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A B S T R A C T

This work reports the investigation of a new triptycene-derived oxacalixarene (TDOC) as the
stationary phase for gas chromatography (GC) with high-resolution performance for a wide range
of analytes and isomers. The TDOC scaffold is composed of triptycene and 1,8-naphthyridine
moieties, inherently differing from the conventional calixarenes in structures and properties. As a
result, the TDOC column exhibited outstanding column efficiency of 5679 plates/m by n-dodecane
at 120 �C. It showed advantageous performance for separations of the mixtures with various analytes
and achieved high resolution of diverse isomers (skeletal, positional and cis-/trans-isomers) from apolar
to polar nature. Moreover, the TDOC column exhibited high thermal stability up to 310 �C. To date, the
TDOC-based materials have not been reported in chromatography. This work demonstrates the good
potential of the triptycene-derived heterocalixarenes as a new class of stationary phases for
chromatographic analyses.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.

Macrocyclic materials are characteristic of specific molecu-
lar recognition capability for analytes due to their unique
structures and properties, and have found their use as selective
stationary phases for gas chromatographic (GC) analyses,
mainly including crown ethers [1], cyclodextrins (CD) [2–6],
calixarenes [7–12] and cucurbit[n]urils (CB) [13–18], known as
the first to fourth generation of macrocycles, respectively. Often,
their modified derivatives of a macrocyclic scaffold were utilized
or applied in combination with other materials such as poly-
siloxanes [1–3,5,9,11] in order to improve their selectivity towards
specific analytes.

Triptycene (TP) has a three-dimensional (3D) rigid p-rich
structure with three arene units fused to the [2.2.2]bicycle-
octatriene bridgehead. Its unique structure, easy functionality and
high thermal stability facilitate the advancement of TP-based
materials in supramolecular chemistry and materials chemistry
[19,20]. Also, they have shown good potential in chromatographic
analyses in our previous work [21–26]. Recently, triptycene-
derived heterocalixarenes with a fixed conformation have

attracted growing attention thanks to their fascinating molecular
recognition capabilities [27,28]. One typical example is TP-derived
oxacalixarene composed of TP and 1,8-naphthyridine moieties
(denoted as TDOC) [29,30] (Fig. 1a), which differs from the
conventional calixarenes in composing units, linkers, portal sizes
and properties. TDOC contains two different moieties (triptycene,
1,8-naphthyridine) linked via oxygen atoms while the convention-
al calixarenes consist of phenolic units connected by methylene
bridges. The 3D rigid triptycene units in TDOC serve as anchors to
stabilize its scaffold conformation and thus enhance its molecular
recognition capabilities for guest molecules. On contrary, the
conventional calixarenes have several conformational isomers
resulting from the free rotation of the methylene bonds [7].
Moreover, TDOC has two semi-cavities encircled by triptycene
moieties and naphthyridine moieties, respectively. As proven, the
triptycene semi-cavity is aploar,morep-rich and crowded than the
naphthyridine semi-cavity [30]. In contrast, the conventional
calixarenes vary in shapes and sizes owing to their conformation
variation.

On the basis of its distinctive structure and properties, TDOC is
an ideal candidate as the stationary phase for GC analyses. To date,
however, triptycene-derived macrocyclic materials have not been
reported in the area of chromatography, which are quite worth
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exploration to advance their researches and applications in this
area. Herein, we present the first example of the triptycene-
derived macrocycles for chromatographic analyses.

First, TDOC was synthesized by the one-pot coupling reaction
proceduredescribedinRef. [29].Briefly,2,7-dichloro-1,8-naphthyridine
(2mmol) and 2,7-dihydroxytriptene (2mmol) were refluxed in a
1,4-dioxane solution for 48h in the presence of Cs2CO3. Afterwards, the
mixturewascooledtoroomtemperatureandextractedwithCH2Cl2and
water (5:4). The product obtained from the organic layer was further
purified by gel chromatography. As a result, the final product of TDOC
was obtained as a white solid and confirmed by the characterization
data from 1H NMR, 13C NMR and MALDI-TOF MS [29]. 1H NMR
(300MHz, CDCl3): d 5.23 (s, 2H), 5.41 (s, 2H), 6.94–7.00 (m, 16H),
7.30–7.37 (m, 8H), 8.00 (d, 4H, J = 8.7 Hz). 13C NMR (75MHz,
DMSO-d6): d 163.5, 153.3, 150.6, 146.6, 145.8, 145.1, 141.3, 140.9,
125.1, 124.9, 124.3, 123.7, 123.4, 117.2, 116.6, 116.1, 112.2, 52.1, 51.4.
MALDI-TOF MS: m/z 825.5 [M+H]+, 847.5 [M +Na]+, 863.4 [M + K]+.

Then, the TDOC capillary columns (10m � 0.25mm, i.d.) were
prepared with its solution in dichloromethane (0.05%, w/v) at
room temperature by the static coating method [21]. The coated
columnwas conditioned from 40 �C to 200 �C at 1 �C/min and held

at 200 �C for 7 h under nitrogen. Next, the TDOC column was
investigated in terms of column efficiency, polarity, separation
performance and thermal stability. Its separation performancewas
evaluated by several mixtures consisting of a wide range of
analytes and isomers, respectively.

Efficiencies of the TDOC column at different flow rates were
measured by n-dodecane at 120 �C and then its Golay curve
(Fig. 1b) was obtained by plotting the height equivalent to a
theoretical plate (HETP) against flow rate. The column efficiency
was 5679 plates/m at the minimum HETP, indicating the high
efficiency of the TDOC column. Also, McReynolds constants were
determined to evaluate the column polarity. The constants were
measured at 120 �C by the five probe compounds, i.e., benzene (X'),
1-butanol (Y'), 2-pentanone (Z'), 1-nitropropane (U') and pyridine
(S'). The general and average polarities were obtained by summing
up and averaging the five constants, respectively. Table 1 provides
the results, indicating the weak polarity of the TDOC column close
to that of the commercial HP-5MS column.

Afterwards, the separation performance of the TDOC column
was investigated by employing several mixtures consisting of a
wide range of analytes and different types of isomers (skeletal,
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Fig. 1. (a) Structure of TDOC and (b) the Golay curve of the TDOC capillary column determined by n-dodecane at 120 �C.

Table 1
McReynolds constants of the TDOC and HP-5MS columns.

Stationary phase X' Y' Z' U' S' General polarity Average polarity

TDOC 52 119 73 127 133 504 101
HP-5MS 30 72 62 96 65 325 65

X0: benzene; Y0: 1-butanol; Z0: 2-pentanone; U0: 1-nitropropane; S0: pyridine.

[(Fig._2)TD$FIG]

Fig. 2. Separations of the mixture of 16 analytes on the TDOC column (a) and the HP-5MS column (b) and schematic illustration on the selective interactions of the TDOC
stationary phasewith the indicated analytes (c). Peaks: (1) 3-methylheptane, (2) toluene, (3) n-nonane, (4) o-xylene, (5) bromohexane, (6) 1-bromobenzene, (7) n-decane, (8)
1,2,4-trimethylbenzene, (9) methyl octoate, (10) 1,6-dichlorohexane, (11) p-diisopropylbenzene, (12) 1,2,4-trichlorobenzene, (13) n-tridecane, (14) 1-nonanol, (15)
n-tetradecane, (16) 1-decanol. GC conditions: 40 �C (1min) to 160 �C at 10 �C/min, flow rate at 1mL/min.
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positional, cis-/trans-isomers). Meanwhile, the HP-5MS column
was used for reference. High-resolution separation of diverse
analytes and isomers in various samples is essential for their
accurate determinations [31–34]. Figs. 2a and b shows the
separation results for the mixture of 16 analytes with apolar to
polar nature on the given columns. Notably, the TDOC column
achieved good separation of all the analytes in contrast to two pairs
of them coeluted on the HP-5MS column, i.e., methyl octoate/1,6-
dichlorohexane (peaks 9/10) and p-diisopropylbenzene/1,2,4-
trichlorobenzene (peaks 11/12). High resolution of the pairs on
the TDOC column results from its longer retention for the
halogenated analytes via the halogen-bonding interactions (X���N=)
between the analyte chlorine atoms and the nitrogen atoms on the
naphthyridine rings. In addition, it is interesting to note that the

TDOC column exhibited reversal elution for most of the analytes in
contrast to the reference column. Observably, all the aromatics
(peaks 2, 4, 6, 8, 10, 12) and the alcohols (peaks 14, 16) eluted later
on the TDOC column because of their stronger p-p and H-bonding
interactions (O-H���N=) with the stationary phase, respectively.
Also, the halogen-bonding interactions contribute to the retention
of those halogenated analytes. The above findings proved the
different selectivity and retention behaviour of the TDOC station-
ary phase from the classic polysiloxane despite their comparable
polarity. Fig. 2c presents a brief illustration on the selective
interactions of the TDOC stationary phasewith the typical analytes
described above.

Another mixture was employed to testify the distinguishing
capability of the TDOC stationary phase for aromatics from
aliphatics. The mixture consisted of n-hexane, cyclohexane and
thiophene that share in common with either the carbon number
(n-hexane, cyclohexane) or the molecular weight (cyclohexane,
thiophene). As shown in Fig. 3, the TDOC column well resolved
cyclohexane and thiophene in contrast to their partially over-
lapping on the reference column. These results further prove the
advantageous performance of the TDOC stationary phase through
its selective p-p interactions with aromatics.

Further, its separation performance was investigated by the
mixtures of different types of isomers (skeletal, positional,
cis-/trans-). Figs. 4a–f show the separations of the isomer mixtures
of alkanes (C6-C8), propyl/butylbenzenes, α-/β-pinene, cis-/trans-
naphthane, nerol/geraniol and pentanols on the TDOC column,
respectively. As known, separating alkane isomers presents a big
challenge to the selectivity of a GC stationary phase owing to their
high resemblance in structures and properties. From Fig. 4a, the
TDOC columnwell resolved the alkane isomers, indicating its high
selectivity towards these apolar isomers. Notably, the column

[(Fig._3)TD$FIG]

Fig. 3. Separations of the mixture of hexane, cyclohexane and thiophene on the
TDOC column (a) and the HP-5MS column (b). Peaks: (1) n-hexane, (2) cyclohexane,
(3) thiophene. GC conditions: 60 �C, flow rate at 0.5mL/min.

[(Fig._4)TD$FIG]

Fig. 4. Separations of the mixtures of (a) alkane isomers, (b) propylbenzene and butylbenzene isomers, (c) pinene isomers, (d) cis-/trans-naphthane isomers, (e) nerol and
geraniol isomers, and (f) pentanol isomers on the TDOC column. Peaks for (a): (1) 2,2-dimethylbutane, (2) 3-methylpentane, (3) n-hexane, (4) 2,4-dimethylpentane, (5)
cyclohexane, (6) iso-octane, (7) n-heptane, (8) 2,2-dimethylhexane, (9) 3-methylheptane, (10) n-octane. Oven temperatures: (a) 30 �C, (b) 40 �C to 160 �C at 10 �C/min, (c)
120 �C, (d) 70 �C, (e) 110 �C and (f) 40 �C to 140 �C at 10 �C/min. Flow rate: 0.5mL/min for (a, b, e, f) and 1.0mL/min for (c, d).
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showed preferential retention for linear alkanes to their branched
isomers, suggesting its shape-fitting selectivity for the alkanes. On
the principle “like attracts like”, the apolar alkanes have higher
affinity to the apolar triptycene portal via the CH-p interactions.
The steric hindrances of the branched alkanes prevent their close
contact with the triptycene moieties, leading their relatively
shorter retention than their linear counterparts.

Fig. 4b shows baseline separations of propylbenzenes and
butylbenzenes, proving the high distinguishing capability of the
TDOC stationary phase for alkylbenzenes with linear alkyl groups
from those with branched alkyl groups. Its high-resolution
performance can be ascribed to its different strengths of p-p
and CH-p interactions with the alkylbenzenes resulting from their
differences in steric hindrances. Fig. 4c shows the separation of
α-pinene and β-pinene with a difference in the location of the
double bond. β-pinene retained longer because of its stronger CH-
p interaction with the stationary phase through its = CH2 group
located outside the cyclohexane ring. In addition, the TDOC column
achieved baseline separation of cis-/trans-naphthane isomers
(Fig. 4d). Observably, the less bulky molecule of trans-naphthane
than its cis-isomer allows its easier access to the TDOC cavity and
thus has stronger CH-p interaction with the stationary phase,
leading to their good separation. In brief, the shape-fitting
differences of cis-/trans-isomer molecules with the cavity mainly
contribute to their high-resolution separations on the stationary
phase. Figs. 4e and f present the separations of nerol and geraniol
and pentanol isomers, respectively, proving the high selectivity of
the TDOC column for the polar analytes. Regarding the retention
behaviours, the linear alcohol isomers retained longer due to their
stronger H-bonding interactions with the nitrogen and oxygen
atoms in the stationary phase. The above results demonstrate the
high resolving performance of the TDOC column for awide range of
analytes with apolar to polar nature. Additionally, its column
thermal stability was assessed by its bleeding profile. As shown in

Fig. 5, the column was thermally stable up to 310 �C, indicating its
high thermal stability. The advantageous features of the TDOC
column described above demonstrate its good potential for
practical GC analyses.

In summary, we report a new type of macrocyclic materials, i.e.,
a triptycene-derived heterocalixarene, as the stationary phase for
gas chromatography. This is the first example of employing TDOC-
based macrocycles for chromatographic analyses. As demonstrat-
ed, the TDOC column exhibits advantageous separation perfor-
mance towards a wide range of analytes and isomers and high
column thermal stability. This work demonstrates their good
potential as a new class of selective macrocyclic stationary phases
for chromatographic analyses.
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Fig. 5. Bleeding profile of the TDOC column determined from 40 �C to 380 �C at
3 �C/min under nitrogen.
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