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Abstract Two novel CMPs networks with (A4 + Bj)
type and (A4 + B,) type were synthesized by Pb(IT)/Cu(I)-
catalyzed Sonogashira—Hagihara cross-coupling polymer-
ization. The resulting CMPs show high thermal stability
with a decomposition temperature above 300 °C. The
CMPs exhibit high specific surface areas up to 788 m* g~ .
Using them as porous platforms, the CO, adsorption of
CMPs was investigated. Meanwhile, the synthesized CMPs
show surface superhydrophobicity with water contact angle
about 157° due to the microporous morphological struc-
tures and the strongly hydrophobic chemical compositions.
The organic liquid uptake of CMPs samples was measured
up to 1522 wt% for a variety of organic solvents. Fur-
thermore, simply coating of the resulting CMPs on the
stainless steel grid enables the wettability of grid changing
from hydrophilicity to superhydrophobicity and super-
oleophilicity, which makes them potential candidates for
selective adsorption of oils and organics from water.

D4 An Li
lian2010@lut.cn

< Weigiao Deng
dengwq@dicp.ac.cn

College of Petrochemical Technology, Lanzhou University of
Technology, Langongping Road 287, Lanzhou 730050,
People’s Republic of China

State Key Laboratory of Molecular Reaction Dynamics,
Dalian National Laboratory for Clean Energy, Dalian
Institute of Chemical Physics, Chinese Academy of Sciences,
Dalian 116023, People’s Republic of China

State Key Laboratory of Fine Chemicals, Dalian University
of Technology, Dalian 116024, China

@ Springer

Introduction

Microporous framework materials, including zeolites [1],
metal-organic frameworks (MOFs) [2, 3], and covalent
organic frameworks (COFs) [4, 5], have recently been the
subject of intense interest. Taking advantage of the large
surface areas, microporosity as well as the large pore
volume, these crystalline framework materials are of great
importance in many applications such as molecular sepa-
rations and catalysis [6, 7]. However, the limited physic-
ochemical stability of the most porous examples of the
MOFs and COFs is one of big obstacles hindering their
practical applications.

As a kind of porous materials, in contrast, microporous
organic polymers (MOPs) take great advantages of high
design flexibility in functionalization and high stability to air,
moistures, and much more rigorous conditions in the most
cases [8], though they usually formed in amorphous porous
structures. So far, several different classes of organic micro-
porous networks have been synthesized, including covalent
triazine-based frameworks (CTFs) [9, 10], hyper-cross-linked
polymers [11], polymers of intrinsic microporosity (PIM)
[12], and so on. Among these MOPs, conjugated microporous
polymers (CMPs) are a new subclass of MOPs and have
received much more attentions due to their rigid n-conjugated
structure, larger surface areas, high thermal, and chemical
stability, which have found a variety of potential applications
such as gas storage [13-15], hydrogen production [16, 17],
catalysis [18, 19], supercapacitors [20], light harvesting [21],
absorption [22], etc. In all of these applications, the porosity of
the CMPs is essential as a kind of functional porous medium.
At this point, CMPs take great advantage of the designable
flexibility of their n-conjugated networks, making it possible
to finely tune their porosity by varying the strut length of the
monomers, which have been well studied by Cooper et al. [8].
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In our previous studies, a variety of CMPs with different
morphologies and functionalities have been designed and
synthesized as porous mediums for various purposes includ-
ing hydrogen storage [23, 24], CO, capture [25-27], iodine
capture [27], composites [28], and oil absorption [22, 29-31].
In particular, we firstly reported the superhydrophobic and
superoleophilic wettabilities of the CMPs [22]. Such super-
wetting property of the CMPs enables the selective absorption
of oils and organic solvents from water by simply applying
them into oils (organics)/water system, which opens a new
way to address the environmental issues especially for the
global scale of severe water pollution arising from oil spills
and industrial organic pollutants. To achieve better adsorption
performance as well as good adsorption selectivity in organ-
ics/water systems, it is important to design the new CMPs with
suitable porosity and morphology, which are two key factors
that should be taken into account since both adsorption per-
formance (porous property) and adsorption selectivity (sur-
face superhydrophobicity and superoleophilicity) are closely
relative to these two factors [32-34]. Along this line, several
kinds of CMPs were synthesized by us through direct
(A3 + B,) Pd-catalyzed cross-coupling polycondensation in
this direction [35, 36]. Therefore, further exploitation of new
types monomers and thus preparation of novel CMPs with
high performance should be of special interest. In this
work, two kinds of CMPs network with (A4 + B3) type and
(A4 + B,) type were synthesized. Both the samples show
superhydrophobic and superoleophilic wettabilities and
abundant porosity with a specific surface area up to
788 m? g~ !, which may found useful applications as porous
medium for gas storage and water treatment.

Experimental section
Materials

1,3,5-triethynylbenzene and 1,4-diethynylbenzene were
obtained from TCI Co., Ltd. Tetra(4-bromophenyl)methane
was purchased from Nanjing Huang Minglong Chemical
Technology Co., Ltd. Copper (I) iodide and tetrakis (triph-
enylphosphine) palladium (0) were obtained from J & K. All
chemicals were used as received.

Synthesis

CMPs were synthesized by palladium-catalyzed Sono-
gashira—Hagihara cross-coupling polymerization [8]. In a
typical experimental procedure, 1,3,5-triethynylbenzene and
tetra(4-bromophenyl)methane, tetrakis (triphenylphosphine)
palladium(0), and copper(I) iodide were dissolved in the
mixture of toluene and triethylamine. After stirring for 20 min
in N, atmosphere, the mixture was heated to 80 °C and kept

for 24 hin N, atmosphere. After cooling to room temperature,
the product was washed by chloroform, acetone, water, and
methanol, followed by purification using Soxhlet extraction
with methanol for 72 h. Then, the brown-yellow polymer was
dried at 70 °C for 24 h and named as BCMP-1. BCMP-2 was
synthesized by the same method as mentioned above using
1,4-diethynylbenzene and tetra(4-bromophenyl)methane as
monomers.

Characterization

Fourier transform infrared spectroscopy (FTIR) spectra
were recorded in the range of 4000-400 cm™' using the
KBr pellet technique on an FT-Raman Module instrument
(Nicolet FTIR 360). High-resolution imaging of the poly-
mer morphology was achieved using a scanning electron
microscopy (SEM, JSM-6701F). The porosity of materials
was investigated at 77.3 K using a pore and surface ana-
lyzer (Micrometrics, ASAP 2020). Before analysis, the
CMPs were degassed at 100 °C for 3 h under vacuum. The
thermal properties of the samples were tested by a ther-
mogravimeter (TGA/DSC1, Mettle Toledo), and all of the
measurements were carried out under N, gas from room
temperature to 900 °C with a thermal velocity of
10 °C min~".

Results and discussion

The BCMP-1 and BCMP-2 were synthesized by Pb(Il)/
Cu(I)-catalyzed = Sonogashira—Hagihara cross-coupling
polymerization from tetra(4-bromophenyl)methane and
arylethynylene with different structures, which was proved
as a reliable approach to construct CMPs networks [8, 27].
The representative molecular structures for BCMP-1 and
BCMP-2 are shown in Fig. 1. The molecular level struc-
tures of CMPs were investigated by '>C solid-state NMR
measurements. Both the BCMP-1 and BCMP-2 exhibited
peaks at around 132 and 124 ppm for aromatic peaks,
corresponding to Ca—~H and C,—~C=C. The peak at
90 ppm was assigned to C5,—C =C for quaternary alkynes.
A weak peak appeared around 82 ppm could be con-
tributed to the Co—~C=C-H for the terminal alkynes.
Besides, the peak at ca. 65 ppm was assigned to the central
C of the tetraphenylmethane core, indicating that this
structure remained intact during the coupling polymeriza-
tion [37]. FTIR spectra for the BCMP-1 and BCMP-2 are
shown in Fig. 2. Both the BCMP-1 and BCMP-2 exhibited
similar FTIR spectrum, which suggested the similarity of
chemical functional groups.

The FTIR spectra of both the BCMP-1 and BCMP-2
showed four main adsorption regions, as shown in Fig. 3a.
The first adsorption bands in the range of 6501250 cm™'
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Fig. 1 Schematic
representation of a BCMP-1 and
b BCMP-2 networks

131.5
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Fig. 2 Solid-state '>°C NMR spectra for the BCMP-1 and BCMP-2
networks. Asterisks denote spinning sidebands

were assigned to C-H bending vibration of benzene ring.
The second adsorption bands at 1400-1650 cm ™'
sponded to skeletal vibration of benzene ring. The third
peak at 2200-2350 cm™ "' corresponded to —C =C- vibra-
tion stretching and the fourth peak near 2900 cm™' was
assigned to the —Ar—H stretching [28, 30]. FTIR spectra
demonstrated that BCMP-1 and BCMP-2 mainly consisted
of aromatic rings and C=C bonds, in accordance with the
3C NMR analysis and Fig. 1. The thermal stability of
BCMP-1 and BCMP-2 was investigated by TGA mea-
surement under N, atmosphere, as shown in Fig. 3b. No
obvious weight loss was observed before 300 °C both for
BCMP-1 and BCMP-2, suggesting good thermal stability,
which should be contributed to the rigid three-dimensional
networks originating from butadiynylene linkages for
BCMP-1 and BCMP-2. The weight loss of BCMP-1 was
32 wt%, much lower than that of BCMP-2 above 900 °C,
due to its dendritic structure which could be favorable to
slow down the heat transmission thus in turn enhancing its
thermal stability. The microstructure and morphology of

corre-
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Fig. 3 a FTIR spectra of the BCMP-1 and BCMP-2. b TGA curves
of BCMP-1 and BCMP-2

BCMP-1 and BCMP-2 were investigated by SEM. As seen
in Fig. 4, both the BCMP-1 and BCMP-2 were composed
of agglomerated and nano-sized microgel particles. Fur-
thermore, BCMP-1 and BCMP-2 exhibited amorphous
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feature and no evidence of long range molecular order is
found, as found in other CMPs materials [8, 22].

The porosity of the samples was evaluated by the N,
adsorption and desorption isotherms measured at 77.3 K.
As shown in Fig. 5a, both BCMP-1 and BCMP-2 exhibited
obvious N, uptake at low relative pressure (<0.1), indi-
cating microporous features. N, uptake continuously
increased with the increase of pressure, and a hysteresis
loop was observed in the relative pressure range from 0.4 to
0.9, suggesting the existence of a fraction mesoporous
pores. At high relative pressure (>0.9), the N, adsorption
branch exhibited a large increase with typical macroporous
feature. The BET surface areas calculated in the relative
pressure (P/Py) between 0.06 and 0.2 from the N,
adsorption and desorption isotherms were 788 and
490 m? g~'. The micropore surface area calculated from r-
plot method was 294 and 181 m? g~' for BCMP-1 and
BCMP-2. Both SCMP-1 and SCMP-2 have relatively
narrow pore size distribution (PSD) curves with uppermost
peaks at around 2.0 nm, as shown in Fig. 5a inset. The total
pore volume was 1.08 and 0.63 cm® g~', and the microp-
ore volume was 0.13 and 0.08 cm® g~' for SCMP-1 and
SCMP-2. The micropore ratio was 12.0 and 12.7 wt% for
SCMP-1 and SCMP-2.

The control of anthropogenic CO, emissions from great
consumption of hydrocarbon fuels is a great urgency both
for scientific and social community, in view of the signif-
icant contribution of CO, to the global warming and other
climate change issues. To this end, porous organic poly-
mers have been developed and exhibited high CO,
adsorption capacity [38]. CMPs have also demonstrated
great potential in the application for CO, capture and
storage, due to its abundant porosity, high specific surface
areas, and good stability. In this case, the CO, uptake
capacities of the BCMP-1 and BCMP-2 were investigated
at 273 K and 1 bar. As shown in Fig. 5b, the maximum
CO, uptake of BCMP-1 and BCMP-2 was found to be 66.4
and 67.3 mg g~'. This value is lower than that of func-
tionalized CMPs [25, 39, 40], mainly because of the low

Fig. 4 SEM images of
a BCMP-1 and b BCMP-2.
Scale bar a, b 1 pm
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Fig. 5 a Nitrogen adsorption (filled symbols) and desorption (open
symbols) isotherms measured at 77 K for BCMP-1 and BCMP-2.
Inset is the PSD curves for BCMP-1 and BCMP-2. b CO, adsorption
isotherms of BCMP-1 and BCMP-2 at 273 K

micropore volume of samples (0.13 and 0.08 cm® g~' for
BCMP-1 and BCMP-2) which is one of the key factors that
affect the gas uptake performance of a porous material
[24]. However, based on its structure tunability, further

[

50KV X10,000 WD 8.3mm 1um
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enhancement on their CO, uptake performance can be
anticipated by fine tuning their porosity as well as
improving their CO, adsorption enthalpies.

Besides, the BCMP-1 and BCMP-2 could absorb
organic liquids (especially non-polar or weakly polar
organics) and oils from water due to their excellent
porosity and surface wettability. To evaluate the surface
wettability of BCMP-1 and BCMP-2, static water and oil
contact angle (CA) measurements were performed. As
shown in Fig. 6a (left), the water CA of BCMP-1 reached
up to be 158°, which was called superhydrophobicity [32].
Similar observation was found for the BCMP-2, which also
exhibited surface superhydrophobicity with water CA of
157°. On the other hand, the octane CA for BCMP-1 was
nearly 0° (Fig. 6a right), suggesting their superoleophilic-
ity. Such excellent surface wettability should be attributed
to the microporous morphological structures and the
strongly hydrophobic chemical compositions, which totally

()

(b)  chloroform
p-xylene
trichloromethane
tetrahydrofuran
aniline
chlorobenzene
vinylacetate
ethylacetate
benzene

toluene

nitrobenzene

0 200 400 600 800 1000 1200 1400 1600
Weight gain (wt%)

Fig. 6 a The water CA (left) and octane (right) measurement for
BCMP-1. b The adsorption capacity of BCMP-1 and BCMP-2 for
different organic solvents and oils

Fig. 7 a Water droplets and
octane on the surface of BCMP- (a)
1 loading stainless steel film.
b The BCMP-1 loading
stainless steel film used for
separation of octane (red oil O
dyed) and water (methyl blue
dyed) (Color figure online)
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consists of aromatic rings and —C = C- bonds [22]. Taking
advantages of the excellent surface superhydrophobicity
and superoleophilicity, BCMP-1 and BCMP-2 should be
candidates for removal of organics from water. The
adsorption capacity of CMPs for different organic solvents
was investigated by weight gain. The weight gain ratio of
the CMPs was defined as w, which can be calculated as
following: ® = (Mapsorved — Mary)/Mary x 100 wt%. As
shown in Fig. 6b, the BCMP-1 and BCMP-2 show
adsorption capacity with 476-1522 and 235-976 wt%. In
particular, for those toxic contaminants in water, such as
nitrobenzene and trichloromethane, the adsorption capaci-
ties of BCMP-1 reach up to 1010 and 1522 wt%. The
adsorption capacity of BCMP-1 was greater than that of
BCMP-2, due to its higher BET surface area and pore
volume, which was favorable to liquid adsorption.

Most interestingly, we found that the BCMP-1 and
BCMP-2 microgel particles could be easily loaded on
porous substrates for fabrication of efficient absorbents and
filtration materials with high selectivity for organics and
water. In this case, BCMP-1 was used as functional coating
and its microgel particles could be easily loaded on com-
mercially available stainless steel grids (140 mesh) which
were commonly used as filtration film in industry. As
expected, simply coating of the resulting CMPs on the
stainless steel grid enables the wettability of grid changing
from hydrophilicity to superhydrophobicity and super-
oleophilicity. As shown in Fig. 7a, the water droplets kept
spherical on the grid of stainless steel, while the octane
quickly spreads and penetrates through the grid pores, due
to the excellent surface superhydrophobicity of BCMP-1.
Figure 7b exhibits that the BCMP-1 loading stainless steel
film could be used for separation of octane (red oil O dyed)
and water (methyl blue dyed), showing great potentials in
purification, oil spills cleanup, water treatment, and so on.
Similar superhydrophobic and superoleophilic mesh films
have also been reported by others [41, 42] and us [34]
previously. Quite different from those superhydrophobic
mesh films constructed by controlling the surface mor-
phological features where surface wettability is greatly
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influenced by experimental conditions or techniques
adopted, our strategy takes advantage of inherent chemistry
of BCMP-1 which allows both strong hydrophobic chem-
ical compositions and well-defined microporous charac-
teristics are easily obtained at the same time to create a
superhydrophobic surface only through a facile painting
process without any complicated techniques.

Conclusion

Two novel CMPs BCMP-1 and BCMP-2 were designed and
synthesized by Pb(II)/Cu(I)-catalyzed Sonogashira—Hagi-
hara cross-coupling polymerization. Both BCMP-1 and
BCMP-2 exhibited high thermal stability with a decompo-
sition temperature above 300 °C. The BET surface areas of
BCMP-1 and BCMP-2 were 788 and 490 m> g_l, and the
maximum CO, uptake could be reached up to 66.4 and
67.3 mg g~ at 273 K and 1 bar. Meanwhile, both BCMP-1
and BCMP-2 exhibited surface superhydrophobicity with
water CA of 157° and 158°, which should be contributed to
the microporous morphological structures and the strongly
hydrophobic chemical compositions of BCMP-1 and
BCMP-2. The BCMP-1 and BCMP-2 show adsorption
capacity with 476-1522 and 235-976 wt% for a variety of
organic solvents. Furthermore, simply coating of the BCMP-
1 microgel particles on the stainless steel grid enables the
wettability of grid changing from hydrophilicity to superhy-
drophobicity and superoleophilicity, which makes them
potential candidates for selective adsorption of oils and
organics from water.
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