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ABSTRACT: A series of microporous organic networks
linked by α-hydroxyl ketone were synthesized based on
benzoin self-condensation of multiformyl-containing building
blocks. Fourier transform infrared and solid-state 13C CP/
MAS NMR spectroscopy were utilized to confirm the α-
hydroxyl ketone linkage of the obtained polymers. The hollow
microspheric morphology can be observed from scanning
electron microscopy and transmission electron microscopy
images. The materials, with Brunauer−Emmet−Teller specific
surface area up to 736 m2 g−1, possess a hydrogen storage
capacity up to 1.42 wt % at 77 K and 1.0 bar and a carbon dioxide uptake up to 15.3 wt % at 273 K and 1.0 bar. These excellent
characteristics would make them become promising candidates for gas storage.
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■ INTRODUCTION

Microporous organic polymers have attracted intense interest
because of their excellent potential as heterogeneous catalysts,1

gas permeable membranes,2 and light-emitting organics.3 Over
the past few years, considerable researches have been devoted
to the preparation of various microporous organic polymers.4,5

Mckeown and Budd reviewed recent progress in constructing
of polymeric networks that possess intrinsic microporosity.6

Many reactions employed and rigid monomers used to form
rigid linkages to design microporous polymers were systemi-
cally summarized. Especially, the Mckeown group reported the
formation of polymers of intrinsic microporosity (PIMs) based
on the dioxane linkage between catechol and 1,2-difluoro-aryl
units.7 Conjugated microporous polymers and porous aromatic
frameworks are also a huge family of microporous amorphous
networks, which are assembled by noble metal-mediated
ethynyl,8 Sonogashira−Hagihara,9 Suzuki,3 and Yamamoto
coupling reaction.10 However, crystalline nanoporous polymers
(i.e., covalent organic frameworks11 and covalent triazine-based
framework12) represent the most ordered porous structure for a
given monomer through thermodynamically reversible con-
densation.
There are two general strategies for the preparation of

porous organic polymers with high specific surface area and
desirable functional moieties: (i) The design of rigid
monomers, at least one of which contains a “site of contortion”
and the average functionality of greater than two, should be
considered.2 Therefore, some nonplanar skeletons, such as
tetraphenylethylene,13 hexaphenylbenzene,14 binaphthol,15 tri-
benzotriquinacene,16 and triptycene-substituted phthalocya-

nine,17 were recently employed to prepare microporous
polymers. Although the obtained polymers possess high specific
surface area and nice gas storage capacity, the synthesis of
monomers seems to be more complicated and time-consuming.
Furthermore, not all rigid monomers obtained are effective to
construct nanoporous materials, so it is also an important issue
to search for the appropriate and interesting ones. (ii) The
development of novel condensation reaction is an alternative
choice to design microporous organic polymers. Many
researchers have dedicated much effort into searching for new
reaction starting with cheap and easily obtained monomers.
Thus Schiff base chemistry between multiamino and multi-
formyl compounds,18 aldol self-condensation of aromatic acetyl
compounds,19 hydrazone-forming reaction by condensation of
phenylhydrazide with multiformyl compounds,20 borazine-
forming reaction between multiamino compounds and boron
trihalides,21 benzimidazole-forming reaction between o-phenyl-
enediamine or bisquinone and multiformyl compounds,22,23

Friedel−Crafts reaction between aromatic compounds and
formaldehyde dimethyl acetal,24 and oxidative coupling
polymerization of multicarbazolyl monomers25 were utilized
to synthesize porous polymers. The different linkages between
monomers can also provide different functional possibilities,
which would somewhat expand the scope of applications. Thus,
a facile and effective condensation shows a very important
practical value.

Received: September 30, 2012
Accepted: November 30, 2012
Published: November 30, 2012

Research Article

www.acsami.org

© 2012 American Chemical Society 6975 dx.doi.org/10.1021/am302163p | ACS Appl. Mater. Interfaces 2012, 4, 6975−6981

www.acsami.org


Although great achievements in synthesizing microporous
organic polymers have been realized,26 extremely high
Brunauer−Emmet−Teller specific surface areas as high as
6461 m2 g−1,27 the other pore parameters, such as pore size,
pore volume, and pore size distribution, are important in
determining the gas sorption performance. Moreover, it is also
a great challenge to search for a novel condensation reaction
employed in the preparation of porous materials. Benzoin
condensation might be an alternative choice. It is well-known
that, with the assistance of acid catalyst, bimolecular
condensation of benzaldehyde can yield an α-hydroxyl ketone
structure (benzoin), and such a reaction can occur for many
aromatic aldehydes (Scheme 1). Benzoin condensation fulfils
the atom-economical principle, and no byproducts would be
generated. This kind of reaction has been extensively applied in
the organic synthesis.28 However, to the best of our knowledge,
employing multiformyl-containing compounds for the prepara-
tion of microporous polymers for gas storage remains
unprecedented through benzoin condensation. Although
various kinds of reactions with atom-economical principle to
the preparation of microporous organic materials have been
reported such as ethynyl cyclotrimerization,29,30 click chem-
istry,31 and cyano cyclotrimerization,32,33 it is inevitable to use
noble and/or transition metal (cobalt, copper, and zinc)
catalysts in the whole process. In this paper, we employ a p-
toluene sulfonic acid-catalyzed route to prepare microporous
organic polymers with a high specific surface area through
benzoin condensation. This easily processing procedure is a
metal-free method, and the catalyst can be easily removed by
washing with water and ethanol. Moreover, the formation of

high-surface-area materials from cheap multiformyl-containing
precursors is always of importance. The obtained polymers
possess a hollow microspheric structure, and show moderate
hydrogen storage and carbon dioxide uptake capacities.

■ EXPERIMENTAL SECTION
Materials and Methods. All condensation reactions were

operated using standard Schlenk line technique. Anhydrous potassium
carbonate, p-toluene sulfonic acid, phosphorus oxychloride, N,N-
dimethylformamide, o-dichlorobenzene, and tetrahydrofuran were
purchased from Beijing chemical reagent company. Triphenylamine,
1,3,5-tribromobenzene, and bis(triphenylphosphine)palladium(II) di-
chloride were purchased from Aldrich. Tris(4-iodophenyl)amine and
1,3,5-tri(4-bromophenyl)benzene were synthesized according to the
reported procedures,34,35 respectively. The detailed synthesis proce-
dures of tri(4-formylphenyl)amine (M1), tri(4-formylbiphenyl)amine
(M2), 1,3,5-tri(4-formylphenyl)benzene (M3), and 1,3,5-tri(4-
formylbiphenyl)benzene (M4) are included in the Supporting
Information. Ethyl acetate, petroleum ether, dichloromethane, acetone,
and other chemical reagents were used as received.

Preparation of Benzoin-Based Porous Organic Polymers
(BPOPs). A mixture ofM1 (50 mg, 0.15 mmol) and p-toluene sulfonic
acid was suspended in o-dichlorobenzene (4.00 mL). After ultra-
sonicaion for 0.5 h, the mixture was degassed by at least three freeze−
pump−thaw cycles. The tube was frozen at 77 K (liquid nitrogen
bath) and evacuated to high vacuum and flame-sealed. After 180 °C
for 72 h, the reaction mixture gave a solid in a quantitative yield. This
solid was filtrated and washed with acetone, dichloromethane, and
ethanol subsequently. The product (denoted BPOP-1) was dried in
vacuo at 120 °C for more than 12 h.

Similar to the preparation of BPOP-1, M2, M3, and M4 were used
to afford BPOP-2, BPOP-3, and BPOP-4 in quantitative yields,
respectively.

Scheme 1. Schematic Representation of Benzoin Condensation of Benzaldehyde

Figure 1. Structures of formyl-containing building blocks (M1−M4) used to prepare microporous organic polymers.
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Instrumental Characterization. 1H NMR spectra were recorded
on a Bruker DMX400 NMR spectrometer, with tetramethylsilane as an
internal reference. Solid-state 13C CP/MAS NMR measurements were
performed on a Bruker Avance III 400 spectrometer. Thermogravi-
metric analysis (TGA) was performed on a Pyris Diamond
thermogravimetric/differential thermal analyzer by heating the samples
at 10 °C min−1 to 800 °C in the atmosphere of nitrogen. Infrared (IR)
spectra were recorded in KBr pellets using a Spectrum One Fourier
transform infrared (FT-IR) spectrometer (PerkinElmer Instruments
Co. Ltd., USA). The sample was prepared by dispersing the polymers
in KBr and compressing the mixture to form disks, and 15 scans were
signal-averaged. Elemental analysis was obtained on Flash EA 1112
CHN elemental analyzer. Transmission electron microscopy (TEM)
observations were carried out using a Tecnai G2 F20 U-TWIN
microscope (FEI, USA) at an accelerating voltage of 200 kV. Energy
dispersive X-ray (EDX) detector was used to analyze the chemical
elements of the samples. The sample was prepared by dropping an
ethanol suspension of BPOP-1−BPOP-4 onto a copper grid,
respectively. Field-emission scanning electron microscopy (SEM)
observations were performed on a Hitachi S-4800 microscope (Hitachi
Ltd., Japan) operating at an accelerating voltage of 6.0 kV. SEM
samples were prepared by dropping an ethanol suspension of BPOP-
1−BPOP-4 on a silicon wafer and left to dry in air. Nitrogen
adsorption−desorption and hydrogen adsorption experimentations
were conducted using an ASAP 2020 M+C accelerated surface area
and porosity analyzer (Micromeritics, USA) at 77 K. Carbon dioxide
uptake experimentation was performed by using a TriStar II 3020
surface area and porosity analyzer (Micromeritics, USA) at 273 K.
Before measurement, the samples were degassed in vacuo at 120 °C
for more than 12 h. Specific surface area was calculated from nitrogen
adsorption data by Brunauer−Emmett−Teller (BET) analysis in the
relative pressure (P/P0) range from 0.01 to 0.10 (see the Supporting
Information), whereas pore size and pore size distribution were
estimated through the original density function theory (DFT). Total
pore volume was calculated from nitrogen adsorption−desorption

isotherms at P/P0 = 0.99, whereas micropore volume was calculated
from nitrogen adsorption isotherm using the t-plot method.

■ RESULTS AND DISCUSSION

To obtain microporous organic polymers by benzoin
condensation, a series of triformyl compounds (M1−M4)
with either triphenylamine or triphenylbenzene core have been
synthesized by formylation of triphenylamine and Suzuki
coupling reaction of aromatic halides with formylphenylboronic
acid (Figure 1). They can be employed in the one-pot self-
condensation approach to produce the α-hydroxyl ketone
linked polymers (Scheme 2). It is believed that the self-
condensation or self-polymerization is a powerful route to
prepare polymers. Only one single monomer is used, and there
is no problem with the excess of monomers. The formyl-
containing compounds were suspended in o-dichlorobenzene,
and p-toluene sulfonic acid as a catalyst was also added into the
reaction system. After self-polymerization in sealed tube at 180
°C for 72 h, four black polymers BPOP-1−BPOP-4 formed in
quantitative yields. In the whole course of preparation, the
straightforward generation of BPOPs is involved with the use
of cheap catalysts and/or reagents, preferably in a metal-free
process. Additionally, the catalyst and solvent can be easily
removed from the reaction system after the polymerization, just
by continuous washing with water and ethanol. Sealed tube
polymerization method is often used in the preparation of
microporous organic polymers.12,20 Because of anhydrous
oxygen-free condition and high reaction temperature, a polymer
that possesses a higher condensation degree and specific surface
area can be obtained.20,24 All the obtained polymers are stable
and insoluble in common organic solvents, such as dichloro-
methane, ethanol, and N,N-dimethylformamide. The elemental

Scheme 2. Schematic Representation of the Possible Structures of Microporous Organic Networks through Benzoin
Condensation (BPOP-1−BPOP-4)
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analysis is utilized to roughly evaluate the degree of
condensation of the obtained polymers, and the results are
listed in the Table S1 (see the Supporting Information). The
content of carbon element is slightly higher than the calculated
value, while the content of oxygen element is slightly lower
than the calculated value, indicating that a little carbonization
might take place in the process of polymerization under p-
toluene sulfonic acid-catalyzed high-temperature conditions.
This kind of carbonization was also observed in the preparation
of CTFs.36,37 Trace amount of sulfur is in the skeleton of the
resulting polymers, which is consistent with the EDX results.
Thermal stability of the obtained polymers was investigated

by thermogravimetric analysis (Figure 2). The TGA traces

show that BPOP-3 and BPOP-4, which possess more large
conjugated system, have a higher thermal stability than BPOP-
1 and BPOP-2 containing a triphenylamine core. The thermal
decomposition temperature (Td) is up to ca. 210 °C for BPOP-
1 and BPOP-2 and ca. 310 °C for BPOP-3 and BPOP-4. With
increase in temperature, all the polymers show a continuous
mass loss and the residual mass varies from 70% to 60%. The
polar α-hydroxyl ketone linkage might be responsible for this
continuous mass loss. At higher temperature, further
dehydration and condensation of hydroxyl and carbonyl
could occur, and the skeletons of polymers were finally
damaged.
The obtained α-hydroxyl ketone-linked polymers were

confirmed by Fourier transform infrared (FT-IR) spectroscopy.
As compared to the spectra of their corresponding monomers,
the absorption peaks of all the polymers become weaker
(Figure 3 and Figure S1−S3, Supporting Information). Two
sharp bands of medium intensity which can be attributed to the
C−H stretching vibration of formyl group near 2820 and 2730
cm−1 are significantly reduced. Due to the consumption of the
half of the carbonyl in benzoin condensation, absorption peak
at 1690 cm−1 assigned to the stretching vibration of carbonyl is
also remarkably reduced. These polymers exhibit a new band at
ca. 1030−1050 cm−1 for the C−OH stretching vibration,
indicative of the presence of the α-hydroxyl ketone linkage.
Since the signals of fingerprint region at 700−900 cm−1 show
no obvious change, the aromatic rings of monomers are
preserved in the skeletons of the resultant polymers after
condensation.

A more detailed analysis of the structure of the obtained
polymers was performed by solid-state 13C CP/MAS NMR
spectroscopy. The 13C chemical shifts of these polymers are
similar to each other. Typically, the spectrum of BPOP-3 shows
two major resonances at 141 and 128 ppm, which can be
assigned to the substituted and unsubstituted aromatic carbon
atoms, respectively (Figure 4). However, an additional peak

that is the signal of the carbon atoms linked to nitrogen atom
appears at the spectra of BPOP-1 and BPOP-2 (Figures S4 and
S5, Supporting Information). The carbonyl group of α-hydroxyl
ketone is observed at 180 ppm, while 188 ppm may be ascribed
to the terminal formyl groups. The peak at 78 ppm is also
observed for the α-hydroxyl carbon atom. However, the peak at
180 ppm is almost invisible in the spectra of BPOP-1 and
BPOP-2 (Figures S4 and S5, Supporting Information). It is
probable that a little carbonization (Table S1, Supporting
Information) results in a low intensity of some peaks at 180
ppm. The resonance at 19 ppm is ascribed to the methyl group
of the residue p-toluene sulfonic acid, which can not be
removed by simple Soxhlet extraction with organic solvents.
Energy-dispersive X-ray (EDX) analysis of the obtained
polymers is also utilized to evaluate the purity of polymeric
phase. It was found that nitrogen element exists in the polymers
of BPOP-1 and BPOP-2, and trace sulfur in the skeleton of the

Figure 2. Thermogravimetric analysis (TGA) of BPOP-1, BPOP-2,
BPOP-3, and BPOP-4.

Figure 3. FT-IR spectra of 1,3,5-tri(4-formylphenyl)benzene (M3)
and BPOP-3.

Figure 4. Solid-state 13C CP/MAS NMR spectrum of BPOP-3
recorded at MAS rate of 5 kHz. Asterisks (*) indicate peaks arising
from spinning side bands.
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resulting polymers was also detected in EDX index. (Figures
S7−S9, Supporting Information)
The morphology of the obtained polymers was investigated

by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) measurements. The SEM images
reveal regular microspheres of 3.5−5.0 μm for these BPOPs
(Figure 5). The surfaces of microspheres are not smooth,

consisting of irregular nanoparticles and nanoplatelets. The
high contrast between the dark edges and the bright central
part in the TEM images (Figure 5) and some broken spheres in
the SEM images (Figure S10, Supporting Information) reveal
the hollow nature of the BPOPs spheres. The thickness of wall
is estimated as 150−200 nm. This kind of hollow structures
were also observed in other kinds of polymers such as
imidazolium salts-based organic networks38 and conjugated
poly(aryleneethynylene) networks.9 The Oswald ripening
mechanism is prevalently known regarding the template-free
formation of hollow structure. In the SEM images, some
microspheres with much thicker wall, are observed from the
samples (Figure S10, Supporting Information). Thus, our
process seems to follow this ripening mechanism.
Nitrogen adsorption−desorption isotherm measurements

can analyze the porous properties of microporous networks.
Figure 6a shows the nitrogen adsorption−desorption isotherms
of BPOP-1−BPOP-3 (Figure S11 for BPOP-4, Supporting
Information). The isotherms show a high gas uptake at the
relative pressure (P/P0) less than 0.02, a flat course at the
middle relative pressure, and a sharp gas adsorption at the high
relative pressure, especially for the isotherm of BPOP-3,
indicating a significant microporosity and macroporosity in the
obtained polymers. The presence of macroporous structure can
be interpreted as the interparticulate voids arising from the
loose packing of some hollow spheres as seen from the SEM
images.39 A little hysteresis of the isotherms is observed,
indicative of a little swelling efficiency of the polymer matrix
resulted from a high degree of benzoin condensation of our
polymers.2,40 The specific surface area is calculated by
employing the Brunauer−Emmet−Teller (BET) approach
over different pressure ranges.41 (Figure S12, Supporting
Information) The obtained values, which are comparable with
other microporous organic networks,6 are summarized in the

Table 1 and S2. The highest BET specific surface area up to
736 m2 g−1 was obtained for the polymer BPOP-3 with a total
pore volume of 1.09 cm3 g−1 determined at P/P0 = 0.99.
Because of the conformational flexibility of tripod-like structure
of triphenylamine unit, the specific surface area of BPOP-1 and
BPOP-2 is lower than that of BPOP-3. However, BPOP-4
containing the longest monomer strut length possesses the
lowest value.9 As calculated by using original density functional
theory (DFT), Figure 6b shows the pore size distribution
(PSD) profiles of BPOP-1−BPOP-3, in which two steep peaks
are located at ca. 0.73 and 1.27 nm in the micropore area,
whereas the content of the mesopore is little. However, a great
amount of macropores can be seen from PSD profile of BPOP-
3.
The hydrogen and carbon dioxide adsorption properties of

the polymers were also investigated by volumetric method
(Figure 7 and Table 1). Hydrogen storage capacities for these
polymers vary between 1.09 and 1.42 wt % measured at 77 K
and 1.0 bar. Abnormally, a relatively high hydrogen uptake
value for BPOP-4 is over expected for polymers with such a
low BET specific surface area. It is probable that the polymer
BPOP-4 might have a great amount of ultramicropores which
can be accessible by hydrogen, while inaccessible for nitrogen.42

There is no correlation relationship found between the
hydrogen uptake and the BET specific surface area for
BPOP-1, BPOP-2, and BPOP-3. Therefore, the other pore

Figure 5. (a, b)SEM and (c, d) TEM images of (a, c) BPOP-1 and (b,
d) BPOP-3.

Figure 6. (a) Nitrogen adsorption−desorption isotherms of BPOP-1
(square), BPOP-2 (uptriangle), and BPOP-3 (circle) at 77 K. The
isotherms of BPOP-1 and BPOP-2 were offset by 100 cm3 g−1 for the
purpose of clarity. (b) PSD profiles calculated by the original DFT
method. The PSD profiles of BPOP-2 and BPOP-3 were offset by 1
unit for the purpose of clarity.
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parameters (pore size, pore volume, and pore size distribution),
polar linkage (α-hydroxyl ketone) and heteroatom (nitrogen)
are important factors to the determination of the hydrogen
sorption performance. The adsorption isotherms for the
polymers BPOP-1 and BPOP-3 show a rather high capacity
for carbon dioxide, 15.3 wt % (78 cm3 g−1, STP) and 11.7 wt %
(59 cm3 g−1, STP), even though BPOP-1 possesses a lower
specific surface area than that of BPOP-3. This adsorption
amount of our polymers has exceeded some metal−organic
frameworks43 and zeolitic imidazolate frameworks.44 The
nitrogen atoms in the polymeric skeleton should play an
important role in determining carbon dioxide uptake.23 The
high charge density at the nitrogen sites can facilitate local-
dipole−quadrupole interactions with carbon dioxide.45 How-
ever, carbon dioxide capacity for BPOP-2 that possesses a
similar specific surface area to BPOP-1 is much lower. The

porosity properties of microporous networks are also a crucial
factor.

■ CONCLUSION
In summary, we have demonstrated a facile approach to prepare
microporous organic networks through benzoin condensation.
This reaction was used to synthesize nanoporous polymers for
the first time on the basis of the self-condensation of
multiformyl-containing monomers. Four α-hydroxyl ketone
linked polymers were obtained, and they possess modest BET
specific surface area up to 736 m2 g−1. FT-IR and solid-state 13C
CP/MAS NMR spectroscopy confirm the α-hydroxyl ketone
linkage of the obtained polymers. From the SEM and TEM
images, the hollow microspheric morphology can be observed.
Gas adsorption investigation shows that the obtained polymers
possess a moderate hydrogen capacity and carbon dioxide
uptake. These excellent performances would make our
polymers become promising materials for gas storage.
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