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Polymers possessing helical conformation in the solid state are in high demand. We
report a helical peptide-polymer via the topochemical ene-azide cycloaddition (TEAC)
polymerization. The molecules of the designed Gly-Phe–based dipeptide, decorated
with ene and azide, assemble in its crystals as β-sheets and as supramolecular helices in
two mutually perpendicular directions. While the NH…O H-bonding facilitates
β-sheet–like stacking along one direction, weak CH…N H-bonding between the
azide-nitrogen and vinylic-hydrogen of molecules belonging to the adjacent stacks
arranges them in a head-to-tail manner as supramolecular helices. In the crystal lattice,
the azide and alkene of adjacent molecules in the supramolecular helix are suitably
preorganized for their TEAC reaction. The dipeptide underwent regio- and stereospe-
cific polymerization upon mild heating in a single-crystal-to-single-crystal fashion,
yielding a triazoline-linked helical covalent polymer that could be characterized by
single-crystal X-ray diffraction studies. Upon heating, the triazoline-linked polymer
undergoes denitrogenation to aziridine-linked polymer, as evidenced by differential
scanning calorimetry, thermogravimetric analysis, and solid-state NMR analyses.

helical polymers j crystal engineering j topochemical reaction j triazoline-linked polymer j
supramolecular chemistry

Nature has a bias toward helicity from microscopic to macroscopic dimensions; some
examples are spiral galaxies, tendrils in plants, Fibonacci spirals in seashells, arrangement
of leaves, flower petals, pine cones, and structures of DNA, proteins, and polysaccharides.
Natural helical polymers such as DNA, proteins, and polysaccharides, play vital biological
functions, such as storage of genetic information, imparting strength by the triple-helical
collagen, aiding molecular recognition, stability, specificity, and special functions of helical
proteins. This plethora of functions played by helical biopolymers generated great interest
in creating both supramolecular (1–14) and covalent helical polymers (CHPs) (15–23).
These synthetic helical polymers have applications in chiral chromatography (24), asym-
metric catalysis (25, 26), chiral recognition (27), optics (28), controlled release (29), circu-
larly polarized luminescence (30), optical memory (31), spin filtering (32), and biomedical
fields (33), among others. As for most applications, polymers are required in their solid
form; thus, it is essential to create the property-imparting helical conformation in their
solid state. Designing polymers with precise molecular conformation and supramolecular
ordering in the solid state is challenging, as solution-synthesized polymers can undergo
conformational change upon solvent evaporation. Synthetic CHPs that are characterized
in the solid state at atomic resolution by single-crystal X-ray diffraction (SCXRD) are very
rare (34–36). Here, we report a regio- and stereospecific single-crystal-to-single-crystal
TEAC polymerization of a dipeptide-monomer containing azide and alkene to the corre-
sponding triazoline-linked peptide-polymer having a left-handed helical conformation.
This strategy of covalent trapping of the supramolecular helical monomer to a helical
polymer in the crystal lattice is of great importance.

Results and Discussion

The orchestration of the reactive groups at a proximal distance in crystals is crucial
for any topochemical reaction (37–47). Peptides that form β-stacks are known to adopt a
head-to-tail arrangement in a direction perpendicular to the stacking direction (48, 49).
This has been exploited for the design of monomers for topochemical azide-alkyne cyclo-
addition (TAAC) polymerization (36, 47, 50–53). However, the recently developed
TEAC reaction is advantageous over the TAAC reaction, as the triazoline units generated
can be denitrogenated to aziridine units, thereby offering the possibility of postpolymeri-
zation backbone modification (54). Also, since the TEAC reaction generates a new chiral
center in the triazoline, the polymerization can be both regiospecific and stereospecific,
which could contribute to the helicity of the resultant polymer. Natural and synthetic
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peptides containing phenylalanine are known to have a greater
propensity to form β-sheets (48, 55). On the other hand, many
β-sheet–dominated natural proteins such as silk and β-keratin are
glycine rich (56, 57). Also, many glycine-containing synthetic
peptides are known to adopt a β-sheet–like conformation (58).
Furthermore, peptides with Gly-Phe units are known to form
β-sheet–like packing (36, 59) (Fig. 1A), and many natural pro-
teins have Gly-Phe repeats, which are essential for their function
(60). Thus, we designed and synthesized the dipeptide 1 as the
monomer. We obtained single crystals of monomer 1 as colorless
needles (melting point, 132 °C) by slow evaporation of its solu-
tion in an equivolume mixture of toluene and acetone (Fig. 1B
and SI Appendix, Fig. S1). The monomer 1 crystallized in the
monoclinic space group P 21 with one molecule in the asymmet-
ric unit (Fig. 1B and SI Appendix, Tables S1 and S2). The pep-
tide backbone adopts a C-shaped conformation (SI Appendix,
Fig. S2). The azide is disordered over two positions with an occu-
pancy ratio of 0.62:0.38. In both the positions, its β-N makes an
azide…oxygen interaction (O…Nβ; 3.0 Å) with the carbonyl
oxygen (61). The monomer molecules are assembled as β-stacks
through N-H…O and C-H…O H bonds along the crystallo-
graphic direction “a” (Fig. 2A). The monomer molecules between
adjacent one-dimensional H-bonded stacks are laterally connected
through C-H…N and C-H…O H-bonding interactions along
the “b” direction. The C-H…N H-bonding between alkenyl
hydrogen and γ-N of azide helps in head-to-tail arrangement of
the monomer molecules forming a left-handed supramolecular
helix along the crystallographic “b” direction (Fig. 2B). These
supramolecular helical chains are stacked in perpendicular direc-
tion through N-H…O H-bond, resulting in an exotic helical
sheet-like assembly (Fig. 2C). The solid-state circular dichroism
(CD) spectrum of the monomer 1 shows double-negative

maxima at 249 nm and 237 nm with a positive maximum at
228 nm, supporting helical assembly in the crystal (Fig. 2D).

The azide and alkene units between adjacent monomer mol-
ecules in the supramolecular helices are parallelly arranged. The
distances between their termini are 3.6 and 4.8 Å (Fig. 2B),
suggesting that they are preorganized in a reactive arrangement.
We have investigated the reactivity of the monomer 1 single
crystals at various temperatures. The crystal did not react at
temperatures below 80 °C even after 18 d, as evidenced by 1H
NMR spectroscopy. At 80 °C, there was no reaction until the
sixth day; on the seventh day, the mixture was only partially
soluble in all common solvents such as dichloromethane,
CHCl3, MeOH, EtOH, tetrahydrofuran, dimethylformamide,
dimethyl sulfoxide, ethyl acetate, and acetone. The 1H NMR
spectrum of the soluble fraction showed only the presence of
the monomer, suggesting that the polymer formed is entirely
insoluble. After the eighth day, the crystals were completely
insoluble. At 90 °C, the reaction reached this stage in 6 d.
The insoluble material did not melt but decomposed (charred)
at 400 °C. We studied the progress of the reaction by analyzing
the sample before and after the heating (polymerization) using
solid-state infrared (IR), solid-state NMR, powder X-ray dif-
fraction (PXRD), and SCXRD measurements.

The IR spectrum of the monomer showed a prominent peak
at 2,099 cm�1, corresponding to the azide stretching. The
intensity of this peak was found to be diminished in the case of
the heated sample (SI Appendix, Fig. S3). The comparison of
cross-polarization magic angle spinning (CP-MAS) 13C NMR
spectra of the monomer 1 and the heated sample supported the
quantitative TEAC polymerization (SI Appendix, Figs. S4–S6).
A comparison of the PXRD spectrum of the monomer crystals
with that of the heated sample showed apparent changes in the

Fig. 1. (A) TEAC reaction design. (B) Chemical structure, single crystal, and Oak Ridge Thermal Ellipsoid Plot diagram of the monomer 1 (ellipsoids at 50%
probability level).
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diffraction pattern (Fig. 3D). Sharp peaks were observed even
for the heated (i.e., polymer 1) sample, suggesting that the
polymerization reaction occurred, preserving the crystallinity.
Furthermore, optical microscopy of the heated sample con-
firmed that the single crystals remain intact even after polymeri-
zation, and polarizing microscopy showed the birefringence
characteristic of its crystalline nature (Fig. 3A). This suggests
that the polymerization reaction is a single-crystal-to-single-
crystal transformation.
SCXRD analysis of the heated sample revealed the structure of

the polymer. Polymer crystal retained the space group P21 (SI
Appendix, Fig. S7 and Tables S1 and S2). The cycloaddition reac-
tion occurred not only in a regiospecific manner but also in a ste-
reospecific fashion to yield 1,4-disubstituted triazoline-linked
polymer with the absolute configuration (S) for the newly gener-
ated chiral center (Fig. 3A). The observed regiospecificity and ste-
reospecificity are similar to those observed for enzyme-mediated
reactions. While such specificities in enzymatic reactions arise
from the confinement of reactant(s) in chiral enzyme cavities, the
confinement of the complementary reactive groups (azide and
alkene) in a reactive geometry in the chiral crystal lattice imparts
regio- and stereospecificity to this cycloaddition reaction. Since
the polymer crystals are insoluble in most common organic sol-
vents, we estimated the molecular weight and degree of polymeri-
zation from the single-crystal parameters (34, 62). From the

polymer crystal structure, the degree of polymerization and
molecular weight (per micrometer) are estimated to be 1,302 and
374 kg mol�1, respectively (SI Appendix, Fig. S8). A comparison
of the unit cell parameters of the monomer 1 and the polymer 1
suggested increase of the a and c axes by 2.88% and 1.39%,
respectively, but a decrease of the b axis by 6.17%. The signifi-
cant reduction in the b axis is due to the closer movement of
monomer units in view of the formation of the covalent linkage
(triazoline rings) between them.

The polymer chains adopt a helical conformation (Fig. 3B)
and are laterally connected via H bonding between them (Fig.
3C). As expected, the helix exhibits left-handedness with a heli-
cal pitch length of 15.35 Å, and two repeating units make a
complete turn (Fig. 3B). Notably, this left-handedness of the
helical polymer 1 contrasts with the right-handedness generally
found in the natural helical polymers. The overlay of monomer
1 and polymer 1 crystal structures corroborate the perfectly
crystal-engineered TEAC reaction (SI Appendix, Fig. S9). It is
noteworthy that the polymer structure retains helical-sheet–like
architecture with the covalently linked helical chains (Fig. 3C).
In the “b” direction, the helical backbone runs perpendicular to
the β-sheet direction, and such helical chains are connected by
intermolecular hydrogen bonds along the “a” direction. The
lateral helical assemblies in the “c” direction are glued with the
help of weak interactions such as C-H…N H bonding and van

Fig. 2. (A) N-H…O H-bonded molecules forming a β-sheet–like packing along direction “a.” Dotted lines indicate the N-H…O bond. (B) Head-to-tail arrange-
ment of monomer molecules forming a left-handed supramolecular helix along the “b” direction. The blue dotted line indicates the C-H…N bond. (C) View
along “c” direction of supramolecular helical-sheet–like assembly; β-sheet and supramolecular helix in mutually perpendicular directions. Azide (blue) and
alkene (orange) are highlighted in the ball-and-stick model. H atoms and side chains are hidden for clarity. (D) Solid-state CD spectrum of the monomer 1.
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der Waals interaction. The solid-state CD signal of the polymer
is similar to that of the monomer, which also supports the
retention of helical assembly (Fig. 4A). This alluring architec-
ture closely resembles the recently reported cross-α amyloid
structure, formed via the lateral self-assembly of the α-helical
bacterial peptide PSMα3 in a direction perpendicular to the
fibril axis (63). It is noteworthy that there has been much inter-
est in synthesizing peptides adopting such modes of assembly
(64–66). Furthermore, the hardness and Young’s modulus
of the polymer 1 crystal were determined to be 1.15 GPa and
10.66 GPa, respectively, indicating the high strength of the
CHP assembly (SI Appendix, Fig. S11).
Sterically, triazole and triazoline are similar. However, since

the TAAC reaction–derived triazole core is aromatic, it is chal-
lenging to chemically modify it further. In contrast, the triazoline
core can be easily converted to the versatile aziridine core by heat-
ing or photo-irradiation (67). In this context, the TEAC reaction
could result in triazoline-linked peptides whose linkage can be
easily converted into aziridine at will to get a different kind of
polypeptide (Fig. 4B). In order to explore the possibility of con-
verting the triazoline-linked polymer to aziridine-linked polymer
(polymer 2), we have kept a few polymer crystals in silicone oil
and heated them. The process was monitored using an optical
microscope. At the temperature range of 176 to 210 °C, we
observed gas evolution (i.e., bubbles) out of the crystals (Fig. 4C

and Movie S1), which is attributable to the denitrogenation.
Thermogravimetric analysis (TGA) analysis of the polymer 1
crystal evidenced a weight loss of approximately 9% in the tem-
perature range 161 to 205 °C (Fig. 4D), which corresponds to
the amount of nitrogen (theoretical amount, 9.7%) that can be
evolved from the triazoline-linked polymer. Similarly, differential
scanning calorimetry (DSC) analysis showed an exothermic peak
in the temperature range 175 to 210 °C (Fig. 4E) attributable
to the exothermic denitrogenation. The CP-MAS 13C NMR
showed the shift of peaks corresponding to the carbons present in
the triazoline in view of its conversion to aziridine ring (SI
Appendix, Fig. S10). Similar to the protein denaturation at higher
temperatures, the heat-mediated conversion of peptide-based
polymer 1 to polymer 2 alters its helical assembly, as revealed by
the CD spectroscopy (Fig. 4A) and becomes amorphous, as evi-
denced from its PXRD pattern (Fig. 3D). Therefore, at will, one
can convert the triazoline core into aziridine core without any
chemical reagents, and this simple process can act as a turn-off
switch for the crystallinity and helicity.

In conclusion, polymers that display helicity in the solid state
are desirable for important applications like chiral stationary
phases for high-performance liquid chromatography and catalysis.
We have demonstrated a strategy of covalent trapping of supra-
molecular helical polymers to helical covalent polymer in the
crystal by adopting the newly discovered TEAC reaction. The

Fig. 3. (A) TEAC reaction to yield polymer 1. (B) Crystallographic conformation of polymer chains showing helical propagation in the direction “b.”
(C) Helical-sheet–like arrangement of the polymer chains, viewed along the “c” direction. Triazoline rings are highlighted in a ball-and-stick model. H atoms
and side chains are hidden for clarity. (D) PXRD diffractogram of the monomer, polymer 1, and polymer 2.
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designed dipeptide monomer, in its crystals, is organized in head-
to-tail fashion, as supramolecular helices, through weak CH…N
H-bonding between the azide and alkene units of adjacent mole-
cules. The azide and alkene preorganized in a reactive orientation
underwent regiospecific and stereospecific cycloaddition reaction
forming triazoline-linked helical polymer in an SCSC manner.
The left-handed helical polymer thus obtained is insoluble in
most of the common organic solvents and might be a suitable
candidate for many solid-state applications. Also, as the triazoline
can be denitrogenated to aziridine, the polymer linkage can be
easily modified to more a versatile aziridine-linked polymer. This
strategy of translating the weakly linked supramolecular helical
polymer to a robust CHP may elicit interest in synthesizing
many such CHPs via topochemical polymerization.

Materials and Methods

All chemicals were purchased from commercial suppliers and were used without
further purification. All solvents were used after distillation. Reactions were moni-
tored by thin-layer chromatography using precoated silica gel plates (60 F254).
Thin-layer chromatograms were visualized under ultraviolet light at 254 nm and
by heating the plates dipped in the ceric ammonium molybdate staining
solution. Column chromatography was carried out using silica gel (230 to
400 mesh) as the stationary phase. 1H NMR and 13C NMR spectra were recorded
on a 500 MHz and 125 MHz NMR spectrometer, respectively. Proton chemical
shifts (δ) are reported relative to tetramethylsilane (TMS; δ = 0.0) as the internal
standard and expressed in parts per million. CP-MAS 13C NMR spectra were
recorded on an Avance-III HD-700 MHz (Bruker) Two-Bay NMR spectrometer
(16.4 T magnetic field) using a 3.2-mm magic angle spinning (MAS) probe at a

sample temperature∼10 °C. Cross-polarization was done to enhance the sensitiv-
ity of 1H decoupling. A 1H pulse width of 3 μs was used (contact time is 2 ms).
The MAS frequency was set to 10 kHz. 13C chemical shifts were indirectly cali-
brated to the methylene signal of adamantane (41.1 ppm on the TMS scale). Cou-
pling constants (J) are given in Hertz. Protons and carbons were assigned using
two-dimensional NMR spectra such as correlated spectroscopy, heteronuclear
multiple bond correlation, and nuclear Overhauser effect spectroscopy. IR spectra
were recorded using an IR Prestige-21 (Shimadzu) spectrometer.

Melting points were determined by a Stanford Research Systems (EZ-Melt)
melting-point apparatus. Specific rotations were recorded on a Rudolph Autopol
III automatic polarimeter. Elemental analyses were done on the Elementar vario
MICRO cube elemental analyzer. SCXRD data measurements were done via a
Bruker-KAPPA APEX II CCD diffractometer with graphite-monochromatized radia-
tion (MoK [Molybdenum Kα] = 0.71073 Å). The X-ray generator was operated
at 50 kV and 30 mA. The X-ray data collection was analyzed by the SMART pro-
gram (Bruker, version 5.631). All the data were corrected for Lorentzian polariza-
tion and absorption effects using the SAINTPLUS and SADABS programs (Bruker).
SHELXT and SHELXL-2014 were used for structure solution and full-matrix least-
squares refinement on F2. Analysis of the crystal structure was done using Mer-
cury 3.9 software. All the hydrogen atoms were placed in geometrically idealized
positions and refined in the riding model approximation with C-H equal to 0.95
Å, and with Uiso (H) set to 1.2 Ueq (C). PXRD analysis was done using an X’pert
PRO (PANalytics) X-ray diffractometer using Cu as the anode material
(Kα1 = 1.540598 Å). DSC analyses were carried out using a DSC Q20 differen-
tial scanning calorimeter at a 5 °C/min heating rate. TGA analyses were done
using a universal V 4.7A TA instrument at a 5 °C/min heating rate. CD spectra
were recorded on a JASCO (J-815) CD spectrometer with a bandwidth of 10 nm
and scanning speed of 200 nm/min. Nanoindentation was performed using a
nanoindenter (Triboindenter; Hysitron) with force and displacement resolutions
if 1 nN and 0.2 nm, respectively. Indentation was done using a three-sided,

Fig. 4. (A) Solid-state CD spectra of polymer 1 and 2. (B) Schematic representation of the conversion of polymer 1 to polymer 2. (C) Evolution of bubbles
from the polymer crystal on heating. (D) TGA of the polymer 1 showing the weight loss of 9% due to the loss of nitrogen. (E) DSC graph of polymer 1 showing
the exothermic peak due to denitrogenation.
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pyramidal, Berkovich diamond-indenter sharp tip. We made indentations on the
larger face (001) of the polymer 1 crystal. We increased the load up to 1 mN,
with the rate of loading and unloading as 0.1 mN/s. The load versus displace-
ment curves were analyzed using the standard Oliver-Pharr method, and
reduced elastic modulus was extracted as previously reported (68). Young’s mod-
ulus and hardness of the samples were also determined as previously reported
(68). SDs for Young’s modulus and hardness were calculated from several
experiments.

Data Availability. Synthesis and characterization of monomer 1, polymer
1, and polymer 2, including DSC, PXRD, SCXRD, IR, and NMR are provided
in SI Appendix. Movie S1 (Demonstration of N2 bubbling by heating the

crystal kept in immersion oil). The crystal structures of monomer and poly-
mer 1 are available free of charge from the Cambridge Crystallographic
Data Centre under reference numbers CCDC-2142306 and CCDC-2142305,
respectively (69, 70).
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