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performance of CMPs. [ 16–18 ]  This is due to the enhanced inter-
actions between adsorbents and gas molecules. [ 17,18 ]  

 However, most methods mentioned above are only suit-
able for specifi c cases and complicated organic syntheses are 
always involved. Some methods only give a limited improve-
ment of the SSA, whereas others may destroy the chemical 
structures because of harsh treatment conditions. Additionally, 
the purposefully introduction of relatively larger pores (macro- 
or mesopores) for mass-transfer enhancement is seldom con-
sidered. Hence, up to now the development of a general and 
effective method for the preparation of high-performance CMP-
based materials with ultrahigh SSA and hierarchical pores has 
still remained a huge challenge. 

 In the fi eld of metal–organic frameworks (MOFs), Hupp and 
co-workers have shown greatly improved SSA and microporo-
sity by supercritical drying, a method used currently to avoid 
structure collapse. [ 19 ]  Directional freeze drying has also been 
applied for preparing porous polymers with aligned structures 
with either water or organic solvents. [ 20 ]  However, high-perfor-
mance CMP aerogels derived from special drying have never 
been reported. On this occasion, we propose the monolithic 
CMP aerogels as a promising candidate to work with the above 
challenges, based on common knowledge of gels. [ 21–26 ]  Firstly, 
with a monolithic form at a macroscopic size, continuous 
larger pores (macro- and meso- pores) are always included in 
the gel matrix. [ 27 ]  Hence, the hierarchically structured CMP 
aerogel with all-size pores can acquire an enhanced mass-
transfer ability. Secondly, the special drying process, such as 
freeze drying, can effi ciently suppress the aggregation of con-
jugated polymer chains and thereby materials with enormous 
SSA are obtained. This is because solvents are removed via a 
sublimation process, bypassing the gas–liquid phase line, thus 
minimizing the variation of surface tension before and after 
drying ( Figure    1  ). Thirdly, in principle, this strategy is adaptable 
to almost all kinds of CMPs with minimal damage to materials. 
Hence the CMP aerogel may provide an unprecedented oppor-
tunity to boost the performance of conventional CMPs mate-
rials to a new stage.  

 The synthetic route of the poly(1,3,5-triethynylbenzene) 
(PTEB) aerogel is illustrated in  Figure    2  a. With 1,3,5-triethy-
nylbenzene (TEB) as a precursor, diverse acetylene-related 
reactions allow us to select appropriate conditions to conduct 
coupling reactions in a simple and mild way. Hay’s condition 
for the Glaser coupling reactions, where the oxygen partici-
pates in the reaction process, was selected because it allows an 
air-atomosphere synthesis. [ 28 ]  In this way, the PTEB organogel 
can be easily acquired by mixing monomers and low-cost CuCl 
catalysts in pyridine followed by standing under mild condition 

  Conjugated microporous polymers (CMPs), a rising star 
among microporous organic polymers (MOPs) have drawn 
particular interest in recent years. [ 1–3 ]  Combining delocalized 
π-conjugated structures with abundant permanent micropores, 
CMPs not only inherit the attractive features (e.g., high micro-
porosity, precise chemical structures, and high thermal and 
physicochemical stabilities) of MOPs, [ 4–6 ]  but also exhibit 
extended applications in energy- and optics-related fi elds. [ 3,8–10 ]  

 However, the synthetic methods of CMPs are quite compli-
cated and the reaction conditions are always rigorous, inevi-
tably raising the production costs and hampering practical 
applications. The specifi c surface area (SSA) of CMPs is always 
lower (typically <1000 m 2  g −1 ) [ 2,3 ]  than many other MOPs, such 
as covalent organic frameworks (COFs, up to 3620 m 2  g −1 ) [ 10 ]  
and porous aromatic frameworks (PAFs, up to 2932 m 2  g −1 ). [ 11 ]  
This might be attributed to enhanced aggregation of polymer 
chains because of π–π interactions originated from their fully 
conjugated structures. The low SSA not only renders CMPs at 
a disadvantage in gas sorption, but also deteriorates their per-
formance in capacitors and catalysis owing to reduced active 
sites. [ 2 ]  Additionally, 3D networks of CMPs consist of predomi-
nant micropores. These nanosized pores can greatly retard 
mass transfer, and thereby place a great barrier for applications 
in high-power capacitors and oil sorption. 

 In this regard, many elegant strategies have been reported 
to address these problems. Based on monomer design, utiliza-
tion of predesigned monomers with an appropriate strut length 
can fi nely modulate the pore size and improve the SSA to some 
extent. [ 1,12 ]  Aromatic nitriles are capable of creating consider-
ably high-surface-area frameworks (over 2000 m 2  g −1 ) at high 
temperatures. [ 13 ]  By post thermal-treatment, the Brunauer–
Emmett–Teller (BET) surface area can also be effectively 
improved. [ 14,15 ]  On the other hand, the introduction of nitrogen 
or metal atoms, by means of either monomer design and post-
decoration, can also effectively enhance the gas-adsorption 
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(25–60 °C) in air. In comparison with the homocoupling reac-
tion conducted with expensive Pd(II)/CuI catalyst under the 
protection of inert gas, [ 17,29,30 ]  the advantages of the current 
approach are self-evident. These mild conditions, i.e., without 
the requirement of inert-gas protection and large external 
energy input, are very competitive for the synthetic process of a 
number of MOPs.  [ 11,13,31–33 ]   

 Bearing three reactive sites, homocoupling of 1,3,5-triethy-
nylbenzene (TEB) under undisturbed conditions resulted in a 
monolithic 3D network linked by covalent bonds, i.e., a PTEB 
organogel. In comparison, only precipitates were obtained when 
bifunctional 1,4-diethynylbenzene (DEB) molecules were used 
(Figure S1, Supporting Information). It should be noted that, 
with a limited polymerization degree, the 3D network was actu-
ally constructed of combined intramolecular covalent carbon–
carbon bonds and intermolecular non-covalent interactions, 

such as π-π stacking, as shown in Figure  1 a, and hence resulted 
in hierarchical pores in the gel matrix. The wet gels hold a high 
tolerance to both heat and diverse organic solvents (Figure S2, 
Supporting Information), facilitating its use in harsh condi-
tions. The insolubility of the PTEB gel in various organic sol-
vents, which is totally different from the TEB monomers, also 
suggests the formation of well-established 3D networks. [ 15 ]  

 To get more knowledge about the gelation behavior of the 
TEB, the reaction conditions were systematically investigated by 
altering the initial monomer concentration ( c  0 ), catalyst amount 
( w ), and reaction temperature ( T ) (Figure S3, Supporting Infor-
mation), and a wide gelation window was obtained. The gener-
ality of this strategy for the preparation of CMP gels was also 
demonstrated. For instance, the copolymer gel with a mixture 
of TEB and DEB as monomers can also be obtained in the 
same manner (Figure S4, Supporting Information). 

 After purifi cation and a solvent-exchange process, mono-
lithic PTEB aerogels were obtained from the wet gels by a 
freeze-drying process with water as the solvent. It should be 
noted that freeze drying with different solvents may modu-
late the macropore structure by templating. Elemental anal-
ysis (calcd for C 12 H 3 : C 97.96, H 2.04, N 0.00; found: C 89.36, 
H 2.58, N 0.52 at%) and XPS analysis (C 91.43, O 8.57, N 
0.00 at%) (Figure S6a,b, Supporting Information) of the prod-
ucts showed a comparable purity to that of CMPs prepared 
by conventional approaches. [ 15,34 ]  The slight deviation of the 
experimental and theoretical results is common for MOPs, and 
it may be attributed to incomplete polymerization, or adsorp-
tion of water or gases during handling. [ 29,33 ]  The molecular 
structure of the PTEB aerogel was revealed by spectral methods 
(Figure S6c,d, Supporting Information). In the Raman spectra, 
the disappearance of the peak at ca. 2116 cm −1  (representing 
C≡C stretching in the monomers) and the appearance of the 
new peak at a higher wavenumber (ca. 2221 cm −1 , representing 
the C≡C stretching mode in the phenyl diacetylene) suggested 
successfully coupling of acetylenic bonds as expected. [ 34,35 ]  The 
considerably enhanced broad fl uorescence peak may be attrib-
uted to the formation of the large conjugated system. The IR 
spectrum was consistent with that for PTEB reported else-
where. [ 29 ]  A signifi cantly reduced intensity ratio of  I  3300 / I  1572  
(the peak at 3300 cm −1  represents the ≡C–H vibration and that 
at 1572 cm −1  represents the vibration of the aromatic skeleton), 
and the shifting of the peak from 2109 cm −1  to 2204 cm −1  sug-
gested the formation of the targeted products. The peak at ca. 
1684 cm −1  may be attributed to some side products containing 
carboxylate groups. 

 The morphology of the PTEB aerogels was characterized by 
scanning electron microscopy (SEM) (Figure  2 b–e), with which 
the highly porous structure (with both meso- and macropores) 
constructed by short fi bre-like building blocks was observed. On 
the contrary, PTEB xerogels, i.e., the product obtained by con-
ventional vacuum drying, showed a distinct compact structure 
with less large pores. The formation of meso- and macropores 
in the freeze-dried sample was due to the remaining vacancies 
after sublimation of the solvent. Transmission electron micros-
copy (TEM) images (Figure  2 f,g) further revealed the existence 
of honeycomb-like pores at the nanometer scale for both the 
PTEB aerogels and the xerogels, which is consistent previous 
work on PTEB powder reported elsewhere. [ 30 ]  

Adv. Mater. 2014, 26, 8053–8058

www.advmat.de
www.MaterialsViews.com

 Figure 1.    a) Schematic illustration of the structure and preparation pro-
cedures for the PTEB aerogel and xerogel. b) Demonstration of mono-
lithic and porous PTEB aerogels acquired from corresponding organogels 
via freeze-drying, which differs from traditional vacuum drying in avoiding 
directly crossing the gas–liquid phase line.
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 To predict the potential for practical applications, the phys-
ical properties of the PTEB aerogels were carefully character-
ized. Similar to PTEB powder reported elsewhere, [ 30 ]  the PTEB 
aerogel showed high chemical stability toward many organic 
solvents, and was thermally stable in a nitrogen atmosphere 
with weight loss less than 10 wt% up to 400 ºC (Figure S7, 
Supporting Information). Nitrogen adsorption measurements 
were adopted to evaluate the porous properties. An isothermal 
curve featuring both type-I and type-IV isothermal profi les was 
observed ( Figure    3  a), [ 36,37 ]  where the steep adsorption below 
 p / p  0  = 0.1 and the hysteretic loops in the high  p / p  0  region are 
characteristics of the micro- and mesopores, respectively. [ 16 ]  
This hierarchical pore structure could also be unambiguously 
verifi ed from the single-point pore volumes acquired at dif-
ferent relative pressures and pore size distribution (PSD) dia-
grams (Figure  3 b and Table S1, Supporting Information). As 
shown in Table S1, by varying the formulae and the reaction 
conditions, the micropore’s proportion could be tuned from 
30% to 70%.  

 It is known that the freeze-drying process utilizes the sub-
limation of a pre-frozen solvent to avoid a huge variation of 
surface tension during the drying process, and thus effi ciently 
avoiding size shrinkage and internal structure collapse. As 
expected, the as-obtained PTEB aerogel possessed a low den-
sity (average 30 mg cm −3 ), thereby giving a porosity above 
97%, which is characteristic of typical aerogels. [ 25 ]  Notably, 
because of the porous structure given by the special drying 
process, an ultrahigh BET surface area, up to 1701 m 2  g −1 , 
was obtained, which is about 70% higher than that of both 
the vacuum-dried PTEB xerogel (1085 m 2  g −1 ) and the PTEB 
powder (842 to 955 m 2  g −1 ) reported elsewhere. [ 29,30 ]  This value 
is also signifi cantly higher than a vast number of CMPs and 
other MOPs (generally around 1000 m 2  g −1  as listed in Table S3 

in the Supporting Information), although it is lower than 
some PAFs, COFs, and CTFs (2000–4000 m 2  g −1 ) derived in 
relatively rigorous conditions. [ 10,11,13 ]  Except for the enlarged 
surface area, the low operation temperature (currently less 
than 40 °C) in the freeze-drying process can also afford min-
imal damage towards the products. Based on the nitrogen 
adsorption data of the PTEB aerogels obtained under different 
reaction conditions (Figure S8 and Table S1, Supporting Infor-
mation), the aerogel acquired with  c  0   =  15 mg mL −1 ,  w =  16 wt% 
and  T =  40 °C gave the best result, and was thus used for the 
following measurements. 

 Free of metal and nitrogen elements, the PTEB aerogel 
with exceptionally high surface area is expected to show both 
high capacity and reversibility simultaneously in gas adsorp-
tion. As shown in Figure  3 c, the high SSA allowed the PTEB 
aerogel to exhibit a much higher CO 2  adsorption capacity (up 
to 3.47 mmol g −1 ) than nearly all conjugated microporous poly-
mers (typically less than 2.5 mmol g −1 ), such as CMP-0, CMP-1, 
and TFM-1. [ 16,18,38 ]  This value was even comparable to or better 
than some nitrogen/metal-containing microporous materials, 
which were supposed to have great adsorption capacity. [ 32,39 ]  
Since the CO 2  adsorption capacity of the materials linearly 
increases with increasing specifi c surface area (with similar 
PSD) as shown in Figure S10a in the Supporting Information, 
the strategy presented here is of great importance for acquiring 
CMP-based high-performance CO 2  adsorbents. Additionally, 
as illustrated in Figure  3 d and Figure S9 in the Supporting 
Information, a considerable CH 4  adsorption capacity up to 
0.913 mmol g −1  was also obtained. It is interestingly that the 
value is even higher than that of high-surface-area COF-10, 
COF-102 (0.36–0.67 mmol g −1 ) and comparable to that of PAFs 
(0.80–1.21 mmol g −1 ), presumably because of the appropriate 
pore size distribution of the PTEB aerogel. [ 10,11 ]  
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 Figure 2.    a) Schematic demonstration of the synthetic route toward the PTEB aerogel via Glaser coupling reactions and a following freeze-drying pro-
cess. SEM images and TEM images of: b,c,f) the aerogel obtained from freeze-drying and d,e,g) the xerogel obtained from vacuum-drying.
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 Selectivity is another crucial factor to evaluate the poten-
tial of a material for gas adsorption. As shown in Figure  3 c, 
the prefered adsorption of CO 2  over N 2  revealed the remark-
able selectivity of the aerogel towards these two gases. To 
quantitatively evaluate the selectivity, the initial slopes of the 
CO 2  and N 2  adsorption isotherms were compared, and the 
obtained selectivity of 41.2 is comparable to that of nitrogen-
doped microporous materials, and considerably higher than 
that of nitrogen-doped polyimine-based carbons. [ 40,41 ]  As a 
widely accepted method to estimate selective gas adsorption 
in a binary mixture from experimental single-component iso-
therms, [ 42 ]  the ideal adsorption solution theory (IAST) model 
was adopted, with an equilibrium partial pressure of 0.85 bar 
for N 2  and 0.15 bar for CO 2 . The CO 2  adsorption selectivity over 
N 2  was calculated to be 25.9, slightly higher than that of imine-
linked porous polymer frameworks (14.5–20.4). [ 43 ]  

 Unlike nitrogen/metal-containing microporous materials, 
the PTEB aerogel showed a pure physical adsorption nature, 
and thus possesses a fully reversible adsorption/desorption 
process. This can be evidenced from Figure  3 e, where the 

desorption and adsorption branches in the CO 2  isotherm curve 
completely overlap. Compared with polyamine-tethered porous 
polymer networks, [ 44 ]  this reversible adsorption/desorption 
behavior allowed the regeneration of adsorbents with much 
lower energy input. Moreover, the aerogel also possessed fabu-
lous stability, as no obvious deterioration in CO 2  capture was 
observed after exposure to air for several weeks (Figure S10b, 
Supporting Information). 

 In virtue of the π-conjugated backbones and high SSA, the 
PTEB aerogel can scavenge dye-stuffs effi ciently. As shown in 
Figure S11 in the Supporting Information, high adsorption 
capacities toward both basic fuchsine (BF) (790 mg g −1 ) and 
methyl blue (MB) (716 mg g −1 ) were obtained, outperforming 
previously reported functional CMPs, conducting polymers, 
and dendrimer-linked multi-walled carbon-nanotube (MWCNT) 
aerogels (ca. 100–300 mg g −1 ). [ 19,24,45 ]  

 On the other hand, the high organic solvent tolerance, low 
density, hierarchical interconnected pore structure, and mono-
lithic form enabled the aerogel to be an excellent recyclable oil 
adsorbent with a large adsorption capacity and fast adsorption 
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 Figure 3.    a) The N 2  adsorption isotherm. b) Incremental pore-size-distribution curves and cumulative pore-size-distribution curves of the PTEB 
aerogel. c) CO 2  and N 2  adsorption isotherms of the PTEB aerogel at 273 K. d) CH 4  adsorption isotherms of the PTEB aerogel at 273 K. e) CO 2  adsorp-
tion and desorption curves of the PTEB aerogel. f) CO 2  adsorption curves of the freshly prepared aerogel and the aerogel treated by an acetone uptake/
removal process for one and ten cycles.
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kinetics. As illustrated in  Figure    4  a, except for amines, the 
adsorption capacity of the aerogel towards diverse organic 
solvents and oils ranged from 20 to 53 times its own weight, 
considerably higher than that of homocoupled conjugated 
microporous polymer (HCMP) networks (1–16 times), porous 
covalent porphyrin frameworks (14.7–25.9 times) and nano-
porous polydivinylbenzene (PDVB) (8–16 times) (see Table S4, 
Supporting Information). [ 46–48 ]  Although the amine-uptake 
capacity of the PTEB aerogel was relatively low (13–15 times) 
compared with other solvents, it is still very competitive 
toward porphyrin-integrated CMPs (<6 times weight gain for 
amines). [ 49 ]  On the other hand, the volume-based adsorption 
capacity of the PTEB aerogels ranged from 70 to 160 vol% 
(Figure  4 b). This value is similar to that of high-adsorption-
capacity carbonaceous aerogels such as carbon nanotube (CNT) 
sponges and N-doped graphene frameworks, [ 50,51 ]  indicating 
the effi cient space utilization of the PTEB aerogel.  

 More importantly, the saturated PTEB aerogel can be regen-
erated simply by heating in air after adsorption. As shown in 
Figure  4 c, there is nearly no deterioration of the adsorption 
capacity, even after twenty acetone adsorption–regeneration 
cycles, indicating the amazing recyclability of the aerogel, 
similar to porous covalent porphyrin frameworks. [ 47 ]  It is sur-
prising that oil-uptake capacity showed no obvious changes 
with the change of porous structure after adsorption/desorp-
tion cycles (Table S1, Supporting Information). This suggests 
that the pore volume and the specifi c surface area might not 
be the only factors determining the oil sorption. The detailed 
mechanism for this phenomenon will be investigated in future 
work. Interestingly, despite the decreased pore volumes and 
BET surface areas on heat treatment, the regenerated aerogel 
maintained over 85% adsorption capacity (3.0 mmol g −1 ) for 

CO 2  capture even after the acetone adsorption/desorption 
process for 10 cycles (Figure  3 f, and Table S1,S2, Supporting 
Information). This means that the aerogel could be alternatively 
used as oil and gas adsorbents and truly serves as one of the 
most promising multifunctional materials. 

 Additionally, the free-standing PTEB aerogel can be directly 
used as adsorbent without any support. Along with the high 
hydrophobicity of PTEB because of, theoretically exclusive, 
carbon and hydrogen atoms included, the aerogel can maintain 
its adsorption effi ciency in a water/oil system and be directly 
used for selective oil uptake. Taking chloroform as an example, 
this high-density toxic organic solvent could be easily removed 
within seconds by a piece of aerogel adsorbing it underwater 
(Figure  4 d). The fast adsorption kinetics can be attributed to the 
enhancement of mass transfer from the interconnected hierar-
chical pores in the aerogels. 

 To summarize, the concept of CMP aerogels has been pro-
posed to obtain CMP-based materials that have ultrahigh spe-
cifi c surface area and hierarchical pores in a general and facile 
way. As an example, poly(1,3,5-triethynylbenzene) aerogels were 
prepared by a conducting Glaser-coulping reaction under very 
mild conditions under an air atmosphere. The strategy used 
here for the preparation of the PTEB aerogel may make a step 
forward in integrating synthetic organic chemistry with mate-
rial preparation, and thus facilitate the accessibility of CMP-
based materials to a wide community of researchers. Com-
bining the features of both CMPs and aerogels, the resultant 
materials showed a high porosity (ca. 97%) and an ultrahigh 
specifi c surface area (1701 m 2  g −1 ) about 70% greater than con-
ventional PTEB powders. Hence, despite a simple and low-cost 
preparation method being implemented, the resulting PTEB 
aerogel not only showed impressive gas-adsorption ability 
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 Figure 4.    a,b) Mass-based (a) and volume-based (b) adsorption capacity of the PTEB aerogel. c) Adsorption-capacity retention of the PTEB aerogel 
toward acetone through regeneration by heating at 60 °C for 20 cycles. d) Demonstration of uptake of chloroform (dyed by Sudan III) under water, by 
using a piece of PTEB aerogel.
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toward both CO 2  and CH 4 , outperforming most reported CMPs, 
but also exhibited promising performance as one of the most 
effi cient recyclable adsorbents for organic pollution among all 
MOPs. We expect that the fusion of CMPs and aerogels may 
open new opportunities to create a class of novel porous and 
high-performance materials suitable for a variety of practical 
applications in gas-adsorption, oil-uptake, light-harvesting, and 
energy-related fi elds.  

  Experimental Section  
  Preparation of the CMP Organogel and Aerogel : Typically, 

1,3,5-triethynylbenzene (30 mg, 0.2 mmol) and CuCl (6 mg, 0.06 mmol) 
were dissolved in pyridine (2 mL) in a glass bottle. The bottle was then 
sealed and subjected to heating in a water bath at 40 °C for 72 h. The 
product was washed with a variety of organic solvents. Finally, the 
solvent inside the gel was exchanged with water or tert-butyl alcohol, and 
the PTEB aerogel was obtained by freeze-drying for 24 h. The detailed 
conditions are described in the Supporting Information.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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