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Although a significant progress has been achieved in the field
to synthesize advancedmicroporous organicmaterials via linking
organic building units into polymer networks, it still remains very
difficult to fabricate the porous organic structures having the per-
manent microporosity due to the softness of organic molecules.1

Meanwhile, Yaghi and co-workers have recently demonstrated
that the synthesis of covalent organic frameworks (COFs)2 having
themicroporosity is feasible by the condensation of boronic acid.
In addition, recently a large number of microporous organic net-
works such as covalent triazine-based frameworks (CTFs)3 and
conjugated microporous polymers (CMPs)4 have been also syn-
thesized by linking the proper organic building units.

Microporous organic materials can provide the high surface
areas, large pore volumes, and good chemical/thermal stabilities,
thus having the great potentials for many applications including
the storage for renewable hydrogen, the capture for carbon di-
oxide related to the greenhouse effects,5 the removal of the dyes
contaminated in water,6 the heterogeneous catalysts for synthesis
of chemicals,7 and the photocatalysts for water splitting.8Despite
these advantages, the conventional microporous materials gene-
rally do not have the functional groups allowing themodification
into their versatile derivatives. In this view, it will be on a unique
and novel approach if we could develop the microporous nano-
structures linked with functional organic building units such as
acetylene gas, which enables the modification after the synthesis,
like organometallic complexes decoration9 ormetal cation-doped
porousnanostructures10 capableof beinganchoredon the functional
organic linkers.

Among microporous organic materials, CMPs are of great
interest because they have high surface areas and potential for
organic electronics due to its conjugation. In general, CMPs with
buildings unit having triple bond are synthesized by Sonogashira
coupling reaction11 connecting the alkynemonomer to the halogen
monomer. In order to develop a cheap synthesis method allow-
able for themassive production of CMPs, it is necessary to reduce
the synthesis process which is using two step-coupling reactions.
Here, we report the facile method to synthesize microporous
nanostructure so-called “acetylene mediated conjugated micro-
porous polymers (ACMPs)” with functional linkers via the one-
step Sonogashira reaction. In our approach, the iodine-terminated
building units were directly linked by the triple bond of acetylene
gas via one-step coupling reaction. Three types of ACMPs have
been synthesized in this work. The starting building units andmea-
sured physical properties such as specific surface areas, pore vol-
umes, andCO2 adsorption capacities of ACMPs are summarized

in Table 1. ACMP-C was fabricated by linking tetrakis(4-iodo-
phenyl)methane with an acetylene gas, whereas ACMP-C6 and
ACMP-N were synthesized from 1,3,5-tris(4-iodophenyl)benzene
and tris(4-iodophenyl)amine, respectively.

The structures with the triple-bond linkages have been con-
firmed by the solid-state 13C CPMASNMR, as seen in Figure 1a
where the chemical shift of a triple-bonded carbon corresponds to
the peak at around 90 ppm. In addition, all of the carbon signals
of the ACMPs were properly assigned with no residual carbon
chemical shift. The 13CCPMASNMRspectra for the triple-bond
linkage of the ACMPs were found to be consistent with those
obtained fromFT-IRmeasurements, where the C-C triple bond
is giving the signal at 2200 cm-1 (Figure 1b).

The specific surface area, the pore volume, and the pore size
determined using theN2 isotherm at 77K, as shown in Figure 2a.
All ACMPs led to type I N2 isotherms, indicating that the poly-
mer networks have microporosity. The hysteresis of the isotherm
is considered to be attributed to the swellingof the polymer networks
in the condensed nitrogen.12 The calculation of the Brunauer-
Emmett-Teller (BET) surface area shows the values for 629m2/g
forACMP-C, 380m2/g forACMP-C6, and 46m2/g forACMP-N,
as summarized in Table 1 with their Langmuir surface areas.
ACMP-C gives the highest BET surface area. This is because the
geometry of the starting material for ACMP-C has the tetra-
hedrally oriented iodine terminals suitable for formation of the
microporous networks.

Meanwhile, ACMP-C6 was synthesized using a planar-type
starting building unit with three iodine terminals less suitable for
formation of 3-dimensional networked nanostructures compared
toACMP-C, as demonstrated by the smaller BET surface area of
308 m2/g compared to that for ACMP-C. The starting building
unit of ACMP-N is on the incomplete tetrahedron-type unit
along with one lone pair electron, thus leading to a sparse net-
work structure. This is expected to make the micropore network
of ACMP-N very difficult to be accessed by N2 molecules, and
it resulted in the low BET surface area. It is noteworthy that
NCMP-113having the samepolymernetwork structureasACMP-N
has been synthesized by the coupling reaction between alkyne
monomer and halogen monomer, and it shows a relatively high
BET surface area of 968 m2/g. The surface area difference bet-
ween ACMP-N and NCMP-1 suggests that the further study
about optimization of reaction kinetics could lead to ACMPs
having high surface areas. The total pore volumes calculated at
P/P0 = 0.99 for these three structures are also estimated to
have 0.33 cm3/g for ACMP-C, 0.31 cm3/g for ACMP-C6, and
0.054 cm3/g for ACMP-N. The pore size distribution of the
ACMPs was calculated using Autosorb data-reduction software
(version 1.55) from the N2 isotherm using quenched solid density
functional theory (QSDFT) with a N2 slit pore kernel at 77 K.
The pore size distributions of ACMPs are found to give 8.5 Å
for ACMP-C, 9.3 Å for ACMP-C6, and 9.3 Å for ACMP-N (see
Figure 2b). The amount of micropores showed a tendency pro-
portional to their surface areas.

Figure 3a shows the molecular models for ACMPs generated
using the Materials Studio 4.1 modeling package. All models
were fully optimized usingmolecular dynamics simulationmodule
with the COMPASS force field.14 From the model calculation,
we have found that the tetrahedral-type starting building unit of
ACMP-C is feasible to make the cross-link with acetylene build-
ing unit, which leads to a high surface area. Meanwhile, in the
case ofACMP-C6, the starting building unit is on the planar type,

*Corresponding author: Faxþ82-42-350-3310; Telþ82-42-350-3338;
e-mail jeungku@kaist.ac.kr.



Communication Macromolecules, Vol. 43, No. 13, 2010 5509

so that the cross-linking is not high rather than that forACMP-C,
which explains a lower surface area of ACMP-C6 than that of
ACMP-C. Furthermore, the starting building unit ofACMP-N is
hard to make the cross-link because the bent starting building
unit due to the lone pair electron of nitrogen atom do not offer
the proper cross-linking angle. Therefore, ACMP-N leads to the
lowest surface area because the low cross-linking results in a
small amount of micropores. Parts b and c of Figure 3 show scan-
ning electron microscope (SEM) images and high-resolution field

emission transmission electron microscopy (FE-TEM) images of
ACMPs, respectively. The SEManalysis shows that the morpho-
logies of the ACMPs are based on the structures assembled by
only the sphere phase with 10-100 nm scale sizes. A thermal-
gravimetric analysis reveals that theACMPs are stable up to 300 �C
and that the maximum weight loss occurs at the temperatures
above 500 �C. The ACMPs are stable in water and in general
organic solvents such as chloroform, THF, acetone, methanol,
hexane, and N,N-dimethylformamide.

Figure 4 shows the adsorption and desorption properties for
CO2determined through the volumetricmeasurements at 195, 273,
and298K. It is found thatACMP-Cshows thehighestCO2adsorp-
tion capacity among ACMPs. The CO2 capacity of ACMP-C at
1.06 bar was 503.4 mg/g at 195 K, 68.8 mg/g at 273 K, and 47.5
mg/g at 298 K. Compared to one of metal-organic frameworks
(IRMOF-1), ACMP-C shows the smaller CO2 capacity at 195 K
and 1 bar conditions by 3 times than 1489 mg/g15 for IRMOF-1
having the largeBET surface areaof 3800m2/g.However, at 273K,
ACMP-Cwith the capacity of 68.8mg/g at 1 bar showed the larger
capacities compared to 66.1 mg/g15 for IRMOF-1 and 59 mg/g16

for the covalent organic framework (COF-5), having 1670 m2/g
BET surface area. Meanwhile, the CO2 adsorption property of
ACMP-Nwas 507.7mg/g at 1.06 bar and 195K, almost identical
to the 503.4 mg/g for ACMP-C, despite the fact that the surface
areaofACMP-N is∼13 times smaller than that ofACMP-C.The
characteristics for adsorption of CO2 on ACMP-N are considered
to be attributed to the lone pair electrons of centered nitrogen
atoms. These lone pair electrons would not be suitable for forma-
tion of the ideal network structure since they do not offer linking
parts with other building units and the angle of the starting
building unit differs slightly from a complete tetrahedral orienta-
tion. Meanwhile, the lone pair electrons appear to play an
important role in that they can provide interaction sites through
dipole-dipole interactions,17 thus enhancing the carbon dioxide
adsorption properties. For metal-organic frameworks (MOFs),
to enhance the interaction between adsorbates and adsorbents,
an open-metal site is commonly used.18 We identify that the cen-
tered nitrogen of ACMP-N with the lone pair electron is playing
the similar role to the open-metal site ofMOFs. Another possible
reason for the high CO2 uptake of ACMP-Nmight be attributed
to the smaller kinetic diameter for CO2 of 3.3 Å than that for N2

of 3.64 Å,19 such that CO2 molecules could access smaller pores
which N2 molecules are so difficult to access. Meanwhile, to give
themore clear clarification, theConnolly surface areas alongwith
the pore volumes20 were calculated (see Supporting Information
for the method, surface areas and pore volumes), and calculated

Table 1. Reaction Scheme, Surface Areas, Pore Volumes, and CO2 Adsorption Capacity of ACMPs

aACMPs were synthesized by coupling reaction between starting building unit (halogen monomer) and acetylene gas. bTotal pore volumes were
measured at 0.99 P/P0.

cThe CO2 isotherm was measured at 1.06 bar, 195 K.

Figure 1. (a) Solid-state 13C CPMAS NMR of ACMPs. The asterisk
denotes the spinning sideband. (b) FT-IR spectrum of ACMPs.
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surface areas are 5242 m2/g for ACMP-C, 2551 m2/g for ACMP-
C6, and 5635m2/g forACMP-N,where the kinetic radius for nitro-
gen of 1.82 Å was used on the periodic modeling structures of
ACMP-C, ACMP-C6, and ACMP-N. These are consistent
with our experimental data in that the surface area for ACMP-C
is almost twice larger than that for ACMP-C6. However, the
calculated surface area ofACMP-N is similar to that forACMP-C.
In this view, we consider that the collapse of micropores in
ACMP-N having a sparse network structure (Figure S4) resulted
in the decreased pore diameter of ACMP-N and gave a small
surface area from the experiment becauseN2 cannot penetrate the

pores while the small kinetic diameter of CO2 could access to
ACMP-N. Also, when the temperature increases from 195 to 273
and 298 K, the CO2 uptake of ACMP-N decreases compared to
ACMP-C, as seen in Figure 4b,c. This demonstrates that the
increased kinetic diameter of CO2 at high temperature prevents
penetrating into the pores of ACMP-N, although it has lone pair
electrons on nitrogen atom for a good interaction site with CO2.

In conclusion, the facilemethod to synthesize “acetylenemedi-
ated conjugatedmicroporous polymers (ACMPs)”with the func-
tional linker of a triple bondhave been developed for the first time
via the one-step Sonogashira coupling between the acetylene gas

Figure 2. (a)N2 adsorption (filled symbol) anddesorption (open symbol) isotherms ofACMPs. (b) Pore size distributions ofACMPs calculated by the
QSDFT method.

Figure 3. (a) Amorphousmolecularmodels for ACMPs. C,N, andH are shown in gray, blue, andwhite, respectively. Repeating unit is emphasized as
stickmodel (blue for triple bond and red for other bondings). (b) SEM images of ACMPs; scale bars are on the insets. (c) FE-TEM images of ACMPs;
the scale bars are on the insets.
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and the halogen starting building units. In the formation of poly-
mer networks or organic microporous materials, the acetylene
gaswas used as a building unit. The directmethodusing acetylene
gas as a building unit is on a unique approach to form polymer
networks, in that the conventional two-step reactions to synthe-
size CMPs have been reduced to the one-step coupling reaction.
We also expect that this facile process could be further applied to
synthesize various types of CMPs on a combination of the func-
tional triple bond fromacetylene gaswith the halogenmonomers.
In addition, it was identified that the significant CO2 uptake
capacity of ACMP-Nat 195K are available due to themicropore
network accessible byCO2with the small kinetic diameter, although
themicropore network forACMP-Nwas very difficult to be acces-
sed by the N2 molecules with a relatively large kinetic diameter.
Meanwhile, as the temperature increases, we found that ACMP-C
shows the highest CO2 adsorption capacity among ACMPs with
68.8 mg/g at 273 K and 47.5 mg/g at 298 K. This demonstrates
that the increased kinetic diameter of CO2 at high temperatures
prevents penetrating into the pores of ACMP-N, although it has
lone pair electrons on nitrogen atom for a good interaction site
with CO2. ACMP-C shows the smaller CO2 capacity by 3 times
than 1489 mg/g for IRMOF-1 having the large BET surface area
of 3800 m2/g at 195 K. However, at 273 K, it was also found that
ACMP-C showed the larger capacity compared to the 66.1 mg/g
for IRMOF-1 and CO2 capacity of 59 mg/g for the covalent
organic framework (COF-5) having 1670m2/g BET surface area.
Consequently, these results imply that the selective design of
the starting building monomer could be very useful to realize the
advanced gas storage materials.
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