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Preparation and application of heteroporous covalent organic
frameworks as gas chromatography stationary phases

LI Zhiquan, RAO Zirui, QIAN Hailong", YAN Xiuping
(Institute of Analytical Food Safety, School of Food Science and Technology, Jiangnan University, Wuxi 214122, China)

Abstract: Chromatographic separation stands as a cornerstone technique in modern analytical
chemistry, playing an indispensable role in critical areas such as chemical purification, environmental
monitoring, and pharmaceutical analysis. With the increasing complexity of analytical samples,
particularly regarding the efficient separation of structurally similar isomers, higher requirements
have been imposed on chromatographic stationary phases. Traditional porous materials such as
zeolites and silica show limited tunability in pore size distribution and surface chemistry, making
it difficult to meet the urgent need for high-resolution and rapid separation of complex mixtures.
Therefore, the exploration of novel ordered porous materials with precisely tunable pore structures
and functionalities has become a frontier research direction in separation science. Covalent organic
frameworks (COFs), as a category of crystalline porous polymers, possess great application po-
tential in separation science. Their prominent advantages mainly include designable periodic
frameworks, easily modified functional groups, and precisely tunable pore sizes. These intrinsic
merits render COFs promising candidates for next-generation chromatographic separation media.
In this work, a novel strategy is proposed to regulate the pore structure of COFs via rational to-

pological design, aiming to improve their gas chromatographic performance toward challenging
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isomer separation. This is achieved by constructing heteroporous COFs that integrate distinct pore
size distributions within a single, ordered framework. To realize this strategy, a heteroporous COF
designated as ET-COF was successfully constructed. It was synthesized via a reversible imine
condensation reaction between a D, -symmetric tetraamine monomer, 4,4’ ,4” ,4" - (ethene-1,1,
2,2-tetrayl) tetraaniline (ETTA), and a C,-symmetric linear dialdehyde linker, terephthalaldehyde
(TPA). This assembly affords a two-dimensional framework with a Kagome topology. The porous
structures of material were rigorously characterized. It has been demonstrated through nitrogen
adsorption-desorption experiments that ET-COF exhibits a distinct dual-pore structure, including
triangular micropores of approximately 1.1 nm and hexagonal mesopores of 2.89 nm, with a specific
surface area of 724 m%*g and a pore volume of 1.26 cm?/g. The rich pore structure and high specific
surface area confer multiple size-exclusion effects. By virtue of these structural merits, an ET-COF-
bonded capillary chromatographic column was further prepared via a facile in-situ growth method,
which enables stable and uniform strong chemical bonding of the COF layer to the inner wall of a
fused-silica capillary. Finally, the chromatographic performance of this column was systematically
evaluated. The heteroporous ET-COF column demonstrated excellent separation performance across
a wide range of test analytes. Baseline separation was successfully achieved for diverse mixtures,
including homologous n-alkanes (C5-C10), alkylbenzenes (from benzene to butylbenzene), n-
straight-chain fatty acid esters, and critically a set of C9 aromatic hydrocarbon isomers (n-
propylbenzene, isopropylbenzene, and mesitylene), with resolution values ranging from 2.0 to 15.3,
suggesting outstanding separation efficiency. The improved chromatographic behavior can be ra-
tionalized by the uniquely hierarchical pore structure originating from rational topological design.
The triangular micropores afford a confined microenvironment that imposes prominent size- and
shape-selectivity, enabling discrimination of isomers with subtle differences in molecular con-
figuration. Meanwhile, the hexagonal mesopores act as rapid transport pathways to promote fast
mass transfer and avoid pore blocking. Such a synergistic effect of selective micropores and high-
flux mesopores within one crystalline framework represents a distinct merit of the heteroporous
topology. In summary, this work establishes a feasible topological strategy for constructing high-
performance COF-based stationary phases and investigates the impact of hierarchical pore structures
(synergistic effects of microporous shape selectivity and mesoporous mass transfer) on separation
performance. By rational topological assembly, precise pore engineering and integration of hier-
archical channels are readily realized, which greatly boost the separation selectivity toward chal-
lenging isomers. This study not only develops a promising heteroporous COF stationary phase for
gas chromatography, but also provides a new design paradigm for extending the application of COFs
in analytical separation science.

Keywords: gas chromatography (GC); stationary phase; Kagome topological structure; hetero-

pore covalent organic frameworks; isomer separation
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Fig. 1 Schematic illustration for the synthesis of a heteroporous covalent organic framework designated as ET-COF
TPA: terephthalaldehyde; ETTA: 4,4’ ,4” ,4"-(ethene-1,1,2,2-tetrayl)tetraaniline.
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Fig. 4 Thermogravimetric analysis curve of ET-COF
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Fig.5 SEM images of (a) bare capillary column and (b-d) ET-COF
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column and ET-COF bonded capillary column
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Fig.7 GC chromatograms of ET-COF bonded capillary column for the separation of (a) n-alkanes, (b) alkylbenzenes, (c)
n-straight-chain fatty acid esters and (d) C9 aromatic hydrocarbon isomers
Temperature programs: a. 120 C for 1 min and 30 C/min to 240 C; b. 170 C for 3 min and 15 C/min to 200 C; c. 190 C for 1 min and
20 C/min to 250 C; d. 170 C. N, flow rates: a. 1.2 mL/min; b. 1.5 mL/min; c. 1.2 mL/min ; d. 1.5 mL/min.

Peak identifications: a. 1. n-pentane; 2. n-hexane; 3. n-heptane; 4. n-octane; 5. n-nonane; 6. n-decane; b. 1. benzene; 2. toluene; 3.

ethylbenzene; 4. n-propylbenzene; 5. n-butylbenzene; c. 1. ethyl propanoate; 2. ethyl butanoate; 3. ethyl valerate; 4. ethyl hexanoate;
5. ethyl heptanoate; 6. ethyl caprylate; d. 1. mesitylene; 2. isopropylbenzene; 3. propylbenzene.
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Table 1 Resolutions, theoretical plate numbers (N) of the four groups of compounds on the ET-COF bonded capillary

column
Analyte Resolution (R) N/(plates/m) Analyte Resolution (R) N/(plates/m)

C5 / 15105 Butylbenzene 15.3 15195

C6 11.1 17493 Ethyl propanoate / 7199

C7 15.2 25232 Ethyl butanoate 3.8 5779

C8 13.0 33571 Ethyl valerate 6.0 5533

(61%) 9.4 35300 Ethyl hexanoate 7.3 7305

C10 7.5 41052 Ethyl heptanoate 7.2 10141
Benzene / 8473 Ethyl caprylate 7.0 19241
Methylbenzene 4.8 9619 Mesitylene / 5360
Ethylbenzene 9.1 8796 Isopropylbenzene 3.0 9113
Propylbenzene 12.5 6138 Propylbenzene 2.0 4362

/indicates no adjacent peaks and the resolution is not calculated.

0.75 ~ 1.03 nm, 5 ET-COF Ay fLFL4E (1.1 nm) 4
VT, PRI R b T T AR R AL B S A T ) B R AR
M.t & 7d Bz ,ET-COF 4045 KX 3 f €9 35
J SRR CIE TR 2R S N SRRy = R Sl T 0k
Oy E B A 2 LU (R 1), FL I Ry b =

HIZR SRR IENEEOR, 5125 [ L 2K &
AR AT — B0, ESE T 1.1 n BLFLBRIES R4 437
FEARI 227 UIE- . 5 4L COF i) 2 AL 45
e it 2 T JST HE LN, FE R B XN e BA
Y NST HEBH -5 I R AR
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A5 RS T AR NG T R R T A
A LA K1) ET-COF #8358 T #h $M 25 i XM 1
W B PR R B S o L . b, ET-COF i F
Kagome 7 $h 4544 , il 44 -7 HERUE 3 2 = B
AL S NN IR LA R R o 45 F R AE LW,
ET-COF H A W 5 FLAEFAE o Lo 1w LS R4
AR EME IS T @IS B I . e B vERe Ty
17, SR FH A AR K ik il £ 9 ET-COF 84 T 445+
T L0 o B ke o F — R A2 (IE
M Be ke ot BEOR | ELHE R TR IR ) LA B 3 R C9 JF kR
SRR ST S Ay B L xS SRR, 5L COF
AN T) RUT L T8 Y B [ 1 AT 4 it 5 S A9 A 5L
P S 15 RS DR L 80N , DA S B AN [a) RUSF 5
TE R A F (0 ORS R0 5 oy 8 . RS R L
FiFh 254 R T ) FEME PR $2 COF's FLIE M AL 5 FLIE R
oA R R T2 LR R o B M R Y A RUR
W, S T AL 58 B fL COFs 7643 TR 51 15 0 43 fig
R RBR . 5 LA R K 1 £ E AL AR P RSO AS
A Ry B T e e B R 0 P €0 [ A SR AL T A
S AN 5 5 SR R B 2 A IR W R
YT ERAL T MR- & 6 B 2 L A A M RHE
GBS Rk2E v i BV R T 5 S B B R
YRS S HMAE . KRR HE— 28 R 5 AL
FHX T AR 2 005 08 S M R 1 43 25 1 L [
3 3 P Ak R 2 K T R TR A A, o s S bR
FEAb AR

S H Wk

[1] Wang Z X, Wang D D, Wang S T, et al. Chinese Journal of
Chromatography, 2025, 43(6): 594
TR0, Tk, TRV, %. @i, 2025, 43(6): 594

[2] Zheng D S, Tang W Q, Zhu J P, et al. Chinese Journal of
Chromatography, 2024, 42(6): 524
AR, ME, KAV, F. A5, 2024, 42(6): 524

[3] WangZH, Yang C, Liu T, et al. Anal Chem, 2023, 95(21):

(4]

[5]

[6]

[10]

[11]

[12]

[13]

[14]
[15]

[20]

[21]

[24]

[25]

[26]

8145
Tang B, Wang W, Hou H P, et al. Chin Chem Lett, 2022, 33
(2): 898
Ma T T, Yang C, Qian H L, et al. J Chromatogr A, 2022,
1673: 463085
Qian H L, Wang Z H, Yang J, et al. Chem Commun, 2022,
58(58): 8133
Guo J X, Yang C, Yan X P. J Mater Chem A, 2021, 9(37) :
21151
Huang J J, Han X, Yang S, et al. J Am Chem Soc, 2019,
141(22): 8996
Yan Q Q, Xu HJ, Jing X C, et al. RSC Adv, 2020, 10(30):
17396

Liang R R, Jiang SY, A R H, et al. Chem Soc Rev, 2020,
49(12): 3920

LiZE, He T, Gong Y F, et al. Acc Chem Res, 2020, 53
(8): 1672

Li D, Guo L J, Li F, et al. Microporous Mesoporous Ma-
ter, 2022, 338: 111979

Guo H, Liu Y S, Wu N, et al. New J Chem, 2023, 47(3):
1031

Wang H, LiJ. Acc Chem Res, 2019, 52(7): 1968

Ma T Q, LiJ, Niu J, et al. J Am Chem Soc, 2018, 140
(22): 6763

Martinez-Abadia M, Strutynski K, Lerma-Berlanga B, et
al. Angew Chem Int Ed, 2021, 60(18): 9941

Zhao S, Dong B, Ge R L, et al. RSC Adv, 2016, 6(45) .
38774

Sun Q, Aguila B, Lan P C, et al. Adv Mater, 2019, 31
(19): 1900008

Jiang S Y, Zhou Z B, Gan S X, et al. Nat Commun, 2024,
15(1): 698

LiY S, Su X, Zheng W H, et al. Angew Chem Int Ed,
2023, 62(10): €202216795

ZhouTY, Xu S Q, Wen Q, et al. J Am Chem Soc, 2014,
136(45): 15885

Ascherl L, Sick T, Margraf J T, et al. Nat Chem, 2016, 8
(4):310

Feng B X, Chen XY, Yan P, et al. J Am Chem Soc, 2023,
145(49): 26871

Ma T T, Deng W C, Qian H L, et al. ACS Mater Lett,
2024, 6(5): 1616

Liang RR, AR H, XuS Q, etal. J Am Chem Soc, 2020,
142(1): 70

Rotter J M, Guntermann R, Auth M, et al. Chem Sci,
2020, 11(47): 12843



