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Chiral covalent organic frameworks (CCOFs) featuring chirality, stability, and good porosity have attracted
a considerable amount of attention due to their important applications, such as asymmetric catalysis, chi-
ral separation, and chiral recognition. In this study, a S-cyclodextrin (8-CD) covalent organic framework
(B-CD-COF) diluted with polysiloxane OV-1701 was explored as a novel chiral stationary phase (CSP) for
gas chromatography (GC) separation of racemates. The B-CD-COF coated capillary column had excellent
selectivity, not only for the separation of linear alkanes, linear alcohols, fatty acid methyl esters mix-
ture, the Grob mixture and positional isomers, but also for the resolution of chiral compounds, including
chiral alcohols, aldehydes, ethers, and amino acid derivatives. In addition, the 8-CD-COF-coated capillary
column presented good repeatability and reproducibility. This work indicated the great potential of the
CCOFs coated capillary column for the chromatographic separation of enantiomers.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Chiral compounds, especially the enantiomers of chiral drugs,
may have great differences in their metabolism, pharmacodynam-
ics and pharmacology, and therefore, the resolution of chiral com-
pounds is of great significance [1]. However, it is difficult to sep-
arate enantiomers because of their similar physical and chemical
properties [2]. Chromatographic techniques based on a chiral sta-
tionary phase (CSP) are some of the most attractive methods used
to separate and obtain enantiomerically pure compounds [3,4].
At present, chiral immobilization using cyclodextrins, polysaccha-
rides, crown ethers, glycopeptides and other classical chiral ma-
terial has been widely used [5]. However, with the development
of materials science, especially the rapid development of chiral
porous materials, many new CSPs, such as metal-organic frame-
works (MOFs) [6,7], porous organic cages (POCs) [8,9], metal-
organic cages (MOCs) [10,11] and microporous organic networks
(MONSs) [12] have also received a great deal of attention.

Covalent organic frameworks (COFs) are a new class of crys-
talline organic polymer materials with highly ordered porous
structures. Recently, COFs have become a research hotspot be-
cause of their large specific surface area, excellent thermal and
chemical stability and predesignable structures [13]. The applica-
tions of COFs include gas storage and adsorption [14,15], cataly-
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sis [16], biosensing [17], energy storage [18], separation [19], and
drug delivery [20], among others [21,22]. Recently, COFs have been
explored as potential CSPs for chiral chromatographic separation
[23]. For example, Han et al. [24] demonstrated the synthesis of
3D chiral COFs using imine condensation used as CSPs in HPLC
for the separation of racemic alcohols with excellent repeatability
and reproducibility. Qian et al. [25] reported a bottom-up strat-
egy to synthesize chiral COFs used in gas chromatography (GC).
These chiral COF-bound capillary columns were synthesized via an
in situ growth approach, which achieved the baseline separation of
(£)-methyl lactate, (+)-1-phenyl ethanol, (+)-limonene and (+)-1-
phenyl-1-propanol within 5 min. Ji's group [26] prepared a novel
COF incorporated chiral polymer monolithic column for CEC anal-
ysis, which exhibited excellent enantioseparation performance for
eight pairs of different classes of chiral drugs including S-blockers,
antihistamines and anticoagulants. However, the development of
CSP using chiral COFs is still in its infancy due to the difficulties
observed in the synthesis of chiral COFs [27].

Herein, we report a B-CD-COF-coated capillary column used
for the GC separation of compounds. Although this material has
been used in selective molecular adsorption and as a CSP in cap-
illary electrochromatography, its application in GC has been ig-
nored [28,29]. B-CD-COF was synthesized using heptakis(6-amino-
6-deoxy)-B-CD (Am7CD) and terephthalaldehyde (TPA) in an acetic
acid solution [30]. Benefitting from the integration of 8-CD chiral
units, the CSP not only had permanent chiral space, but also ex-
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Fig. 1. Characterization of B-CD-COF and the S-CD-COF coated column. (a) FT-IR spectrum, (b) PXRD pattern and (c) TGA curve and (d) SEM image obtained for 8-CD-COF.
(e) and (f) SEM images of the cross-section of the B-CD-COF coated capillary column.

hibited high thermal stability and a large surface area. Ultimately,
a variety of compounds, including linear alkanes, linear alcohols,
fatty acid methyl esters, the Grob mixture, positional isomers and
racemates were successfully separated on a 8-CD-COF-coated open
tubular column. This work will provide a new reference for the ap-
plication of chiral COFs in gas chromatography.

The B-CD-COF was synthesized according to the method in
the literature with some modifications (Supporting information).
B-CD-COF was characterized using fourier transformed infrared
(FTIR), powder X-ray powder diffraction (PXRD), thermo gravimet-
ric analysis (TGA) and scanning electron microscopy (SEM). Fig. 1a
shows the FT-IR spectra of B-CD-COF and Am7CD exhibit charac-
teristic bands corresponding to C-H at 1047 and 1153 cm™!, respec-
tively. The intense peaks observed at 1565, 1644 and 1697 cm™!
were attributed to the stretching vibrations of the C=N bond, con-
firming that the covalent bond was successfully formed. The PXRD
data (Fig. 1b) obtained for B-CD-COF exhibited prominent diffrac-
tion peaks at 6.72°, 11.54°, 13.16°, 17.56°, 20.04° and 24.08°, which
was in good agreement with the simulated spectra data reported
in the literature, and indicated the successful synthesis of B8-CD
COF [30]. The TGA curve showed that the §-CD-COF crystals were
stable up to 230 °C (Fig. 1c), indicating its suitability as a GC sta-
tionary phase. The morphology of the 8-CD-COF crystals and COF-
coated column were characterized using SEM. Fig. 1d shows that
B-CD-COF exhibits an aggregated short rod-like morphology, which
was likely due to the inhibition of crystal growth upon stirring. The
SEM images of the column cross-section (Figs. 1e and f) show that
the COF-coated capillary column was successfully prepared and -
CD-COF was dispersed on the inner wall of the capillary column.

The column efficiency and McReynolds constants are basic pa-
rameters used to determine the overall performance of a chro-
matographic column [31,32]. The column efficiency of the B-CD-
COF-coated capillary column was obtained using n-dodecane as
the test compound at 120 °C and the number of theoretical plates
was determined to be 2700 plates/m at the optimal flow rate. The
McReynolds constants of the B-CD-COF-coated capillary column
were evaluated using benzene (X’), 1-butanol (Y’), 2-pentanone
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Table 1

McReynolds constants obtained for the B-CD-COF-coated column at 120 °C.
X' Y 7 04 N Average
83 229 192 289 252 209

(Z"), 1-nitropropane (U’) and pyridine (S’) as probe molecules.
Table 1 gives the McReynolds constants obtained for the five
probe compounds, which show that the polarity of the 8-CD-COF-
coated capillary column was moderate. The elution sequence of
the probes was benzene, 2-pentanone, 1-butanol, nitropropane and
pyridine.

In this work, linear alkanes, linear alcohol, fatty acid methyl es-
ters and the Grob mixture were chosen as test compounds for sep-
aration on the B-CD-COF-coated column [33]. Fig. 2 shows that all
of these compounds were well separated on the S-CD-COF-coated
capillary column. Figs. 2a-c show that baseline separation was
achieved for linear alkanes (n-C12 to n-C17) and linear alcohols
(n-C8-0OH to n-C12-0OH) on the stationary phase, as well as a mix-
ture of fatty acid methyl esters (C6:0 to C10:0) with slight tailing;
thus, indicating that this CSP exhibits good resolution performance
for these mixtures. The separation performance of the §-CD-COF-
coated capillary column for the Grob mixture was also tested. Fig.
2d shows the B-CD-COF-coated capillary column achieved fair res-
olution and peak shapes for most of the analytes except the obvi-
ous tailing and overlapping of 2,6-xylenol and 2,6-dimethylaniline.
These results proved that S-CD-COF has the potential to be used
as a stationary phase in GC.

The B-CD-COF-coated capillary column provided good resolu-
tion and selectivity during the separation of alkylbenzenes and
positional isomers (Fig. 3). Fig. 3a shows a mixture of alkyl-
benzenes containing four compounds (toluene, ethylbenzene, n-
propylbenzene and n-butylbenzene) that were separated on the
B-CD-COF-coated column and eluted in the order of their boiling
points. Figs. 3b-f show the separation of the positional isomers
of ionone, nitroaniline, trichlorobenzene, dichlorobenzene and di-
bromobenzene on the B-CD-COF-coated column. The elution se-
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Fig. 2. GC chromatograms obtained using the S-CD-COF-coated capillary column for: (a) Linear alkanes and (b) linear alcohols (temperature program: 50 °C for 1 min,
followed by heating to 200 °C at 30 °C/min under a flow of 1.0 mL/min N;); (c) fatty acid methyl ester mixture (Peaks: (1) methyl caproate, (2) methyl heptanoate, (3)
methyl octanoate, (4) methyl nonanoate and (5) methyl caprate; temperature program: 50 °C for 1 min, followed by heating to 150 °C at 20 °C/min under a flow of 1.0
mL/min N;); (d) Grob mixture (Peaks: (1) decane, (2) undecane, (3) 1-octanol, (4) 2,6-dimethylphenol, (5) 2,6-dimethylaniline, (6) methyl decanoate, (7) methyl undecanoate
and (8) methyl laurate; temperature program: 50 °C for 1 min, followed by heating to 200 °C at 30 °C/min under a flow of 0.5 mL/min N;).
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Fig. 3. GC chromatograms obtained using the S-CD-COF-coated capillary column for the separation of alkylbenzenes and positional isomers: (a) alkylbenzenes (1-toluene;
2-ethylbenzene; 3-propylbenzene; 4-butylbenzene; temperature program: 50 °C for 1.0 min, followed by heating to 200 °C at 30 °C/min under a flow of 0.5 mL/min N;), (b)
«-[B-ionone (N, flow rate of 1.0 mL/min at 150 °C); (c) o-, m- and p-nitroaniline (N, flow rate of 1.0 mL/min at 200 °C); (d) 1,2,3-, 1,2,4- and 1,3,5-trichlorobenzene (N,
flow rate of 1.0 mL/min at 130 °C); (e) o-, m- and p-dichlorobenzene (N, flow rate of 0.5 mL/min at 50 °C); (f) o-, m- and p-dibromobenzene (N, flow rate of 1.0 mL/min at

75 °C).

quence of the nitroaniline, trichlorobenzene and dibromobenzene
isomers followed the order of their boiling points, for example
2-nitroaniline (284 °C) < 3-nitroaniline (306 °C) < 4-nitroaniline
(332 °C). The broader peaks observed for the positional isomers
of dichlorobenzene and dibromobenzene may be attributed to the

and B-CD-COF.
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stronger dipole-dipole interactions formed between the isomers

To evaluate the chiral recognition capability of the S-CD-COF-
coated capillary column, a variety of racemates were used as probe
compounds. The following ten racemates, including chiral alco-
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Fig. 4. GC chromatograms obtained using the B-CD-COF-coated capillary column for the separation of racemates: (a) (+)-1-(3-methylphenyl)ethanol, (b) (+)-citronellal,
(c) (&)-butyl glycidyl ether, (d) (£)-rose oxide, (e) bL-methionine, (f) pL-histidine, (g) pL-glutamine, (h) DL-serine; (i) DL-tyrosine and (j) pL-glutamic acid. The separation
conditions are reported in Table 2.

Table 2

Separation of racemates on the S-CD-COF-coated column.
Racemates T (°C) v@ (mL/min) b Rs©
(+)-1-(3-Methylphenyl)ethanol 130 0.3 1.01 0.64
(+)-Citronellal 140 0.4 1.03 0.42
(£)-Butyl glycidyl ether 120 0.4 1.03 1.12
(£)-Rose oxide 80 0.4 1.01 0.20
pL-Methionined 175 0.4 1.03 1.48
pL-Histidined 160 0.4 1.09 134
pL-Glutamined 125 0.4 1.03 0.75
pL-Serined 160 0.4 1.02 0.50
pL-Tyrosined 200 0.4 1.01 0.43
pL-Glutamic acidd 130 0.4 1.02 0.41

Flow rate of carrier gas N,.

Selectivity factor & = (tga-tam)/(tr1-tm)-
Resolution Rs = 2(try-tr1)/(W1+W>).
Trifluoroacetyl isopropyl ester derivative.

b

d
hols, aldehydes, ethers, and amino acid derivatives, were separated
on the column: 1-(3-methylphenyl) ethanol, citronellal, butyl gly-
cidyl ether, (&)-rose oxide, pL-methionine derivative, pL-histidine
derivative, pL-glutamine derivative, DL-serine derivative and DL-
tyrosine derivative (molecular structures see Fig. S1 in Supporting
information). The chromatograms are shown in Fig. 4 and the de-
tails are provided in Table 2. These results demonstrate that the
B-CD-COF stationary phase displays good chiral recognition ability
in GC.

The chiral recognition mechanism on a CSP is usually compli-
cated because the molecular recognition process is often the result
of a variety of interactions [25]. Such as hydrogen bonds, dipole-
dipole, van der Waals, -7 interactions as well as a steric effect
[34,35]. Besides, another outstanding feature of the cyclodextrin
stationary phase was it can form inclusion complexes with a wide
variety of guest compounds [36].

In order to demonstrate that the steric effect of 8-CD-COF will
affect the separation of enantiomers, Am7CD was used as a sta-
tionary phase for the control group to separate the racemates men-
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tioned above. However, all 10 racemates could not be separated on
this column (Fig. S2 in Supporting information). This difference of
separation performance would be due to the cyclodextrin units of
B-CD-COF crystal materials were arranged more ordered (Fig. S3
in Supporting information), similar as to the ordered cyclodextrin
liquid crystal has better recognition ability [37]. In addition, the
asymmetry of cyclodextrin ligands was enhanced by the forma-
tion of imine bond (-N=H-) may be another reason for the better
resolution ability of 8-CD-COF [38]. These results indicate that the
chiral microenvironment of the 8-CD-COF crystals is important for
the chiral separation of racemates.

The reproducibility and stability are also important indexes to
evaluate a chromatographic column. Here, o-/B-ionone isomers
and a DL-glutamine derivative were used as probe compounds to
characterize the stability of the chromatographic column. Fig. S4
(Supporting information) shows that the retention times of the an-
alytes exhibited no significant changes after multiple injections (>
200). The thermal stability was be tested at 250 °C and shown in
Fig. S5 (Supporting information). The smooth baseline revealed the
B-CD-COF-coated column was well stabilized. These results indi-
cate the good reproducibility and stability of the S-CD-COF-coated
column for GC separations. These characteristics are helpful to ex-
plore the practical applications of chiral COFs as new chiral sta-
tionary phases used in GC.

In conclusion, we have reported a chiral COF based on S-
CD as a novel CSP for gas chromatography separation. The B-
CD-COF-coated capillary column showed excellent selectivity, not
only for the separation of linear alkanes, linear alcohols, fatty
acid methyl ester mixtures, the Grob mixture and positional iso-
mers, but also for the resolution of chiral compounds, includ-
ing chiral alcohols, aldehydes, ethers, and amino acid deriva-
tives. In addition, B-CD-COF exhibits stronger chiral recogni-
tion ability and stability than Am7CD. The results show that
as a new type of chiral stationary phase, chiral COFs have
broad application prospects for enantiomeric separation in gas
chromatography.
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