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’ INTRODUCTION

As a relatively new class of materials, microporous organic
polymers containing pores of dimension less than 2.0 nm show
great potential applications in areas such as heterogeneous
catalysis,1 separation,2 and gas storage.3 Much effort has been
being made worldwide in the attempt to use new building blocks
to assemble various microporous organic polymers over the past
decade. These kinds of materials exhibit pronounced advantages
against other conventional microporous materials (i.e., zeolites,
silica, and activated carbon4) and metal�organic frameworks
(MOFs).5 They have modest specific surface area, and the
polymers totally composed of the light elements (C, H, O, B,
and N) possess quite high gas storage capacity. It is anticipated
that by intensive selection of organic building blocks it will be
possible to vary the functional groups of the polymers and to
introduce specific molecular recognition or catalytic sites.6,7

Additionally, most of the polymers have desirable resistance to
the humid atmosphere even harsh circumstance.8

In the early 1970s, hyper-cross-linked polystyrene was first
introduced to separate the wastes from polluted water and adsorb
organic vapor.9 On the basis of a multiple Friedel�Crafts alkyla-
tion, a series of hyper-cross-linked polymers have been synthe-
sized (such as poly(divinylbenzene-co-vinylbenzyl chloride)
resins,10 poly(chloromethylstyrene)11), where extensive cross-linking
prevents close packing of polymeric chains. If chosen appropriate
building blocks containing nonplanar rigid or contorted
site,12,13 polymers of intrinsic microporosity would be obtained.

Furthermore, Cu/Pd-mediated ethylynyl coupling,14 Pd-mediated
Sonogashira�Hagihara15,16 and Suzuki17 coupling, Ni(COD)2-
mediated Yamamoto coupling,18 FeCl3-mediated thiophene�
thiophene oxidative coupling,19 and Co-mediated ethylynyl
cyclotrimerization19 were extensively employed to synthesize
various microporous polymers. Employing the above-mentioned
methods, amorphous materials are generally formed under kinetic
control. However, covalent organic frameworks (COFs),20 which
are crystalline materials formed by reversible condensation reac-
tions, are different from other microporous materials. They usually
possess more uniform pore size and narrow pore size distribution
and are linked by reversible covalent bonds such as boroxines and
boronates.21 It has been still a great challenge to tune the porosity
of microporous polymers such as specific surface area, micropore
volume, pore size, and pore size distribution by varying the
monomer strut length and spatial orientation. Meanwhile, it is
also an important task to search novel condensation reactions to
construct microporous organic polymers in a much easier way.

The aldol (aldehyde�alcohol) condensation is an exception-
ally useful atom-economical strategy of C�C bond-forming
reaction,22 in which an active enolate is catalytically generated
in situ and integrated into the subsequent addition to aldehydes
or ketones. The aldol condensation plays a crucial role in the total
synthesis of natural products.23 This kind of reaction was
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ABSTRACT: We demonstrated the synthesis of five kinds of micro-
porous organic polymers based on aldol self-condensation of di- and
multiacetyl-containing building blocks catalyzed by thionyl chloride. The
R,β-unsaturated ketone (dimerization) and 1,3,5-trisubstituted benzene
(cyclotrimerization) can be observed in the resulting polymers by
Fourier transform infrared and solid-state 13C CP/MAS NMR spectros-
copy. The regular spheres and nanometer-scaled cavities were also seen
from scanning electron microscopy and high-resolution transmission
electron microscopy images. The highest Brunauer�Emmet�Teller
specific surface area up to 832 m2 g�1 was obtained for the resulting
polymers with a pore volume of 0.48 cm3 g�1. The polymers show great
hydrogen storage capacities (up to 1.56 wt %) at 77 K and 1 bar. These
excellent characteristics would make them become promising candidates
for heterogeneous catalysis, separation, and gas storage.
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originally found by the self-condensation of acetaldehyde.
β-Hydroxyl aldehyde and β-hydroxyl ketone may eliminate
monomolecular water, resulting in the generation of R,β-un-
saturated aldehyde and ketone, if stronger acid or base exists in
the reaction system.24 Silicon tetrachloride and thionyl chloride
can in situ generate hydrogen chloride in the ethanol solution and
thus catalyze aldol self-condensation of the acetyl compounds.
However, there were few examples of microporous polymers
synthesized by aldol condensation routes.25,26 In this article, we
exhibit that a thionyl chloride-catalyzed method is utilized to
prepare microporous organic polymers with modest surface area
through aldol self-condensation. This facile easily processing
procedure is involved with a metal-free method, and the resulting
polymers demonstrate ultrahigh hydrogen storage capacities
from 0.95 to 1.56 wt % at 77 K and 1 bar.

’EXPERIMENTAL SECTION

Materials and Methods. All condensation reactions were oper-
ated using the standard Schlenk line technique. Thionyl chloride, acetyl
chloride, ferrocene, and biphenyl were purchased from Beijing Chemical
Reagent Corp., and thionyl chloride was purified by redistillation.
Ferrocene was purified by sublimation prior to use. Anhydrous alumi-
num chloride was purchased from Aldrich. 1,3,5-Triphenylbenzene,
tetraphenylmethane, and 9,90-spiobifluorene were synthesized accord-
ing to the reported procedures, respectively.27�29 Ethanol was purified
by refluxing with magnesium powder and trace iodine and then distilled
in a nitrogen atmosphere. Dichloromethane, acetone, and other chemical
reagents were used as received.
Preparation of Microporous Organic Polymers. Two different

synthetic approaches (conventional flaskmethod and sealed tubemethod)

were employed in aldol self-condensation for construction of microporous
organic polymers.
A. Synthesis of Microporous Polymers by Conventional

Flask Method. An acetyl-substituted compound (100 mg, M1�M5)
was suspended and stirred in aforehand dried ethanol (10.0 mL). At
0 �C, thionyl chloride (1.00 mL) was added gradually to the solution
with caution, and masses of hydrogen chloride were generated. After 4 h,
the temperature was allowed to rise to room temperature, and then the
mixture was refluxed for 72 h. The yellow solid was filtrated and washed
with acetone, dichloromethane, and ethanol subsequently. The product
was dried in vacuo at 120 �C for more than 12 h.
B. Synthesis of Microporous Polymers by Sealed Tube

Method. The di- or multisubstituted acetyl compound (100 mg,
M1�M5) was suspended in aforehand dried ethanol (4.00 mL). The
mixture was degassed by at least three freeze�pump�thaw cycles. To
the mixture was added thionyl chloride (1.00 mL) at the temperature of
liquid nitrogen. The tube was frozen at 77 K (liquid nitrogen bath) and
evacuated to high vacuum and flame-sealed. After 120 �C for 72 h, the
reaction mixture gave a yellow solid in a quantitive yield. The yellow
solid was filtrated and washed with acetone, dichloromethane, and
ethanol subsequently. The product was dried in vacuo at 120 �C for
more than 12 h.
Instrumental Characterization. 1HNMR spectra were recorded

on a Bruker DMX400 NMR spectrometer, with tetramethylsilane
(TMS) as an internal reference. Solid-state 13C CP/MAS NMR measu-
rements were performed on a Bruker Anence III 400 spectrometer.
Thermogravimetric 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.). The sample was prepared by dispersing the polymers in KBr

Scheme 1. Aldol Condensation of Model Compounds 1 and 2 Give Trimeric and Dimeric Products; Condensation of Multitopic
M4 Leads to Three-Dimensional Microporous Polymer P4
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and compressing the mixtures to form disks, and 15 scans were signal-
averaged. High-resolution transmission electron microscopy (HR-
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 P1�P5 onto a copper grid. 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 P1�P5 on a silicon wafer and then dried.
Nitrogen and hydrogen sorption experimentations were conducted
using an ASAP 2020 M + C surface area and porosity analyzer
(Micromeritics). Before measurement, the samples were degassed
in vacuo at 120 �C for more than 12 h. Specific surface area was cal-
culated from nitrogen adsorption data by Brunauer�Emmett�Teller
(BET) analysis, while pore size and pore size distribution were estimated
through the density function theory (DFT). Total pore volume was
calculated fromnitrogen adsorption�desorption isotherms atP/P0 = 0.97.

’RESULTS AND DISCUSSION

The self-condensation of acetophenone results in a new ben-
zene ring formation with elimination of three water molecules.27

If para-position of the aromatic benzene ring is substituted by an
electron-withdrawing group (i.e., nitro), a dimeric product can be
obtained (Scheme 1). In order to obtain microporous organic
polymers by aldol condensation, various diacetyl (M1 andM2),
triacetyl (M3), and tetraacetyl (M4 and M5) building blocks
(Figure 1) have been prepared and employed in the one-pot
condensation approach. The monomers were suspended and
stirred in ethanol via ultrasonicaion. Thionyl chloride was added
gradually to the solution at 0 �C with caution. After 1 h, the
mixture was heated and refluxed for 72 h, until a series of the
yellowmonolithic polymers (except P5, see Supporting Informa-
tion, Figure S1) formed in quantitive yields. The monolith shows
no detected crack and scatter after washing with acetone and
dichloromethane thoroughly.

Other catalysts were also tested to get high-efficiency con-
densation products. At first, the self-condensation was tried by
using silicon tetrachloride according the reported procedure,27 in
which small triphenylbenzene derivatives were synthesized. The
yield of our aldol reaction is much higher than 100%. Silicon
dioxide is supposed to incorporate into the skeleton of resulting
polymers, resulting in a bicontinuous system. In order to obtain
the organic phase, the formed precipitate must be washed with
harsh solutions, such as concentrated sodium hydroxide solution
or hydrofluoric acid solution. We found that this treatment
inevitably damages the organic frameworks to some extent,
and there is a small amount of silicon dioxide residue left in the
final organic polymers even after careful treatment. However,
successful using this procedure to produce organic polymers
was reported recently.26

Owing to the disadvantage of the silicon tetrachloride/ethanol
catalyst, and on account of the nature of acid catalyst of
hydrochloride, we tried hydrogen chloride gas as the catalyst,
which was generated through dropping concentrated sulfuric
acid into hydrochloric acid. However, no polymer could be
obtained. Considering the limited concentration of hydrogen
chloride gas and open reaction system, the degree of aldol
condensation should be much lower, resulting in the failure in
the preparation of the porous organic polymers. Finally, thionyl
chloride/ethanol was employed in our self-condensation. The
thionyl chloride/ethanol catalyst system is a kind of easy-handled
catalyst, which is volatile and soluble, and so could be removed
from polymers by evaporation and/or Soxhlet extraction with
ethanol. We successfully obtained the porous organic polymers
using the thionyl chloride/ethanol system.

The self-condensation of various acetyl compounds has been
performed in both a conventional flask under an inert gas atmos-
phere and a sealed tube. In both methods, the reactant solution is
treated by freeze�pump�thaw cycles to remove the oxygen and
water. As compared to the conventional flask method, the sealed
tube method provides an isolated oxygen-free reaction system
and anhydrous anaerobic condition. In situ generated hydrogen
chloride in the ethanol solution cannot leave from the reaction
system and can catalyze aldol reaction more efficiently. The
absence of water could shift the reaction equilibrium to di- or
trimerization of acetyl compounds, and elimination of water is

Figure 1. Structures of acetyl building blocks (M1�M5) used to
prepare microporous polymers (P1�P5).

Figure 2. Solid-state 13C CP/MAS NMR spectra of P4 and P5
recorded at MAS rate of 5 kHz. Asterisks (/) indicate peaks arising
from spinning side bands.
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favored. So a higher degree of self-condensation products might
be obtained compared with the conventional flask method.

All the obtained materials show great thermal stability except
for P1 demonstrated by thermogravimetric analysis (Tdec >
375 �C, Supporting Information, Figure S2). The polymer P1,
which is significantly different from the other polymers, shows
one sharp mass lost at 250 �C and residual mass only about
5 wt %. This sharp weight loss can be related to sublimation of
cracked ferrocene units. P2 also exhibits a modest weight-loss
process, whichmight be due to a higher conformational flexibility
of the biphenyl linker. However, P3, P4, and P5 have higher
thermal decomposition temperature and lower mass lost (about
20�30 wt %), which could be explained by the rigid tetrahedral
and contorted spiro-center units in the microporous polymers.

The R,β-unsaturated ketone linked polymers were confirmed
by FT-IR spectroscopy. In all spectra of the five polymers, bands
which can be attributed to the carbonyl stretching of acetyl
monomers at 1680�1690 cm�1 are significantly reduced
(Supporting Information, Figures S3�S7). Absorption peaks at
1675�1685 cm�1 assigned to the stretching vibration of R,β-
unsaturated ketone (�C(O)�CdC�) indicate the presence of a
dimerization linkage (for the possible reaction mechanism see
Figure S8). The characteristic aromatic and aliphatic C�H
stretching vibration bands at ca. 3100 and 2900 cm�1 are also
observed. Most importantly, P2, P3, and P4 exhibit the diag-
nostic band at 1500 cm�1 (Supporting Information, Figures S4,
S5, and S6) for the 1,3,5-trisubstituted C�C stretching vibration
of benzene ring via cyclotrimerization.

A more detailed analysis of the structure of the obtained
polymers was performed by solid-state 13C CP/MAS NMR
spectroscopy. Typically, the spectrum of P4 shows five major
resonances at 194, ca. 140, 128, 65, and 14 ppm (Figure 2 and
Supporting Information, Figure S10). The first one can be
assigned to the carbon atoms of carbonyl group, while the signals
at ca. 140 and 128 ppm can be ascribed to the carbon of aromatic
ring. The possible carbon environments of two kinds of aromatic
substituted atoms were also observed at the peak of ca. 140 ppm,

Figure 3. SEM images of P4 (a) and P5 (b) synthesized by the conventional flask method and P4 synthesized by the sealed tube method (c); HR-TEM
images of P2 (d) and P3 (e).

Figure 4. (a) Nitrogen adsorption�desorption isotherms of five poly-
mers. The isotherms have been offset by 100 units for the purpose of
clarity. (b) Pore size distribution calculated by the DFT method. The
curves have been offset by 1 unit for the purpose of clarity.
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which are split into double peaks. The resonance at 65 ppm can
be assigned to the quaternary carbon atoms originated from the
tetraphenylmethane monomer.30 The methyl group of R,β-
unsaturated ketone in observed at 14 ppm, while 17 ppm may
be ascribed to the acetyl end groups. Remarkably, we did not
observe these peaks at lower chemical shifts (Supporting In-
formation, Figure S11) in the polymer P5, which suggested a
complete self-condensation of the acetyl groups via cyclotrimer-
ization. EDX analysis of all five polymers shows the amount of
oxygen element reduced significantly from P1 to P5. The dimer-
ization linkage exists in the skeleton of polymers, where trace
oxygen element can be detected. Trace sulfur and chlorine
elements which are combined probably into the polymers are
also detected in EDX index (Supporting Information, Table S1).

The morphologies of microporous polymers (P1�P5) were
investigated by SEM and HR-TEM. The SEM images revealed
about 400 nm platelets for P2 and 400�500 nm regular spheres
for P4 and P5, whereas no obvious morphology for P3. They
display the amorphous and wormlike pores observed from HR-
TEM images. For the polymers obtained by the sealed tube
method, their surface of nanospheres became more rough
(Figure 3 and Supporting Information, Figures S12�S14). Re-
markably, the nanometer-scaled cavities can be seen in the edge of
polymeric materials from the Figure 3d,e.

Nitrogen adsorption�desorption isotherm measurements
can analyze the porous properties of microporous polymers.
Figure 4a shows the nitrogen adsorption and desorption iso-
therms for the resulting polymers. They exhibit typical type I
adsorption�desorption isotherms, which show a high gas uptake
at very low relative pressures and a flat course in the intermediate
section. Using conventional flask procedure, modest Brunauer�
Emmet�Teller (BET) specific surface area of 491 m2 g�1

is obtained for P3. Their isotherms display weak hysteresis; the
desorption curve lies above the adsorption curve, indicating a
swelling efficiency of the polymer matrix31 or the prevented
nitrogen molecules accessible from pores32 due to the existence
of ultramicropores (Supporting Information, Figure S15). For
the polymers obtained by the sealed tube method, their hyster-
esis of the isotherm becomes weaker, indicating a high degree of
self-condensation.6 The porous properties of polymers realize
general improvement (Table S2), except for P5. The highest
BET specific surface area of 832 m2 g�1 was obtained for P4 with
total volume 0.48 cm3 g�1 calculated at P/P0 = 0.97, which
contains three-dimensional rigid cross-linking tetrahedral units.
The surface area of P2 is slightly lower than P1 and P3 due to a

higher conformational flexibility of the biphenyl linker.33 As a
contrast, the greatly decreased surface area for P5 may be
attributed to a lower reactivity and thermal stability of multi-
substituted spirofluorene monomer in sealed glass tube.
Figure 4b shows the pore size distribution for the five micro-
porous polymers as calculated using density functional theory
(DFT). In the micropore area, three main peaks can be seen in
the curves.

The hydrogen adsorption properties of the polymers were also
investigated by gravimetric methods (Figure 5). Hydrogen
storage capacities for these polymers vary between 1.13 and
1.56 wt % measured at 77 K and 1 bar. Surprisingly, the polymer
P5 possesses the highest hydrogen storage capacity up to 1.56 wt %,
even though it has a lower surface area. It is anticipated that the
resulting polymer contains great amount ultramicropore which
can not be accessible by nitrogen.34 To best of our knowledge,
these kinds of materials demonstrate ultrahigh hydrogen storage
properties against other microporous polymers with surface area
in the range of 500�800 m2 g�1. This excellent performance
could be due to maximized hydrogen binding energy with a pore
size of 0.70 nm35 according to previous simulation results.
Similarly, the pore size with 0.59 and 0.67 nm exists in our types
of polymers. Additionally, the polar dimerization linkage has
great binding affinity due to dipole�dipole interaction toward
hydrogen probably.36

’CONCLUSIONS

In summary, we have presented a facile approach to prepare
microporous organic polymers through acid-catalyzed aldol
condensation. A series of R,β-unsaturated ketone or trisubsti-
tuted benzene linked microporous polymers were synthesized,
and they all have good thermal stability and modest specific
surface area. For the polymers obtained by the sealed tube
method, their BET surface areas have been improved markedly,
especially for P1 and P4. There are several unique characteristics
to make them become the promising materials for potential
applications: (1) One-pot condensation approach leads to poly-
mer P4 with BET specific surface area of 832 m2 g�1. (2) Only
cheap single monomers are employed, and they are all easily
obtained from Friedel�Crafts acylation reaction. (3) Catalyst
and byproduct can remove easily from reaction system, so no
heavy metal remains that is evitable in other polymers obtained
from organometallic-catalyzed coupling reaction. (4) The polar

Table 1. Porosity Properties and Hydrogen Uptake of
Microporous Polymers P1�P5

polymers monomers

SBET
(m2 g�1)a

Vmicro
(cm3 g�1)b

Vtotal
(cm3 g�1)c

H2 uptake

(%)d

P1 M1 616 0.10 0.42 0.95

P2 M2 451 0.16 0.17 1.13

P3 M3 597 0.14 0.24 1.11

P4 M4 832 0.16 0.48 1.25

P5 M5 259 0.00 0.28 1.56
a Specific surface area calculated from the nitrogen adsorption isotherm
using the BET method. bMicropore volume calculated from nitrogen
adsorption isotherm using the t-plot method. cTotal pore volume at
P/P0 = 0.97.

dHydrogen gravimetric uptake capacities at 77 K measured
at hydrogen equilibrium pressure of 1 bar.

Figure 5. Gravimetric hydrogen adsorption isotherms for P1�P5 at
77 K.
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dimerization linkage has great binding affinity toward hydrogen,
and it also provides a probability of further functionalization.
These excellent performances would probably make them be-
come promising candidates for applications. Our further investiga-
tions of the gas-selective adsorption and heterogeneous catalysis of
these polymers are in progress.
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