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Porous coordination polymers (PCPs), built up by self-
assembly of metal ions with organic ligands, are of
tremendous interest because of their diverse structures
and significant functions.1 In this area, an increasing
number of papers on controlled reactions within the
regular channels of PCPs have appeared recently report-
ing their applications in heterogeneous catalysis and
ship-in-bottle synthesis.2 Our strategy for a successful
application of PCPs is polymerization ofmonomers with-
in the confined PCP matrices to force polymers into
unusual structures and topologies.3 If the host PCP
templates can then be carefully removed from the com-
posites, the isolated polymers would show unique proper-
ties based on their specific nanostructures and molecular
packing that are different from those of the conventional
bulk polymer systems.3b

Templating techniques for generating porous solids
have been extensively studied in materials science.4

In particular, template synthesis of porous organic poly-
mers has emerged as a promising subject because of the
great potential of porous polymers in chromatography,

sensing, and membranes.5 Several hard matrices such as
silica particles, zeolite, and mesoporous silica have been
used as templates. However, in these systems, most of the
polymers that are obtained after template removal are
meso- or macroporous materials. Moreover, restructu-
ring of the polymer products often results in the collapse
of the porous structures during the isolation process.5c,6

Thus, development of new templating systems for obtain-
ing porous polymers is desired.
[Cu3(BTC)2]n (1; BTC=benzene-1,3,5-tricarboxylate)

has three-dimensional (3-D) interconnected channels
with the pore size of 9 � 9 Å2, and can be used for
reaction catalysts because of the accessible Cu(II) sites on
the pore surface.7 In this paper, we report a feasible
method for providing a porous structure of polypyrrole
(PPy) by oxidative polymerization of pyrrole (Py) in the
3D channels of 1 and the subsequent isolation of the
resulting PPy. To date, such an approach to the synthesis
of porous organic polymers using PCPs as templates has
not been explored.
The oxidative polymerization of Py in 1was performed

as follows. The Py monomer was adsorbed in the channel
by immersion of 1 in Py, followed by removal of excess Py
external to the host crystals under reduced pressure. The
inclusion compound (1⊃Py; number of Py/unit cell of
1=4.3) was then heated at 100 �C for 24 h under an
oxygen atmosphere. In these conditions, oxidative poly-
merization of Py proceeded, with some cross-linkages
occurring, in the framework of 1,8 and finally provided
a black powder composite (1⊃PPy). The solid-state re-
flection spectrum of 1⊃PPy revealed additional absorp-
tions from 350 to 1400 nm, which are attributable to the
formation of PPy in the sample (Figure 1a).3b,9 We
measured X-ray powder diffractions (XRPD) of 1 and
1⊃PPy, and found that the host framework of 1 was
maintained during the reaction (Figure 1b). The relative
peak intensity of 1 was drastically changed before and
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after the guest inclusions, and the peak pattern of 1⊃PPy
seems very similar to that of 1 including water in the
channels.7b This result clearly suggests that PPy is em-
bedded in the nanochannels of 1, which is ascribable to
the change of electron density in the pores.10 Scanning
electron microscopy (SEM) (Figure 2) and analysis of
particle size distribution showed that the particle size,
shape, and surface of 1 were not changed during the
polymerization, showing that the oxidative polymeriza-
tion of Py proceeded only inside the channels of 1. The
formation of PPy inside the channels of 1 was also
confirmed by adsorptionmeasurement, where no adsorp-
tion property of 1⊃PPy was observed.11 When 1⊃Py was
heated under a nitrogen atmosphere, theXRPDprofile of
the final product showed very weak peaks for 1

(Figure 1b) because the formation of Cu(I) induced the
collapse of the host framework, as revealed by X-ray
photoelectron spectroscopy (XPS). In addition, the reac-
tion of Py under oxygen without 1 gave no product, thus
the Cu(II) sites on the pore surfaces of 1 indeed worked as
catalytic sites for the oxidative polymerization of Py.8b

Isolation of the accommodated polymer from 1⊃PPy
was performed by complete dissolution of the host frame-
work in various basic solutions, such as ammonia (pKb=
5.1), tetramethylethylenediamine (TMEDA; pKb = 4.6),
tetrasodium ethylenediaminetetraacetate (Na-EDTA;

pKb = 3.8), or NaOH (pKb = 0.2),12 which successfully
gave polymeric product as a black precipitate. TheXRPD
measurement of the material gave only amorphous pro-
file and did not show the contamination of 1 in the
sample. IR spectrum of the product isolated from
1⊃PPy showed characteristic peaks for the formation of
neutral PPy.8,13 To understand whether the polymer
organization was retained during the isolation process,
we performed SEM on the resulting PPy (Figure 2). The
SEM image of the PPy isolated in ammonia solution
showed that the morphology of the PPy objects is similar
to those of the original host 1 and 1⊃PPy. However, the
sizes of the PPy objects became smaller as 1⊃PPy was
treated with stronger bases, which is consistent with the
results of the particle size distribution measurements. It
has been reported that PPy is insoluble in organic sol-
vents, but shows a slight dispersibility in strongly basic
solutions.14 Because of this affinity, treatment of 1⊃PPy
with stronger bases tore the PPy assembly into small
particles. In contrast, the organization of PPy seems to
be maintained during the isolation process when using
ammonia.
In this polymerization, network structure of PPy was

prepared in 3D channels of 1, and then could be isolated
by removal of the host matrix. To examine the porosity of
the isolated PPymaterial, we carried out nitrogen adsorp-
tion measurements at 77 K. A reference sample of PPy
prepared in the bulk condition did not adsorb the gas
because of the nonporous arrangement of PPy
(Figure 3a). In contrast, the PPy materials prepared in
this work clearly showed an adsorption property, and the
amount of adsorption gradually increased as the weaker
bases were employed for the isolation of PPy (Figure 3a).
This is probably because the PPy chains were restructured
to pack the space efficiently during the treatment with
strongly basic solutions. In this work, the PPy isolated by
ammonia exhibited the maximum adsorption ability, and
the amount of adsorption was almost independent of the
ammonia concentration in the isolation process. Note

Figure 1. (a) UV-vis-NIR spectra of 1, 1⊃PPy, and PPy isolated from
1⊃PPy. (b) XRPD patterns of 1, 1 including water, 1⊃PPy, 1⊃Py after
heating under N2, and PPy isolated from 1⊃PPy.

Figure 2. SEM images of (a) 1, (b) 1⊃PPy, and PPy isolated from 1⊃PPy
by treating with solutions of (c) ammonia (2.3 M), (d) TMEDA (1.7 M),
(e) Na-EDTA (1.0 M), and (f) NaOH (1.0 M). Scale bars = 50 μm.
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that treatment of the bulk-prepared PPy with ammonia
solution did not improve the adsorption property, clearly
supporting the template effect of 1. The porosity of the
PPy materials were not so large (BET surface area = 90
m2/g), however, the pore-size distribution for the PPy
isolated by ammonia showed a peak at 1.3 nm
(Figure 3b), where this pore size might reflect the thick-
ness of pore walls in 1 (ca. 1.2 nm). Interestingly, the
porous structure of PPy obtained in our system is stable,

and not affected by treatments with heating at 120 �C or
some common solvents.
Detailed adsorption properties of the PPy material

were examined by using the different adsorbates. In the
adsorption measurement of oxygen at 77 K, the adsorp-
tion amount was much higher than that for nitrogen
(Figure 3b) probably because of the specific interaction
between the electron-sufficient π-conjugated system of
PPy and the electron-deficient oxygen molecules.15 The
adsorption measurement of carbon dioxide at 195 K
(Figure 3b) showed an increase of the adsorption amount
in the low pressure range compared to that observed in
the nitrogen adsorption measurement at 77 K, which
would result from efficient diffusion of CO2 molecules
at higher temperature. From this adsorption profile, the
BET surface area of the PPymaterial could be determined
to be 154m2/g, which is larger than that obtained from the
nitrogen adsorption measurement. In addition, solvent
vapor adsorption measurements of the PPy material
(Figure 3c) showed no adsorption of benzene; however,
it showed a high affinity for hydrophilic molecules. In the
isotherms of hydrophilic molecules such as water and
MeOH, clear hystereses between the adsorption and
desorption curves were observed, which is ascribable to
the effect of the polar amine groups in the PPy structure.16

In conclusion, we have demonstrated a template synth-
esis of PPy in 3D coordination channels to give a polymer
material with a certain porosity. This work has also
unveiled pore functions characteristic of PPy. Recently,
porous organic polymers have been the focus of much
research for applications in storage and separations.17

Our methodology has potential advantages not only for
tailored design of porous structures by tuning the host
matrix or preparation conditions but also for developing
new porous properties based on attractive functions of
polymers.

Acknowledgment. We thank Prof. Y. Chujo of Kyoto
University for access to SEM-EDX apparatus. This work
was supported by PRESTO-JST.

Supporting Information Available: Detailed experimental

procedures, channel structure of 1, XPS, IR, SEM, EDX,

particle size distributions, and adsorption isotherms (PDF).

This materials is available free of charge via the Internet at

http://pubs.acs.org.

Figure 3. (a) Nitrogen adsorption isotherms at 77 K on bulk-prepared
PPy and PPy isolated from 1⊃PPy in various basic solutions. (b)
Adsorption isotherms for oxygen and nitrogen at 77 K and carbon
dioxide at 195 K on PPy isolated from 1⊃PPy in 23 M ammonia. The
inset shows pore-size distribution of PPy prepared in 1 using nonlocalized
density functional theory, determined from N2 adsorption profile. (c)
Isotherms for vapor adsorptions at 298K on PPy isolated from 1⊃PPy in
23 M ammonia. Filled circles = adsorption, open circles = desorption.
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