-
enzaldehydes on the C4A-CL column. The C4A-CL column 
exhibited high resolution for the critical isomer mixtures 
with good peak shapes possibly via its specific H-bonding, 
π–π, and dispersion interactions with the analytes. The xyle-
nol isomers are eluted in the order of their boiling point. 
Meanwhile, the carvacrol/thymol and methylbenzaldehyde 
isomers elute in the order of the increase in their dipole 
moments. This result indicates that the separation of the 
aromatic compounds on the C4A-CL column also has dual 

selectivity, which is similar to the retention behavior of the 
aliphatic compounds mentioned above.

Aromatic amine is a relatively important pollutant in the 
field of environmental analysis [22, 23]. o-Toluidine, 4-chlo-
roaniline, and 2,6-dimethylaniline are listed in 24 types of 
carcinogenic aromatic amine by the European Union. The 
affective separation of aniline isomers is a challenge in the 
analysis field, and GC is a common analytic method [24, 
25]. However, aniline isomers often have to be derived for 
effective separation, which is caused by the close physico-
chemical properties. Figure 6 describes the separations of 
the toluidine and xylidine isomers on the C4A-CL column 
in comparison with the DB-17 column. The C4A-CL col-
umn baseline resolves all the analytes. However, the DB-17 

Fig. 7  Separations of cis–trans isomer mixtures of a 1,2-dimethylcy-
clohexane, b 1,3-dimethylcyclohexane, c 1,4-dimethylcyclohexane, 
d 1,3-dichloropropene, e 1,2,3-trichloropropene, f 2,5-dimethyltet-
rahydrofuran, g nerol/geraniol, h nerolidol, and i decahydronaphtha-

lene on the C4A-CL column. Temperature program for all isomer 
mixtures: 40  °C (1 min) to 160  °C at 10  °C min−1 and flow rate at 
0.6 mL/min
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column completely coelutes two pairs of analytes, namely, 
m-toluidine/p-toluidine and 2,6-dimethylaniline/2,5-dimeth-
ylaniline. The elution order of the toluidine isomers on the 
C4A-CL column is ortho < para < meta, which is neither 
eluted in their boiling order (para < ortho) nor their polar-
ity order (para < ortho). The high distinguishing capability 
and different retention behavior of the C4A-CL phase from 
the polysiloxane DB-17 phase can be mainly attributed to 
the integrated effect of π–π, H-bonding, and van der Waals 
interactions in combination with its unique conformation. 
Afterward, the resolving ability of the C4A-CL column 
was examined by the nine cis–trans isomer mixtures con-
taining aliphatic and aromatic isomers, including dimethyl 
cyclohexanes, chloropropenes, dimethyl tetrahydrofurans, 
alcohols, phenols, and decahydronaphthalenes. As illustrated 
in Fig. 7, the C4A-CL column also achieves high resolving 
ability for cis–trans isomer mixtures in a short time. Overall, 
the above results demonstrate the high resolving capability 
of the C4A-CL stationary phase for diverse types of isomers 
with slight differences in structures and properties. 

Column Quality Evaluation

The minimum allowable operating temperature (MiAOT) for 
the C4A-CL column was determined by naphthalene over the 
temperature range of 45–110 °C, and the results are provided 
in Fig. 8a. The MiAOT was defined as the temperature where 
the column efficiency drops down to half of its original value 
at elevated temperatures [26]. As described in Fig. 8a, the 
column efficiency decreased gradually with the reduction of 
temperature and the half column efficiency occurred at about 
45 °C, which is the MiAOT according to Ref. [26]. Column 
thermal stability of C4A-CL column was investigated by the 
separations of the toluidine and xylidine isomers after the 
column was conditioned at each temperatures (160–220 °C 
at the increment of 20 °C) for 7 h. Figure 8b illustrates the 
effect of column-conditioning temperatures on the retention 
times of analytes. Notably, the retention times did not show 
dramatic decrease (RSD < 0.4%) over the temperature range 
up to 220 °C. The results suggested that the C4A-CL column 
can be operated in the given temperature range with high 
separation performance. To further investigate the column 
quality, isothermal separations of benzenes, anilines, and 
phenols at different temperatures were performed, respec-
tively (Fig. S1). It is noteworthy that anilines and phenols 
are tough analytes prone to peak tailing in GC separations, 
but the C4A-CL column achieved symmetric peaks for them 
with asymmetry factors (As) mostly of 0.95–1.05 (Table S2), 
suggesting its high-resolution performance and good column 
inertness. In addition, the column durability of the column 
in 4 months was evaluated by the separation of xylidine iso-
mers on C4A-CL column. As shown in Table 3, the RSD % 
values for the analytes were in the range of 0.10–0.45% over 
the time period, indicating its good durability.

Fig. 8  a Determination of the MiAOT on the C4A-CL column by naphthalene and b effect of column-conditioning temperatures on the retention 
times of analytes on the C4A-CL column

Table 3  The durability of C4A-CL column for separation of xylidine 
isomers in 4 months

Analyte Retention time (min) RSD (%)

0 month 2 month 4 month

2,6-dimethylaniline 9.295 9.310 9.307 0.10
2,5-dimethylaniline 9.594 9.633 9.631 0.22
3,4-dimethylaniline 10.128 10.198 10.195 0.39
2,3-dimethylaniline 10.262 10.343 10.340 0.45
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Applications for the Determination of Isomer 
Impurities in Real Samples

To testify the potential of the C4A-CL column for practical 
analysis, it was applied to analyze the possible minor isomer 
impurities in commercial reagent samples. Figure 9 shows 
the results for the determination of isomer impurities in the 
reagent samples of nerol, geraniol, cis-decahydronaphtha-
lene, and trans-decahydronaphthalene. Table 4 lists their 
content results by peak area normalization method. As can 
be seen from Table 4, the label purity of nerol is 98%, but 

we measured that the content of the major component of 
nerol is 97% and the contents of the minor isomer impuri-
ties are 3.21% for geraniol. The measured purities of the rest 
real samples were in good agreement with their label puri-
ties, such as geraniol, cis-decahydronaphthalene, and trans-
decahydronaphthalene. The above results demonstrated the 
potential of the C4A-CL column for the quick detection of 
minor isomers in real samples.

Fig. 9  Applications of the C4A-CL column for the determination of minor isomer impurities in the real samples of nerol, geraniol, cis-decahy-
dronaphthalene, and trans-decahydronaphthalene, respectively

Table 4  Applications of 
C4A-CL column for the 
determination of isomer 
impurities in the real samples

Samples Labeled 
purity (%)

Measured 
purity (%)

Isomer impurity Content (%)

Nerol 98 96.46 Geraniol 3.21
Geraniol 97 98.94 Nerol 1.04
cis-decahydronaphthalene 98 98.46 trans-decahydronaphthalene 1.35
trans-decahydronaphthalene 98 99.51 cis-decahydronaphthalene 0.45
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Conclusion

This work presents a new amphiphilic calix[4]resorcinarene 
material (C4A-CL) as the stationary phase for GC separa-
tions. As demonstrated, its intriguing structural character-
istics endow C4A-CL with high selectivity for the polar/
nonpolar aliphatic analytes. Interestingly, it shows signifi-
cantly prolonged retention trend for alcohols mainly due 
to their strong H-bonding and dipole–dipole interactions 
with the OH groups of C4A-CL stationary phase. Moreo-
ver, the C4A-CL column exhibits high resolving ability for 
diverse types of isomers with good peak shapes. Particularly, 
it achieved baseline resolution of the challenging isomers 
of benzaldehyde, phenols, and anilines. This work demon-
strates the distinguishing capability of the C4A-CL station-
ary phase for the aliphatic and aromatic analytes of varying 
polarities owing to its unique amphiphilic architecture and 
multiple interactions.
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