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Layer-by-layer preparation of 3D covalent organic
framework/silica composites for chromatographic
separation of position isomers†

Hai-Long Qian, abc Cheng Yang abc and Xiu-Ping Yan *abc

A layer-by-layer approach was developed to prepare 3D covalent

organic framework COF-300/silica composites (COF-300@SiO2)

with uniform morphology as the stationary phase for high perfor-

mance liquid chromatography separation of position isomers with

high efficiency, selectivity and precision.

Crystalline porous material covalent organic frameworks (COFs)
constructed from organic monomers with unique features have
drawn great concern recently.1–6 COFs have great potential appli-
cations in diverse areas including gas storage,7 photoconduc-
tion,8,9 sensing,10,11 and catalysis.12,13 Moreover, 2D COFs with
high stability, unique ordered structures and various functions
have played dominant roles in the application of separation
sciences,14 such as sample pretreatment,15,16 gas chromato-
graphy,17 capillary electrochromatography,18 and high performance
liquid chromatography (HPLC).19–22 Separation of position isomers
is of great significance for their wide application in chemical and
pharmaceutical industries,23 but remains challenging due to their
similarity in physicochemical properties. Although COFs have been
used as stationary phases for chromatography, baseline separation
of position isomers has not achieved on COFs yet.22

Exploring the potential of 3D COFs with complicated struc-
tures and functions in the separation of position isomers is of
great importance both in materials and separation sciences.
However, the irregular morphology and wide particle size distri-
bution of bulky COFs give rise to the problems of high back-
pressure and low column efficiency in their direct application as
stationary phases for HPLC. Silica based composites have wide
applications for the combined benefits of different materials.24–26

Growing a uniform COF shell on silica microspheres (SiO2) is a

promising way to resolve the above problems. Direct mixing
of substrates such as Al2O3, SiO2 and Fe3O4 into the pre-
polymerized precursors of COFs is the main way to prepare COF
composites.21,27,28 However, the difficult isolation of the com-
posites from excessive COFs is the major limitation of this
method. The layer-by-layer (LBL) approach is a simple and versatile
strategy to assemble various composites with high quality.29,30

Since the substrate separately reacts with the precursors, no isola-
tion is needed for the composites prepared via the LBL approach.
Nevertheless, the application of the LBL approach for the fabrica-
tion of COF composites has not been reported so far.

Herein, we report an LBL approach to fabricate uniform 3D
COF-300@SiO2 composites as the stationary phase for HPLC
separation of position isomers. The excellent solvent stability,
high surface area and permanent porosity of the imine-linked
3D COF COF-300 31 make it have great potential as the stationary
phase for HPLC.

Typically, COF-300 was prepared under solvothermal (ST)
conditions with high temperature and pressure, which is unfavor-
able for the LBL assembly of high-quality COF-300@SiO2. The
amorphous-to-crystalline transformation approach32 can avoid
the ST process during the assembly of COF composites. Thus,
we firstly verified the preparation of COF-300 via amorphous-to-
crystalline transformation (ESI†).

The main powder X-ray diffraction (PXRD) peaks of the as-
prepared COF-300 (Fig. 2a) coincide with those of the COF-300
prepared with the reported ST approach.31 Fourier transform-
infrared spectra (FTIR) of the prepared COF-300 show the
appearance of a CQN peak at 1620 cm�1 and the absence of
some peaks of the starting materials (N–H at 3165 cm�1 and
3394 cm�1, CQO at 1689 cm�1) (Fig. S1, ESI†), indicating the
formation of imine bonds. Scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images reveal the
typical oblong morphology of the as-prepared COF-300 (Fig. S2
and S3, ESI†). The Brunauer–Emmett–Teller (BET) surface area and
pore size of COF-300 are 1033 m2 g�1 and ca. 7.94 Å, respectively
(Fig. S4, ESI†). All the above results indicate the successful prepara-
tion of COF-300 via amorphous-to-crystalline transformation.
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The PXRD pattern of the as-prepared COF-300 did not change
in different solvents such as water, methanol, ethanol and
acetonitrile (ACN), indicating the possibility of COF-300 for
HPLC application (Fig. S5, ESI†).

The LBL approach for the preparation of COF-300@SiO2

started with refluxing aminosilica (SiO2–NH2) with terephthal-
aldehyde (TPDA) to obtain SiO2–TPDA. The SiO2–TPDA was sub-
sequently refluxed with tetra(4-anilyl)methane (TAM) to obtain
SiO2–TAM. After repeating the above operation for several cycles,
the ploymer@SiO2 was obtained. Then, a ST process was applied
to transfer the amorphous polymer on SiO2 into ordered COF-
300 (Fig. 1).

The PXRD patterns show no main COF-300 characteristic
peaks until 3 reaction runs. The main characteristic peaks
gradually appeared with the increase of the reaction runs
(Fig. 2a). The FTIR spectra also reveal the increase in the intensity
of the characteristic peaks at 2919 cm�1, 1620 cm�1 and 1491 cm�1

(corresponding to the C–H stretching of imine, CQN stretching
of imine and the C–C stretching of phenylene–dimethylidene
ring, respectively) with the reaction runs (Fig. 2b). Solid-state
13C cross-polarization magic angle spinning nuclear magnetic
resonance spectra of the composite are in good agreement with
the chemical structure of COF-300, indicating the successful
formation of COF-300 on SiO2 (Fig S6, ESI†). SEM images clearly
show the increase in the amount of COF-300 attached on SiO2

with the reaction runs (Fig. 2c–f and Fig. S7, ESI†). All the
results prove the successful preparation of COF-300@SiO2 as
well as the control of the amount of COFs on the surface of SiO2

by adjusting the reaction runs.
Thermogravimetric analysis (TGA) showed that the COF-300

and its composites remained stable up to 450 1C under N2 con-
ditions (Fig. S8, ESI†). N2 adsorption–desorption experiments
(Fig. 2g and h) revealed that COF-300@SiO2 gave a higher BET
surface area (431 m2 g�1) than SiO2–NH2 (176 m2 g�1) due to the
presence of the COF-300 (1033 m2 g�1) on SiO2. COF-300@SiO2

exhibited two types of pores with pore sizes of 8.01 Å and 131.45 Å,
corresponding to those of COF-300 (7.94 Å) and SiO2–NH2 (134.74 Å),
respectively.

Van Deemter curves were plotted to evaluate the column
efficiency (Fig. S9, ESI†).33 Compared with the SiO2–NH2 packed
column (2484 plates per m, corresponding to 402.5 mm plate
height), the highest column efficiency of the 3-run COF-
300@SiO2 column for toluene increased to 114 28 plates per m

(87.5 mm plate height), indicating that COF-300 evidently enhanced
the performance of the silica column. The 4-run COF-300@SiO2

column has similar highest column efficiency (23 697 plates per m,
42.2 mm) to the 5-run COF-300@SiO2 column (25 252 plates per m,
39.6 mm). The column efficiency is mainly affected by the
morphology and mass transfer, which is reflected in the
Van Deemter coefficients (Table S1, ESI†).34 The smaller C-term
of COF-300@SiO2 than that of the SiO2–NH2 column reveals the
faster mass transfer between the analyte and the stationary phase
COF-300@SiO2. A further increase of the reaction run to 5 led to
little increase of the C-term. Meanwhile, the decrease in uniformity
of the composites with 5 reaction runs resulted in an increase of
the A-term. Thus, the increase of the 5-run COF-300@SiO2 column
efficiency seemed not to be obvious. Finally, the 4-run COF-
300@SiO2 column was used in further experiments.

Fig. 1 Scheme for the preparation of COF-300@SiO2 via LBL.

Fig. 2 (a) PXRD patterns and (b) FTIR spectra of COF-300@SiO2 with
different reaction runs. (c–f) SEM images of COF-300@SiO2 with different
reaction runs: (c) 2 runs, (d) 3 runs, (e) 4 runs, and (f) 5 runs. (g) N2

adsorption–desorption isotherms and (h) pore size distribution curves of
COF-300, SiO2–NH2 and COF-300@SiO2.
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Five benzene homologues were baseline separated on the
COF-300@SiO2 column with ACN/H2O (45/55, v/v) within 7 min
(Fig. 3a). The elution of the five analytes is consistent with the
C18 column (Fig. S10, ESI†) in the order of the hydrophobicity
(Table S2, ESI†). Moreover, the effect of ACN on the retention
factors (k0) further indicates the reversed-phase separation
mechanism for the separation of benzene homologues on the
COF-300@SiO2 column (Fig. S11, ESI†). The smaller k0 value for
the benzene homologue on the COF-300@SiO2 column com-
pared to that on the C18 column reveals the moderate hydro-
phobicity of the prepared column (Table S3, ESI†).

PAHs including naphthalene, anthracene, pyrene, and benzo-
(a)pyrene were also baseline-separated on the COF-300@SiO2

column (Fig. 3a). The elution of PAHs also followed the order of
hydrophobicity (Table S2, ESI†). However, naphthalene, anthracene,
and pyrene showed much stronger retention than ethylbenzene,
butylbenzene and anthracene on COF-300@SiO2, respectively,
although the hydrophobicities of naphthalene, anthracene and
pyrene are similar to those of ethylbenzene, butylbenzene and
anthracene, respectively. The results indicate additional p–p
interaction between the stationary phase and PAHs.

Substituted aromatics such as benzyl alcohol, aniline,
phenol and methyl benzoate were also baseline-separated on
the COF-300@SiO2 column (Fig. 3a). In contrast, their baseline
separation on the C18 column was difficult due to the similar
hydrophobicity of benzyl alcohol, aniline and phenol (Fig. S10,
ESI†). The opposite elution order of aniline and phenol to their
hydrophobicity demonstrates the participation of the hydrogen-
bonding interaction. Compared with the C18 column, the COF-
300@SiO2 column, due to its weaker hydrophobicity, showed
stronger retention of methyl benzoate, indicating the synergism
of the van der Waals interactions. No separation of all the above
analytes on the SiO2–NH2 column further proves the excellent
separation performance of the COF-300@SiO2 column due to
the attached COF (Fig. S10, ESI†).

The separation of disubstituted benzene isomers remains a
challenge due to their similar properties. Even so, baseline
separation of position isomers including o-, m-, p-nitrophenol,
o-, m-, p-nitroaniline, and o-, m-, p-aminophenol was achieved
on the COF-300@SiO2 packed column (Fig. 3b–d) with good
precision (Table S4, ESI†). The column efficiency of the COF-
300@SiO2 packed column reached 39 593 plates per m for
p-nitrophenol (Table S5, ESI†). The selectivity factors for the
isomers at different temperatures indicate the high selectivity
of COF-300@SiO2 for the analytes (Table S6, ESI†). In contrast,
the bare SiO2–NH2, SiO2–NH2 treated under the same reaction
conditions but with no precursors for the 3D COFs, and C18

packed columns gave poor resolution for the isomers regardless
of the separation conditions, proving that the COF-300 shell
plays crucial roles in the separation of isomers (Fig. 3b–d and
Fig S12, ESI†). The prepared COF-300@SiO2 exhibited better
separation performance for isomers than other stationary phases
including metal–organic frameworks (MIL-53(Al)),35 molecularly
imprinted polymers (MIPs),36 2D COF@SiO2

22 and modified
zirconia.23 In fact, no baseline separation of isomers on MIPs
and 2D COF@SiO2 columns,22,36 and low column efficiency
with tailing and broadening peaks on MIL-53(Al) and modified
zirconia column23,35 were observed.

The separation mechanism of the position isomers was
further investigated. Hydrophobic interaction is not the main
driving force in the separation of nitrophenol, as the elution
order is not in agreement with the hydrophobicity order. The
hydrogen-bonding ability of nitrophenol (Table S7, ESI†) with
COF-300 determined the resolution. The weakest hydrogen
bonding interaction of m-nitrophenol with the stationary phase
due to its weakest acidity (pKa = 8.28) led to its first elution.
Although the acidities of o-nitrophenol (pKa = 7.23) and
p-nitrophenol (pKa = 7.15) are close, the intramolecular hydro-
gen bond of o-nitrophenol decreased its hydrogen bonding
with the stationary phase (corresponding to the elution order
of o- o p-).35–37 The highest hydrophobicity of o-nitroaniline
among the nitroaniline isomers gave its strongest retention
(Table S2, ESI†). The dipolar interaction contributed signifi-
cantly to the separation of m-nitroaniline (dipole moment, 4.89 D)
and p-nitroaniline (dipole moment, 6.29 D).23 The same hydro-
phobicity of o-, m-, and p-aminophenol (Table S2, ESI†) indicates
that the hydrophobic interaction was not the driving force for the

Fig. 3 HPLC chromatograms: (a) benzene homologue, PAHs, substituted
aromatics on the COF-300@SiO2 packed column (15 cm � 4.6 mm i.d.);
(b) o-, m-, p-nitrophenol on COF-300@SiO2, C18 and SiO2 packed
columns (15 cm � 4.6 mm i.d.); (c) o-, m-, p-nitroaniline on COF-300@
SiO2, C18 and SiO2 packed columns (15 cm � 4.6 mm i.d.); (d) o-, m-,
p-aminophenol on COF-300@SiO2, C18 and SiO2 packed columns (15 cm �
4.6 mm i.d.). Mobile phase and flow rate: ACN/H2O (45/55, v/v) and 1.0 mL min�1

for the benzene homologue in (a), ACN/H2O (70/30, v/v) and 1.5 mL min�1 for
PAHs in (a), ACN/H2O (30/70, v/v) and 1.0 mL min�1 for substituted aromatics in
(a), ACN/H2O (25/75, v/v) and 1.5 mL min�1 for (b), ACN/H2O (20/80, v/v) and
1.5 mL min�1 for (c), ACN/H2O (30/70, v/v) and 1.0 mL min�1 for (d); UV
detection: 210 nm for (a) and (d), 230 nm for (b), and 254 nm for (c).
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resolution of aminophenol isomers (Fig. 3d). The weakest acidity
of p-aminophenol (Table S7, ESI†) led to its weakest hydrogen
bonding ability and weakest retention on COF-300@SiO2. The
driving force for the separation of o-aminophenol and
m-aminophenol with similar acidity is the difference of the
van der Waals interactions with the COF-300 stationary phase.

The thermodynamic parameters for the separation of the
isomers were obtained from Van’t Hoff plots (Fig. S13 and
Table S8, ESI†).38,39 The negative Gibbs free energy change (DG)
represents the fact that the transfer of isomers from the mobile
phase to the stationary phase of COF-300@SiO2 is thermo-
dynamically spontaneous. The elution of all the position iso-
mers follows a decreasing order of DG. The negative value of
enthalpy change (DH) and entropy change (DS) indicates that
the retention of the isomers on the COF-300@SiO2 columns
was driven by enthalpy.40

In summary, we have developed an LBL approach to fabri-
cate 3D COF@SiO2 as the stationary phase for HPLC applica-
tion with COF-300 as a model 3D COF. Several kinds of analytes
including benzene homologues, PAHs, and substituted aro-
matics have been employed to show their various interactions
with the prepared stationary phase. Especially, we have demon-
strated the excellent performance of COF-300@SiO2 for the
separation of position isomers such as nitrophenol, nitro-
aniline and aminophenol isomers with high efficiency, selec-
tivity and precision. We have also proposed the separation
mechanism of COF-300@SiO2 for the isomers. This work not
only provides a new method for the preparation of COF com-
posites, but also offers new stationary phases for HPLC separa-
tion, especially for the separation of isomers.
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