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synthesis of chiral covalent
organic frameworks for gas chromatography†

Jing-Xuan Guo, abcd Cheng Yang abc and Xiu-Ping Yan *abcd

The unique properties of covalent organic frameworks (COFs), such as a large specific surface area, good

stability and easy functionalization, make them have good potential in the field of separation science.

However, the synthesis of chiral COFs is challenging, so the application of COFs in chiral separation is

very limited. Here, we show a simple and effective “thiol–ene” click strategy to construct chiral COFs.

The chiral COF CTzDva showed high thermal stability and good porosity, prompting us to explore its

application in chromatographic separation. The CTzDva-based gas capillary column showed good

separation of benzene/cyclohexane, and racemates (citronellal and fenchone). This work provides

a promising platform for the synthesis of chiral COFs and expands the application of COFs in the field of

separation.
Introduction

As a new type of porous crystalline material, covalent organic
frameworks (COFs) have attracted signicant interest due to
their unique structures and excellent properties such as a large
specic surface area, adjustable pore structure, easy control of
functions and good stability.1–6 Recently, COFs have been widely
used in diverse elds such as gas adsorption and storage,7,8

catalysis,9,10 sensing,11,12 drug delivery13,14 and separation.15–19

Chiral enantiomers have identical physical or/and chemical
properties, but may possess completely different biological
activities, pharmacology and toxicity, so the separation of chiral
enantiomers is of great signicance and challenge.20–22 Chro-
matography based on a chiral stationary phase is an efficient
technique for chiral separation.23–27 Recently, chiral COFs have
been explored as novel stationary phases in chromatography for
chiral separation.28–30 In 2016, Qian et al. proposed a bottom-up
strategy to prepare chiral COFs for gas-phase chromatography
(GC) separation of enantiomers (�)-1-phenylethanol, (�)-1-
phenyl, (�)-1-propyl alcohol and (�)-limonene.28 Subsequently,
Ma and Cui prepared chiral COFs for high performance liquid
chromatography (HPLC) separation of racemes.29,30 These pio-
neering studies demonstrate the good prospects of chiral COFs
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in chiral separation. Even so, the application of COFs in the
separation of enantiomers is still in the exploratory stage.

The synthesis of chiral COFs is very challenging because the
balance between asymmetry and crystallinity should be fully
considered in their preparation.31 Post-synthetic modication
has been extensively used to design functionalization on the
preformed frameworks of COFs.32–34 The introduction of reac-
tive chemical groups into the COF framework is an effective way
to construct functional COFs for specic applications. The
“thiol–ene” click reaction is a kind of simple and efficient
chemical reaction, which is oen used in the functionalization
of materials.35–38

Herein, we report a simple “thiol–ene” click strategy for the
construction of a new chiral COF and its capillary column for
chiral GC separation. 2,5-Divinyl-1,4-benzaldehyde (Dva) with
C]C double bond reaction sites is selected as the monomer to
condense with 2,4,6-tri(4-aminophenyl)-1,3,5-triazine (Tz) for
the synthesis of a new vinyl functionalized COF TzDva as the
precursor COF. Subsequently, chiral sulfur derivatives (R)/(S)-N-
(2-mercaptoethyl)-2-phenylpropanamide were synthesized to
bind with TzDva via the “thiol–ene” click reaction to synthesize
chiral COF CTzDva. The prepared CTzDva shows high thermal
stability and good porous properties. Furthermore, the fabri-
cated CTzDva coated capillary column enables chiral separation
of the racemates of citronellal and fenchone. This work
provides a promising way to develop chiral COFs for chiral
related applications.
Experimental section
Chemicals and reagents

All chemicals and reagents used are at least of analytical grade.
Tz was supplied by Bide Pharmatech Ltd. (Shanghai, China).
J. Mater. Chem. A, 2021, 9, 21151–21157 | 21151
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Dva was purchased from Kaiyulin Pharmaceutical Technology
Co. Ltd. (Shanghai, China). 2-Aminoethyl mercaptan, (+)-citro-
nellal and (+)-fenchone were purchased from Energy Chemical
(Shanghai, China). (�)-Fenchone and (�)-citronellal were
purchased from Macklin Biochemical Co. Ltd. (Shanghai,
China). Deuterium chloroform (CDCl3), 2-phenylpropionic acid,
(R)-(�)-2-phenylpropionic acid and (S)-(+)-2-phenylpropionic
acid were purchased from J&K Scientic Co. Ltd. (Beijing,
China). Scandium(III)triuoromethanesulfonate (Sc(OTf)3),
mesitylene, 1,4-dioxane, 2-pentanone, 1-nitropropane, pyridine,
benzene, n-undecane, n-dodecane, N-hydroxysuccinimide
(NHS), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro
(EDC), vinyltrimethylsilane, o-dichlorobenzene (o-DCB), N,N-
dimethylacetamide (DMAC), 2,2-azobisisobutyronitrile (AIBN)
and n-butanol were obtained from Aladdin Chemistry Co. Ltd.
(Shanghai, China). Cyclohexane, normal alkane (n ¼ 5–10),
tetrahydrofuran (THF), acetonitrile (ACN), ethanol (EtOH),
methanol (MeOH), dichloromethane (DCM), N,N-dime-
thylformamide (DMF), toluene and acetone were provided by
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
Ultrapure water was obtained from Wahaha Foods Co. Ltd.
(Hangzhou, China).

Instrumentation

Powder X-ray diffraction (PXRD) patterns were obtained on a D2
PHASER diffractometer (Bruker AXS GmbH, Germany) with
CuKa radiation in the range of 2–40� with a scanning speed of
6� min�1. Fourier transform infrared (FT-IR) spectra were
recorded on a Nicolet IS20 spectrometer (Nicolet, USA). Ther-
mogravimetric analysis (TGA) was performed on a PTC-10A
thermogravimetric analyzer (Rigaku, Japan). Scanning electron
microscope (SEM) images were recorded on an SU8100 scan-
ning electron microscope (Rigaku, Japan). Transmission elec-
tron microscopy (TEM) images were acquired on a JEM-2100
transmission electron microscope (Rigaku, Japan). N2 adsorp-
tion experiments were performed on an Autosorb-iQ analyzer
(Quantachrome, USA). X-ray photoelectron spectroscopy (XPS)
spectra were recorded on an Axis supra spectrometer (Kratos,
MA, UK) with monochromatized AlKa radiation (hn¼ 1486.6 eV,
225 W) as an X-ray source. 1H and 13C nuclear magnetic reso-
nance (NMR) spectra were recorded on an AVANCE III HD 400
MHz NMR spectrometer (Bruker, Switzerland). Circular
dichroism (CD) spectra were recorded on a Chirascan V100
(Applied Photophysics, England). The specic rotations were
recorded on an Autopol IV polarimeter (Rudolph, USA). GC
measurements were performed on a Shimadzu 2010 Plus
system with a ame ionization detector (FID) with nitrogen
(99.999%) as the carrier gas.

Synthesis of chiral thiol derivatives

(S)-N-(2-Mercaptoethyl)-2-phenylpropionamide was produced
by the esterication reaction of (S)-2-phenylpropionic acid and
2-aminoethanethiol (Fig. S1†). EDC$HCl (2.30 g, 12.00 mmol)
and NHS (1.38 g, 11.99 mmol) were added to an acetonitrile
solution (20 mL) of (S)-2-phenylpropionic acid (1.50 g, 10.00
mmol), and then the resulting mixture was stirred at room
21152 | J. Mater. Chem. A, 2021, 9, 21151–21157
temperature in the dark for 4 h to yield the reactive ester of (S)-2-
phenylpropionic acid. To the above mixture, 3.48 mL of DIPEA
(19.98 mmol) and 1.54 g of 2-aminoethanethiol (20.00 mmol)
were added in sequence and the resulting mixture was vigor-
ously stirred at room temperature overnight. The solvent was
then evaporated in a vacuum. Aer cooling to room tempera-
ture, 100 mL of ultrapure water was added. The resulting
mixture was adjusted to weak acidity with HCl (1 mol L�1) and
extracted with DCM (50 mL). The obtained organic phase was
then washed thrice with water alkalied to pH 9 with NaOH
solution (1 mol L�1). The organic phase was dried with anhy-
drous magnesium sulfate and concentrated to afford the titular
compound (S)-N-(2-mercaptoethyl)-2-phenylpropanamide as
a pale yellow thick liquid (yield: 63.1%, 1.32 g) (Fig. S1–S4†). 1H
NMR (400 MHz, CDCl3) d (ppm): 7.40–7.37 (m, 2H, Ar–H), 7.34–
7.31 (m, 3H, Ar–H), 5.78 (s, 1H, –NH–), 3.60 (q, 1H, –CH–), 3.42–
3.35 (m, 2H, –CH2–), 2.64–2.58 (m, 2H, –CH2–), 1.66 (s, 1H, –SH),
1.56 (d, 3H, –CH3).

13C NMR (100 MHz, CDCl3) d (ppm): 174.38,
141.30, 128.99, 127.62, 127.38, 47.09, 42.40, 24.50, 18.40. MS
(ESI�), m/z: [M � H]� calcd 208.09, found 208.00. FT-IR: –NH–

CO– (1640 cm�1). (R)-N-(2-Mercaptoethyl)-2-
phenylpropanamide was synthesized from (R)-2-phenyl-
propionic acid in the same way (Fig. S4–S6†). 1H NMR (400
MHz, CDCl3) d (ppm): 7.38–7.28 (m, 5H, Ar–H), 5.76 (s, 1H,
–NH–), 3.57 (q, 1H, –CH–), 3.41–3.30 (m, 2H, –CH2–), 2.61–2.56
(m, 2H, –CH2–), 1.81 (s, 1H, –SH), 1.53 (d, 3H, –CH3).

13C NMR
(100 MHz, CDCl3) d (ppm): 174.39, 141.29, 128.92, 127.56,
127.30, 46.98, 42.39, 24.43, 18.41. MS (ESI�), m/z: [M � H]�

calcd 208.09, found 208.10. FT-IR: –NH–CO– (1640 cm�1).

Synthesis of TzDva

A 35 mL Schlenk tube was charged with Tz (28.3 mg, 0.08 mmol),
Dva (22.3 mg, 0.12 mmol), and a mesitylene/1,4-dioxane solution
(1 : 1 v/v, 1 mL), and the resulting suspension was sonicated for
10 min. Aerwards, Sc(OTf)3 (2.4 mg, 4.8 mmol) was added, and
the resulting suspension was sonicated briey. Then, the tube
was frozen in a liquid nitrogen bath, degassed through three
freeze–pump–thaw cycles, and sealed with a screw cap, and the
reaction mixture was kept at room temperature for 1 d. The
yielded precipitate was collected by centrifugation and washed
with THF several times. The collected powder was dried at 45 �C
under vacuum for 12 h to afford TzDva with 95.5% isolated yield
and a molecular formula of (C12H14N2)n.

Synthesis of CTzDva

To the mixture of TzDva (30 mg), (S)-N-(2-mercaptoethyl)-2-
phenylpropanamide (50 mg), AIBN (3 mg), and THF (3.0 mL)
were added into a 35 mL Schlenk tube. Aer stirring under a N2

atmosphere at 70 �C for 24 h, the product was isolated by
centrifugation, washed with THF, and dried under vacuum at
40 �C to afford (S)-CTzDva. (R)-CTzDva was synthesized from (R)-
N-(2-mercaptoethyl)-2-phenylpropanamide in the same way.

Fabrication of the COF coated capillary column

A fused silica capillary (30 m long � 0.32 mm i.d., Yongnian
Optic Fiber Plant, Hebei, China) was pretreated according to the
This journal is © The Royal Society of Chemistry 2021
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following recipe before dynamic coating: the capillary column
was washed with NaOH (1 mol L�1) for 2 h, ultrapure water for
30 min, HCl (0.1 mol L�1) for 2 h, ultrapure water until the
outow reached pH 7.0 and methanol for 30 min. The capillary
was then dried with N2 at 100 �C overnight.

CTzDva was coated onto the pretreated capillary column via
a dynamic coating method as follows: 0.5 mL ACN suspension
solution of CTzDva (1.0 mg mL�1) was rst lled into the
capillary column under gas pressure and then pushed through
the column at a constant N2 pressure of 10 kPa to leave a wet
coating layer on the inner wall of the capillary column. To avoid
the acceleration of the solution plug near the end of the column,
a 4 m long buffer tube was attached to the capillary column end
as a restrictor. Aer coating, the capillary column was settled
under N2 overnight. Further conditioning of the capillary
column was carried out using a temperature program: 30 �C for
30 min, ramp from 30 �C to 240 �C at a rate of 10 �C min�1, and
240 �C for 3 h. The preparation of the TzDva coated capillary
column was performed in the same way as for the CTzDva
coated capillary column except that EtOH was used to replace
ACN as the dispersing solvent of TzDva.
Preparation of the (S)-N-(2-mercaptoethyl)-2-
phenylpropanamide functionalized capillary column

A capillary column (30 m long � 0.32 mm i.d.) was washed with
1 mol L�1 NaOH for 2 h, and then rinsed with ultrapure water
for 1 h, and 0.1 mol L�1 HCl for 2 h, and nally rinsed with
ultrapure water until the effluent solution reached pH 7.0. A
mixed solution of vinyltrimethylsilane and methanol (1/1, v/v)
was injected into a dry capillary, while the two ends of the
capillary were blocked. The capillary was placed in a 40 �C oven
to react overnight, rinsed with methanol and dried under the
protection of N2 to obtain the vinyl functionalized capillary.

(S)-N-(2-Mercaptoethyl)-2-phenylpropanamide (50 mg) and
AIBN (3 mg) were dissolved in 3 mL THF, and then injected into
the vinyl functionalized capillary. Aer incubation in a 60 �C
water bath for 24 h, the prepared capillary column was rinsed
with THF to remove the residuals, and then ushed with N2 for
2 h to remove the solvent. Finally, the prepared capillary column
was conditioned with a temperature program: 60 �C for 30 min,
ramp from 60 �C to 180 �C at a rate of 3 �Cmin�1, and 180 �C for
2 h.
Results and discussion
Synthesis and characterization of TzDva and CTzDva

Fig. 1 shows the developed “thiol–ene” click strategy for the
fabrication of chiral COFs. To construct the chiral COFs, the
precursor COF TzDva was rst synthesized via the imine
condensation reaction of Tz and Dva. The triazine group of the
Tz monomer has a good rigid planar structure for the formation
of an ordered structure of COFs, while the Dva monomer
provides a vinyl group to facilitate the subsequent reactions.
Subsequently, the obtained TzDva and chiral thiol derivative
were reacted in a suitable solvent to form chiral COFs.
This journal is © The Royal Society of Chemistry 2021
Important factors affecting the formation of the high crystal
structure of the COF, such as solvent, temperature, time and the
amount of catalyst, were investigated in detail. Different
solvents show different solubilities of the monomer, which in
turn affects the formation of highly crystalline COFs in terms of
the reaction rate. The combination of mesitylene and 1,4-
dioxane was found to give the best crystalline COF (Fig. S7†). In
addition, a composition of 5/5 (v/v) for the binary solvent of
mesitylene and 1,4-dioxane resulted in the best crystallinity of
TzDva (Fig. S8†). High temperature is not conducive to the
formation of an ordered crystal structure of TzDva, so the TzDva
synthesized at room temperature had a good crystal structure
(Fig. S9†). The increase of the catalyst Sc(OTf)3 content to 0.02
equiv. per aniline greatly enhanced the crystallinity of TzDva. An
excessive catalyst loading (0.05 equiv.) made the crystallinity of
TzDva decrease due to too fast reaction (Fig. S10†). A reaction
time of 24 h was sufficient not only to generate crystalline
frameworks as indicated by the signicant increase of the peak
intensity at 2.86� (Fig. S11†), but also to get a high yield of TzDva
(Table S1†). As a result, TzDva powder with a yield of ca. 95.5%
was synthesized from Tz and Dva in a mixture of mesitylene/1,4-
dioxane (5/5, v/v) with Sc(OTf)3 (0.02 equiv.) as the catalyst at
room temperature for 24 h.

A crucial compromise between functionalization and crys-
tallinity should be made in the post-synthesis of chiral COFs
due to the effect of the introduced functional moiety into the
framework on the properties of COFs such as porosity, crystal-
linity and surface area. We take the preparation of (S)-CTzDva as
a proof of concept to demonstrate our strategy. The effect of the
amount of (S)-N-(2-mercaptoethyl)-2-phenylpropanamide on
the crystallinity and modication of (S)-CTzDva was studied
(Table S2, Fig. S12†). Considering the sulfur content and crys-
tallinity aer modication, 50 mg (S)-N-(2-mercaptoethyl)-2-
phenylpropanamide and 30 mg TzDva were selected to
prepare (S)-CTzDva.

The crystal structures of the as-prepared TzDva and CTzDva
were characterized by X-ray diffractometry and structural
simulation. The PXRD pattern of the as-prepared TzDva exhibits
several peaks at 2.86�, 4.98�, 5.69� and 7.47� (Fig. 2a and S13†),
in good agreement with the simulated pattern in eclipsed AA
stackingmode with the unit cell parameters a¼ b¼ 36.2000 Å, c
¼ 3.4000 Å, a ¼ b ¼ 90� and g ¼ 120� (Fig. 2a, and Table S3†).
The experimental PXRD pattern matches well with the pattern
of AA stacking mode aer Pawley renement with an Rwp of
4.87% and an Rp of 3.65% (Fig. S14†). Compared with TzDva,
the introduction of (R)/(S)-N-(2-mercaptoethyl)-2-
phenylpropanamide resulted in a signicant reduction in the
crystallinity of CTzDva (Fig. 2a and S13†).

The FT-IR spectra of TzDva exhibit a typical C]N stretching
peak at 1605 cm�1, indicating the successful formation of an
imine bond (Fig. 2b and S15†). At the same time, the disap-
pearance of the C]O stretching band (1687 cm�1) of Dva and
the stretching vibration band of the N–H bond of Tz (3300–
3400 cm�1) also shows the formation of imine bonds due to the
condensation between the amino groups of Tz and the aldehyde
groups of Dva. The FT-IR spectra of CTzDva (Fig. 2b and S15†)
show a new –NH–CO– stretching peak at 1640 cm�1, conrming
J. Mater. Chem. A, 2021, 9, 21151–21157 | 21153
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Fig. 1 Scheme for the synthesis of TzDva via the condensation of Tz and Dva, and CTzDva via the “thiol–ene” click reaction.

Fig. 2 (a) Experimental PXRD pattern of (S)-CTzDva (magenta line),
experimental PXRD pattern of TzDva (black line), simulated PXRD
patterns of TzDva for an AA eclipsed model (blue line) and AB stag-
gered model (red line). (b) FT-IR spectra of Dva, Tz, TzDva and (S)-
CTzDva. (c) N2 adsorption–desorption isotherms of (S)-CTzDva and
TzDva. (d) Thermogravimetric curves of (S)-CTzDva and TzDva.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 1
8 

A
ug

us
t 2

02
1.

 D
ow

nl
oa

de
d 

by
 J

ia
ng

na
n 

U
ni

ve
rs

ity
 o

n 
11

/1
0/

20
21

 8
:5

2:
24

 A
M

. 
View Article Online
the successful modication of (R)/(S)-N-(2-mercaptoethyl)-2-
phenylpropionamide on the frameworks of TzDva. The sulfur
signal at 163.5 eV in the XPS spectra of CTzDva can be attributed
to (R)/(S)-N-(2-mercaptoethyl)-2-phenylpropionamide
(Fig. S16†), and the presence of sulfur element further demon-
strates the successful modication of (S)-N-(2-mercaptoethyl)-2-
phenylpropionamide. The modication rate of chiral thiol
derivatives on TzDva was ca. 69.0% according to XPS and
elemental analysis.

The solid 13C NMR spectrum further conrms the chemical
structure of TzDva and CTzDva. The chemical shi of 160 ppm
belongs to the characteristic peak of carbon atoms of the C]N
bond formed by a Schiff reaction, which further proves the
successful formation of imine bonds of TzDva (Fig. S17†). The
13C solid NMR spectrum of CTzDva shows new characteristic
peaks of the carbon atoms of C]O (190 ppm) and the
21154 | J. Mater. Chem. A, 2021, 9, 21151–21157
characteristic peaks of the saturated alkane carbon atoms (60–
10 ppm) (Fig. S18†). These characteristic peaks could be
attributed to the carbon atoms on the chiral substance (S)-N-(2-
mercaptoethyl)-2-phenylpropanamide. These results further
conrm that (S)-N-(2-mertopyl-ethyl)-2-phenylpropanamide had
successfully bonded to TzDva, and the introduction of chiral
ligands did not change the framework structure of TzDva. CD
spectra were further studied to characterize CTzDva (Fig. S19†).
The CD spectrum of CTzDva shows a typical single curve, which
proves the chirality of CTzDva.

The surface area and porosity of TzDva and CTzDva were
characterized by N2 adsorption–desorption measurements at 77
K. The Brunauer–Emmett–Teller (BET) surface area of TzDva
was 1144 m2 g�1, while the BET surface areas of CTzDva
decreased to 524 m2 g�1 (Fig. 2c) and 543 m2 g�1 (Fig. S20†).
Meanwhile, the pore size and pore volume of the COFs
decreased from 28 Å and 0.903 cm3 g�1 for TzDva to 12 Å and
0.533 cm3 g�1 for (S)-CTzDva and 14 Å and 0.583 cm3 g�1 for (R)-
CTzDva, respectively (Fig. S21†). The morphology of TzDva and
CTzDva was characterized by SEM and TEM. SEM and TEM
images reveal the ber morphology of TzDva and CTzDva, and
the introduction of chiral groups onto the skeleton did not
signicantly change the morphology of TzDva (Fig. S22 and
S23†).

The chemical stability of TzDva in conventional solvents was
investigated by dispersing TzDva in different solvents at room
temperature for 3 d. No signicant change in the FT-IR and
PXRD patterns was observed (Fig. S24 and S25†), indicating the
good solvent stability of TzDva. Meanwhile, TzDva, (S)-CTzDva
and (R)-CTzDva were relatively stable up to 320 �C, 280 �C and
260 �C (Fig. 2d and S26†), respectively.
Fabrication and characterization of COF coated capillaries

The CTzDva coated capillary column was prepared by a dynamic
coating method. The SEM images of the CTzDva coated capil-
lary column show that CTzDva was successfully coated on the
capillary column (Fig. 3a and S27†). The appearance of the
characteristic peaks of CTzDva at 1605 cm�1 (–C]N–) and
This journal is © The Royal Society of Chemistry 2021
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Table 1 McReynolds constants of COF coated capillary columnsa

Column X Y Z U S Av.

TzDva 18 177 107 79 93 95
(S)-CTzDva 206 315 407 374 294 319
(R)-CTzDva 201 291 397 367 286 308

a Measured at 100 �C. X, Y, Z, U and S refer to benzene, butanol, 2-
pentanone, nitropropane and pyridine, respectively.
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1653 cm�1 (–NH–CO–) in the FT-IR spectrum of the CTzDva
coated capillary column reveals the successful preparation of
the coated capillary column (Fig. 3b and S28†).

CTzDva coated capillaries for GC separation

The polarity of the capillary stationary phase is an important
factor affecting GC separation. McReynolds constants were used
to evaluate the polarity of the stationary phases TzDva and
CTzDva (Table 1). The average McReynolds constants of the
CTzDva stationary phase were 319 and 308, revealing
a moderate polarity of the CTzDva coated capillary columns.
ThemaximumMcReynolds constant for Z (2-pentanone) among
all the ve test probes shows the strong polarizability and part
of the dipolar character of the prepared CTzDva. In addition,
the McReynolds constants for the U (nitropropane), Y (2-pen-
tanone) and S (pyridine) components indicate that the prepared
stationary has a moderate electron donating ability, hydrogen-
bonding ability and acidic character.

The performance of the prepared CTzDva coated capillary
was then demonstrated for GC separation of intractable analy-
tes. The CTzDva coated capillary showed good ability for the
separation of benzene and cyclohexane though the boiling
point of cyclohexane (80.7 �C) is very close to that of benzene
(80.1 �C) (Fig. S29†). The retention time of benzene was longer
than that of cyclohexane, indicating that the adsorption of
benzene was stronger than that of cyclohexane on CTzDva due
to the p–p interaction between benzene and the aromatic walls
of CTzDva.

The performance of the (S)-CTzDva coated capillary column
was further revealed for the chiral separation of racemates. Two
commercial chiral capillary columns (CycloSil B and CP-Chirasil
Dex CB) were employed for comparison. As shown in Fig. 4a, the
(S)-CTzDva coated capillary column shows good chiral separa-
tion for (�)-fenchone and (�)-citronellal within 5 minutes. (S)-
CTzDva showed stronger retention of (�)-enantiomer than
(+)-enantiomer. In contrast, (�)-citronellal were not separated
on both commercial chiral capillary columns while (�)-fen-
chone were separated on the CP-Chirasil Dex CB within 28 min
(Table S4,† Fig. 4b and c). The results show that the (S)-CTzDva
coated capillary column has better chiral separation efficiency
for (�)-fenchone and (�)-citronellal than the two commercial
chiral capillary columns and faster chiral separation than the
state-of-the-art polymers or porous materials (Table S4†).
Fig. 3 Characterization of the (S)-CTzDva coated capillary column: (a)
SEM images of the inner wall of the (S)-CTzDva coated capillary
column. (b) FT-IR spectra of the bare silica capillary column, (S)-
CTzDva coated capillary column and (S)-CTzDva powder.

This journal is © The Royal Society of Chemistry 2021
To further investigate the role of the chiral microenviron-
ment, two additional COFs (R)-CTzDva and (RS)-TzDva were
prepared via post-modication with the R-conguration of the
chiral ligand and racemic chiral ligand, respectively (Fig. S30–
S35†). For comparison, capillary columns coated with (R)-
CTzDva and (RS)-TzDva were also prepared, respectively.
Besides (S)-CTzDva, the (R)-CTzDva coated capillary column
also gave good chiral separation of (�)-fenchone and (�)-citro-
nellal but with a reversed retention order for the two enantio-
mers on the (S)-CTzDva coated capillary column, whereas the
(RS)-TzDva coated column showed no chiral separation (Fig. S36
and S37†). The results show the important roles of the chiral
microenvironment in chiral separation.39,40

To show the importance of the specic frameworks of
CTzDva in chiral separation, an S-conguration chiral ligand
functionalized capillary column was further prepared for
Fig. 4 Separation of racemates: (a) (S)-CTzDva coated column (30 m
long, 0.32 mm i.d.): fenchone (150 �C, 1 mL min�1) and citronellal
(160 �C, 1 mL min�1). (b) Cyclosil-B capillary column (30 m long,
0.25 mm i.d.): fenchone (150 �C, 1 mL min�1) and citronellal (160 �C, 1
mL min�1). (c) CP-Chirasil Dex CB capillary column (25 m long,
0.25mm i.d.): fenchone (100 �C, 1mLmin�1) and (b) citronellal (160 �C,
1 mL min�1).
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comparison. Although this column had a similar chiral micro-
environment to the (S)-CTzDva coated column, it gave no
separation of the racemates (Fig. S38†) as (RS)-TzDva (Fig. S37†)
or TzDva coated columns (Fig. S39†). The results conrm that
only the chiral microenvironment of the chiral ligand or the
specic frameworks of COF TzDva cannot give chiral separa-
tion. Therefore, it is the synergistic effect of the chiral micro-
environment of the chiral ligand and the specic frameworks of
COF TzDva that accounts for the chiral separation on the
CTzDva coated column. The kinetic diameters of fenchone and
citronellal are smaller than the pore size of CTzDva (Fig. S40†),
so we assume that the chiral separation mainly occurred inside
the pore of CTzDva. Other interactions such as p–p interaction
and hydrogen-bonding provided by CTzDva also play important
roles in chiral chromatographic separation.28,41

The repeatability and reproducibility of the (S)-CTzDva
coated capillary column were explored. The relative standard
deviations (RSDs) of the retention time for run to run (n ¼ 7)
and day to day (n¼ 5) were 0.2–0.7% and 0.5–2.2%, respectively,
which demonstrates the good repeatability of the (S)-CTzDva
coated capillary columns (Table S5†).

Conclusions

In summary, we have reported a facile “thiol–ene” click strategy
to prepare chiral COFs and the application of CTzDva as a novel
chiral stationary phase to fabricate a CTzDva coated capillary
column for GC. The prepared chiral COF CTzDva exhibits high
thermal stability and a large surface area, while CTzDva coated
capillary columns show good resolution for the separation of
benzene/cyclohexane and enantiomers. This work provides
a convenient strategy for the preparation of chiral COFs for the
separation of racemates.
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