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selectivity of lower-rim
substituted calix[4]arene as a stationary phase for
capillary gas chromatography†

Tao Sun, *a Bin Li,b Xiaomin Shuai,c Yujie Chen,a WeiWei Li,a Zhiqiang Cai,*c

Xiaoguang Qiao,ad Shaoqiang Hua and Lufang Ma a

This work presents the investigation of p-tert-butyl(tetradecyloxy)calix[4]arene (C4A-C10) as stationary

phase for capillary gas chromatographic (GC) separations. The statically-coated C4A-C10 capillary

column showed weak polarity and column efficiency of 2566 plates per m determined by n-dodecane at

120 �C. Impressively, the C4A-C10 column exhibited extremely high resolving capability for a wide range

of analytes from nonpolar to polar, including n-alkanes, esters, ketones, aldehydes, alcohols and

bromoalkanes. Most importantly, the C4A-C10 column exhibited an excellent separation performance

for positional, structural and cis-/trans-isomers. Among them, the column displayed advantageous

resolving capability over the commercial polysiloxane stationary phase for aromatic amine isomers.

Moreover, the C4A-C10 column showed good column repeatability with RSD values below 0.06% for

run-to-run, 0.12–0.27% for day-to-day and 2.8–5.3% for column-to-column.
1. Introduction

Macrocyclic compounds (crown ethers, cyclodextrins, calixar-
enes and cucurbiturils) have unique conguration characteris-
tics, such as different cavity size, conformation, and
functionality, allow the formation of host–guest interactions
between hosts and numerous guests, and result in widely
varying applications in supramolecular chemistry, coordination
chemistry, and separation science.1–5 In chromatographic
separation, macrocyclic compounds have been reported as
adsorption materials for sample preparation and as stationary
phases for liquid chromatography (LC), gas chromatography
(GC) and capillary electrochromatography (CEC).6–10 Calixar-
enes, the third generation of host supramolecules following
crown ethers and cyclodextrins, were obtained by the oligo-
merization of para-substituted phenol and formaldehyde.11 The
calixarenes hosts have attracted much attention in
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supramolecular chemistry and molecular recognition.12 The
calixarenes endowed with characteristic 3D-shaped cavities
provide a useful platform for designing new functionalized host
molecules which render a variety of binding sites for recogni-
tion of anions, cations and neutral molecules.13–15 By taking
advantage of the introduction of functional groups into the
lower and upper rims, a wide variety of chemically modied
calixarenes has been synthesized with a number of selective
factors.16–18 Calixarenes hosts possess unique features such as
3D cavities, construction and substituents, which offer highly
selective interaction sites with guest molecules via p–p, dipole–
dipole, H-bonding, and van der Waals interactions.19 In addi-
tion, calixarenes have favorable thermal stability and chemical
stability, their upper rim and lower rim are easy to be derivat-
ized, and substituent groups have a great bearing on the phys-
icochemical properties of calixarenes and host–guest
interactions.20

Capillary gas chromatography (GC) has been attached with
great importance by workers occupied in analytical chemistry by
virtue of its high separation efficiency, fast analysis speed and
high sensitivity and has been extensively applied in various
elds such as environmental analysis, food analysis, pharma-
ceutical analysis and petrochemical industry.21–24 In GC, the
stationary phase of special selectivity is the key for components,
which are to be determined, to realize high-efficiency separa-
tion. In recent decades, calixarenes have received increasing
attention for their exploitation as GC stationary phases due to
their unique structures and physicochemical properties.25–28

Mangia and coworkers rstly reported separation of alcohols,
chlorinated hydrocarbons, and aromatic compounds by gas–
RSC Adv., 2019, 9, 21207–21214 | 21207
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Scheme 1 The C4A-C10 capillary column for GC separation.
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solid chromatography with p-tert-butylcalix[8]arene absorbed
on Chromosorb W.29 However, it's difficult to coat unsub-
stituted calixarenes on the inner wall of the capillary column
due to its high melting point and poor lm-forming ability,
which restricts its application as stationary phase for GC.
Subsequently, the derivatized calixarenes and physically
blended calixarene/polysiloxane have been utilized as stationary
phases in GC separations. Zhang et al. has developed the mixed
mode stationary phase based on calixacrown graed poly-
siloxanes, which has been successfully used for the separation
of aromatic isomers in GC.30 Yu et al. reported the mixture of
calix[4]arene and OV-1701 as stationary phase in the gas chro-
matograph, successfully separated alcohols, halohydrocarbons
and aromatic compounds and found that tert-butyl on the
upper rim of calix[4]arene played a signicant role in the
recognition process of solute molecules.31 Delahousse et al.
used calix[6]arene derivative as stationary phase through the
sol–gel method for GC separation of PCBs and PAHs.28

As illustrated in Scheme 1, we presents the investigation of
utilizing the p-tert-butyl(tetradecyloxy)calix[4]arene (C4A-C10)
stationary phase for GC separations. Compared with mixed-
mode stationary phases, C4A-C10 stationary phase can
reect retention behaviors and interaction mechanisms of
calixarene-type stationary phases more directly. The modi-
cation of backbone structure by introducing of functional
units is an effective strategy for improving the separation
performance of the modied stationary phases.32,33 In this
work, nonpolar long alkyl chains groups were introduced at
the lower rim of the calixarenes, which can increase their
column efficiency based on the improving solubility and lm-
Fig. 1 (a) Golay curves of the C4A-C10 capillary column determined by n
wall surface and the coating thickness of the C4A-C10 capillary column

21208 | RSC Adv., 2019, 9, 21207–21214
forming ability of the stationary phase. First, the C4A-C10
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 reten-
tion behaviours by employing the different analytes of great
variety, including nonpolar (n-alkanes), low to medium polar
(esters, aldehydes, ketones), polar analytes (alcohols, bro-
moalkanes), substituted benzenes, and the positional, struc-
tural and cis-/trans-isomers. Meanwhile, one commercial HP-5
column (5% phenyl 95% dimethyl polysiloxane) was employed
for reference. Aerwards, the column repeatability of C4A-C10
column was evaluated in terms of run-to-run, day-to-day and
column-to-column.
2. Experimental
2.1 Materials and equipment

All the reagents and solvents employed were commercially
available and were used as received without further purication.
All the analytes were of analytical grade and dissolved in
dichloromethane. Table S1 in ESI† provides the chemical
structures of the analytes. Untreated fused-silica capillary
tubing (0.25 mm, i.d.) was purchased from Yongnian Ruifeng
Chromatogram Apparatus Co., Ltd. (Hebei, China). A commer-
cial HP-5 capillary column (30 m � 0.25 mm, i.d., 0.25 mm lm
thickness, 5% phenyl 95% dimethyl polysiloxane) was
purchased from Agilent Technologies Co. Ltd. (Palo Alto, USA)
and used as the reference column.

An Agilent 7890A gas chromatograph equipped with a split/
splitless injector, a ame ionization detector (FID) and an
-dodecane at 120 �C and (b) the cross-section SEM images on the inner
.

This journal is © The Royal Society of Chemistry 2019
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Table 1 McReynolds constants of the C4A-C10 and commercial
columna

Stationary
phases X0 Y0 Z0 U0 S0 General polarity Average

C4A-C10 86 140 78 148 158 610 122
HP-5 30 72 62 96 65 325 65

a X0, benzene; Y0, 1-butanol; Z0, 2-pentanone; U0, 1-nitropropane; S0,
pyridine. Temperature: 120 �C.
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autosampler was used for GC separations. All the separations
were performed under the following GC conditions: nitrogen of
high purity (99.999%) as carrier gas, injection port at 300 �C, split
ratio at 60 : 1, FID detector at 300 �C. Oven temperature programs
for the GC separations were individually provided in their gure
captions. 1H NMR spectra were recorded on a Bruker Biospin 400
MHz instrument using TMS as the internal standard. All chem-
ical shis were reported in ppm. 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 spectrom-
eter. Scanning electron microscopy (SEM) images were recorded
on a Zeiss Sigma 500 microscope (Zeiss, Germany).
Fig. 2 GC separation of (a) n-alkanes, (b) esters, (c) ketones, (d) aldehyde
(1) n-hexane, (2) n-heptane, (3) n-octane, (4) n-nonane, (5) n-decane, (6
valerate, (2) methyl hexanoate, (3) methyl heptanoate, (4) methyl octano
noate, (8) methyl dodecanoate; peaks for (c): (1) 2-pentanone, (2) 2-he
anone, (7) 2-undecanone, (8) 2-dodecanone; peaks for (d): (1) valerald
decanal, (7) undecanal, (8) dodecanal; peaks for (e): (1) 1-pentanol, (2) 1-h
undecanol, (8) 1-dodecanol; peaks for (f): (1) 1-bromopentane, (2) 1-bro
nane, (6) 1-bromodecane, (7) 1-bromoundecane, (8) 1-bromododeca
10 �C min�1, flow rate at 0.6 mL min�1.

This journal is © The Royal Society of Chemistry 2019
2.2 Synthesis of the C4A-C10 stationary phase

C4A-C10 was synthesized according to ref. 34 and 35 para
tertiary butyl phenol (5.0 g, 0.03 mol) was dissolved in 40%
formaldehyde solution (30 mL, 0.04 mol), sodium hydroxide
(0.06 g, 1.5 mmol) was added. The mixture was stirred at 120 �C
for 2 h and diphenyl ether (50 mL) was added dropwise. Aer
stirring for 5 h at the same temperature, the mixture was cooled
to room temperature and ethyl acetate (50 mL) was added.
There was a large amount of precipitation. Aer ltration, white
solid was obtained. The white solid (1.5 g, 2.3 mmol) and 60%
sodium hydrogen (1.0 g, 25 mmol) were dissolved in anhydrous
DMF (15 mL). The mixture was stirred at room temperature for
0.5 h and n-C10H21Br (20 mL) was added. The solution was
heated to 85 �C for 6 h. White precipitate begins to precipitate
out. The excess sodium hydrogen was decomposed by water and
methanol. Solid (2.1 g, 1.74 mmol) is obtained by ltering, 1H
NMR (CDCl3, 400 MHz): d 6.90 (s, 8H), 4.05 (s, 8H), 3.57 (s, 8H),
1.66 (s, 8H), 1.27 (s, 56H), 1.04 (s, 36H), 0.92–0.86 (m, 12H); IR
(KBr, cm�1): 2954(C–H), 2921(C–H), 2852(C–H), 1481(C]C),
1466(C]C), 1209(C–O–C), 1191(C–O–C), 1113(C–O–C), 1003(C–
O–C), 883(C–H), 721(C–H); MALDI-TOF MS: m/z calcd for
C84H136O4: 1209.0 (100%); found: 2456.0[2M + K � H]+ (100%).
s, (e) alcohols and (f) bromoalkanes on C4A-C10 column. Peaks for (a):
) n-undecane, (7) n-dodecane, (8) n-tridecane; peaks for (b): (1) methyl
ate, (5) methyl nonanoate, (6) methyl decanoate, (7) methyl undeca-

xanone, (3) 2-heptanone, (4) 2-octanone, (5) 2-nonanone, (6) 2-dec-
ehyde, (2) hexaldehyde, (3) heptaldehyde, (4) octanal, (5) nonanal, (6)
exanol, (3) 1-heptanol, (4) 1-octanol, (5) 1-nonanol, (6) 1-decanol, (7) 1-
mohexane, (3) 1-bromoheptane, (4) 1-bromooctane, (5) 1-bromono-
ne. Temperature program for (a–f): 40 �C for 1 min to 160 �C at

RSC Adv., 2019, 9, 21207–21214 | 21209
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Fig. 3 GC separation of (a) substituted benzenes and (b) benzenes and n-alkanes on C4A-C10 column and HP-5 commercial column (10 m �
0.25 mm, i.d.). Peaks for (a): (1) toluene, (2) ethylbenzene, (3) 3,4,5-trichlorobenzaldehyde, (4) propylbenzene, (5) benzaldehyde, (6) 1,4-
dichlorobenzene, (7) n-butylbenzene, (8) acetophenone, (9) phenol, (10) 1,3-dibromobenzene, (11) 1,3,5-trichlorobenzene, (12) 1,2,4-tri-
chlorobenzene, (13) 1,2,3-trichlorobenzene, (14) 1,2-dibromobenzene; peaks for (b) benzenes: toluene, ethylbenzene, cumene, propylbenzene,
sec-butylbenzene, n-butylbenzene; peaks for (b) n-alkanes: n-octane, n-nonane, n-decane, n-undecane. Temperature program for (a) and (b):
40 �C for 1 min to 160 �C at 10 �C min�1, flow rate at 0.6 mL min�1.
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2.3 Fabrication of the C4A-C10 capillary column

The C4A-C10 capillary column was fabricated by static coating
method.32,36 First, a bare fused-silica capillary column (10 m �
0.25 mm, i.d.) was pretreated with a saturated solution of
sodium chloride in methanol for its inner surface roughing.
Aerwards, the column was conditioned up to 200 �C and held
for 3 h under nitrogen atmosphere. Then, the pretreated
Table 2 The boiling point of benzenes and n-alkanes

Benzenes

Compound Molecular formula
Boiling
point

Toluene C7H8 111 �C
Ethylbenzene C8H10 136 �C
Cumene C9H12 152 �C
Propylbenzene C9H12 159 �C
sec-Butylbenzene C10H14 173 �C
n-Butylbenzene C10H14 183 �C

21210 | RSC Adv., 2019, 9, 21207–21214
column was statically coated with the solution of the C4A-C10
stationary phase in dichloromethane (0.25%, w/v) at room
temperature. Aer the column was lled with the stationary
solution, one end of the column was sealed and the other end
was connected to a vacuum system to gradually remove the
solvent under vacuum at 40 �C. The coated column was condi-
tioned from 40 �C held for 30 min to 160 �C at 1 �C min�1 and
held at the high-end temperature for 7 h under nitrogen.
n-Alkanes

Compound Molecular formula
Boiling
point

n-Octane C8H18 125 �C
n-Nonane C9H20 151 �C
n-Decane C10H22 170 �C
n-Undecane C11H24 196 �C

This journal is © The Royal Society of Chemistry 2019
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3. Results and discussion
3.1 Characterization of the C4A-C10 column

Characteristic parameters of the C4A-C10 column concerning
column efficiency and McReynolds constants were deter-
mined.37–39 As shown in Fig. 1a, the Golay curve relating the
heights equivalent to a theoretical plate (HETP) with ow rates
were determined by n-dodecane at 120 �C, and the minimum
HETP of 0.39 mm was observed at 0.25 mL min�1 correspond-
ing to the column efficiency of 2566 plates per m. McReynolds
constants were used to characterize the polarity of the C4A-C10
stationary phase by using the ve probes of benzene, 1-butanol,
2-pentanone, 1-nitropropane and pyridine at 120 �C. As shown
in Table 1, the McReynolds constants of the C4A-C10 stationary
Fig. 4 Separations of isomer mixtures of propylbenzenes, trimethylbenz
on C4A-C10 column. Temperature program for benzenes: 40 �C for 1 m

This journal is © The Royal Society of Chemistry 2019
phase, suggesting its weak polarity close to that of the HP-5
stationary phase. Hence, the commercial HP-5 column was
employed for reference in the following work. Fig. 1b presented
the SEM cross-section images of the C4A-C10 column, con-
rming its good coating with the thickness of approximately
500 nm on the capillary column.
3.2 Separation capability and retention behaviours

Separation performance of the C4A-C10 column was evaluated
by GC separation of different analytes of great variety, including
nonpolar (n-alkanes), low to medium polar (esters, aldehydes,
ketones), polar analytes (alcohols, bromoalkanes), substituted
benzenes, and the positional, structural and cis-/trans-isomers.
enes, trichlorobenzenes, nitrochlorobenzene and methylnaphthalenes
in to 160 �C at 10 �C min�1, flow rate at 0.6 mL min�1.

RSC Adv., 2019, 9, 21207–21214 | 21211
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Fig. 2 shows the chromatograms for GC separations of the
linear analytes with similar carbon numbers on C4A-C10
column, including the mixtures of n-alkanes, esters, ketones,
aldehydes, alcohols and bromoalkanes. As results, the C4A-C10
column achieved baseline resolution for all the analytes and
exhibited nice peak shapes for both nonpolar and polar analy-
tes. Although the analytes have different polarities, their
retention time on the column is within 12 minutes under the
same GC conditions. This may be related to the molecular
structure of C4A-C10 stationary phase. There are four long
linear alkyl chains at the lower rim of C4A-C10, which have
similar van der Waals interactions to linear molecules of similar
carbon numbers.

The aromatic structure of C4A-C10 is conducive for
enhancing p–p interactions among analytes of the p-system.
Fig. 2a shows the separations of the mixture of substituted
benzenes consisting of 14 analytes on the C4A-C10 column in
comparison to the HP-5 columns. As shown, the C4A-C10
column achieved baseline resolution (R > 1.5) for all the analy-
tes and outperformed the HP-5 column that coeluted the pair of
1,2,3-trichlorobenzene/1,2-dibromobenzene (peaks 13/14). The
above results demonstrate the high-resolution performance of
the C4A-C10 stationary phase towards the aromatic analytes
ranging from nonpolar to polar nature. Moreover, the C4A-C10
column distinctly prolongs the retention of phenol (peak 9).
This phenomenon suggests the stronger interactions of the
C4A-C10 stationary phase with the benzene with hydroxyl,
Fig. 5 Separations of aromatic amine isomers on the C4A-C10 column i
The GC separation on two columns was performed under same condit
niline: 100 �C for 1 min to 160 �C at 10 �C min�1, flow rate at 0.6 mL m

21212 | RSC Adv., 2019, 9, 21207–21214
possibly thanks to the p–p electron-donor/acceptor (EDA)
interactions. In order to further study the inuence of the
aromatic skeleton of the C4A-C10 stationary phase on its chro-
matographic retention behavior, we investigate the chromato-
graphic retention behavior of aromatics and alkanes with
similar carbon numbers as analytes. Fig. 3b shows the separa-
tion of aromatics and n-alkanes on the C4A-C10 and HP-5
stationary phases with the same chromatographic separation
conditions. As can be seen, toluene (b.p., 111 �C)/n-octane (b.p.,
125 �C), ethylbenzene (b.p., 136 �C)/n-nonane (b.p., 151 �C),
propylbenzene (b.p., 159 �C)/n-decane (b.p., 170 �C), and n-
butylbenzene (b.p., 183 �C)/n-undecane (b.p., 196 �C) (Table 2)
have different carbon numbers and boiling points, but they
have similar retention times on the C4A-C10 column.
Compared to the HP-5 stationary phase with a p-aromatic
system, the C4A-C10 stationary phase exhibits prolonged
retention trend for aromatics over alkanes. This interesting
nding suggests the stronger molecular interactions of the
aromatics with the C4A-C10 stationary phase. The stronger
retention for the aromatics can be ascribed to the unique
aromatic skeleton of the calix[4]arene stationary phase with the
3D cavity, which may favor enhancing their p–p interactions to
a large extent. And for aromatics, the p–p interactions between
the calix[4]arene stationary phase and analytes may dominate.

Subsequently, the C4A-C10 column was investigated for its
capability to separate positional, structural and cis-/trans-
isomers. Fig. 4 shows the separations of ve isomer mixtures
n comparison to the HP-5 commercial column (30 m � 0.25 mm, i.d.).
ion. Temperature programs for chloroaniline, bromaniline and iodoa-
in�1.

This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03004b


Fig. 6 Separations of cis-/trans-isomers on the C4A-C10 column. Temperature programs for decahydronaphthalene, citral and nerolidol: 40 �C
for 1 min to 160 �C at 10 �C min�1, flow rate at 0.6 mL min�1.

Table 3 Repeatability and reproducibility of C4A-C10 column on the retention times (tR, min) of the indicated isomers

Analytes

Run-to-run (n ¼ 5) Day-to-day (n ¼ 5) Column-to-column (n ¼ 3)

tR (min) RSD (%) tR (min) RSD (%) tR (min) RSD (%)

Cumene 4.16 0.03 4.12 0.25 4.09 4.3
Propylbenzene 4.65 0.02 4.58 0.22 4.43 3.2
1,3,5-Trimethylbenzene 4.82 0.06 4.71 0.27 4.68 4.9
1,2,4-Trimethylbenzene 5.27 0.05 5.24 0.19 5.14 3.2
1,2,3-Trimethylbenzene 5.76 0.04 5.72 0.13 5.59 5.3
1,3,5-Trichlorobenzene 7.54 0.05 7.49 0.12 7.37 2.8
1,2,4-Trichlorobenzene 8.32 0.03 8.27 0.15 8.19 4.6
1,2,3-Trichlorobenzene 8.98 0.04 8.93 0.13 8.81 3.9
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ranging from nonpolar to polar nature on the C4A-C10 column,
including propylbenzenes, trimethylbenzenes, tri-
chlorobenzenes, nitrochlorobenzene and methylnaphthalenes.
The baseline resolution of the isomer mixtures evidenced its
high resolving capability for analytes of close nature. Speci-
cally, the isomer pairs of 2-methylnaphthalene/1-
methylnaphthalene differ slightly in their boiling points (<2
�C). Efficient separation of aromatic amine isomers is a chal-
lenging issue in chemical industry and environmental analysis.
To the best of our knowledge, very few stationary phases are
available for the separation of aromatic amine isomers, most of
which demand complicated and harsh derivatization process
before separation by GC-ECD or GC-MS.40–43 Therefore, it is still
a challenge to nd an appropriate stationary phase for the rapid
and efficient separation of aromatic amine isomers. Fig. 5
presents the separations of the chloroaniline, bromaniline and
iodoaniline isomers on the C4A-C10 stationary phase in
comparison to the polysiloxane HP-5 stationary phase with
similar polarity. As shown, the C4A-C10 column well resolved all
the analytes (R > 1.5) and showed advantageous separation
capability over the HP-5 commercial column (30 m � 0.25 mm,
i.d.). Notably, some of the analytes partially overlapped or even
coeluted on the HP-5 commercial column. Fig. 6 illustrates the
separation of three cis-/trans-isomers containing decahy-
dronaphthalene, citral and nerolidol on C4A-C10 column. As
shown, it achieved baseline resolution for the aromatic and
This journal is © The Royal Society of Chemistry 2019
aliphatic isomers with good peak shapes. The C4A-C10 column
achieved high resolution of these isomers due to their p–p and
van der Waals interactions with analytes. The above results for
the critical isomers demonstrate the great potential of the C4A-
C10 column for GC analysis.
3.3 Column repeatability

For the fabricated C4A-C10 columns, column repeatability (run-
to-run, day-to-day) and reproducibility (column-to-column)
were investigated by separations of the isomer mixtures of
propylbenzenes, trimethylbenzenes and trichlorobenzenes, and
evaluated by relative standard deviation (RSD%) on their
retention times. The obtained results are summarized in Table
3, showing the RSD values of 0.02–0.06% for run-to-run, 0.12–
0.27% for day-to-day and 2.8–5.3% for column-to-column,
respectively. These results demonstrate its good column
repeatability in daily operations and in column preparation.
4. Conclusion

This work presents the investigation of the C4A-C10 stationary
phase for GC separations. The statically coated C4A-C10 column
without any deactivation exhibits good separation performance
and column inertness for a wide range of analytes from
nonpolar to polar, including those prone to peak tailing in GC
analysis such as alcohols and aldehydes. It should be noted that
RSC Adv., 2019, 9, 21207–21214 | 21213
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the C4A-C10 stationary phase exhibited an excellent separation
performance for aromatic amine isomers, showing distinct
advantages over the commercial polysiloxane stationary phase.
The high selectivity of C4A-C10 stationary phase may stem from
their unique structures and host–guest interactions involving
p–p and van der Waals interactions.
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