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A hydrophilic covalent organic framework for photocatalytic 
oxidation of benzylamine in water 
Ziqian Liu,a  Qing Su,*a Pengyao Ju,a Xiaodong Li,a Guanghua Li,b Qiaolin Wu,*a and Bing Yang*c

The highly hydrophilic COF material (TFPT-BMTH) was constructed 
by pore surface functionalizing strategy, and exhibited excellent 
porosity, high crystallinity, and good thermal and chemical 
stability. The resulting COF exhibits significant catalytic activity 
and recyclability together with environmental benignity in 
photocatalytic oxidation of benzylamine in water under ambient 
conditions.  

COFs have emerged an exciting class of crystalline porous 
polymers connected by building blocks through covalent bonds 
in a two-dimensional (2D) or three-dimensional (3D) 
direction,1,2 and therefore attracted intensive research 
interests for a range of applications including gas adsorption,3 
chemical sensing,4 photoconductivity,5 energy storage,6 and 
catalysis.7 Considering high surface area, extended π-
conjugated framework and the layered stacking structure, 
COFs have provided ideal channels that enable  exciton 
migration and charge separation.8 In this regard, COFs have 
been explored with prominent light harvesting capability and 
tunable band gap, and therefore emerged as photoactive 
materials for light-driven organic transformations.9 For 
example, our group developed the hydrazone-based COF as 
highly active photocatalyst in cross-dehydrogenative coupling 
(CDC) reactions.10 Similar hydrazone-based COFs were 
previously reported to show light-induced hydrogen evolution 
in the presence of Pt.11 The imine-based COFs were also 
employed as metal-free photocatalysts to show remarkable 
catalytic activity in visible light-mediated CDC reactions.12 

However, it is worth noting that some photoactive COFs have 
been found to hardly keep unchanged after recyclability 
tests.13 Therefore, it remains a great challenge to explore new 
COFs systems that are highly stable, and highly active in 
heterogeneous photocatalysis. 

Inspired by natural photosynthesis, we have been interested 
in developing COF photocatalysts, which could serve as 
environmentally friendly alternative, similar to light-responsive 
Metal Organic Frameworks (MOFs).14 Up to now, the reported 
photocatalytic tests have been usually carried out in organic 
solvents or organic co-solvents.9,15 From the viewpoint of 
sustainability and environment, it is highly desirable to develop 
hydrophilic photocatalyst systems with high catalytic 
performance, minimum environmental impact and energy 
consumption. Based on the excellent photophysical properties, 
Triazine-based molecules are hence employed as a building 
blocks to construct photoactive COFs,10,11 featuring the high 
surface area and high crystallinity. Herein, we report a highly 
hydrophilic hydrazone–based COF from TFPT and BMTH 
building units. The 2-methoxyethoxy groups are periodically 
appended on the channel walls, which reinforces interlayer 
interactions by the effective control over the stacking model 
and stability of COF, and also enhances surface hydrophilicity 
with the increase in ether content. As compared with other 
imine or boronate-based COFs,12 the obtained TFPT-BMTH 
should exhibit some advantages, such as high hydrophility, 
unprecedented stability and recyclability, together with 
aqueous photocatalytic applications. The resulting COF was 
employed to achieve excellent photocatalytic activity for 
oxidation of benzylamine in water. Selective oxidative coupling 
of amines to imines is attractive due to the use of imines for 
the synthesis of pharmaceutically and biologically active 
compounds.16 Meanwhile, the COF material TFPT-BMTH 
benefited from strong covalent linkages and strengthened 
interlayer interactions, and thus showed unprecedented 
stability and recyclability in the cycling tests with retaining its 
activity and crystallinity after five successive runs. To our 
knowledge, there are a very few examples to achieve aqueous 
photocatalytic organic transformations using COF 
photocatalyst.13 

The TFPT-BMTH with incorporating 2-methoxyethoxy 
groups into the channel walls was constructed from the 
condensation reaction of TFPT with BMTH by organic acid 
catalysis (scheme S1). The resulting TFPT-BMTH was first 
characterized by power X-ray diffraction (PXRD) analysis. The 
observed PXRD pattern  showed the most intensive peak at 
2.3° and a weak diffraction peak at 4.7°, which corresponded 
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to the reflection from the plane (100) and (110),17 respectively 
(Fig. 1a), and also indicated the high crystallinity of the 
obtained COF. 

The permanent porosity of TFPT-BMTH were determined by 
nitrogen adsorption measurements at 77 K. As shown in Fig. 
1b, the nitrogen adsorption curves of TFPT-BMTH exhibited a  
type IV sorption isotherm with a rapid uptake at P/P0 < 0.1 and  
a sharp step increase in the curve in the relative pressure 
range of 0.2–0.4 (P/P0) (Fig. 1b).18 The BET surface area and 
total pore volume are estimated to be 603 m2g−1 and 0.396 
cm3g−1, respectively. As calculated by nonlocal density 
functional theory (NLDFT) (Fig. 1b Inset), the COF material 
shows narrow pore size distribution with the dominant pore 
width centered around 3.0 nm, indicative of abundant 
mesopores in the network.  

The surface morphology of TFPT-BMTH was further 
investigated by scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM). The SEM image 
showed the aggregation of irregular stick-like structure (Fig. 
1c). Furthermore, the TEM image revealed the porous 
morphology for polymer sample  (Fig. 1d). EDS analyses on the 
same sample also confirmed the uniform distribution of the 
component elements of C, H, O and N within the COF material 
(Fig. S5, ESI†). 

In the solid-state 13C CP−MAS NMR spectrum of TFPT-BMTH 
(Fig. S6, ESI†), the characteristic signal at 149 ppm could be 
assigned to the imine groups,11,19 and other signals at 56, 69, 
158, and 167 ppm corresponded to 2-methoxyethoxy, triazinyl, 
and hydrazide groups, which are in agreement with the 
chemical structure of the COF material. The FT−IR spectrum of 
TFPT-BMTH showed that the characteristic stretching bands of 
the BMTH (Vas–NH2, 3500 cm−1; Vs–NH2, 3400 cm−1) and TFPT 
(HC═O, 1700 cm−1) disappeared after the polycondensation 
reaction, clearly revealing the absence of any starting material. 
Meanwhile, the new stretching vibration band at 1660 cm−1 

could be attributed to the imine linkages (Figure 2a).19 The 
compositions were also investigated by X-ray photoelectron 
spectroscopy (XPS) technique (Fig. S7, ESI†). As shown in Fig. 
2b, the high resoution C1s spectra showed four peaks 
corresponding to the C=C, C–C, C–NH and C–O bonds with 
bonding energy of 284.6, 285.53, 286.5 and 286.9 eV, 
respectively.20 The high resolution N1s spectra also exhibited 
three peaks at 399, 400.3 and 401.3 eV, which were assigned 
to C–N=C, O=C–NH and C=N, respectively. The O1s spectra 
were deconvoluted into two bands with bonding energy of 
532, 533.4 eV, corresponding to C–O and C=O bonds, 
respectively (Fig. S8, ESI†).21 

The UV-vis diffuse reflectance spectrum of the TFPT-BMTH 
was measured to exploit the light absorption capability, and 
the absorption onset was found to be around 470 nm as 
shown in Fig. 2b. An optical band gap of 2.74 eV was calculated 
by the Kubeka–Munk function (Fig. 2c Inset). The TFPT-BMTH 
showed a broadened and red-shift absorption in comparison 
with that of its building blocks (Fig. S9, ESI†), similar to those 
for other COFs reported recently.22 The photophysical 
properties of TFPT-BMTH was further investigated by 
photoluminescence spectroscopy. Upon excitation at 377 nm,  

 
the COF material exhibited blue luminescence with emission 
maximum at 457 nm (Fig. S10, ESI†). The fluorescence 
quantum yield of 6.75% is comparable to those values found 
for some COFs.23   

The fluorescence lifetime curve was shown in Fig. S11, ESI†, 
and the  lifetime of 1.57 μs was associated with the extended 
conjugated 2D structure.24 The valence band (VB) of 1.68 eV 
was evaluated by XPS VB spectrum (Fig. 2d).20 Based on the 
band gap (2.74 eV) obtained from UV-vis diffuse reflectance 
spectrum, the conduction band (CB) of TFPT-BMTH could be 
calculated to be −1.06 eV. These values is consistent with the 
results measured by cyclic voltammograms (Figure S12, ESI†). 
The schematic band structure of TFPT-BMTH along with redox 
potentials of benzylamine (BA) and molecular oxygen was 
illustrated in Fig. 2e. Photoelectronic properties of TFPT-BMTH 
was invetigated by transient-state photocurrent tests, and 
TFPT-BMTH generated a high photocurrent response under 
irradiation of visible light (Fig. 2f), revealing the available 
separation efficiency of photogenerated charge carriers.25 
Thus, the results of photophysical measurements suggested 
that TFPT-BMTH was proposed as a promising photocatalyst 
for visible-light-driven transformations.  

Furthermore, thermogravimetric analysis (TGA) indicated 
that the TFPT-BMTH possessed a high thermal stability with 
minimal weight loss up to 350 oC (Fig. S13, ESI†). To explore 
the chemical stability, the same amount of TFPT-BMTH was 
immersed in THF, hexane, CHCl3, toluene, H2O, and aqueous 
solutions (pH = 1 and 13), respectively, at room  temperature 
for 12 hours. The treated TFPT-BMTH samples were examined 
by PXRD (Fig. S14, ESI†) and FT-IR (Fig. S15, ESI†) techniques, 
and the FT-IR and PXRD analysis demonstrated that the 
structural integrity of the treated COF samples remained 
essentially unchanged, which should broaden the catalytic 
application under controlled conditions.  

Fig. 1 (a) Experimental and simulated PXRD patterns of TFPT-BMTH (Top 
and side views of the energy-minimized models). (b) Nitrogen sorption 
isotherms of TFPT-BMTH (inset: pore size distribution). (c) SEM image and 
(d) TEM image of TFPT-BMTH. 
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Fig. 2 a) FT−IR spectra of TFPT-BMTH, TFPT and BMTH. b) XPS 
C1s. c) UV/Vis absorption spectrum (inset: optical band gap). 
d) XPS−VB. e) energy band positions of TFPT-BMTH together 
with some redox potentials. f) photocurrent tests. 

 
The photofunctional TFPT-BMTH with period distribution of 

etheryl functional groups could be well dispersed in water, and 
thus the hydrophilic COF was further employed as 
heterogeneous catalyst to explore the visible-light-induced 
organic transformation in aqueous solution. The oxidative 
coupling reaction of benzylamine was selected as a model 
reaction and the optimal conditions are shown in Table S1, 
ESI†. To our delight, the TFPT-BMTH exhibited superior 
photocataytic efficiency with the conversion rate of up to 99% 
under the investigated conditions (Table S1, entry 2, ESI†). The 
obtained results are evaluated by comparison with literature 
data obtained with other heteogeneous catalysts including 
other COFs (Table S2, ESI†). However, the conversion was 
clearly reduced to 7.5% in the absence of TFPT-BMTH, (Table 
S1, entry 6, ESI†) demonstrating that the self-coupling reaction 
could not efficiently proceed without catalyst. Trace 
conversion was observed without light irradiation, (Table S1, 
entry 7, ESI†), revealing the crucial role of light in the reaction. 
To investigate the influence of the additives on the oxidative 
coupling reaction of benzylamines, we carried out a series of 
comparative experiments by adding different scavengers into 
the reaction system.26 when NaN3 was used as a singlet oxygen 
scavenger (1O2), a conversion of 86% was observed (Table S1, 
entry 8, ESI†). while adding benzoquinone as superoxide 
radical (O2•−) scavenger, a reduced conversion of 54% was 
obtained (Table S1, entry 9, ESI†), which illustrated that 
superoxide radical could play a more dominant role than 
singlet oxygen specie in the oxidative coupling reaction. After 
addition of EDTA(Na+) as hole scavenger under identical 
conditions, a  conversion of only 37% was found (Table S1, Fig 
S16, entry 10, ESI†). Moreover, by using 2-propanol as a 
hydroxyl radical scavenger, the excellent conversion of 99% 
was achieved, indicating no effect for hydroxyl radical in 
catalytic process (Table S1, entry 11, ESI†). In addition, the 
kinetic curve of the oxidative coupling reaction was shown in 
Fig. S17, ESI†.  

Moreover, a nubmer of benzylamine derivatives could be 
employed as the substrates in the photo-oxidative coupling 
reaction, and the results were summarized in Table 1. The 
coupling reaction of 4–methyl benzylamine with electron– 

Table 1 Oxidation of benzylamine with various substituent group using 

TFPT-BMTH.a 

 

 

 

Entry Substrate Product Conv.(%) 

1   98 

2   99 

3   99 

4   70 

5 
  

93 

6 
  

92 

7   80 

a Reaction conditions: TFPT-BMTH catalyst (5 mmol%), solvent 
(H2O, 5 ), benzylamine (0.2mmol), RT, 24 h, air atmosphere, 
blue LED (30 W, λ=454 nm). 

 
donating group provided the benzylimine product in excellent 
conversion of 98% (Table 1, entry 1). The effect of 
substitutions on the aromatic ring of benzylamine was further 
investigated, and it also was found that benzylamine 
substrates with fluoro or chloro substituent group showed 
outstanding conversion (Table 1, entry 2 and 3). The 4–
cyanobenzylamine exhibited the lowest reactivity among those 
with electron–withdrawing groups, which could be contributed 
to strong electron–withdrawing effect of substituent by 
destabilizing cationic radical intermediate (Table 1, entry 4). 
Interestingly, in the case of 4–methoxylbenzylamine, a mixture 
of 4-methoxybenzalde and 4–methoxybenzamide product was 
observed with a molar ratio of 3:1 and total conversion of 93% 
(Table 1, entry 5). 2-methoxylbenzylamine could also be 
transformed into the desired imine product with a conversion 
of 92% (Table 1, entry 6), while 3-methoxylbenzylamine 
exhibited a slightly lower reactivity under the identical 
conditions (Table 1, entry 7).  

Based on our experimental results and previous literature,27 
a proposed machanism on the photocatalytic oxidative 
coupling of benzylamines was schematically shown in Fig. S18, 
ESI†. Under light irradiation, TFPT-BMTH should excite 
electron from HOMO to LUMO to form the photogenerated 
electron-hole pairs. Then molecular O2 is transformed into 
active oxygen species (single oxygen specie 1O2 and superoxide 
radical anion O2•−) through energy or electron transfer process. 
Moreover, the electron paramagnetic resonance (EPR) test 
was performed to further verify active oxygen species (Fig. S19 
and S20, ESI†). Using 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) 

Page 3 of 5 ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
0 

D
ec

em
be

r 
20

19
. D

ow
nl

oa
de

d 
on

 1
2/

13
/2

01
9 

3:
28

:5
7 

A
M

. 

View Article Online
DOI: 10.1039/C9CC07661A

https://doi.org/10.1039/c9cc07661a


COMMUNICATION Journal Name 

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

2,2,6,6,-tetramethylpiperidinyloxyl (TEMPO) as active oxygen 
trapping agent, the characteristic signals of DMPO-O2•− and  
TEMPO-1O2 were observed in the resulting EPR spectra, which 
reavealed that O2•− and 1O2 involved in the photoxidative 
coupling of amines. Simultaneously, benzylamine is oxidized by 
photogenerated holes to transform into benzylamine radical 
cation. The reaction of the radical cation with active oxygen 
species to generate an hydroperoxy (phenyl)methylamine 
intermediate, which could convert into benzylimine after 
elimination of H2O2. The generated H2O2 could act as an 
additional oxidant, and further oxidize benzylamine to produce 
benzylimine. Finally, the addition reaction between 
benzylimine intermediate and an additional benzylamine 
results in the desired imine product after remove of ammonia. 
In another path, the generated benzylimine might be 
hydrolyzed to benzaldehyde, which further condense with a 
benzylamine to form the coupling imine. Interestingly, in the 
oxidation of 4–methoxylbenzylamine substrate, a mixture of 
the corresponding benzaldehyde and amide was produced, 
suggesting that oxidative dehydrogenation of the benzylimine 
intermediate led to a nitrile, followed by hydrolysis to give the 
resulting amide.28 

The cycling test of photocatalytic oxidative coupling of 
amines was performed to further demonstrate the stability 
and reusability of TFPT-BMTH catalyst. As shown in Fig. S25, 
ESI†, the conversions in five repeating cycles were over 97%, 
indicating the significant reusability of TFPT-BMTH. After 
recycling reactions, the characterization results by PXRD, 
FT−IR, SEM and TEM (Fig. S26-S29, ESI†) also showed that the 
recovered samples retained its original structure and 
morphology. The obtained results demonstrated that TFPT-
BMTH could be used as excellent heterogeneous catalyst with 
photocatalytic stability. 

In summary, we have designed and synthesized a 
hydrophilic hydrazone–based COF TFPT-BMTH with high-
degree integration of 2-methoxyethoxy groups on the channel 
walls. The hydrophilic COF material has further been empolyed 
as heterogeneous photocatalyst for oxidative coupling of 
benzylamines to imines, and the results have also 
demonstrated superior photocatalytic activity and 
environmentally friendly process under ambient conditions. In 
addition, the TFPT-BMTH has shown good recyclability 
without any substantial loss of catalytic activity. Our current 
protocol provides a convenient strategy to develop COFs 
material with high crystallinity and designed functionalities, 
which show potential to achieve the efficient and 
environmentally benign photocatalytic transformations. 
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A hydrophilic covalent organic framework for photocatalytic oxidation 

of benzylamine in water

Ziqian Liu, Qing Su,* Pengyao Ju, Xiaodong Li, Guanghua Li, Qiaolin Wu,* and Bing Yang*

The hydrophilic COF exhibits superior photocatalytic activity and recyclability together with 
environmental benignity in photocatalytic oxidation of benzylamine in water under ambient 
conditions. Our approach highlights the potential of developing photofunctional COFs to achieve  
highly efficient and environmentally benign photocatalytic transformations.
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