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Peptides are fundamental constituents of living matter and
are ubiquitous even in the simplest forms of life. They
represent the first link between prebiotic and biotic sub-
stances and exhibit an extraordinary versatility in the
fundamental functions of living organisms.[1] Peptides are
being used, in both their natural and semi-synthetic forms, as
an aid in the synthesis and implementation of novel functional
molecular devices, such as nanowires, nanofibers, biohybrids,
and biomachines.[2] The results collected to date indicate the
enormous potential of these molecules for development in
chemical applications.

The simplest class of peptides is dipeptides, which
represent the first step of amino acid condensation. A
number of them are uniquely endowed with structural voids
in their crystalline structures, which have proven to be useful
for gas diffusion and gas storage.[3] Dipeptides formed by l-
alanine, l-valine, and l-isoleucine, hydrophobic amino acids,
generate an isostructural (P61) series of porous crystals whose
lattice is sustained by a recurrent charge-assisted hydrogen-
bonding motif. These compounds contain aliphatic, one-
dimensional nanochannels that have developed the topology
of homochiral helices of diverse size and pitch (Figure 1).

Such spaces are potentially suitable as reaction vessels,
and could be used for unconventional polymerizations within
the peptide crystals. Indeed, polymer formation is a systematic
process in biological organisms, and nature uses it to
synthesize macromolecules for information storage, replica-
tion, and the fine control of 3D protein organization.[4] In this
respect, porous dipeptide crystals, with cavities that can
organize monomer arrangement, can function like enzymes,
which impose steric constraints on the reactive substrates to
produce controlled reactions.[5] Although the nanochannels in
dipeptide crystals seem properly shaped for monomer inclu-
sion and polymerization, such biocrystals have never, to our
knowledge, been used as organized polymerization nano-
reactors, in which crystalline order can be transcribed onto
the polymer microstructure.[6] We explored the feasibility of
artificial polymerization within the porous dipeptide crystals,
and now report the first in situ g-ray-induced solid-state
polymerization of acrylic and diene monomers in crystals of
naturally occurring dipeptides. Acrylonitrile, pentadiene, and
isoprene were used as monomers in the porous crystals of l-
alanyl-l-valine (Ala-Val), l-valyl-l-alanine (Val-Ala), l-iso-
leucyl-l-valine (Ile-Val), and l-valyl-l-isoleucine (Val-Ile),
which have channels with diameters of 5.0, 4.7, 3.9 and 3.7 �,
respectively.[3a] Gamma-ray-induced polymerization led to

the construction of regular polymers and their crystalline
nanostructured adducts. Moreover, native poly(acrylonitrile)
(PAN) chains extended in nanochannels can undergo inter-
molecular cyclization to ladder polymers and, eventually, be
graphitized to yield carbon fibers. Because of the facile
removal of the dipeptide crystal scaffold by vaporization or
dissolution in water, the polymer fibrils are generated as
replicas of the pristine crystals, enabling control over the
polymer structure at the higher hierarchical level of morphol-
ogy.[7]

Dipeptide crystal/monomer adducts were prepared by
absorbing the monomer from the vapor phase on previously
evacuated microporous samples. The driving force for the
absorption was the stability of inclusion compounds formed
spontaneously at the vapor pressure of the pure monomers.[8]

The highly-penetrating, ionizing g-ray radiation (60Co source)
generated the initiating radicals to promote polymerization.
Such penetrating g-rays offer the advantage of a homogeneous
distribution of radical generation, and avoid the formation of
by-products from chemical initiators. After irradiation, the
sealed samples were left to polymerize for at least a week at
room temperature, yielding dipeptide crystal/polymer
adducts.

The dipeptide crystal/polymer adducts preserve their
crystallinity, giving a hexagonal structure (space group P61)
with XRD reflections as sharp as the pure porous dipeptide

Figure 1. a) Chemical formula of the dipeptides. b) Crystal structure of
porous Ala-Val compound showing the empty channels along the c-
axis in blue and yellow. c) Schematic representation of the monomers
and dipeptides used for the polymerization process.
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crystals, indicating that upon monomer sorption, irradiation,
and polymerization the entire structure undergoes no dra-
matic changes (Figure 2). Powder X-ray diffraction patterns
of the dipeptide crystal/polymer adducts compared to the
pristine porous dipeptide crystals indicate a slight unit-cell-
volume increase upon in situ polymer formation, as evaluated
by refinement of the XRD patterns: the a- and b-axes expand
to accommodate the guest polymer while the c-axis shrinks
slightly (see Supporting Information).

Thermogravimetric analyses, performed under non-oxi-
dative conditions, enabled us to quantitatively evaluate the
guest content of each adduct. The pure dipeptide crystals
showed no mass residue above 300 8C while dipeptide crystal/
polymer adducts exhibited a mass residue, by which we could
determine the polymer content. In the case of the Ala-Val/
poly(acrylonitrile) compound (Ala-Val/PAN), assuming a mo-
nomer unit repeat distance of 2.5 � for the PAN chain in the
stretched conformation and the structural parameters of the
dipeptide channels, we could calculate a pore filling of 90 %.
High yields of PAN, close to complete channel loading, were
also achieved in the narrower Val-Ile crystal channels.
Moreover, the isoprene monomer polymerized at high
yields in the larger pores of Ala-Val and Val-Ala (about
80% pore filling).

SEM micrographs showed, after polymerization, morpho-
logically unaltered crystals with neat edges, indicative of the
absence of polymerization on the crystal surfaces or in the
intercrystalline spaces (see Supporting Information). The
occurrence of polymerization exclusively within the crystal
channels is shown by the absence of a glass transition or
polymer melting in the differential scanning calorimetry
(DSC) scans.[9]

The molecular weight of the polymers after dissolution of
the peptide crystal in water ranges from 50 to 150 kDa
(Mark–Houwink parameter: K = 0.032 mLg�1 and a = 0.75)
for PAN, from 20 to over 68 kDa for poly(pentadiene) (PPD),
and from 100 to 156 kDa for poly(isoprene) (PI; masses from
gel permeation chromatography (GPC) in tetrahydrofuran
(THF)). The high molecular mass of the resulting polymers
suggests that the propagating radicals are long lived, and
promote the polymerization over a large number of monomer
units. Insight into the polymer microstructure was obtained by
1H and 13C solution NMR spectroscopy. The 13C NMR spectra
of PPD polymerized in Ala-Val (Figure 3a) featured the
characteristic signals of the 1,4-trans polymer without regio-
chemical errors or pendant vinyl groups.[10]

Figure 2. Synchrotron-source powder X-ray diffraction patterns of Ala-
Val/PAN, Ile-Val/PAN, Val-Ile/PAN nanocomposites (a, c,e) and porous
Ala-Val, Ile-Val, Val-Ile crystals (b,d, f). g) Thermogravimetric traces of
the three Ala-Val nanocomposites with respect to the pure dipeptide.

Figure 3. 13C solution NMR spectra of a) 1,4-trans-poly(pentadiene),
b) 1,4-trans-poly(isoprene), and c) isotactic PAN, as extracted from Ala-
Val/polymer nanocomposites.
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The formation of a linear 1,4-trans polymer is the finger-
print of in-channel polymerization because the confinement
to channels makes bulkier monomer-unit configurations (1,4-
cis and 1,2-) sterically forbidden, thus selectively yielding the
polymer with the best fitting configuration for a channel
cross-section of about 5 �. Further expansion of the methyl
region of the NMR spectrum enables the elucidation of
polymer stereochemistry. The CH3 signal split into three
peaks, each assigned at the triad level: dC = 19.96 ppm
(isotactic, mm), 20.00–20.05 ppm (heterotactic, mr and rm),
and 20.11 ppm (syndiotactic, rr). Peak simulation demon-
strates Bernoullian statistics with relative peak integrals in
a 1:2:1 ratio. Similar results were obtained for polymerization
in Ile-Val and Val-Ile microporous systems (see Supporting
Information), demonstrating the general behavior of topo-
chemical polymerization in such biological materials.

Isoprene polymerization was undertaken with the aim of
synthesizing 1,4-trans-poly(isoprene), produced naturally by
plants using enzymatic synthesis.[11] Figure 3b shows the
13C NMR spectrum of PI obtained in Ala-Val nanochannels.
The main five resonances show repeat units containing five
carbon atoms in a regular head-to-tail 1,4-trans configuration.
A more detailed analysis of the methylene region (dC = 27 and
40 ppm) can be interpreted at the dyad level, and highlights
the presence of minor amounts of head-to-head hh and tail-
to-tail tt linkages, although the stereoregular 1,4-trans struc-
ture persists. The enlargement of the region at about 135 ppm
(C2) shows a fine structure that is sensitive to monomer unit
triads. The signal intensity distribution with 1:1:1 ratio for
hh,tt tt,ht ht,hh sequences, shows that the growing chain has
the occasional inversion of a single monomer unit; after this
inversion, chain regularity is immediately restored.[12] This
behavior is comparable to that of coordination polymeri-
zation when catalyst control prevails over chain control,
suggesting an analogy between biocrystal pores and catalytic
sites.

13C NMR spectra of the poly(acrylonitrile) freed from
crystal matrices exhibited three signal groups associated with
three carbon nuclei, revealing a regular head-to-tail addition
without regiodefects (Figure 3c). Each of the signals of the
13C NMR spectra showed a fine structure. Methine signals
were used to estimate polymer stereoregularity, showing that
the PAN polymerized in the narrow pores of Ile-Val and Val-
Ile crystals is atactic while the polymer synthesized in the
large Ala-Val pores is isotactic with an m diad content of
78%.[13] From the triad distribution, details of chain stereo-
chemistry can be inferred. In principle, two models can be
considered: a single sindiotactic dyad r inserted in an
extended isotactic sequence, or rr triads cast in an isotactic
sequence (see Supporting Information). The second model is
consistent with our data (mm = 61, mr = 27, and rr = 12),
where a single CN group constitutes an isolated configura-
tional defect in a long stereocontrolled isotactic chain. This
result suggests that a self-correction mechanism, owing to
steric constraints imposed by the crystal, was effective during
the polymerization. Isotactic PAN cannot be obtained by
conventional polymerization methods, the only exception
being polymerization in urea, performed at low temperature
because of the instability of the urea/acrylonitrile adduct

above �25 8C.[6k] In the present case we achieved isotactic
PAN at room temperature, thanks to the remarkable mono-
mer absorption of our “biozeolites” under mild conditions of
temperature and pressure.

A notable advantage of using dipeptides in the zwitter-
ionic form is their rapid dissolution in water at room
temperature, allowing morphological features of the crystal
to be preserved in the polymer. Indeed, polymer fibrils were
obtained in a few minutes by the selective matrix dissolution
of the Ala-Val/PAN nanocomposite, as highlighted by in situ
optical microscopy (see Supporting Information). For com-
parison purposes, the complete dissolution of pure Ala-Val
crystals is also reported. The synthesized poly(acrylonitrile)
fibrils retain the length and aspect-ratio of the original
crystalline nanocomposites, although the polymeric material
can develop a curvature. These fibrils were characterized by
NMR spectroscopy and DSC, and proved to be pure
polymers, completely free of dipeptide molecules.

Moreover, porous dipeptide crystals permitted post-
modification reactions to be carried out on polymers confined
in their nanochannels. Specifically, PAN was transformed into
a polyconjugated ladder polymer by high-temperature ther-
mal intramolecular cyclization involving a nitrile group chain
reaction. PAN macromolecules, encapsulated in the nano-
channels as extended chains, are assisted during transforma-
tion to the ladder polymer by the supramolecular peptidic
scaffold (Figure 4). During thermal treatment the matrix was
easily removed because the dipeptides are vaporized at 270–
320 8C, thus the polymer ladder was freed from the sacrificial
peptidic scaffold without chemical treatment. The formation
of a ribbon of condensed cyclic structures results in polymer
chains with markedly reduced conformational flexibility, thus
further thermal treatment of the rigid chain at 1100 8C under
inert atmosphere, produced graphitic micro-objects retaining
the original aspect ratio and shape of the dipeptide crystals
(Figure 4).[14]

SEM images of the thermally processed adducts showed
that the crystals preserved the needle-like shape, without
collapsing or substantial bending. Statistical analysis of
morphological parameters based on SEM micrographs of
samples at various treatment stages showed that the distri-
bution of needle length did not change (see Supporting

Figure 4. SEM images of a) an individual Ala-Val crystal, b) Ala-Val/
PAN crystalline adduct, c) ladder-polymer fibril after removal of the
crystal, and d) graphitized carbon fibril. Scale bar = 20 mm. Schematic
representation of the process at the molecular level is shown above.
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Information), while the width became smaller (average
thickness changed from 3.1� 1.0 mm for pure Ala-Val crystals
to 1.6� 0.9 mm for carbonized fibrils); this indicates matrix
removal and lateral interchain association upon thermal
treatment. Raman spectroscopy confirmed the graphitic
nature of the fibrils with a consistent G/D band ratio, and
a line width typical of carbon fibers from graphitized
poly(acrylonitrile) (see Supporting Information).[14] The
PAN synthesis and subsequent curing in dipeptide crystals
suggests an unusual way to produce stretched graphitic
carbon fibrils by alignment of the parent PAN in crystalline
nanochannels of that are biological in origin.

In conclusion, we have demonstrated the possible use of
porous dipeptide crystals (“biozeolites”) containing channels
of distinct cross-sections as nanoreactors for topochemical
polymerizations. The diene polymers exclusively exhibited
a 1,4-trans configuration, while control over tacticity was
achieved in poly(acrylonitrile) grown in the channels, pro-
ducing an isotactic polymer at room temperature. The
possibility of transferring the exquisite order and versatility
of porous biological crystals to synthetic polymer structures
opens up new opportunities for reactions in biological media.
This achievement could be useful to current efforts to use
biological molecules for synthetic purposes. Specifically, the
unconventional use of sacrificial peptide crystals for the
preparation of synthetic polymers offers intriguing opportu-
nities for chemists to design controlled reactions in the solid
state.
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