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Room-temperature growth of covalent organic
frameworks as the stationary phase for open-
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Covalent organic frameworks (COFs) are a class of porous materials with high surface area, high porosity,
good stability and tunable structure that have been widely used in the separation area. In this work, we
have proposed the in situ synthesis of a novel COF composed of 4,4,4"-(1,3,5-triazine-2,4,6-triyl)trianiline
(Tz) and 1,4-dihydroxyterephthalaldehyde (Da) onto the capillary inner surface for electrochromato-
graphic separation. Fourier transform infrared (FT-IR) spectroscopy, elemental analysis (EA) and scanning
electron microscopy (SEM) have facilitated the characterization of the prepared capillary columns. The
COF (TzDa) modified OT-CEC column exhibited satisfactory separation selectivity towards neutral com-
pounds (such as chlorobenzenes and alkylbenzenes), acidic and basic compounds (such as phenols and
anilines), food additives (vanillin and its analogues) and small biomolecules (such as amino acids and poly-

Received 4th August 2021,
Accepted 3rd September 2021

DOI: 10.1039/d1an01402a

peptides). Furthermore, the TzDa modified capillary was quite stable and reproducible. The relative stan-
dard deviations for retention times of the test analytes (alkylbenzenes) were as follows: for intra-day (n =
3) runs (<1.74%), inter-day (n = 3) runs (<2.25%) and between columns (n = 3) (<4.83%). This new type of
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Introduction

Capillary electrochromatography (CEC)' ™ endowed with both
the merits of high performance liquid chromatography (HPLC)
(high selectivity)*® and capillary electrophoresis (CE) (high
efficiency)”® is a well-known microcolumn separation method.
Hence, it has been considered as a powerful chromatographic
analysis tool and has attracted great attention in the last few
decades. It should be noted that column technology is the key
to the development of the CEC field in which an open-tubular
column is a prominent CEC column format used in CEC.’
Superior to the other two forms (packed columns and mono-
lithic columns), an open-tubular column has advantages such
as easy preparation, facile instrument operation, absence of
bubble formation and satisfactory permeability. Even so, the
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COF-based stationary phase has tremendous potential in separation science.

existing drawbacks of low phase ratio, sample capacity and
poor separation efficiency of an open-tubular column have
limited its potential application and these shortcomings still
need to be solved. Hence, various novel material-based open-
tubular columns have been explored and utilized in electro-
chromatographic separation, such as metal-organic frame-
works (MOFs),"*"* covalent-organic frameworks (COFs),'*"®
layered double hydroxides (LDHs)'® and metal-organic cages
(MOCs).>*!

COFs are composed of a variety of organic linkers. They are
new kinds of crystalline porous materials having attractive
structural features including low density, outstanding stability,
good porosity and specific surface area,'® which allow them to
attract more and more attention in different fields including
gas storage,”>*® drug delivery,>*® separation® *° and
catalysis.’*? For the past few years, COFs have attracted more
interest in the analytical chemistry field, especially in separ-
ation areas. To date, various COFs have been explored as
stationary phases for chromatographic separation. For
example, Kong et al. reported that COF-LZU1 was grown in Situ
on the capillary inner surface for OT-CEC separation.'” Niu
et al. prepared a 2D COF-LZU1 coated OT column and used it
for chromatographic separation of small organic molecules
including alkylbenzenes, PAHs, and anilines. This work pro-
vided a new method for chromatographic separation.'® Bao
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et al. reported the polydopamine-assisted immobilization of
the COF-5 on the capillary inner wall for OT-CEC separation of
neutral, acidic and basic analytes. The success of the above
work indicated that boron COFs can be grown on versatile sub-
strates by the polydopamine-supported method, which paves
the way for application of boron COFs to other analytical
fields.'” The COF TzDa is a representative COF and consists of
4,4',4"-(1,3,5-triazine-2,4,6-triyl )trianiline (Tz) and 2,5-dihy-
droxyterephthalaldehyde (Da) at room temperature. TzDa has
excellent stability, high specific surface areas and abundant
interaction sites. The unique properties of TzDa make it an
ideal candidate as a new stationary phase for CEC.

Here, we proposed the application of the COF TzDa as a
new stationary phase for electrochromatographic separation.
The successful growth of TzDa was confirmed by SEM, EA and
FT-IR. The separation performance of the TzDa modified
column was evaluated through the satisfactory separation per-
formances towards chlorobenzenes, alkylbenzenes, phenols,
anilines, vanillin and its analogues, amino acids and polypep-
tides obtained on the TzDa@capillary. In addition, the pre-
pared columns were quite stable and reproducible. Our work
broadens the utilization of TzDa in the electrochromato-
graphic separation field.

Experimental

Chemicals and materials

Methanol and acetonitrile were obtained from Tedia (OH, USA)
and were of HPLC grade. Four tested neutral alkylbenzenes
(methylbenzene, ethylbenzene, n-propylbenzene, n-butylben-
zene), tyrosine, tryptophan, phenylalanine, vanillin, isovanil-
lin, and eugenol and three tested neutral chlorobenzenes
(chlorobenzene, 1,2-dichlorobenzene, 1,2,4-trichlorobenzene),
acetic acid, 4,4',4"-(1,3,5-triazine-2,4,6-triyl )trianiline (Tz), 2,5-
dihydroxyterephthalaldehyde (Da) and  3-aminopropyl-
triethoxysilane (APTES) were purchased from Shanghai
Aladdin Co., Ltd. Pyrocatechol, resorcinol, hydroquinone,
aniline, 2-phenylethylamine, N,N-dimethylaniline, hydro-
chloric acid (HCl), thiourea, absolute ethyl alcohol, sodium
hydroxide (NaOH), glutaraldehyde solution (25% v/v in H,0),
sodium phosphate dibasic dodecahydrate (Na,HPO,-12H,0),
tetrahydrofuran (THF) and dichloromethane (DCM) were
obtained from the Sinopharm Group Chemical Reagent Co.,
Ltd (Shanghai, China). Untreated fused-silica capillary
columns (50 pm i.d. and 375 pm o.d.) were obtained from
Ruifeng Chromatographic Devices (Yongnian, Hebei, China).
Ultrapure water used in this experiment was purified using an
ultrapure water system (Milli-Q, MA, USA).

Instrumentation

OT-CEC separation operation was implemented using Agilent
7100 CE apparatus (Waldbronn, Germany) possessing a temp-
erature-controlled column compartment, UV detector (A =
190-400 nm). The experiment results were recorded on the
online workstation software and handled on offline worksta-
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tion software. A field emission scanning electron microscope
(Carl Zeiss, Germany) was used to collect scanning electron
microscopy (SEM) images of the prepared capillary columns.
The prepared capillary columns were smashed and further
characterized by Fourier transform infrared (FT-IR) spectroscopy
and elemental analysis (EA). The results were recorded on a
Thermo Nicolet 5700 FT-IR spectrometer (MA, USA) and an
elemental analyzer (Vario EL III, Germany), respectively. All
solutions were pumped through capillaries using a mechanical
pump obtained from Longer Pump Company (Baoding, China).
The pH values of running buffers were regulated via a Mettler-
Toledo pH meter (Shanghai, China).

Buffer and standard solutions

The standard solutions of chlorobenzenes and alkylbenzenes
(4.0 mg mL™") were prepared using methanol as the solvent,
respectively. The standard solutions of tryptophan, tyrosine
and phenylalanine (2.0 mg mL™") were prepared by dissolving
in HCI aqueous solution (0.1 M), respectively. Other standard
solutions were prepared in methanol (3.0 mg mL™"), individu-
ally. The thiourea was chosen as an EOF marker and its solu-
tion was prepared by dissolving in methanol (3.0 mg mL™).
All running buffers (phosphate buffers) were prepared by dis-
solving gradient concentrations of Na,HPO,-12H,O in H,O
and their pH values were regulated by sodium hydroxide or
phosphoric acid. The above solutions and buffers were treated
with 0.22 pm membrane filters and stocked in a refrigerator
(4 °C) before use.

Fabrication of the TzDa coated capillary column

COF-TzDa was prepared by referring to the method reported by
Liu et al.'® Tz (16 mg, 0.045 mM), Da (14 mg, 0.084 mM) and
acetic acid solution (0.5 mL, 6 M) were mixed in 10 mL of 1,2-
dichlorobenzene/ethanol solution (1:1 = v/v). Subsequently,
the above dispersion was sonicated for 5 min, and the reaction
proceeded at ambient temperature standing still for 3 days.
The synthesized dark red precipitates were obtained by cen-
trifugation (10 000 rpm) for 5 min. Finally, the TzDa dark red
powders were washed with THF and DCM and dried under
vacuum at 60 °C overnight.

The fabrication process of the TzDa coated -capillary
column is demonstrated in Fig. 1. The capillary columns need
to be pretreated before modification. The newly untreated
capillary columns were flushed sequentially using 1.0 M NaOH
(1 h), H,0 (0.5 h), 1.0 M HCI (1 h), H,O (0.5 h), and methanol
(0.5 h) and then dried under a nitrogen stream. Then, the
APTES solution (10%, v/v, H,0) was pumped into the above
capillary columns and stored in a 95 °C water bath for 1 h with
both ends sealed. This modification process was repeated once
more. Subsequently, the capillaries were washed with H,0 and
dried with N, to achieve the modification of amino groups on
the capillary inner wall. The glutaraldehyde solution (2%, v/v
in H,0) was continually pumped through the APTES modified
capillary at room temperature (60 min). This modification
process was repeated once more and then the capillary was
flushed using H,O and dried under a N, stream to achieve the
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Fig. 1 Schematic procedure for the fabrication of the TzDa@capillary.

modification of aldehyde groups on the inner wall of the capil-
lary. Subsequently, the Tz monomer was dissolved in dioxane
with a concentration of 2 mg mL™". Then, the aldehyde group
modified capillary was filled with the Tz solution and reacted
at 150 °C for 1 h. The above step was repeated once more.
Finally, the capillary coated with Tz groups was washed with
methanol. The Tz modified capillary was filled with the above
prepared COF precursor solution'® and placed at room temp-
erature for 3 days. After the reaction was completed, the capil-
lary was pumped into methanol to remove unreacted solutions
and monomers and dried using N, to achieve the modification
of TzDa onto the capillary inner wall.

Equations

The separation parameters including column efficiency (N)
and separation resolution (Rg): N = 16 x (t/W)* and R, = 2(t, —
t,)/Wy + W,, where t is the retention time of the analyte and W
is the peak width of the analytes. 1 and 2 represent the first
and second peaks of the analytes, individually. The electroos-
motic flow (EOF) mobilities were obtained by the equation:*?
Heof = LoL/V/ty, in which ¢, is the migration time of thiourea
(EOF marker), L is the total length (0.45 m) and L. represents
the effective length (0.365 m), V is the voltage applied in the
experiments. The retention factor (k) was calculated by the
formula: k = t. — t/ty, t. is the retention time of four
alkylbenzenes.

Results and discussion
Characterization of the prepared columns

The morphology and formation of the TzDa and TzDa@capillary
were confirmed by SEM, FT-IR and EA experiments. It can be
seen that the structures of the as-synthesized TzDa were in
accordance with the previous report (Fig. S1t).'® The SEM
images of the bare capillary and TzDa@capillary are shown in
Fig. 2. The inner surface of the uncoated capillary is obviously
smooth. In the TzDa@capillary, plenty of TzDa crystals were uni-
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formly immobilized on the inner surface of the capillary, which
greatly changed the morphology features. Furthermore, the pre-
pared columns were smashed and confirmed according to FT-IR
spectra and EA. It can be seen from Fig. S2.T The obtained TzDa
showed the coincident feature absorption peaks with the pre-
vious report. After the bare column was modified with TzDa, the
characteristic absorption peaks at 1624.9 cm™" and 2924.5 cm™"
attributed to the stretching of C=N and N-H in the TzDa struc-
ture appeared. The FT-IR result confirmed that the TzDa was
successfully coated on the capillary inner wall. Besides, from the
EA experiment results (Table S1t), we can see that the increase
of the C and N elements on the TzDa@capillary indicated the
successful immobilization of the TzDa on the inner wall of the
capillary. The above results of SEM, FT-IR and EA confirmed
that the TzDa was successfully synthesized and modified onto
the capillary inner surface.

Electroosmotic flow (EOF)

In CEC experiments, the EOF was regarded as the driving force
of the mobile phase. In this work, the influence of pH values of
buffer on the EOF mobilities of the prepared column was con-
firmed. As shown in Fig. S3,7 the cathode EOF mobilities of two
kinds of columns were enhanced gradually with the increase of
pH values ranging from 5 to 10, which is due to the increasing
ionization degree of silicon hydroxyl groups on the inner wall of
the capillaries. However, the EOF mobility of the TzDa@capillary
was significantly lower than that of the bare column. This is
mainly because the silica hydroxyl groups on the capillary inner
surface wall were partly covered by the COF coating layers.

Influence of acetonitrile content on the separation
performance

The influence of acetonitrile content of the mobile phase on
the electrochromatographic separation performance of the
TzDa@capillary was studied, and four alkylbenzenes were used
as test analytes. As shown in Fig. S4a,f baseline separation of
four alkylbenzenes was obtained with 25% acetonitrile in
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Fig. 2 SEM images of the inner wall of the bare capillary (a, 5000x) and the TzDa@capillary (b, 10 000x).

10 mM phosphate buffer, and the retention factors of four alkyl-
benzenes decreased with the increase of acetonitrile content
(Fig. S4bt). This is mainly due to the increase in acetonitrile
content leading to the increased elution ability, resulting in the
reduction of separation performance, indicating a typical
reversed-phase retention ability of the TzDa modified column.

Separation of neutral compounds

The reversed separation performance of the TzDa@capillary
was studied by separating two groups of neutral compounds
including chlorobenzenes (chlorobenzene (logP 2.84), 1,2-
dichlorobenzene (log P 3.44), and 1,2,4-trichlorobenzene (log P
4.10)) and alkylbenzenes (methylbenzene (logP 2.72), ethyl-
benzene (log P 3.23), n-propylbenzene (log P 3.74), and n-butyl-
benzene (log P 4.25)). The result is shown in Fig. 3, and the
TzDa@capillary showed good separation performance towards
the above test compounds. The peak order of analytes was con-
sistent with the increase in log P values, indicating that the
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hydrophobic interaction and w-interaction were mainly separ-
ation mechanisms.

Separation of phenolic compounds and food additives

The separation performance of the TzDa@capillary was also
evaluated by separating three phenolic compounds. Here,
three diphenol isomers including catechol, resorcinol and
hydroquinone were chosen as test compounds. The pK, of
catechol, resorcinol and hydroquinone is 9.50, 9.45 and 10.33,
respectively. As illustrated in Fig. 4, good separation perform-
ance of the three diphenol isomers was obtained on the
TzDa@capillary. The peak order of catechol isomers was iden-
tical to the order of log P values from low to high.

Vanillin and its analogues (isovanillin and eugenol) are
widely used food additives in the food industry. Furthermore,
vanillin and its analogues are the crucial indexes of character-
izing the quality of vanilla extract.'* Therefore, the determi-
nation of vanillin, isovanillin and eugenol is of great signifi-
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Fig. 3 (a) Separation behavior of alkylbenzenes on the TzDa@capillary. Experimental conditions: mobile phase, 25% ACN in pH 9.0 10 mM phos-
phate buffer; applied voltage, 20 kV; injection, 18 mbar X 5 s; detection wavelength, 214 nm. Peaks: 1, methylbenzene; 2, ethylbenzene; 3, n-propyl-
benzene; 4, n-butylbenzene. (b) Separation behavior of chlorobenzenes on the TzDa@capillary. Experimental conditions: mobile phase, 30% ACN in
pH 7.0 10 mM phosphate buffer; applied voltage, 20 kV; injection, 15 mbar X 5 s; detection wavelength, 214 nm. Peaks: 1, chlorobenzene; 2, 1,2-

dichlorobenzene; 3, 1,2,4-trichlorobenzene.
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Fig. 4 Separation behavior of phenolic compounds on the
TzDa@capillary. Experimental conditions: mobile phase, 25% ACN in pH
9.0 30 mM phosphate buffer; applied voltage, 20 kV; injection, 7 mbar x
5 s; detection wavelength, 230 nm. Peaks: 1, hydroquinone; 2, resorci-
nol; 3, catechol.

cance in the food industry. As shown in Fig. 5, the
TzDa@capillary exhibited good separation towards the above
three compounds. It confirmed that the hydrophobic inter-
action between the test analytes and the TzDa modification
layer plays a vital role.

Separation of basic compounds

The TzDa@capillary was used for the electrochromatographic
separation of three anilines including phenylamine, 2-phenyl-
ethylamine and N,N-dimethylbenzenamine. As shown in
Fig. S5,1 the TzDa@capillary exhibited satisfactory separation
performance towards these three anilines. It should be noted
that the pK, of phenylamine and N,N-dimethylbenzenamine was
4.6 and 5.1, respectively. Under this experimental condition,
they were not charged, while the 2-phenylethylamine (pk, = 9.9)
was dissociated and possessed a positive charge. Hence, the

Intensity(mAU)

Time(min)

Fig. 5 (a) Separation behavior of food additives on the TzDa@capillary.
Experimental conditions: mobile phase, 20% methanol in pH 9.0 30 mM
phosphate buffer; applied voltage, 20 kV; injection, 15 mbar x 5 s;
detection wavelength, 210 nm. Peaks: 1, vanillin; 2, isovanillin; 3,
eugenol.
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differences in hydrophobicity and electrophoretic mobility con-
tributed to the successful separation of these compounds.

Separation of small biomolecules

Amino acids and polypeptides are important biomolecules in
human metabolism. The separation and determination of
these small biomolecules are not only beneficial for life health
administration but also helpful in the food industry. The
result is shown in Fig. 6. Good separation performance of
three amino acids (tyrosine, tryptophan, and phenylalanine)
with high resolution and satisfactory efficiency was achieved
on the TzDa modified column. In addition, the
TzDa@capillary exhibited good separation performance
towards the slightly larger biomolecules (polypeptides)
(Fig. S67). The above results indicated that the TzDa@capillary
was promising for the separation of small biomolecules.

Reproducibility and stability

For the newly developed OT-CEC columns, repeatability and
stability are the crucial evaluation parameters. The RSDs of
analysis time of tested neutral compounds were utilized to
confirm the repeatability of the TzDa coated capillary column.
The result is shown in Table 1. The RSDs of intra-day (n = 3),
inter-day (n = 3) and column-to-column (n = 3) were below
1.74%, 2.25%, and 4.83%, respectively. The results indicated
that the TzDa coated capillary columns possessed satisfactory
reproducibility. In addition, no considerable decrease in the
separation performance was observed after continuously
injecting 60 runs on the TzDa modified open-tubular column
(Fig. S7T1). The above data indicated that the TzDa coated
columns were quite stable and repeatable.

Comparison with other MOF or COF-based OT-CEC columns

A series of previously reported MOF or COF-based stationary
phases have been successfully applied for OT-CEC separation.
The TzDa coated column was compared with previously
reported research in order to confirm the superiority of this
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Fig. 6 Separation behavior of amino acids on the TzDa@capillary.
Experimental conditions: mobile phase, 40% methanol in pH 8.0 20 mM
phosphate buffer; applied voltage, 20 kV; injection, 25 mbar x 5 s; detection
wavelength, 210 nm. Peaks: 1, tryptophan; 2, tyrosine; 3, phenylalanine.
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Table 1 Relative standard deviations of the retention time of four alkyl-
benzenes in intra-day, inter-day, and column to column

Intra-day RSD  Inter-day RSD  Between columns

Analytes (%) (n=3) (%) (n=3) (%) (n=3)
Methybenzene  1.74 1.71 4.76
Ethylbenzene 1.73 1.78 4.83
Propylbenzene  1.57 1.94 3.96
Butylbenzene 1.52 2.25 2.58

OT-CEC column. As shown in Table S3,f the obtained
maximum column efficiency of the presented TzDa coated
column was significantly higher than those of all other OT
columns. In addition, the prepared column showed outstand-
ing reproducibility and stability. This novel kind of COF-based
column showed greater application potential for the chromato-
graphic separation field.

Conclusions

In summary, we have successfully prepared the COF-TzDa modi-
fied CEC OT-column. The inner wall of the bare capillary was
first modified with APTES to create surface amino sites and then
treated with glutaraldehyde and Tz monomers in sequence, to
achieve the modification of Tz on the capillary inner wall. Finally,
COF-TzDa can be successfully grown on the inner wall of the
capillary by covalent bonding with Tz monomers on the inner
wall. The obtained results indicated that the TzDa was success-
fully synthesized and immobilized on the capillary inner wall.
The TzDa modified OT-CEC column possessed outstanding sep-
aration performance towards different compounds. Furthermore,
the TzDa coated capillary possessed excellent repeatability and
stability. This novel COF-based OT-CEC capillary column showed
promising application in chromatographic separation science.
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