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Introduction

Chirality is a well-known natural materials property with sig-
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Supramolecular helical structures formed by the assembly of biological and bio-inspired building blocks
(typically amino acids, peptides and proteins) are an intriguing class of materials with prospective
applications in sustainable biomedical technologies and electronics. Specifically, short peptide or single
amino acid building blocks can give rise to ideal materials candidates in terms of low cost, adjustability,
and compatibility. Yet, to date, reliable helical topologies with specific handedness have been highly
challenging to obtain. Herein, we present simple N-terminal protected aromatic pyridyl amino acids that
display helicity at the molecular level confirmed by single-crystal X-ray diffraction analysis. The helical
structure is stabilized by strong intermolecular hydrogen bonding between the pyridyl nitrogen and
carboxylic acid groups. By comparing the specific L and b isomers with the pL racemic mixture, we
explicitly demonstrate the influence of amino acid chirality on supramolecular crystal packing, self-
assembly, and electromechanical properties. Atomic force microscopy (AFM) nanoindentation analysis
confirms the strong rigidity of the pL assembly with very high Young's modulus (31.8 + 11.9 GPa)
attributed to the stacked face-to-face dimers with macrocyclic architectures. The present study
provides an effective strategy for precisely formulating supramolecular helical structures, which could
pave the way for the development of new bio-electronic applications of smart chiroptical materials from
functionalised amino acids.

to execute essential biological functions and control of
chirality is essential for crystal engineering, chiroptical, phar-
maceutical and biomedical applications.>> Beyond single-
molecule chirality based on differences in the single-

nificant implications from evolutionary biology to sensing
technologies.”™ A chiral molecule exists in two stereoisomers,
termed enantiomers, that are non-superimposable and com-
prise mirror images of each other, which are often denoted as
“p” or “L” forms. Chiral molecules such as r-amino acids and p-
sugars are utilized in many biological and bio-inspired systems
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molecular structure, supramolecular chirality is also observed
in materials composed of periodic asymmetric assemblies of
molecules (typically, helical and spiral geometry) packed via
non-covalent interactions. These include electrostatic binding
forces, principally hydrogen bonds (H-bonds), and weaker van
der Waals forces which are mainly London dispersion forces
between transient dipoles."*"® Supramolecular secondary
structures consist primarily of o-helix and B-sheet motifs. In
contrast to the B-sheet, the o-helix conformation is more
challenging to obtain, requiring longer amino acid sequences
comprising specific residues.*®° While proteins typically show
right-handed P-helices with rare occurrence of left-handed M-
helices, designed supramolecular helical structures are
becoming more extensively explored for materials science and
technological applications.”"”*> Recently, we have shown
that the supramolecular helical structure formed by a mini-
malistic peptide (Pro-Phe-Phe) confers interesting optical,
mechanical and electrical properties.>*** With directed

This journal is © The Royal Society of Chemistry 2023
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H-bond interactions between donor and acceptor atoms, other
materials have been similarly used to engineer smart crystalline
materials.**' However, to date, supramolecular helical struc-
tures comprising of ultra-short single amino acids or short
(typically, <4) residue peptide sequences have been rarely
reported.>**

Here, we addressed the unmet demand for minimalistic
supramolecular helical assemblies by developing a strategy
based on simple heteroatom-derived aromatic amino acid
derivatives. We designed a 9-fluorenylmethoxycarbonyl (Fmoc)
protected aromatic pyridyl alanine (PyA) amino acid that self-
assembles into a supramolecular helical structure as evidenced
by single-crystal X-ray diffraction study. Further, by exploring
specific isomers, namely r, o, and pr, we can directly track the
hierarchical effect of amino acid molecular chirality on supra-
molecular crystal packing, self-assembly, and macroscopic
mechanical and piezoelectric properties. Moreover, the non-
covalent interactions that direct and stabilize the assembly
were mapped using digital Hirshfeld 3D-color mapping and
2D-finger print analysis. The pL isomer shows a very high
Young’s modulus (31.8 + 11.9 GPa), similar to some metals
as well as cortical bones,*” arising from the constructed strong
dimeric macrocyclic H-bonded structures. To the best of our
knowledge, this is the first report of supramolecular minima-
listic helical structures containing pyridyl nitrogen formed by
the use of simple Fmoc-protected aromatic amino acids.

Results and discussions
Structural analysis of Fmoc-PyA

The pure enantiomers Fmoc-1-PyA and Fmoc-p-PyA were crystal-
lized in methanol at room temperature using a slow evapora-
tion technique. For the crystallization of the Fmoc-pr-PyA
racemic mixture, a 1:1 equivalent of Fmoc-1.-PyA and Fmoc-p-
PyA isomers was combined in a methanolic solution. Within
three days, colourless crystals were formed for all combinations
(Fig. 1b and c and Fig. S1-S3, ESI¥). Single-crystal X-ray diffrac-
tion analysis revealed that Fmoc-.-PyA and Fmoc-p-PyA crystal-
lized in the isostructural non-polar acentric orthorhombic
space group P2,2,2; (Table S1, ESIt). Moreover, Fmoc-pL-PyA
crystallized in the centrosymmetric monoclinic space group
P2,/c confirming the racemic mixture of Fmoc-L-PyA and Fmoc-
p-PyA isomers. Interestingly, it also produced a variety of
polymorphic forms with notable differences in the unit cell
parameters. Detailed single crystal data collection and struc-
tural refinement parameters obtained for the enantiomers and
their conjugate assemblies are summarized in Tables S1-S8
(ESIY).

The asymmetric unit of Fmoc-L.-PyA and Fmoc-p-PyA con-
tained one molecule without any co-crystallised solvent (Fig. 1d
and e and Fig. S4-S6, ESIt). ORTEP (Oak Ridge Thermal
Ellipsoid Plot) analysis showed the ellipsoid thermal behaviour
of the enantiomers with similar sizes, shapes and coherent
orientations (Fig. S7 and S8, ESIt).

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Molecular structures of enantiopure Fmoc-PyA isomers. (b and
c) Scanning electron microscopy (SEM) images of (b) Fmoc-L-PyA and
(c) Fmoc-p-PyA crystals. (d and e) Single-crystal structures (asymmetric
unit) of (d) Fmoc-L-PyA and (e) Fmoc-p-PyA isomers.

The higher-order packing arrangement revealed intermole-
cular H-bonded assemblies, including inter-amide and
pyridine-carboxylic acid contacts (Fig. 2 and 3a, b). The first
formed with a short bond distance of 2.35 A (N-H- - -0, bond
angle = 144.19°), and the second was mediated by very strong H-
bonds in length 1.76 A (O-H- - -N, helical bond angle = 167.51°)
between the acceptor (pyridyl atom) and the donor (carboxylic
acid) motifs (in this case of the 1 isomer) (Fig. 2a and Fig. S9a
and b, ESIt). The observed bond distance is comparable to
typical donor-acceptor distances.’® Moreover, no significant
H-bonded networks were observed between the N-terminal
amide NH-group and the C-terminal COOH group.

The asymmetric orientation and directional H-bonded
molecular organization of these isomers formed the prominent
supramolecular helical chiral structures. The r-isomer dis-
played right-handedness (P-helix) with a helical pitch of
~8.16 A (Fig. 2b) which is ~1.66 times higher than the known
Fmoc-protected phenylalanine (Phe) derivative that shows a
typical helical pitch of 4.91 A (Fig. $10, ESIt) (A helical pitch
value of 8.08 A was observed for the p-isomer, Fig. 2d). Due to
the strong interactions of the pyridyl nitrogen with the adjacent
carboxylic acid, Fmoc-.-PyA showed a higher helix angle and
pitch compared to most known Fmoc-protected amino acids
(Fig. 2b and Fig. S10, ESIf).”>73*

It should be highlighted that the fluorene segment displays
inverse helicity of M-handedness to that of pyridine-carboxylic
acid H-bonded structures for Fmoc-L-PyA in the higher-order
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Fig. 2 Crystal packing structures of (a and b) Fmoc-L-PyA and (c and d)
Fmoc-p-PyA. The atoms C, H, N and O are coloured green, grey, blue and
red, respectively. Panels a and c compare the supramolecular right- and
left-handed helical structures mediated by asymmetrical H-bonds
between pyridyl nitrogen and carboxylic acid sites on adjacent molecules
(front view). The highlighted space-filling mode is shown to visualize the
individual chirality of the amino acid residues. Panels b and d highlight the
chirality-directed pitch of the tilted aryl group segment (fluorene group, in
coloured space-filling representation).

packing topologies (Fig. 2b). As expected, Fmoc-p-PyA showed
mirror handedness to Fmoc-L-PyA, assembling in a left-handed
M-helix (both pyridine-carboxylic acid and fluorene segment),
indicating that amino acid chirality modulates the supramole-
cular handedness via asymmetrical H-bonds (Fig. 2c, d and
Fig. S9c, d, ESIY). Such features demonstrate the significance of
heteroatom, such as nitrogen, in the emergence of molecular
packing, symmetry, and higher-order structures. The aryl
groups in both structures showed M-handedness with tilted
chirality (Fig. 2b and d). This unexpected lack of mirror-
handedness between the fluorene segments of Fmoc-1-PyA
and Fmoc-p-PyA suggests that these pyridyl amino acids are
distinct from previously-reported Fmoc-protected amino
acids.**>*

Furthermore, the asymmetric H-bonds between adjacent
inter amide sites (typically, N-H and C—O0 group) were weaker
than the rigid helical structures generated between pyridyl-
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nitrogen and carboxylic acid O-H, resulting in longer H-bond
distances of 2.35 A and 2.19 A for Fmoc-.-PyA and Fmoc-p-PyA,
respectively (O2- - -H1N1, Fig. 3a and b), with O2- - -N1 distances
of 3.11 A and 3.06 A for Fmoc-L-PyA and Fmoc-p-PyA, respec-
tively, comparable to previously-reported distances.*>* More-
over, the backbone torsion angles for Fmoc-.-PyA and Fmoc-p-
PyA were found to be —157 (@), —172 () and 156 (®), 170 (),
respectively. Fig. 3a and b displays the spatially induced higher-
order structure directed by the asymmetric inter amide H-
bonded network highlighting the formation of right and left-
handed helix topologies.

To gain further insight into the molecular arrangement of
the conjugate assemblies of Fmoc-pL-PyA, the single-crystal
structures were analysed in detail (Table S1, ESI{).”” Unlike
the chiral single component crystals, the racemic mixtures were
found to crystallize in monoclinic space group P2,/c validating
the formation of a racemic mixture. Interestingly, these racemic
mixtures displayed two polymorphic forms [P1: a = 25.92 A, b =
4.93 A, c=15.67 A, volume = 1985 A% P2: ¢ = 12.51 A, b = 30.00 A,
¢=5.78 A, volume = 2151 A®], with iso-structural characteristics
of an identical crystal system with the same space group in the
crystal lattice (Table S1, ESIt). Fig. 3c shows the P1 polymorph
consisting of a series of discrete strong face-to-face dimers
containing macrocycles as indicated by the formation of R3
(18)-type rings. The notation ring (R), which is used to denote
the macrocycles formed by intermolecular H-bonds, is fre-
quently used to represent the number of donors (here, 2) and
acceptors (2) as well as the overall number of atoms (18)
involved in the formation of macrocycles.*®*° This structure
was not apparent in either of the individual chiral crystals. In
the higher-order crystal packing diagram of Fmoc-bL-PyA (P1),
consecutive fluorene segments were separated by a distance of
4.93 A (Fig. 3c). It should be highlighted that while the P1
polymorph has been reproduced, multiple attempts to repro-
duce the P2 polymorph have been unsuccessful. Although the
presence of true polymorphism is thus unknot yet proven, the
occurrence of P2, likely as a minor state, suggests that indivi-
dual enantiomers in self-assembled structures are dynamic in
nature (Fig. S11, ESIT). Moreover, future characterisation stu-
dies using techniques such as thermal analysis, microscopy,
solid-solid NMR could lead to a better understanding of the
polymorphism in these amino acids.

Circular dichroism (CD) analysis further confirmed the
asymmetrical H-bonding packing and handedness of the
Fmoc-protected pyridyl amino acids in solution (Fig. S12, ESIf).
The CD signal for the Fmoc-.-PyA and Fmoc-p-PyA enantiomers
displayed mirrored images of the positive and negative cotton
effects, indicating their distinct chirality. The racemic mixture,
on the other hand, showed a flat baseline that is optically
inactive. Moreover, Fourier-transform infrared (FT-IR) and
Raman spectroscopic investigations were employed to examine
the structural integrity of the neat enantiomers and the racemic
conjugate in solid-state samples (Fig. S13-S18, ESIf). The
results showed the major vibrational peaks, notably the O-H
stretching (ca. 3395 cm™ "), N-H stretching (ca. 3310 cm ™), and
the aromatic vibrational modes of the fluorenyl segment C-H

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a and b) A view of the asymmetrical intermolecular H-bonds formed between amide N-H and C—O groups of (a) Fmoc-L-PyA and (b) Fmoc-b-

PyA. (c) Higher-order crystal packing diagram of Fmoc-bL-PyA (P1). The space-filling model is shown to visualize the fluorene segment. The dotted
square box indicates the H-bonded macrocycle formation with the graph set value of R3(18). The C, H, N, O atoms and the fluorene segment are

coloured green, grey, blue, red and magenta, respectively.

bendings (ca. 1477 and 1324 cm™ "), fingerprinting the pyridyl
amino acids (Fig. S13-S15, ESIt). The solution-state absorption
spectra of the individual and conjugate assemblies were ana-
lysed and the absorption region typically ranged from 250 to
300 nm. Further, the optical bandgap (E,) was calculated using
the Tauc equation (xhv)* = A(hv — E), where A is a constant, hv
is the photon energy, and o is the absorption coefficient. The
estimated E, values ranging from 4.40 to 5.60 eV demonstrate
the semiconductive nature of the enantiomers and the con-
jugate mixtures (Fig. S19-S21, ESIt). Such large bandgap values
suggest the potential utilization of these systems in next-
generation optoelectronic device applications.*’

To further investigate the presence of diverse intermolecular
interactions (C- - -H, H---C, N---H, H---N, O-- -H, H- - -0, C- - -C,
and H---H), the Crystal Explorer 21.5 software was used to
generate three-dimensional (3D) Hirshfeld surface maps and
two-dimensional (2D) fingerprint plots based on their single-
crystal structures (Fig. $22-S30 and Table S9, ESIf).*' The
Hirshfeld surface was used to quantify and decode the non-
covalent interactions using dnorm (normalized contact dis-
tance), d. (nearest exterior), and d; (nearest interior). The 2D
and 3D plots of the Fmoc-p-PyA and Fmoc-pL-PyA (P1) systems
showed very similar intermolecular interaction characteristics
(Fig. S25-S30 and Table S9, ESIt). For Fmoc-.-PyA, the strong
H-bonding provided ~7 of the overall molecular interactions,
with a typical stabilizing energy of ~12-30 k] mol ' per
H-bond known to drive the assembly,">** here comprising

This journal is © The Royal Society of Chemistry 2023

mainly of pyridyl nitrogen (acceptor)-carboxylic acid (donor)
and amino N-H (donor)-amide O—C (acceptor). The remain-
ing interactions stem from dispersion and van der Waals’s
contacts, individually weak (~0.4-4.0 k] mol~ ") but here cover-
ing a large fraction of the intermolecular contact area mainly
due to the large fluorene units. Further, we employed powder X-
ray diffraction (PXRD) and compared the results with simulated
data from single-crystal XRD to validate the bulk phase purity of
each individual and racemic mixture form. In comparison to
the computer-simulated data, the finely ground powdered
crystallites displayed a similar crystalline nature, peak-pattern
matching and single-phase identification, confirming the indi-
vidual structural purity of the samples (Fig. S31-S33, ESI{). In
addition to their extensive directional H-bonding arrangement
at the molecular level, thermogravimetric analysis (TGA) was
used to evaluate the thermal stability of Fmoc-L-PyA, Fmoc-p-
PyA, and Fmoc-pL-PyA (P1), demonstrating high thermal stabi-
lity (>500 K) (Fig. S34-S36, ESIT).

Self-assembly studies of Fmoc-PyA

To test for environmental factors, we investigated the self-
assembly process of individual chiral and conjugate systems
using three different solvent combinations: 100% methanol
(MeOH), 90:10% MeOH/water (H,0), and 95:5% dimethyl
sulfoxide (DMSO)/H,O while maintaining a constant overall
concentration of Fmoc-protected pyridyl amino acids of
1 mg ml~" (Fig. $37-545, ESI). Enantiomers and their racemic

J. Mater. Chem. C, 2023, 11, 5174-5181 | 5177
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mixtures completely dissolved in MeOH and in DMSO. The self-
assembled aggregates were visually observed in both the
MeOH/H,0 and DMSO/H,0O solvent systems indicating the
highly hydrophobic nature of these Fmoc-protected pyridyl
amino acids.

The structures self-assembled in pure MeOH formed
kinetically-controlled spherical products that varied in length
from nano to micrometer scales (Fig. S37-S39, ESI{). Interest-
ingly, the addition of 10% water to produce the MeOH/water
mixture transformed the enantiomer spheres into meta-stable
ribbon-like structures whereas the racemic assemblies yielded
both micro half-spheres and stable self-assembled crystallites
(Fig. S40-S42, ESIT). The enantiomers demonstrate the kineti-
cally controlled pathway, but racemic assemblies exhibit both
kinetically and thermodynamically controlled by-products.
These results indicate the competitive relationship between
the kinetic and thermodynamic states of self-assembled pro-
ducts. In addition, for all of L, b, and bt, the H,O ratio in DMSO
determined the self-assembled structure of thermodynami-
cally-stable crystallites (Fig. S43-S45, ESIt). Such diverse self-
assembled structures reflect the synergism and cooperativity of
diverse weak non-covalent interactions in the self-assembly
process, and ease of directing and controlling the solid forms
by varying the experimental conditions.**™*

Mechanical properties analysis of Fmoc-PyA

Finally, to investigate their potential for utilization as electro-
mechanical device materials, we examined the micromechani-
cal rigidity and stiffness of the crystals using AFM-based
nanoindentation experiments (Fig. 4 and Fig. S46, ESIt). The
AFM cantilever was positioned to scan the surface of micro-
crystalline samples spread on a pristine mica substrate and
retrieved at a continuous speed of 80 m s~ (Fig. 4a). Further,
the Young’s modulus was determined using the Hertz model to
fit the force-displacement traces (Fig. 4b and Fig. S46, ESIT).
Young’s modulus and point stiffness distributions of the
enantiomers and racemic mixture are shown in Fig. 4c-h. The
measured elasticity of the Fmoc-1-PyA sample showed a
Young’s modulus of 14.1 + 4.6 GPa along the elongated
direction, indicating lower mechanical stability compared
to Fmoc-Phe,>** and a point stiffness value of 281.5 +
81.5 N m ™' (Fig. 4c and d). Fmoc-p-PyA revealed higher Young’s
modulus and point stiffness values of 23.6 + 7.1 GPa and
393.1 + 96.8 N m™ ', respectively (Fig. 4e and f). Moreover,
Fmoc-oi-PyA (P1) displayed a highly increased Young’s
modulus of 31.8 £ 11.9 GPa, with a point stiffness of 487.8 +
171.6 N m ™', reflecting the more rigid supramolecular packing
network in the racemic crystal (Fig. 4g and h). The order of
Young’s modulus and point stiffness values is oL > b > 1,
indicating that the molecular chirality dramatically alters the
properties of the crystals. The higher Young’s modulus of the p.
isomer reflects the formation of the strong discrete dimeric
H-bonded structures (Fig. 3c). Remarkably, the measured
Young’s modulus value is comparable to many well-known
bio-inspired and synthetic materials such as collagen, actin,
amyloids, bone, wood, silk, Phe-Phe, gold, steel, glass and

5178 | J Mater. Chem. C, 2023, 11, 5174-5181
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Fig. 4 (a) Schematic diagram of AFM indentation experiments performed

on crystal samples. Crystals were deposited on a substrate and the
cantilever tip was forced to extend to the crystal sample surface and
retract to obtain the force—displacement trace on each spot. (b) Typical
force—displacement traces on the peptide crystal. The blue line represents
an extension and the grey line represents retraction. (c—h) The statistical
Young's modulus (left) and point stiffness (right) distributions of (c and d)
Fmoc-L-PyA, (e and f) Fmoc-bp-PyA, and (g and h) Fmoc-bL-PyA (P1).

metallic alloys,*>**° suggesting their potential use for printed

circuit boards (PCBs) and biomedical engineering applications.

Density functional theory simulations of Fmoc-PyA

Bio-inspired materials have emerged as appealing piezoelectric
alternatives to conventional inorganic oxides due to their
sustainability, easy solution-phase synthesis, biocompatibility,
biodegradability, and robust mechanical properties.*’™* As
discussed above, the individual . and b isomers crystallize in
non-centrosymmetric orthorhombic space group P2,2,2;. To
explore the potential piezoelectric properties, we used density
functional theory (DFT) calculations and the obtained magni-
tude of polarization values are summarized and compared with
the well-known supramolecular piezoelectric materials in
Tables S10-S12 (ESIf). As expected, crystals of Fmoc-pL-PyA
assembled in a centrosymmetric space group, specifically

This journal is © The Royal Society of Chemistry 2023
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Fig.5 (a and b) DFT-predicted piezoelectric coefficients of the non-
centrosymmetric (a) L- and (b) b-Fmoc-PyA crystal structures.

monoclinic P24/c, that precludes piezoelectricity. The specific
orthorhombic symmetry allows for the presence of three non-
zero shear piezoelectric tensor components only: dy4, dy5 and
d;6. Both enantiopure compounds showed a similar trend in
computed piezoelectric response with a maximum predicted
strain constant of 11.3 pC N~ " in Fmoc-1-PyA (Fig. 5). Addition-
ally, using the relationship between the piezoelectric coefficient
(dy) and the calculated absolute permittivity (¢) of the material
(g4 = djley), the piezoelectric voltage coefficient (g;) character-
istics were also predicted. Using the computed relative permit-
tivity of 3.36 and 3.43 for the Fmoc-L.-PyA and Fmoc-p-PyA
systems, respectively. The maximal g values were g, = 444
and 349 V m N~ for Fmoc-1.-PyA and Fmoc-p-PyA, respectively
(Fig. 5). Thus, the predicted piezoelectric characteristics reflect
the asymmetrical crystal packing of hetero aromatic nitrogen
acceptor and carboxylic acid donor atoms of the pyridyl amino
acids, which can in the future be utilized to complement
inorganic ceramic oxides counterparts, piezo-polymers, and
organic and organic-inorganic hybrid materials.>>”® These
characteristics suggest that if a device design allows for the
application of shear forces, the enantiopure crystals could
display technologically useful energy harvesting capabilities.

This journal is © The Royal Society of Chemistry 2023
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The significant gy, response is oriented along the pyridyl
nitrogen-carboxylic acid directed helical structure on the a axis
of the crystals (Fig. 2 and Fig. S9, ESIt). Thus, the predicted
piezoelectric properties reflect the asymmetrical crystal packing
of hetero-aromatic nitrogen acceptor and carboxylic acid donor
atoms of the pyridyl amino acids. This type of structure-based
design can direct the engineering of new piezoelectric bio-
organic and hybrid materials.”>®

Conclusions

In summary, we introduce a simple N-terminal protected aro-
matic pyridyl amino acid that exhibits supramolecular helicity
with specific handedness, self-assembled structures, and
mechanical and piezoelectric properties. The high-order organ-
ization of helicity at the molecular level is revealed by single-
crystal X-ray diffraction analysis. The enantiopure form of
Fmoc-1-PyA has two helical modalities: amide to amide and
pyridine to carboxylic acid (P-helix), and the fluorene groups
have distinctive supramolecular tilted chirality (M-helix). Inter-
estingly, the racemic pr mixture was crystallised in two alter-
native polymorphic forms, demonstrating dynamic interactions
between individual enantiomers. Nanoindentation measure-
ments showed that the pr crystal is more mechanically stable
than typical biological materials*>*® due to the rigid structures
formed between the donor (carboxylic acid) and acceptor
(pyridyl nitrogen atom) sites. Furthermore, DFT calculations
predict a significant piezoelectric response in the enantiopure
crystals that could be utilized for energy harvesting. This study
provides the first demonstration of supramolecular chirality by
introducing a heteroatom such as nitrogen into a minimalistic
Fmoc-protected aromatic amino acid. The demonstrated effect
of chirality in these minimalistic helical assemblies makes
them attractive for emerging technologies, such as spin filters
for electron transport and enantio-selectors for purification and

asymmetric catalysis.>” "%
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