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Porous organic polymers, a class of amorphous polymers
exhibiting permanent microporosity, appear to be a resource-
ful area for their potential applications in gas storage,
separation, and catalysis.[1] The scenario of microporous
organic polymers has recently emerged as one of the most
stimulating fields to achieve high-surface-area materials and
large absorption capacities. Their preparation takes advant-
age of the increasing number of modern bond-forming
methods that have opened new synthetic ways for their
construction.[2] Among the most promising microporous
polymers are those constructed by rigid monomers that can
cross-link by coupling chemistry, yielding hypercross-linked
networks with pores of uniform size.[3, 4] Remarkably, poly-
mers constituted by tetrahedral nodes covalently connected
by diphenyl linkers[3] reach exceptionally high surface areas
that are comparable to those of the last generation MOFs and
COFs.[5] In contrast to porous crystalline materials with
coordination bonds, microporous organic polymers do not
usually exhibit long-range order but feature robust and fully
covalent frameworks, expanding both the chemical and
physical operative conditions for applications. The extraordi-
nary chemical stability of microporous organic polymers
makes them ideal for supporting chemical reactions without
framework destruction or loss of porosity. However, despite
the potential of such host frameworks and the expectedly
large monomer uptake, polymerization within their pores has
never been reported.

Herein we propose the use of a prominent ultrahigh-
surface-area porous network consisting by diphenyl linkers
connected by tetrahedral carbon joints (PAF1) as a host for
in situ solid-state polymerization and for the fabrication of
innovative nanostructured materials. Confined-state poly-
merization is an absolute novelty in the field of ultrahigh-
surface-area porous materials (SABET> 5000 m2 g�1). The
diamondoid framework topology imposed by the tetrahedral

building blocks provides open and interconnected pores that
are prone to efficiently capture a large amount of monomer.
The in situ polymerization allowed the synthesis of inter-
penetrated network in which the robust and structured porous
framework serves as both the matrix and the reinforcement
for the engendered polymer (Scheme 1). As a case study, we
explored the polymerization of acrylonitrile because a feature
of the resulting polymer (PAN) is that it thermally transforms
into a rigid and conjugated ladder polymer,[6] thus paving the
way to the development of materials with innovative func-
tional properties.

Polymerization in nanospaces has been studied exten-
sively, and has recently attracted considerable interest as
a novel route to functional materials.[7] It can be considered
a powerful method for controlling polymer architecture over
various hierarchical levels, such as microstructure, morphol-

Scheme 1. Porous aromatic framework PAF1. a) Structural building
blocks; b) a nanochannel of about 14 � diameter (the yellow spheres
depict the space available); c) the polymer formed by in situ polymer-
ization of acrylonitrile within the pores (C brown, H gray, N blue).

[*] Prof. A. Comotti, Dr. S. Bracco, M. Mauri, S. Mottadelli,
Prof. P. Sozzani
Department of Materials Science, University of Milano Bicocca
Via R. Cozzi 53, Milano (Italy)
E-mail: angiolina.comotti@mater.unimib.it

Prof. T. Ben, Prof. S. Qiu
State Key Laboratory of Inorganic Synthesis and Preparative
Chemistry, Jilin University
Changchun (China)

[**] This work was supported by Regione Lombardia, Fondazione
Cariplo, and MIUR. We thank Dr. A. Cattaneo for the support in the
NMR work.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201205618.

Angewandte
Chemie

10283Angew. Chem. 2012, 124, 10283 –10287 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://dx.doi.org/10.1002/anie.201205618


ogy, and nano- and micro-object generation, thus accessing
properties that are distinctly different from those of the
corresponding bulk phases.[8] Intense activity is presently
aimed at developing well-designed synthetic routes for the
fabrication of nanostructured materials, nanocomposites, and
interpenetrating polymers.[9] In this context, the porous
aromatic frameworks (PAFs) could offer an unexplored
opportunity to polymerize into materials with far more
extended interfaces than commonly realized.

The N2 adsorption isotherm at 77 K of the porous network
PAF1 exhibits an extremely high surface area of 5340 m2 g�1

and 7164 m2 g�1 (BET and Langmuir analyses, respectively),
a challenging pore volume capacity of 2.6 cm3 g�1, and
a homogeneous pore size distribution centered at 14 � as
calculated by NLDFT analysis (Figure 1). The porous net-
work was soaked with acrylonitrile monomer containing the
radical initiator 2,2’-azobisisobutyronitrile and, after removal
of the monomer excess, the powder was heated at 100 8C for
4 h under inert atmosphere to accomplish the polymerization.
In the final nanostructured PAF1-PAN, we observed a drastic
reduction of both surface area and pore volume to 356 m2 g�1

(BET) and a 0.16 cm3 g�1, respectively, owing to the polymer
occupying the pores. SEM analysis showed that no excess
polymer was present on the external surfaces of the circa
480 nm nanoparticles (Supporting Information).

Thermogravimetric analysis demonstrated that a remark-
able amount of poly(acrylonitrile) is found in the nano-
composite (Supporting Information). The pristine empty
PAF1 showed, under nitrogen atmosphere, a weight loss of
about 21% at a temperature as high as 550 8C, whilst PAF1-
PAN displayed an overall decrease of 65%. During the
heating process, the intramolecular cyclization, aromatiza-
tion, and carbonization of PAN generated gas evolution,
which consisted of a hydrogen and nitrogen-rich mixture.
Considering these reactions, the amount of poly(acrylonitrile)
in the nanocomposite is calculated to be 55 % by weight.

Independent information concerning the composition of
the nanostructured material was obtained from a quantitative
13C MAS NMR spectrum. It highlights the formation of the
polymer and the absence of residual monomer: the character-
istic signals of poly(acrylonitrile) and host matrix were
observed exclusively (Figure 1b). From the integrals of the
peaks, the polymer content was estimated to be 58 % by
weight. The content of included polymer in the network is
exceptionally high compared to that of confined polymeri-
zation in microporous materials,[7a] and corresponds to
a theoretical pore-filling of at least 80% v/v of the pore
volume based on bulk density of PAN and the total free
volume of PAF. The guest/host ratio is 8.4:1; that is, one
monomeric unit of the guest per each face of host aromatic
ring. Once extracted from the matrix, PAN showed a molec-
ular mass as high as 80 kDa.

Given the absence of crystallinity in PAF1, as in porous
organic polymers in general, XRD cannot be of help to
elucidate the structure of PAF1-PAN. Fast magic-angle-
spinning 2D 1H–13C HETCOR NMR spectra (Figure 2),
performed under Lee–Goldburg homonuclear decoupling,
resulted in a unique observation of intermolecular relation-
ships across the extremely extended interfaces. The 2D
spectra collected at a contact time of 0.1 ms emphasized
only the correlations of the hydrogen and carbon nuclei sitting
at covalent bond distances (Figure 2 a). In contrast, in the 2D
spectrum with a contact time of 0.5 ms, new cross-peaks
between the host aromatic hydrogen atoms (dH = 7.0 ppm)
and PAN carbon atoms (dCH and dCH2

at 28.7 and 34.6 ppm)
clearly appeared. This is a rare case wherein an intermolec-
ular cross-peak is detected at such a short contact time,
demonstrating the close proximity, at the molecular level, of
the poly(acrylonitrile) chains and the aromatic moieties lining
the host pores. At longer contact times, all mutual cross-peaks
between host and guest increase progressively owing to the
strong dipole–dipole nuclear intermolecular interactions. The
intense through-space communication at the host–PAN
interfaces reveals the massive interaction, the intimate
relationship between host and guest moieties, and the
extensively interdigitated nanophases.

Monodimensional 1H wPMLG MAS NMR (Figure 2 f),
indicates that signals for incorporated PAN CH and CH2

groups appear upfield (dH = 2.2 and 1.7 ppm, respectively)
compared to the signals of neat PAN (dH = 3.1 and 2.3 ppm
for CH and CH2 species) owing to the magnetic-susceptibility
effect of the aromatic host rings.[10] Indeed, the two compo-
nents are tightly interwoven and the linear chains are
threaded through the continuous network of the hypercross-

Figure 1. a) N2 adsorption isotherms of PAF1-PAN and pure PAF1 at
77 K. The inset shows the pore size distribution. b) Quantitative 1D
13C MAS NMR (recycle delay of 100 s, 15 kHz spinning speed) of
PAF1-PAN with deconvoluted signals of PAN (red) and PAF1 (blue).
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linked polymer. Although the two polymers would have poor
compatibility and diverging physical properties, the achieve-
ment of such an intimate integration, at the molecular level,
was realized by exploiting the enormous surface area of the
host on which the monomer could be adsorbed. The balanced
composition of the two polymers (about 50% by weight) and
the open windows connecting the cages generate an intriguing
nanostructure wherein the respective roles of host and guest
might be ideally exchanged. In fact, poly(acrylonitrile) can be
thought of as the matrix which incorporates a 3D aromatic
network as a reinforcement grid.

Polymerizations with excess monomer were performed to
yield nanocomposite materials containing PAF1-PAN nano-
particles dispersed in a polymeric continuous phase. The most
remarkable nanocomposite product consisted of 93% PAN
by weight (PAF1-excPAN), as determined by DSC, FTIR, and
NMR spectroscopy (Supporting Information). 2D 1H–13C
HETCOR solid-state NMR spectra showed, in addition to
intense signals of the polymeric continuous phase, host–guest
intermolecular correlations brought about by the intimacy of
PAF1 with PAN within the nanoparticles, thus demonstrating
that PAN was both polymerized inside PAF1 nanoparticles
and in the interparticle space. The aromatic rings of PAF1,
individually exposed to the polymer at the extended inter-

faces, induce multiple and favorable CH···p interactions with
the polymer chains, as demonstrated by the close-contact
interactions between PAN aliphatic hydrogen atoms and
aromatic carbon atoms. Thus, the interactions of PAN chains
with the aromatic groups at the interface ensure that the
continuous phase is firmly anchored to the porous network. It
is worth noting that no reactants are needed to promote
polymer–particle microadhesion, as frequently proven neces-
sary with non-porous nanoparticles.[11] This example showed
the possibility of constructing, in a single polymerization step,
a hierarchical architecture wherein the first-level nanocom-
posite, that is, PAN confined in porous PAF1 nanoparticles, is
embedded in a polymer continuous phase forming the second-
level nanocomposite.

Moreover, the PAF1 matrix can be envisaged as a support
for thermally activated chemical reactions. In fact, in the
PAF1-PAN compound thermal transformations of PAN
within the framework produced an innovative material
composed by two rigid structures: a stiff-chain polymer and
a 3D framework. The first stage of the process involved
exothermal cyclization by the reaction of adjacent nitrile
groups along the polymer chain, which evolves into a poly-
conjugated ladder-structured polymer, containing C=N and
C=C unsaturations (Figure 3a). The DSC run at 10 8C min�1

displayed an exotherm at 290 8C that is due to the intra-
molecular polymerization of nitrile groups. Notably, the
observed temperature of the phenomenon is shifted 20 8C
higher than in the reference bulk PAN (Figure 3 b) because
the kinetics of the transformation is slowed down when the
polymer chains are strictly interwoven with the aromatic
framework, as shown by scans at variable heating rates
(Supporting Information). In other words, a regulatory mech-
anism applies to the confined polymer chains, thus confirming
the extensive interaction of the reacting polymer chains with
the inert host 3D network. The comparison between cyclisa-
tion enthalpy of PAF1-PAN (about 500 J g�1 as normalized on
PAN) and that of neat PAN (550 J g�1) suggested that most
PAN is transformed within the network to the product.
Following the transformation by 13C MAS NMR, we detected
chemical shifts diagnostic of C=N and C=C groups; these new
groups occur at the expense of the nitrile CN and aliphatic
groups. The new resonances were also recognized in the
ladder-structured polymer as obtained from bulk PAN,
demonstrating that the structural transformation of the
PAN in PAF1 matrix follows the same reaction pathway
(Supporting Information). Cross-peaks in 2D 1H-13C
HETCOR MAS NMR of the PAF1-PAN compounds,
heated to 350 8C for 30 min and for 4 h, indicated a short-
distance communication between the ladder polymer formed
in situ from PAN and the framework, thus highlighting, after
curing, the persistence of the intimate entanglement among
the components within the novel semi-interpenetrated mate-
rial (Supporting Information).

FTIR spectroscopy could also confirm the cyclization
reaction of PAN encaged in the PAF1 network (Figure 3c).
After heating the sample under an inert atmosphere from
270 8C to 350 8C, the characteristic band at 2245 cm�1 of CN
stretching disappeared and new bands became visible. The
presence of an intense signal at 1611 cm�1 that is due to

Figure 2. 2D 1H–13C HETCOR phase-modulated Lee–Goldburg (PMLG)
15 kHz MAS NMR of PAF1-PAN at contact times of: a) 0.1, b) 0.5,
c) 1, d) 2, and e) 5 ms. Intermolecular correlations between PAF1 and
PAN are shown in orange, with 13C projections given above. f) 1H
wPMLG MAS NMR of PAF1-PAN at 14 T.
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stretching of -C=N- is a clear demonstration of the occurred
intramolecular cyclization. Notably, the infrared bands of the
host matrix do not change during the thermal treatment,
indicating that the PAF1 network does not undergo any
significant chemical modification up to 350 8C.

The electronic conjugation of the newly-formed double
bonds along the ladder polymer structure conferred, pro-
gressively, a bright yellow, orange and, finally, red-brown
color to the material.[6] The progress of the reaction and the
bathochromic color shift can be regulated by temperature/
time conditions. Optical absorption of the cured nanocompo-
sites in the visible and near-infrared spectra (from 300 to
800 nm) allowed the monitoring, step-by-step, of the reaction
progress, and highlighted the feasibility of the fine-modula-
tion of the structure by programming the curing time and
temperature (Figure 3d). In fact, on increasing the curing
temperature, the absorption profile intensifies at wavelengths
from 500 nm to 800 nm, which correspond to energy gaps
from 2.5 to 1.5 eV. The energy gaps fall in the interval
described for polyconjugated molecular systems with semi-
conducting properties. Thus, in the semi-interpenetrated
network we could selectively transform one of the two
components, and enhance both the electronic properties and
the backbone rigidity of a ladder polymer interwoven with the
aromatic scaffold, thus opening the way to the construction of
unique organic semiconductors in a robust covalent frame-
work.[12] This is an unusual method to fabricate a 3D network
of two rigid and nonmeltable polymers that are not expected
to be blended effectively otherwise.

The present work provided the first evidence of the
feasibility of polymerization in ultrahigh-surface-area nano-
porous materials. Solid-state 2D NMR and complementary
techniques have been effective in describing the intimacy of
the nanophases, polymer confinement, and pore filling.
Through in-depth characterization it was possible to attain
a model in which poly(acrylonitrile) chains interact with the
connectors of the continuous three-dimensional network of
the porous host, resulting in a material that consist of two
distinct, very intimately entangled components. The polymer
therein engendered can be further transformed in situ at high
temperatures thanks to the extremely high thermal robust-
ness of the aromatic framework, which assists the metamor-
phosis of the linear polymer without degradation of its
architecture.

The rapid developments in porous polymer networks, with
increasingly higher pore capacity and surface areas, can be
expected to result in the generation of nanocomposites with
fine-tuned polymer–polymer interactions and a variety of
functions, such as the absorption/emission of light. Moreover,
the modulation of the steric environments and chemical
functions of linkers will provide molecular-level shape
selectivity and chemical reactivity to construct a versatile
platform for the formation of new interpenetrated nano-
structured materials with predesigned properties.
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Figure 3. a) Thermal transformation of PAN into the ladder polymer.
b) DSC of PAF1-PAN (red) and pure PAN (gray). c) FTIR spectra of
porous PAF1 (light blue), PAF1-PAN (blue), and PAF1-PAN (red)
heated to 350 8C. d) Vis/NIR diffuse reflectance spectra of PAF1-PAN
nanocomposites heated at different temperatures and curing times.
The Kubelka–Munk absorption coefficient (F =K/S) is shown.
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