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ABSTRACT: The application of three-dimensional covalent
organic frameworks (3D COF) with complex structure and high
stability as the stationary phase is promising for high-performance
liquid chromatography (HPLC) but is still limited by their
irregular shape and wide size distribution. Herein, we show the
fabrication of the first 3D COF-based monolithic column via the
facile incorporation of nanoporous 3D-IL-COF-1 consisting of
tetrakis(4-formylphenyl)methane and p-phenylenediamine into a
porous organic monolith for HPLC. The effect of essential factors
including temperature, porogen, and 3D-IL-COF-1 on the column
permeability and efficiency is systematically investigated via the
orthogonal experiment. The uniform structure, good permeability,
and high mechanical stability of the prepared 3D-IL-COF-1
monolithic column not only make it promising for broad-spectrum chromatographic separation of neutral, acidic, and basic
compounds but also render it better separation of isomers than a C18 column. This work offers a facile strategy for synthesis of a 3D
COF stationary phase and will largely expand the high potential of 3D COF in HPLC.

KEYWORDS: three-dimensional covalent organic frameworks, stationary phase, monolithic column,
high-performance liquid chromatography, isomer

■ INTRODUCTION

Covalent organic frameworks (COF) are porous crystalline
materials consisting of organic monomers1,2 and show wide
applications in chemistry and environmental and biomedical
sciences.3−9 The separation properties of high-performance
liquid chromatography (HPLC) are mainly attributed to the
noncovalent interactions between analytes and the stationary
phase including hydrophobic, hydrophilic, electron donor−
acceptor interaction, size exclusion, and even hand-specific
interaction.10,11 The discovery of new versatile materials as the
stationary phase with distinctive interactions is of great
significance in the improvement of chromatographic separa-
tion. The large surface area, great stability, and tunable pore
chemistry of COF with rich interactions such as π−π,
hydrophobic, and hydrogen-bonding interactions give them
potential as the stationary phase of HPLC.12

Three-dimensional (3D) COF are completely linked with
covalent bonds. As a result, 3D COF exhibit higher stability
and richer pore structures than 2D COF formed via covalent
bands and π−π stacking interactions.1,13,14 2D COF have
shown great potential to be the stationary phase of both liquid
and gas chromatography,15−18 whereas exploration of 3D COF
for chromatography is still in its infancy.19 Exploring the
potential of 3D COF in the field of HPLC separation is of

great significance for promoting the materials in separation
science.
The direct application of bulky 3D COF as the stationary

phase suffers from a high column pressure and low column
efficiency owing to the irregularity and wide size distribution of
COF. The organic monolithic column is superb in permeability
and mass transfer but poor in column efficiency for small
molecules due to the lack of interaction sites.20,21 The
integration of 3D COF and a porous monolith is an efficient
method to solve the above-mentioned limitations of the two
materials. The porous organic monolith ensures the perme-
ability of the prepared 3D COF column, while the well-ordered
structure of 3D COF brings the monolith diverse interactions
with various small molecules.22,23 However, to our knowledge,
no study on the preparation and application of a 3D COF
monolithic column for HPLC has been reported so far.
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Herein, we report the first synthesis of a 3D COF-
incorporated monolithic column for HPLC. The model 3D
COF 3D-IL-COF-1 with a nanoporous 5-fold interpenetrated
dia net structure was prepared with tetrakis(4-formylphenyl)-
methane (TFPM) and p-phenylenediamine (PDA) via the
typical solvothermal method instead of the reported
ionothermal synthesis and was incorporated into methylacrylic
acid-co-ethylene dimethacrylate (MAA-co-EDMA) monolith to
obtain the 3D-IL-COF-1 monolithic column. An orthogonal
experiment was designed to investigate the effect of essential
factors including temperature, porogen, and 3D-IL-COF-1 on
the column permeability and efficiency. The chromatographic
performance of the 3D-IL-COF-1 monolithic column was
demonstrated with typical neutral, acidic, and basic com-
pounds as well as isomers.

■ EXPERIMENTAL SECTION
Orthogonal Design for the Preparation of a 3D-IL-COF-1

Monolithic Column. The levels of three factors (temperature,
porogen, and 3D COF) for the synthesis of the 3D-IL-COF-1
monolithic column were determined with single-factor experiments.
Then, a L9(3

3) array was designed to assign the obtained levels of
temperature, porogen, and 3D COF for the orthogonal investigation
of the preparation of the 3D-IL-COF-1 monolithic column.
Synthesis of a 3D-IL-COF-1 Monolithic Column. Typically,

3D-IL-COF-1 (15 mg), MAA (35 μL), EDMA (400 μL), and
polyethylene glycol 6000 (PEG-6000) (450 mg) were dissolved in
dimethyl sulfoxide (DMSO) (1 mL) to obtain a stable and uniform
dispersion, and then 2,2-azobis(2-methylpropionitrile) (AIBN) (10
mg) was added. The resulting mixture was moved into a stainless-steel
column (50.0 mm long × 4.6 mm i.d.). After sealing, the column was
left in a thermostat water bath at 65 °C for 24 h and then rinsed with
acetylene (ACN) to clear up the residual reactant and porogen to
obtain the 3D-IL-COF-1 monolithic column. The blank monolithic
column as a control was subject to the same conditions without the
addition of 3D-IL-COF-1.
HPLC Experiments. The 3D-IL-COF-1 monolithic column must

be conditioned with the corresponding mobile phase prior to the
HPLC experiment. All of the HPLC experiments were carried out on
an e2695 liquid chromatograph (Waters, USA) with a 2998 tunable
photodiode array detector. Collection and analysis of the chromato-
graphic data was performed on an Empower data system. The C18
column (50.0 mm long × 4.6 mm i.d.) for comparison of the 3D-IL-
COF-1 monolithic column was prepared with commercial C18
spherical silica (Baseline ChromTech Research Centre, Tianjin,
China).

■ RESULTS AND DISCUSSION

Preparation of a 3D-IL-COF-1 Monolithic Column.
Direct packaging of the 3D-IL-COF-1 as the stationary phase
in stainless-steel column (50.0 mm long × 4.6 mm i.d.) for
HPLC was not successful due to the irregular morphology and
wide size distribution of 3D-IL-COF-1. Integration of 3D COF
and the porous monolith is a promising way to solve the
limitation and is of great significance for expanding their high
potential in HPLC. However, no study on the preparation and
application of a 3D COF monolithic column for HPLC has
been reported so far. Scheme 1 shows the method for the
preparation of the 3D-IL-COF-1 monolithic column for
HPLC. 3D-IL-COF-1 was first prepared from TFPM and
PDA via the typical solvothermal method due to the benefit to
yields instead of the reported ionothermal synthesis.1,13 The
3D-IL-COF-1 monolithic column was then fabricated by
incorporating 3D-IL-COF-1 into a poly(MAA-co-EDMA)
monolith.
The single-factor experiments for the effect of polymer-

ization temperature, porogen, and 3D-IL-COF-1 on the
preparation of the monolithic column were investigated in
the range of 55−75 °C, 300−500 mg, and 5−20 mg,
respectively (Figure S1). The increase of temperature
improved the efficiency but decreased the permeability of the
3D-IL-COF-1 monolithic column (Figure S1A). The high
temperature gives a large number of free radicals and
formulates more small pores in the monolith, which is
favorable for column efficiency but detrimental to perme-
ability.24−26 On the contrary, amplification of the porogen
leads to the amelioration of the column permeability but loss
of column efficiency. The porogen is produced through pores
in the 3D-IL-COF-1 monolith to promote the permeability,
but too many pores went against the column efficiency (Figure
S1B). A 15 and 20 mg amount of 3D-IL-COF-1 gave better
column permeability and efficiency, respectively. Further
increasing the amount of 3D-IL-COF-1 resulted in a decrease
of both the column permeability and the efficiency (Figure
S1C). Three levels of temperature (60, 65, and 70 °C),
porogen (350, 400, and 450 mg), and 3D-IL-COF-1 (10, 15,
and 20 mg) were then selected for further orthogonal design to
obtain the optimal synthetic conditions for both the column
permeability and the efficiency.
The orthogonal experiment significantly reduces the number

of experiments and scientifically analyzes the data.26−28 A

Scheme 1. Preparation of a 3D-IL-COF-1 Monolithic Column for HPLC
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L9(3
3) orthogonal array assigned with temperature, porogen,

and 3D-IL-COF-1 in three levels was designed to investigate
the preparation of the 3D-IL-COF-1 monolithic column
(Tables S1 and S2). The R value in range analysis represents
the effect of factors on the experimental results.28−31 The R
value for column permeability (Rporogen > R3D‑IL‑COF‑1 >
Rtemperature) and column efficiency (r3D‑IL‑COF‑1 > rtemperature >
rporogen) indicates the highest effect of porogen and 3D-IL-
COF-1 on the permeability and column efficiency, respectively
(Table 1). Furthermore, the P value in variance analysis reveals
the significance of factors on the experimental results.28,31 The
porogen had an extremely significant influence on the
permeability. A 450 mg amount of porogen with the best
permeability (K3) was employed for preparation of the 3D-IL-
COF-1 monolithic column (Table 2). Both 3D-IL-COF-1 and
temperature had a significant influence on the column
efficiency. Both 65 °C and a 15 mg amount of 3D-IL-COF-1
with the highest column efficiency (K2) were finally selected
for further preparation of the 3D-IL-COF-1 monolithic
column.
Characterization of 3D-IL-COF-1 and Its Monolith.

The main characteristic powder X-ray diffraction (PXRD)
peaks of the obtained COF at 7.36°, 9.63°, 13.27°, 14.93°, and
16.50° matched well with the simulated one, indicating the
preparation of crystalline 3D-IL-COF-1 (Figure 1A). The 3D-
IL-COF-1 kept its main PXRD pattern under the same
preparation procedure for the 3D-IL-COF-1 monolithic
column without the addition of cross-linking agent (MAA
and EDMA), indicating the maintenance of the crystallinity for
3D-IL-COF-1 in the 3D-IL-COF-1 monolith (Figure S2).
Furthermore, no change in the PXRD pattern and Fourier
transform infrared spectroscopy (FT-IR) spectra of 3D-IL-
COF-1 in DMSO, ACN, and H2O suggests the high stability of
the COF (Figure S3). The appearance of the characteristic
imine band at 1618 cm−1 along with the evident attenuation of
the aldehyde (1700 cm−1) and amino (3200−3500 cm−1)
bands of the original building monomers in the FT-IR spectra
suggest the successful condensation of TFPM and PDA
(Figure S4). The FT-IR spectra of the 3D-IL-COF-1 monolith
displayed the three characteristic bands (1727, 1259, and 1158

cm−1) of poly(MAA-co-EDMA) as well as those (1569, 1017,
and 829 cm−1) of 3D-IL-COF-1 (Figure 1B), suggesting the
successful incorporation of 3D COF. The scanning and
transmission electron microscopy images reveal the typical
spherical morphology of 3D-IL-COF-1 (Figure S5). The 3D-
IL-COF-1 monolith showed a porous monolithic structure
with interconnected pores (Figure S6). The prepared 3D-IL-
COF-1 monolith had a significantly larger BET surface area

Table 1. Range Analysis of the L9(3
3) Array Results for the Orthogonal Design Experimenta

colum permeability (×10−15 m2) column efficiency (×103 plates m−1)

parameters temperature porogen 3D COF temperature porogen 3D COF

K1 18.14 15.35 17.77 15.30 17.07 10.63
K2 18.86 18.74 19.19 19.03 16.94 19.91
K3 19.11 22.02 19.15 16.36 16.68 20.15
R 0.97 6.67 1.42 3.73 0.39 9.53

aThe K is the average experimental results of each factor level for column permeability or efficiency. The R is the difference between the minimum
and the maximum of K for column permeability or efficiency.

Table 2. Variance Analysis of the L9(3
3) Array Results for the Orthogonal Design Experimenta

column permeability column efficiency

parameters temperature porogen 3D COF temperature porogen 3D COF

SS × 10−30 1.51 66.81 3.94 33.02 7.94 152.38
df 2 2 2 2 2 2
MS × 106 0.76 33.40 1.97 16.51 3.97 76.19
F 2.65 116.79 6.89 22.85 5.50 105.45
P 0.274 0.008c 0.127 0.042b 0.154 0.009c

aSS (squares of deviation), df (degree of freedom), and MS (mean squared deviation). F0.05(2,2) = 19.00, F0.01(2,2) = 99.01. b0.01 < p ≤ 0.05, cp ≤
0.01

Figure 1. (A) PXRD pattern of the prepared 3D-IL-COF-1. (Insert)
Graphic view of 3D-IL-COF-1 (C, gray; N, blue; O, white). (B) FT-
IR spectra and (C) N2 adsorption−desorption isotherms of 3D-IL-
COF-1, blank monolith, and 3D-IL-COF-1 monolith. (D) Van
Deemter plots of 3D-IL-COF-1 and blank monolithic column with
toluene as analyte. Mobile phase and flow rate: ACN/H2O (70/30, v/
v) at 0.2−5 mL min−1; UV wavelength at 210 nm; temperature, 25
°C.
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(251 m2 g−1) than the blank monolith (186 m2 g−1) owing to
the incorporation of a larger BET surface area of 3D-IL-COF-1
(934 m2 g−1) (Figure 1C and Figure S7).
Assessment of 3D-IL-COF-1 Monolithic Column. The

fabricated 3D-IL-COF-1 monolithic column was first evaluated
using the Van Deemter model.32 The highest theoretical plate
number of toluene (model analyte) on the 3D-IL-COF-1
monolithic column was investigated using ACN/H2O (70/30,
v/v) in the flow rate range of 0.2−2 mL min−1 (Figure 1D).
The 3D-IL-COF-1 monolithic column offered a significant
improvement in the highest theoretical plate number (20 700
plates m−1) compared to the blank monolithic column (9541
plates m−1), implying the distinctive role of the incorporated
3D-IL-COF-1. The vortex diffusion (A), longitudinal diffusion
(B), and mass resistance (C) terms of the Van Deemter curve
for the 3D-IL-COF-1 monolithic column were significantly
lower than those of the blank monolithic column (Table S3). A
reduction of the A value indicates more uniformity of the 3D-
IL-COF-1 monolith than the blank monolith. The decrease of
the B and C values represents less diffusion of the solute in the
mobile phase and faster mass transmission between the 3D-IL-
COF-1 monolith and the analytes, resepectively.33,34 The
above results convey the significant role of the 3D-IL-COF-1
in the improvement of the separation efficiency on the
monolithic column.
The effect of the flow rate on the pressure of the 3D-IL-

COF-1 monolithic column was studied in the flow rate range
of 0.2−5 mL min−1 using ACN, ACN/H2O (50/50, v/v),
methanol (MeOH), and MeOH/H2O (50/50, v/v) as the
mobile phase. An excellent linear relationship was obtained for
all four mobile phases in the studied flow rate range (R2,
0.9961−0.9998) (Figure S8). No structure collapse appeared
in the 3D-IL-COF-1 monolithic column even at column
pressures up to 2170 psi with MeOH/H2O (50/50, v/v) at a
flow rate of 5 mL min−1. The proved great mechanical stability
of 3D-IL-COF-1 shows the potential of the as-prepared 3D-IL-
COF-1 monolithic column in rapid HPLC separation with
diverse mobile phases.
HPLC Separation of Neutral, Acidic, and Basic

Compounds. The broad-spectrum chromatography perform-
ance of the 3D-IL-COF-1 monolithic column was evaluated by
the separation of neutral, acidic, and basic compounds. The
3D-IL-COF-1 monolithic column gave baseline separation of
neutral alkylbenzenes (benzene, toluene, ethylbenzene, propy-
lene, and butylbenzene) and polycyclic aromatic hydrocarbons
(PAHs) (benzene, naphthalene, anthracene, pyrene, and
benzopyrene) (Figure 2A and 2B). The elution orders of the
alkylbenzenes and PAHs on the 3D-IL-COF-1 monolith were
in good agreement with those on a C18 column (Figure S9),
indicating the main hydrophobic interaction during the
separation.35,36 The strong retention of the PAHs on the
3D-IL-COF-1 monolithic column also revealed the involve-
ment of a π−π interaction in the separation of the PAHs
(Figure 2B).35,36 The increasing ACN content led to a
decrease of retention, resolution (R), and column efficiency
(Figure S10, Tables S4 and S5), confirming the typical reverse
phase separation mechanism of the 3D-IL-COF-1 monolithic
column for alkylbenzenes and PAHs.37,38

The baseline separation of the acidic phenol compounds (m-
nitrophenol, 2,6-dimethylphenol, and 2,6-dichlorophenol) and
basic aniline compounds (aniline, m-nitroaniline, and N,N-
dimethylaniline) was also realized on the 3D-IL-COF-1
monolithic column (Figure 2C and 2D). The elution

sequences of all of the analytes were consistent with their
hydrophobicity (Table S6), demonstrating that hydrophobic
interaction played a key role in the separation. The selectivity
factor (k) and R of the six analytes on the 3D-IL-COF-1
monolithic column were comparable with those on a C18
column (Tables S7 and S8). The blank monolithic column
without 3D-IL-COF-1 gave no separation of the above neutral,
acidic, and basic compounds (Figure S11), proving the
dominant of 3D-IL-COF-1 in the chromatography separation.

HPLC Separation of Isomers. The similar properties of
the isomers lead to a great challenge in their separation.39 The
performance of the 3D-IL-COF-1 monolithic column was
further investigated for separation of isomers including o-, m-,
and p-aminophenol, acenaphthene and fluorene, phenanthrene
and anthracene, and pyrene and triphenylene (Figure 3). The
3D-IL-COF-1 monolithic column gave better separation for
these isomers than the blank monolithic column and the C18
column. The blank monolithic column showed no separation
of all of the isomers (Figure S12). The C18 column enabled
the separation of phenanthrene and anthracene and pyrene and
triphenylene but gave no baseline separation of o-, m-, and p-
aminophenol and fluorene and acenaphthene (Figure S13).
Moreover, the 3D-IL-COF-1 monolithic column gave a higher
k (1.23−1.75) than the C18 column (1.06−1.32) for all of the
studied analytes (Tables S9 and S10), indicating the great
potential of the 3D-IL-COF-1 monolithic column in isomer
separation.
We further investigated the separation mechanism of the

isomers on the 3D-IL-COF-1 monolithic column. The smaller
molecular size of o-, m-, and p-aminophenol than the pore size
of 3D-IL-COF-1 (8.4 Å) indicates the interaction of
aminophenol isomers in the inner pore of the COF. The
octanol−water partition coefficient (Kow) is usually used to

Figure 2. HPLC chromatograms of neutral, acidic, and basic
compounds on a 3D-IL-COF-1 monolithic column (50.0 mm × 4.6
mm i.d.): (A) alkylbenzenes; (B) PAHs; (C) acidic compounds; (D)
basic compounds. Mobile phase and flow rate: ACN/H2O (35/65, v/
v) at 1.0 mL min−1 for A and D, ACN/H2O (45/55, v/v) at 1.0 mL
min−1 for B, and ACN/H2O (30/70, v/v) at 1.0 mL min−1 for C. UV
wavelength at 210 nm. Temperature, 25 °C.
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indicate the hydrophobicity of organic compounds. The
identical hydrophobicity of o-, m-, and p-aminophenol (log
Kow 0.62) means that the hydrophobic interaction cannot drive
their separation. The different hydrogen bonding ability of the
aminophenol isomers should be responsible for their
separation. The weakest acidity of p-aminophenol (pKa 5.48)
resulted in the weakest hydrogen bonding with 3D-IL-COF-1
monolith and made it elute first. The closer hydroxyl and
amino groups of o-aminophenol enabled simultaneous
formation of a hydrogen bond with 3D-IL-COF-1 and showed
a stronger retention than m-aminophenol. The apparent
difference in the hydrophobicity of acenaphthene and fluorene
or pyrene and triphenylene revealed the dominant hydro-
phobic interaction in their separation. In contrast, the elution
order of phenanthrene and anthracene did not follow their
hydrophobicity (Table S11). Although the PAHs isomers
cannot completely enter the pore of 3D-IL-COF-1 (Table
S11), the “slot model” shows that the larger length-to-breadth
ratio (L/B) of PAHs can penetrate to a greater depth in the
slot.40,41 Hence, the larger L/B of anthracene (1.57) gave it
easier access to the 3D-IL-COF-1 monolith and so stronger
retention than phenanthrene (L/B, 1.46).42,43

The good linearity of the Van’t Hoff plots for isomers on the
3D-IL-COF-1 monolith implies that the separation mechanism
has little change within the studied temperature range15

(Figure S14). The thermodynamic parameters for the
separation of isomers on the 3D-IL-COF-1 monolithic column
were further calculated from Van’t Hoff plots (Table. S12).
The negative enthalpy change (ΔH) shows that the separation
behavior of the isomers on the 3D-IL-COF-1 monolithic
column is exothermic. The negative Gibbs free energy change
(ΔG) indicates that the transference of all of the analytes from

the mobile phase to the stationary phase of 3D-IL-COF-1 is a
thermodynamically spontaneous process.

Repeatability and Stability of a 3D-IL-COF-1 Mono-
lithic Column. The relative standard deviations (RSDs) of
retention time (tR) and peak area (S) for pyrene and
triphenylene in 10 continuous injections (run to run, n =
10) were 0.27−0.50% and 1.28−1.40%, respectively (Figure
S15, Table. S13). The five continuous days analysis (day to
day, n = 5) of the analytes gave RSDs of 0.81−1.04% and
2.20−2.93% for tR and S, respectively. Moreover, the three
columns obtained from different batches (column to column, n
= 3) still gave low RSDs of tR (1.11−1.90%) and S (3.21−
4.64%). The results showed the great repeatability and stability
of the 3D-IL-COF-1 monolithic column for HPLC separation.

■ CONCLUSION
In summary, we have shown the synthesis of the first 3D COF-
based monolithic column via the facile incorporation of
nanoporous 3D-IL-COF-1 into a porous organic monolith for
HPLC. The porous organic monolith matrix ensures the
permeability of the prepared 3D COF monolithic column, and
the introduction of 3D-IL-COF-1 provided the monolithic
column with various interactions for promotion of its HPLC
application. The uniform structure, good permeability, and
high mechanical stability of the prepared 3D-IL-COF-1
monolithic column not only make it promising for broad-
spectrum chromatographic separation of neutral, acidic, and
basic compounds but also render it better separation of
isomers than a C18 column. We believe this work will largely
expand 3D COF as stationary phase for HPLC.
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