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A novel fluorescent covalent organic framework
containing boric acid groups for selective capture
and sensing of cis-diol molecules†

Zhaosen Chang,‡a Ying Liang,‡a Shunli Wang,a Lu Qiu,a Yan Lu,a Lijuan Feng,*b
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Owing to specific formation of five-membered or six-membered cyclic esters between boric acid groups

and cis-diol molecules, boric acid bearing fluorescent materials can not only selectively capture but also

specifically identify cis-diol substances. In this work, a novel covalent organic framework containing boric

acid groups (COF-BA) was prepared through post-modification via the aza-Diels–Alder cycloaddition

reaction. COF-BA with good stability, a permanent pore structure, a high specific surface area (606 m2

g−1) and a uniform pore size (2.59 nm) exhibited unique selectivity toward the cis-diol guest molecule

1,2-dihydroxyanthracene-9,10-dione (1,2-Doa) with a high adsorption capacity of 177.95 mg g−1.

However, as for the isomers of 1,2-Doa (1,4-dihydroxyanthracene-9,10-dione and 2,6-dihydroxyanthra-

cene-9,10-dione), the corresponding uptake capacities are distinctively decreased to 40.86 mg g−1 and

3.05 mg g−1, respectively. It is worth noting that the COF-BA can be recovered and recycled. Moreover,

because the formation of the quinoline enhanced the conjugation effect of the COF skeleton, it was

unexpectedly found that COF-BA possessed an intrinsic fluorescence property and could be used as an

optical sensor for 1,2-Doa.

Introduction

Many cis-diol compounds have important significance in the
biological, clinical and dye fields. For example, some cis-diol
molecules such as dopamine,1–3 sugar4 and glycopeptides are
the momentous target of current metabolomics and proteo-
mics research.5–8 While they are always in very low abundance,
the interfering components that co-exist have high enrich-
ment. Hence, specific capture of the cis-diol is usually an
essential step for the use of cis-diol compounds. Boric acid
functionalized materials4 have appeared as unique adsorbents
for the specific recognition and selective separation9 of cis-diol
compounds.10–13 The molecular recognition principle is based
on the reversible covalent binding between boric acid ligands
and cis-diol substances.14 In alkaline media, the boric acid

ligand manifests as the sp3 form of the tetragonal borate
anion, which can construct five or six membered cyclic ester
structures. However, when the surrounding environment is
changed to acidic, dissociation of the cyclic ester structures
takes place due to the configuration transformation to the sp2

trigonal form, which limits the interaction between boric acid
and cis-diol compounds.15–17 It’s worth noting that porous
materials, as the adsorbent matrix, are advantageous for cis-
diol capture, since the pore structure can reduce the require-
ment for pH of media.18–20

As organic crystalized porous materials,21,22 covalent
organic frameworks23–26 (COFs) have become the hot topic in
the research on adsorption,27,28 catalysts,29–31 sensors,32 and
energy utilization.33,34 However, as far as we know, COFs have
hardly been applied to the adsorption and sensing of organic
molecules. Based on the mutual affinity between boric acid
and cis-diols, it is possible to introduce the boric acid group
into COFs for selective adsorption and separation of cis-
diols.35 Recently, Zhao and his colleagues have designed and
prepared multi-component36 imine COFs with the boric acid
group to enrich cis-diols for mass spectrometry analysis.
However, the specific surface area (238 m2 g−1) and the pore
volume (0.13 cm3 g−1) of the reported COFs are not high;
meanwhile, the instability of the imine COFs limited their
application since the imine COFs are thermodynamically
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reversible. Therefore, it has attracted more attention to explore
stable COFs. Liu and his colleagues converted the imine COFs
into quinoline counterparts through the aza-Diels–Alder cyclo-
addition reaction,37 and the reversible linkages were kinetically
fixed through the formation of the aromatic ring skeleton,
which not only can enhance the stability, but also achieve the
post-modification of the COFs.

In this work, we constructed a novel covalent organic frame-
work material (COF-BA), in which boric acid was introduced
into the COF skeleton via the aza-Diels–Alder cycloaddition
reaction. COF-BA with a permanent pore structure, high
specific surface area (606 m2 g−1) and uniform pore size
(2.59 nm) exhibited unique selectivity toward the cis-diol guest
molecule 1,2-dihydroxyanthracene-9,10-dione (1,2-Doa) with a
high adsorption capacity of 177.95 mg g−1. At the same time,
we also unexpectedly found that COF-BA possessed an intrin-
sic fluorescence property and could be used as an optical
sensor for 1,2-Doa. Besides, a comparative study was per-
formed on the adsorption capacities of COF-BA toward the
isomers of 1,2-Doa (1,4-dihydroxyanthracene-9,10-dione and
2,6-dihydroxyanthracene-9,10-dione); the corresponding
uptake capacities are distinctively decreased to 40.86 mg g−1

and 3.05 mg g−1, respectively.

Experimental section
Materials

All chemical reagents were commercially available and used as
received unless otherwise stated. Tetrachloro-1,4-benzo-
quinone (98%), (4-ethynylphenyl) boronic acid (97%), 1,2-dihy-
droxyanthracene-9,10-dione (99.8%) and boron trifluoride
diethyl etherate (98%) were purchased from Shanghai Macklin
Biochemical Co., Ltd, China. n-Butanol (99.8%) and tetra-
hydrofuran (99.8%) were purchased from Xilong Scientific Co.,
Ltd, China. 1,2-Dichlorobenzene (99%) was purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd, China.
Sodium hydrogen carbonate (99.8%) was purchased from
Guangdong Guanghua Sci-Tech Co., Ltd, China. 5′-(4-
Aminophenyl)-[1,1′:3′,1″-terphenyl]-4,4″-diamine (98%) and
1,4-benzenedicarboxaldehyde,2,5-dimethoxy (98%) were pur-
chased from Jilin Chinese Academy of Sciences-Yanshen
Technology Co., Ltd, China. 1,4-Dihydroxyanthracene-9,10-
dione (95%) and 2,6-dihydroxyanthracene-9,10-dione (95%)
were purchased from Shanghai Bide Pharmatech Ltd, China.
TPB-DMTP-COF was synthesized (ESI†) according to the
reported methods.35,37

Instrumental analysis and characterization methods

This relevant information can be obtained from the ESI.†

Synthesis of COF-BA

TPB-DMTP-COF48 (20 mg), (4-ethynylphenyl) boronic acid
(36.5 mg, 0.25 mmol), BF3·OEt2 (20 μL, 0.15 mmol), chloranil
(40 mg, 0.15 mmol), and toluene (2 mL) were mixed in a Pyrex
tube. The tube was sealed through freeze–pump–thaw cycles

and heated at 110 °C for 3 days. After that, the mixture was
cooled and isolated via suction filtration, quenched with satu-
rated aqueous sodium bicarbonate (2 mL × 3) and washed
with tetrahydrofuran (THF, 5 mL × 3). Then, the solid was puri-
fied with a Soxhlet extractor with THF and dried at 60 °C to
afford the COF-BA (26.6 mg, 76.88%).

Stability test of COF-BA

The COF-BA (10 mg) samples were dispersed into different
solution media, including DMF, THF, aqueous HCl (9 M) and
aqueous NaOH (9 M). Then the samples were filtered and
washed with THF (for samples treated in organic solvents) or
water (for samples treated in aqueous solutions). The weighing
and PXRD test were performed after drying at 60 °C.

Detection of adsorption properties of COF-BA for three
anthraquinone substances

A series of adsorption assays were executed in a thermostatic
oscillator (ZTY-70V, Zhichu, China) at room temperature, with
shaking at 200 rpm for 9 h. Specifically, a set of 1000 mL
Na2HPO4/NaH2PO4 (pH = 9.0) solutions (11 mg L−1) (1,2-Doa,
1,4-Doa and 2,6-Doa) containing 0.02 g adsorbents were
vibrated for a period of 0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0,
6.0, 7.0, 8.0 and 9.0 hours. After adsorption, the solution was
filtered with an MCE syringe filter (0.22 μm) to obtain the
supernatant to quantify residues, which was carried out with a
UV-visible spectrophotometer (Evolution 220, Thermo Fisher
Scientific, China) at a wavelength of 424 nm (1,2-Doa), 468 nm
(1,4-Doa), and 341 nm (2,6-Doa), respectively. The adsorption
capacity of COFs for the adsorbates (1,2-Doa, 1,4-Doa, or 2,6-
Doa) at time t (mg g−1), qt, and the equilibrium adsorption
capacity (mg g−1), qe, are calculated by the following equations,
respectively:

qt ¼ ðC0 � CtÞV
m

ð1Þ

qe ¼ ðC0 � CeÞV
m

ð2Þ

where C0, Ct and Ce are the initial concentration, the concen-
tration at time t and the equilibrium concentration of adsor-
bates (mg L−1), respectively; V represents the volume of the
adsorbate solution (L); and m is the amount of adsorbents (g).

The adsorption kinetic process was analyzed by the pseudo-
first order model and pseudo-second order model, which
could be expressed as follows, respectively:

lgðqe � qtÞ¼ lg qe � k1
2:303

t ð3Þ

t
qt

¼ 1
k2qe2

þ 1
qe

t ð4Þ

where qe and qt are the equilibrium adsorption capacity
(mg g−1) and the adsorption capacity at time t (mg g−1),
respectively; k represents the rate constant of the second order
kinetics (g (mg min)−1).
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Dissociation of 1,2-Doa/COF-BA and recycling experiment of
COF-BA

The 1,2-Doa/COF-BA was immersed in the Na2HPO4/NaH2PO4

(pH = 6.0) solution for a period of time (0.5 h, 1 h, 2 h, and
3 h) until the 1,2-Doa/COF-BA completely dissociated.
Afterwards, the adsorbent COF-BA was recovered and recycled
for the next run with the same concentration of 1,2-Doa solu-
tion according to the methods mentioned in the adsorption
experiment.

Fluorescence detection of 1,2-Doa/COF-BA

As mentioned in the adsorption experiment, the solid was cen-
trifuged and filtered when the 1,2-Doa was adsorbed by
COF-BA after 5 hours and 8 hours, and dispersed in acetone
(20 ml) to perform the examination at an excitation wavelength
of 365 nm. The changes after the reaction and adsorption were
recorded by observing the fluorescence of TPB-DMTP-COF,
COF-BA, and 1,2-Doa/COF-BA.

Results and discussion

The synthetic route to the target material COF-BA is shown in
Scheme 1. (4-Ethynylphenyl) boronic acid was chosen as the
functionalized reagent to be introduced into the precursor
TPB-DMTP-COF through the aza-Diels–Alder cycloaddition
reaction.37 This post-modification approach smoothly
endowed the COFs with boronic acid ligands to selective
capture the cis-diol compounds. Meanwhile, the formation of
the quinoline might improve the fluorescent properties greatly
on account of the enhancement of the conjugation effect.

The crystal structures of TPB-DMTP-COF and COF-BA were
confirmed by using the PXRD patterns shown in Fig. 1a.
Clearly, six prominent diffraction peaks and diffraction angles
did not change significantly, indicating that the crystal struc-
tures of the two COFs were alike. Among these six peaks, the
most-intensive one was at 2.76°, and the other five peaks were
at 4.82°, 5.60°, 7.42°, 9.70° and 25.2°, respectively, which
correspond to the (100), (110), (200), (210), (220) and (001)

facets. Due to the change of electron density in the channel
after functionalization, the peak intensity of the COF-BA
decreased compared with TPB-DMTP-COF. The (100) peak of
COF-BA had a small full-width at half-maximum (FWHM)
value of 0.19, which was similar to the FWHM value of
TPB-DMTP-COF (0.29), indicating the preservation of the crys-
talline framework during the linkage transformation.

The introduction of (4-ethynylphenyl) boronic acid into
TPB-DMTP-COF was verified by various characterization
methods. According to the infrared (IR) spectra of the two
COFs (Fig. 1b), we can find that there were four new peaks in
the spectrum of COF-BA at 1544 cm−1, 1332 cm−1, 1083 cm−1

and 768 cm−1, respectively. The peak at 1544 cm−1 corre-
sponded to the stretch of aromatic quinoline formed in the
aza-Diels–Alder cycloaddition reaction. The others could be
attributed to the B–O stretching vibration, C–B stretching
vibration and −OH out-of-plane bending vibration, which were
consistent with the previous reports.38 At the same time, it
could be observed that the CvN in COF-BA had a red shift
from 1616 cm−1 to 1610 cm−1, which might be influenced by
the formation of quinoline according to the reports.39 These
results all implied the success of the post-modification.

X-ray photoelectron spectroscopy (XPS) was performed to
provide more insight into the introduction of boric acid and
the transformation from imine to quinolone, and the results
are shown in Fig. 1d. Obviously, there were four elements such
as C, N, O, and B in the spectrum of COF-BA, indicating the
successful functionalization. Meanwhile, there were two crack
peaks in the N 1s spectrum. The peak at ∼398 eV could be
attributed to the imine N atom, and the peak at ∼399 eV corre-
sponded to the CvN in quinoline moieties since the sectional
N 1s core level was transferred to high binding energies. This
was consistent with the previous reports and further con-
firmed the incorporation of boric acid.40 The energy-dispersive
X-ray spectroscopy (EDS) mapping via TEM imaging of the
COF-BA was performed and the result is shown in Fig. 1c and
Fig. S1 (in the ESI†). It could be apparently seen that there
were four elements such as C, O, N, and B uniformly distribu-
ted in the porous structure of COF-BA.

Scheme 1 Synthesis route of the covalent organic framework COF-BA from TPB-DMTP-COF.
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The stability test for the COF-BA was conducted and the
results are shown in Fig. 1e and f as follows. It was found that
there was almost no change in the PXRD patterns of the
COF-BA in the different solution media and its weight loss was
less than 15%. This indicated that the COF-BA retained the
crystallinity in the harsh environment such as aqueous HCl
(9 M) and aqueous NaOH (9 M). This excellent stability facili-
tated the subsequent adsorption and desorption experiment,
and it was crucial for the practical application of COFs under
complex conditions in the future.

The nitrogen adsorption and desorption analysis at 77 K
was performed to investigate the porosity of COF-BA, and the
results are shown in Fig. 2a. Specifically, the adsorption–de-
sorption isotherms of TPB-DMTP-COF and COF-BA both had a
hysteresis loop, corresponding to the type I and II isotherms

on the basis of the IUPAC classification. In addition, the
Brunauer–Emmett–Teller (BET) specific surface areas of the
TPB-DMTP-COF and COF-BA (Table 1) were 2059 m2 g−1 and
606 m2 g−1 (Fig. S2 in the ESI†), respectively. The drastic
decrease of specific surface area was mainly due to the intro-
duction of (4-ethynylphenyl) boronic acid.

Generally, the pore size distribution of the sample calcu-
lated through the method of non-local density functional
theory (NLDFT) is more precise. It could be found from Fig. 2b
and Table 1 that the pore size of the TPB-DMTP-COF was
3.36 nm, while that of the COF-BA was 2.59 nm. At the same
time, it could also be discovered that the pore volume of the
former was 1.405 cm3 g−1, but the latter’s pore volume was
only 0.307 cm3 g−1. To sum up, compared with the
TPB-DMTP-COF, the specific surface area, pore size and pore

Fig. 1 The basic characterization of TPB-DMTP-COF and COF-BA: (a) PXRD patterns of TPB-DMTP-COF (blue) and COF-BA (red). (b) FT-IR charac-
terization of original TPB-DMTP-COF (blue) and post-synthetically modified COF-BA (red). (c) TEM element mapping images of the COF-BA (C, O, N,
and B). (d) XPS full spectra of COF-BA and the binding energy region of the N 1s and B 1s electrons. (e) PXRD patterns of COF-BA after treatment in
different solution media; (f ) Residue weight percentage of COF-BA after treatment in different solution media.
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volume of the COF-BA decreased. This was mainly because of
the introduction of (4-ethynylphenyl) boronic acid which occu-
pied the pore channel. However, the specific surface area, pore
size and pore volume of COF-BA were larger than those of the
COFs with the boric acid in the previous reports,36 which was
more beneficial to selectively capture the cis-diols.

In recent years, 1,2-Doa has attracted more attention owing
to its role in dyes and acid–base indicators.41–44 However, the
presence of many isomers greatly limited its applications.
According to the previous reports,14,45,46 the boric acid affinity

could facilitate the selective uptake of cis-diols. As shown in
Scheme 2, a five-membered ring structure formed between
boric acid and 1,2-Doa in the alkaline media, which could be
used to enrich 1,2-Doa. Therefore, a comparative study about
the adsorption capacity among COF-BA and three different
dihydroxyanthraquinone substances (1,2-Doa, 1,4-Doa or 2,6-
Doa) in Na2HPO4/NaH2PO4 buffer solution (pH = 9.0) was per-
formed to explore the selective capture of 1,2-Doa by
COF-BA,47 and the results are shown in Fig. 3a.

Evidently, the 1,2-Doa was adsorbed extremely fast onto
COF-BA in the first 3 hours, and then gradually slowed down
until no more adsorption occurred after 8 hours. In addition,
the adsorption equilibrium was reached after 6 hours for 1,4-
Doa, while 2,6-Doa was hardly adsorbed onto COF-BA. The
maximum adsorption capacities of COF-BA toward the three
dihydroxy anthraquinones are shown in Fig. 3b, which were
177.95 mg g−1, 40.86 mg g−1 and 3.05 mg g−1, respectively.
This indicated that the COF-BA had a good selectivity toward
the 1,2-Doa, and this conspicuous selective capture of 1,2-Doa
could be attributed to the boronate affinity and the chemical
interaction between the organic molecules and COF-BA, which

Fig. 2 (a) Nitrogen adsorption–desorption isotherms of the polymers TPB-DMTP-COF and COF-BA. (b) PSD profiles of the corresponding materials
calculated by NLDFT.

Table 1 The porosity data of COFs

Materials
SBET

a

(m2 g−1)
SL

b

(m2 g−1)
Vtotal

c

(cm3 g−1)
Dpore

d

(nm)

TPB-DMTP-COF 2059 3728 1.405 3.36
COF-BA 606 785 0.307 2.59

a Specific surface area calculated with the BET method. b Langmuir
surface area. c Total pore volume at P/P0 = 0.99. dData calculated with
the NLDFT method.

Scheme 2 The specific adsorption process of 1,2-Doa by the covalent organic framework material COF-BA.
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was the predominant binding in the adsorption process when
compared with the hydrophobic interaction. Furthermore, the
pseudo-first order and pseudo-second order kinetic models
were applied to study the adsorption process (Fig. 3c and d).
The correlation coefficients R2 of fitting results confirmed that
the process of 1,2-Doa adsorption onto the COF-BA was fitted
by the pseudo-second order kinetic model well (0.9984,
Table 2), indicating that chemical adsorption played a domi-
nant role in the adsorption process.

In addition, the adsorption experiment of 1,2-Doa by
TPB-DMTP-COF was also performed to explore the effect of
introduction of the ligand on the enrichment efficiency. The
results are shown in Fig. S4 (ESI†) and indicated that the

adsorption capacity of COF-BA was 26 times higher than that
of the TPB-DMTP-COF, suggesting that the boronic acid ligand
played a crucial role in the adsorption process.

Fig. 3 (a) The adsorption kinetics curves of COF-BA toward three dihydroxy anthraquinones (1,2-Doa, 1,4-Doa or 2,6-Doa). (b) The adsorption
capacity of COF-BA toward three dihydroxy anthraquinones. (c) The linear fitting curves with the pseudo-first order kinetic model of 1,2-Doa/
COF-BA. (d) The linear fitting curves with the pseudo-second order kinetic model of 1,2-Doa/COF-BA. (e) The fluorescence spectra of
TPB-DMTP-COF (black), COF-BA (blue), 1,2-Doa/COF-BA5h (purple) and 1,2-Doa/COF-BA8h (orange). (f ) The fluorescence photos of the COF-BA
before and after adsorption. I: TPB-DMTP-COF, II: COF-BA, and III: 1, 2-Doa/COF-BA8h.

Table 2 Parameters of the pseudo-second order kinetic model for the
adsorption of 1,2-Doa or 1,4-Doa or 2,6-Doa onto COF-BA

Adsorbate
1,2-Doa/
COF-BA

1,4-Doa/
COF-BA

2,6-Doa/
COF-BA

Pseudo-second order qe,cal (mg g−1) 177.95 40.86 3.05
k (g mg min) 0.0046 0.0027 0.0012
R2 0.9984 0.9998 0.9999
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In order to investigate the recyclability of COF-BA, the cycle
test was performed and the results are shown in Fig. S5 and S6
(in the ESI†). It was discovered that the 1,2-Doa/COF-BA could
be dissociated under the acidic conditions and most of the
1,2-Doa was desorbed from COF-BA in 2 hours. The adsorbent
was recovered and reused for the adsorption of 1,2-Doa in the
next run with the same concentration of 1,2-Doa solution. The
adsorption capacities of COF-BA for 1,2-Doa were still high
after three cycles, which were 177.95, 159.87, and 140.28 mg
g−1, respectively. These results prove the better recyclability of
COF-BA in enriching 1,2-Doa.

Moreover, the fluorescence detection results are shown in
Fig. 3e and f. It could be discovered that the COF-BA exhibi-
ted a fluorescence property after the modification with
(4-ethynylphenyl) boronic acid, while the TPB-DMTP-COF
had no fluorescence property. At 365 nm excitation wave-
length, two emission peaks with different intensities
appeared at 483 nm and 614 nm, and the emission peak at
483 nm was more distinct than that at 614 nm. Notably, the
fluorescence spectrum changed after the adsorption of 1,2-
Doa and the emission peak intensity near 614 nm increased
apparently with the increase of adsorption time, while the
emission peak intensity at 483 nm decreased. Besides, under
irradiation with 365 nm ultraviolet light, TPB-DMTP-COF
had no fluorescence, while the COF-BA before and after
adsorption emitted blue and orange fluorescence, respect-
ively. This was consistent with the results of fluorescence
spectra. Therefore, this fluorescent COF-BA with the boric-
acid group will be a better optical sensor material for the
cis-diol.

Conclusion

In summary, a boric acid functionalized covalent organic
framework (COF-BA) was designed and prepared successfully
through the aza-Diels–Alder cycloaddition reaction with the
TPB-DMTP-COF as the precursor. Notably, the adsorption
experiment indicated that the COF-BA with good stability, a
permanent pore structure, a high specific surface area
(606 m2 g−1) and a uniform pore size (2.59 nm) exhibited
unique selectivity toward the cis-diol guest molecule 1,2-dihy-
droxyanthracene-9,10-dione (1,2-Doa) with a high adsorption
capacity of 177.95 mg g−1. It is worth noting that the COF-BA
can be recovered and reused. Meanwhile, the COF-BA showed
blue fluorescence under ultraviolet light irradiation at
365 nm, while the 1,2-Doa/COF-BA presented orange fluo-
rescence. In a word, the COF-BA not only can selectively
enrich the 1,2-Doa, but also can be used as an optical sensor
for 1,2-Doa. The interaction between the COF-BA and various
cis-diols might show different optical properties from
COF-BA, including the blue or red shifts of the fluorescence
peak, the fluorescence quenching, and the blue or red shifts
of the maximum absorption wavelength. Therefore, the
COF-BA will have great potential in the field of adsorption
and sensing.
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