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This research explores the influence of crystallinity on gas chromatographic (GC) separation using cova-
lent organic frameworks (COFs) as stationary phases. Three COF materials (CTF-DCBs) with varying crys-
tallinity were synthesized and characterized. CTF-DCB-1, with superior crystallinity, demonstrated high-
selectivity GC separation of benzene isomers as well as styrene/phenylacetylene mixtures, while CTF-
DCB-2 and CTF-DCB-3 exhibited lower crystallinity and worse separation performance. Thermodynamic
and kinetic tests showed that CTF-DCB-1 had the worst thermodynamic adsorption but low diffusion
mass transfer resistance, which resulted in the best separation. Therefore, optimizing the crystallinity of
COFs is necessary for balancing the kinetic diffusion and thermodynamic interactions towards the ana-
lytes, achieving high-performance GC stationary phases.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Separation medium is the essence of separation science. Devel-
oping effective stationary phases is crucial for advancing the ca-
pabilities of gas chromatography (GC) and achieving optimal per-
formance in analytical separations. Recently, crystal porous mate-
rials, such as metal-organic frameworks (MOFs) [1-5] and cova-
lent organic frameworks (COFs) [6-10], have been reported as high-
performance GC stationary phases due to their specific properties
which can balance the thermodynamic interactions towards ana-
lytes and the kinetic diffusion of analytes. Some of these station-
ary phases exhibit exceedingly higher separation ability than the
commercial ones [5,11].

Crystal porous materials suffer from the problem of different
crystallinity according to different synthesis methods. For exam-
ple, although UiO-66 [12] can be synthesized by adding diverse
monotopic acids as modulators [13,14], its crystallinity is directly
affected by the amount and type of the modulators [15]. Solvent
effects, monomer geometry structure, and type of catalyst all af-
fect the crystallinity of COF [16-18]. Theoretically, the crystallinity
of porous materials leads to different exposed active sites and pore
size distributions, which influence the application performance of
their original structures. Taking the low crystallinity of these ma-
terials as an example, on the one hand, the low crystallinity brings
in more exposed bonding sites for the combination of analytes,
resulting in stronger thermodynamic interactions and faster as-
sociation rates. Researchers usually create defects in ideal MOFs
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to enhance their adsorption capacity [19,20] and catalytic activity
[21,22]. On the other hand, the low crystallinity interferes with the
pore size distribution of the original porous materials, leading to
disordered diffusion paths. Reports indicated that disordered dif-
fusion paths exhibited substantial barriers to the diffusion of an-
alytes [23,24]. Thus, the crystallinity of the porous materials can
affect the equilibrium point of the kinetic diffusion and thermody-
namic interactions towards the analytes. Given the prevalence of
varying crystallinity in porous materials, exploring the connection
between crystallinity and their separation capabilities is crucial in
the design of high-performance GC stationary phases.

The porous material COFs consist of regularly arranged organic
building blocks linked together by robust covalent bonds [25].
With elevated thermal and chemical stability, significant porosity,
and diverse interaction sites, COFs prove highly suitable for deploy-
ment as GC stationary phases [7]. Notably, the crystalline proper-
ties of COFs can be effectively modulated through changing the
synthetic approaches [26-28]. Thus, COFs were selected for this
study to explore the correlation between crystallinity and their ef-
ficacy in separation.

Here, a covalent triazine framework (CTF) incorporating 1,4-
dicyanobenzene (DCB) [29,30] as the building block was selected
as the focus material for investigation (Scheme 1). The crystalline
properties of the derived CTF-DCB were meticulously controlled
by employing various modulators. Specifically, the introduction of
CF3SO3H, HgP4043, and H3PO,4 led to the formation of CTF-DCB-
1 with the highest crystallinity, CTF-DCB-2 with moderate crys-
tallinity, and CTF-DCB-3 with the lowest crystallinity, respectively.
The three materials were coated on the inner wall of the capil-
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Scheme 1. The schematic diagram of investigating the connection between crys-

tallinity and their separation capabilities using CTF-DCB with different crystallini-
ties.

lary for the separation of different analytes. Analysis of the ther-
modynamic adsorption enthalpy (AH) and adsorption entropy (AS)
through the van't Hoff equation revealed that CTF-DCB-3 exhibited
the highest adsorption towards analytes, resulting in greater dif-
ficulty in desorption. Conversely, CTF-DCB-1 displayed the weak-
est thermodynamic adsorption, leading to the fast adsorption and
desorption. Besides, the kinetic diffusion coefficient of analytes in
the stationary phase (Ds) calculated based on the Golay equation
[31,32] showed that CTF-DCB-1 presented the least restrictive dif-
fusion barrier, whereas CTF-DCB-2 exhibited a notably larger dif-
fusion barrier. The separation results proved that the CTF-DCB-1,
which exhibited the best crystallinity, performed the best sepa-
ration ability, while CTF-DCB-2 and CTF-DCB-3 exhibited progres-
sively worse performance. Thus, only with high crystallinity, the
CTF-DCB can effectively reconcile thermodynamic interactions with
analytes and kinetic diffusion of analytes, resulting in high separa-
tion performance.

The CTF-DCB crystals with different crystallinities were syn-
thesized according to the previous reports without any changes.
The CTF-DCB-1 [29] underwent polymerization of DCB catalyzed
by CF3SOsH under microwave conditions for 20 min. The CTF-DCB-
2 and CTF-DCB-3 [30] were prepared by the nitrile trimerization of
DCB catalyzed by HgP4043 and H3POy, respectively, in Pyrex tubes
at a temperature of 400°C (Fig. S1 in Supporting information). De-
tailed procedural steps can be found in Supporting information.

The CTF-DCBs possessed a typical AA-stacking structure with
a one-dimensional channel of about 1.1 nm (Figs. 1a and b). The
powder X-ray diffraction (PXRD) patterns of all the synthesized
CTF-DCBs exhibited identical diffraction peaks that closely corre-
sponded to the simulated ones (Fig. 1c), proving the successful
synthesis. The peaks at 7°, 12°, 14°, and 27° represented the (100),
(110), (200), and (001) planes, respectively. The diffraction peaks of
CTF-DCB-1 exhibited the sharpest profile and the least peak broad-
ening among the three materials, indicating its highest level of
crystallinity. In contrast, the diffraction peaks of CTF-DCB-3 dis-
played significant broadening with a low signal-to-noise ratio, con-
firming the lowest crystallinity. However, the peaks of CTF-DCB-2
were not as sharp as those of CTF-DCB-1, and the peak broadening
was not substantial, indicating a moderate level of crystallinity.

The thermal stability of the three CTF-DCBs was assessed
through thermogravimetric analysis (TGA). As depicted in Fig. 1d,
the CTF-DCBs exhibited a minor decrease in mass (<10%) be-
fore reaching a temperature of 618 °C. This phenomenon could be
attributed to the evaporation of water molecules or detergents
and catalysts adsorbed by the frameworks during the preparation
process at higher temperatures. The negligible mass loss at this
stage also indicated the favorable thermal stability of all the CTF-
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Fig. 1. The schematic structure of CTF-DCBs observed from the c- (a) and a- (b)
axes. (c) The PXRD patterns of the synthesized and simulated CTF-DCBs. (d) The
TGA curves of the synthesized CTF-DCBs.
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Fig. 2. (a) The diagram of the dynamic coating method. (b) The SEM images of the
CTF-DCB-1 coated column. (c) The AH and (d) the AS of styrene and phenylacety-
lene in the CTF-DCBs coated columns. (e) Diffusion coefficient diagram for styrene
and phenylacetylene in CTF-DCB-1 and CTF-DCB-2 coated columns. (f) The Ds and
C of styrene and phenylacetylene in CTF-DCB-1 and CTF-DCB-2 coated columns.

DCBs. Beyond 618°C, the CTF-DCBs underwent substantial mass
loss due to collapse and structural decomposition. Notably, among
the frameworks, CTF-DCB-1 showed the greatest mass loss at 48 %,
suggesting a higher concentration of ligands in its structure. This
observation further supported its highest level of crystallinity.
After synthesis and characterization, the CTF-DCBs were indi-
vidually coated onto capillary columns using a straightforward dy-
namic coating method (Fig. 2a) [33,34]. 3-Aminopropyl triethoxysi-
lane (APTES) used before coating is a binder that modifies columns
by providing amino groups. Without APTES, the column separa-
tion performance deteriorates (Fig. S2 in Supporting information).
In summary, a 2mL ethanol suspension (2mg/mL) of the pre-
pared CTF-DCBs was introduced into a capillary column. Subse-
quently, the column underwent flushing with N, at a velocity of
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30cm/min to eliminate excess ethanol suspension. The resulting
capillary columns were then conditioned at 250 °C for 240 min. The
cross-section of CTF-DCB-1 coated capillary column segments was
visible in the SEM images. As Fig. 2b and Fig. S3 (Supporting in-
formation) indicated, the material coating on the inner wall was
evenly distributed with a thickness of approximately 0.5 um.

To compare the thermodynamic interactions among CTF-DCBs
with different crystallinities and analytes, phenylacetylene and
styrene were employed as illustrative examples. These analytes
were specifically chosen due to the significance of styrene as a cru-
cial chemical intermediate and the common occurrence of pheny-
lacetylene as an impurity during styrene production. The temper-
atures at different analytes peak in various columns vary greatly,
and choosing the same temperature can result in some peaks be-
ing inseparable from air peaks. Therefore, appropriate tempera-
tures were chosen for different columns to carry out the deter-
mination of the enthalpy of adsorption. The AH and AS of these
compounds onto different columns were determined through the
application of the van't Hoff equation:

Ink’ = AH | AS In

=-—zr + g ¢
where R is the universal gas constant (R=8.314] mol~! K1),
T is the detection temperature (K), and ¢ is the volume ra-
tio of the solid stationary phase to the mobile stationary phase
(9 =7.984 x 1073).

The van’t Hoff plots for each analyte on the three columns re-
vealed strong linear correlations, underscoring the consistent inter-
action between the analytes and the pores of the covalent organic
framework throughout the separation process (Fig. S4 in Support-
ing information). From CTF-DCB-1 to CTF-DCB-2 and CTF-DCB-3,
the AH values for both analytes exhibited a gradual shift towards
negativity (Fig. 2¢c, Table S1 in Supporting information). This obser-
vation suggested that as crystallinity decreases, CTF-DCBs demon-
strate increasing interactions with analytes. We supposed that this
trend was attributable to the heightened presence of defects intro-
duced by lower crystallinity, serving as accessible adsorption sites
for the analytes. Moreover, CTF-DCB-1 and CTF-DCB-3 displayed
the capability to discern variations in adsorption interactions to-
wards phenylacetylene and styrene, whereas CTF-DCB-2 did not.
Parallel to the trend in AH, the AS values of the analytes be-
came more negative from CTF-DCB-1 to CTF-DCB-2 and CTF-DCB-
3 (Fig. 2d). Notably, the AS values for analytes on the CTF-DCB-
3 coated column surpassed those on the other two columns. This
phenomenon implied that analytes experienced the least confor-
mational freedom and were most constrained within the pores of
CTF-DCB-3, indicating strong interactions. The AS values further
proved that the strength of thermodynamic interactions between
CTF-DCBs and the analytes was inversely proportional to the crys-
tallinity.

To compare the kinetic diffusion of analytes influenced by crys-
tallinity, diffusion tests were performed at 190 °C with styrene and
phenylacetylene as target analytes by GC. The CTF-DCB-3 coated
column was not discussed here due to rather poor diffusion. The
kinetic diffusion constants and the mass transfer coefficients have
been calculated from the Golay equation [31,32] follows (Fig. 2e):

H=§+C><u
u

1+6k +11K% 12 2 1% d?

C=——5—x Do +ax——3 % D

24(1+ k) e 3 (1+k)° D
where H is the height equivalent to a theoretical plate, B/u is the

longitudinal diffusion, Cx u is the mass transfer term, Ds is the
diffusion coefficient of the analytes in the stationary phase, Dg is
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the diffusion coefficient of the analytes in the mobile phase, k’ is
the retention factor, r is the internal radius of the capillary column
without the coating layer and d; is the thickness of the coating
layer.

The obviously different C values indicated a more pronounced
diffusion barrier for both styrene and phenylacetylene within the
CTF-DCB-2 and CTF-DCB-1 coated columns (Fig. S5 and Table S2 in
Supporting information). Meanwhile, the Ds values of the analytes
were considerably greater in the CTF-DCB-1 than in the CTF-DCB-2
(Fig. 2f), demonstrating a faster diffusion of analytes in CTF-DCB-
1 compared to CTF-DCB-2. This discrepancy arises from the supe-
rior crystallinity of CTF-DCB-1, featuring a more uniform pore size
distribution that facilitates the creation of well-ordered diffusion
paths. Conversely, the lower crystallinity of CTF-DCB-2 introduces
defects into the material, resulting in relatively disordered diffu-
sion paths. As such, we inferred that the mass transfer rate of an-
alytes was directly proportional to the crystallinity of CTF-DCBs.

The separation abilities of CTFs were then evaluated using dif-
ferent gas mixtures as analytes. Before initiating the GC separa-
tion, baseline tests were collected on three columns. The smooth
profiles of all three baselines indicated the absence of contami-
nants in the CTF-DCB-coated capillary columns (Fig. S6 in Support-
ing information). Styrene and phenylacetylene mixture were first
used as the separation target. The separation conditions are exhib-
ited in Table S3 (Supporting information). As shown in Figs. 3a-d,
it was evident that the CTF-DCB-1 column successfully achieved
baseline separation for this group of unsaturated analogs. The sep-
aration resolution of styrene and phenylacetylene was 2.68 (Ta-
ble S4 in Supporting information). The elution sequence of styrene
and phenylacetylene was in accordance with their boiling point.
However, the separation performance of the CTF-DCB-2 coated col-
umn was less satisfactory (Figs. 3e and f). The over-strong ther-
modynamic interactions and high diffusion barrier provided by
CTF-DCB-2 deflected the optimized separation equilibrium point,
resulting in this significantly lower separation resolution com-
pared to CTF-DCB-1. The CTF-DCB-3 showed even worse separa-
tion ability because of the highest thermodynamic interactions and
the lowest mass transfer (Figs. 3g and h). When separating other
analytes such as xylene, dibromobenzene, trichlorobenzene, and
dichlorobenzene isomers, CTF-DCB-1 still showed the highest sepa-
ration ability, followed by CTF-DCB-2 and CTF-DCB-3 (Figs. S7-S9 in
Supporting information). The phenomena further proved that the
highest crystallinity of CTF-DCB-1 achieved the equilibrium of the
kinetic diffusion and thermodynamic interactions, leading to this
good separation ability. In addition, the pore sizes of the better
crystallized CTF-DCB-1 and CTF-DCB-2 are obviously smaller than
those of the amorphous CTF-DCB-3 [29,30]. Thus, the faster dif-
fusion of analytes in CTF-DCB-3 resulted a shorter time to peak
despite its high adsorption enthalpy. Moreover, after storage for
2 years within a temperature range of 273-300K and a humid-
ity range of 50%—70%, the CTF-DCB-1 coated column was utilized
to re-separate xylene isomers. The separation results demonstrated
that the separation resolution of CTF-DCB-1 columns remained
consistent after an extended storage period, indicating remarkable
stability and reproducibility of this CTF-DCB-1 coated column (Fig.
3b).

In conclusion, the relationships between the COFs’ crystallinity,
the thermodynamic interactions, and the diffusion kinetic of an-
alytes were evaluated. Our results proved that the strength of
thermodynamic interactions between CTF-DCBs and the analytes
was inversely proportional to the crystallinity, while the diffu-
sion kinetic of analytes was directly proportional to the crys-
tallinity of CTF-DCBs. Although CTF-DCB-3 with low crystallinity
may showcase enhanced thermodynamic interactions, its disor-
dered pores significantly impeded GC separation efficiency. In con-
trast, the well-ordered pore channels of CTF-DCB-1 enabled the
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Fig. 3. (a) The separation resolution (Rs) of different analytes in three CTF-DCBs coated columns. (b) The chromatograms of xylene isomers in CTF-DCB-1 coated col-
umn after the storage of 2 years. The chromatograms of xylene isomers in (c) CTF-DCB-1, (e) CTF-DCB-2, and (g) CTF-DCB-3 coated columns. The chromatograms of
styrene/phenylacetylene mixtures in (d) CTF-DCB-1, (f) CTF-DCB-2, and (h) CTF-DCB-3 coated columns.

equilibrium of the kinetic diffusion and thermodynamic interac-
tions, achieving effective separation of benzene isomers as well
as styrene/phenylacetylene mixtures. Thus, modulating the crys-
tallinity is essential for achieving optimal separation performance
in porous materials.
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