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An α,β-hybrid peptide has been synthesized and the structure-mechanical property correlation of the peptide has been presented. The α,β-
hybrid peptide 1 has L-Phe and methyl-3-aminocrotonate residues and formed monoclinic crystals, with space group P 21/n. The X-ray 
crystallography analysis indicate that there is a five-member NH⋯N and a six-member intramolecular NH⋯O=C hydrogen bond and the α,β-
hybrid peptide 1 adopts a turn-like conformation, due to the E geometry of the methyl-3-aminocrotonate residue. The α,β-hybrid peptide 1 
molecules self-assemble by intermolecular N-H⋯O hydrogen bonds and form a supramolecular twisted sheet-like structure which further 
assembled to form a supramolecular multi layered structure along the crystallographic b and c directions. However, the α,β-hybrid peptide 
1 crystals are sensitive to external stress and brittle in nature. From FE-SEM image, the crystal appears as a layer-by-layer structure. The 
intermolecular interaction energies (kJ/mol) for the α,β-hybrid peptide 1 were calculated using B3LYP/6-31G(d,p) dispersion corrected DFT 
model. Although the interaction energy is small, there is no scope of slippage due to the interaction of the Boc-t-butyl, Phe side chains and 
methyl-3-aminocrotonate in the multi layer sheets. 
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INTRODUCTION 
The higher order packing combined with strong intermolecular 

interactions make organic single crystals as excellent candidates 
for electron export and mechanical actuation.1-5 Recently, organic 
crystals have found application in ferroelectricity,6 waveguides,7-

8 and field-effect transistors for ultrasensitive strain sensing.9 
However, most of the organic crystals are fragile and are inferior 
to thin films and liquid crystals in terms of mechanical flexibility. 
On exposure to external impetus such as heat, humidity, light10 
and mechanical stress, the organic crystals may bend,11 twist,12 

curl,13 or ruptured.14-15 The structure-mechanical property 
correlation of organic crystals depends on factors like 

hierarchical organization at supramolecular or macroscopic 
levels.16 For crystal engineering, the understanding, controlling, 
and designing such mechanical properties in organic crystals are 
highly important.17-18 Generally, the weak intermolecular 
interactions like van der Waals interactions, π-π stacking, 
hydrogen bonding are key to introduce slip planes within the 
mechanically bendable crystals.19  In a recent  review, Reddy and 
his co-workers have noted the mechanical responses of organic 
crystals.20 Ramamurty has reported  the use of nanoindentation to 
examine the mechanical properties of organic crystal.21 Gabriele 
and co-workers have discussed the brittle behavior of aspirin 
crystals.24 

In this regard, herein we have synthesized an α,β-hybrid 
peptide 1 containing L-phenylalanine (Phe) and methyl-3-
aminocrotonate and wanted to investigate the structure-
mechanical property correlation. From solid state structure, there 
is a six-member intramolecular hydrogen bond and α,β-hybrid 
peptide 1 adopts a turn-like conformation. The methyl-3-
aminocrotonate residue has E geometry. The α,β-hybrid peptide1 
molecules self-assemble by intermolecular N-H⋯O hydrogen 
bonds and form a supramolecular twisted sheet-like structure 
which further assembled to form a supramolecular multi layers 
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structure. The α,β-hybrid peptide 1 crystals are sensitive to 
external stress and brittle in nature. From electron microscopy the 
crystal appears as a layer by layer structure. Eventually, the 
intermolecular interaction energies (kJ/mol) for the α,β-hybrid 
peptide 1 were calculated using B3LYP/6-31G(d,p) dispersion 
corrected DFT model. Though the interaction energy is small, 
there is no scope of slippage due to the interaction of the Boc-t-
butyl, Phe side chains and methyl-3-aminocrotonate in the multi 
layer sheets.  

RESULTS AND DISCUSSION 
We have developed an unsaturated amino acid methyl-3-

aminocrotonate by refluxing methylacetoacetate with 
ammoniumformate in methanol for 12 hours (Scheme 1a) with 
68% yield. The terminally protected α,β-hybrid peptide 1 
containing L-phenylalanine(Phe)and methyl-3-aminocrotonate 
was synthesized by conventional solution-phase peptide 
synthesis method using N,N′-dicyclohexylcarbodiimide (DCC) 
as coupling agent. N-hydroxybenzotriazole (HOBt) has been 
used to improve the efficiency of peptide synthesis and suppress 
the racemization of L-Phe (Scheme 1b).23-24 The α,β-hybrid 
peptide 1 backbone has internal rigidity due to E-geometry of the 
methyl-3-aminocrotonate. The synthesized compounds were 
purified by column chromatography and characterized by 1H-
NMR, 13C-NMR, FT-IR spectroscopy, and mass spectrometry 
(MS).  

 
 
 
 
 
 
 
 
 
 
 

Scheme 1. (a) Synthesis of methyl-3-aminocrotonate. (b) Synthesis 
of the α,β-hybrid peptide 1 by solution method.  
 

The aggregation behavior of the α,β-hybrid peptide 1 has been 
investigated by UV-Vis and fluorescence spectroscopy. The α,β-
hybrid peptide 1 shows absorption bands at 272nm (Supporting 
Information Figure S1). With increase in the concentration of 
α,β-hybrid peptide 1, the respective absorption band does not 
show any shift; only intensity increases gradually. The α,β-hybrid 
peptide 1 shows emission spectra at 340 nm upon excitation at 
272 nm (Supporting Information Figure S2). The fluorescence 
intensity increases with the increasing concentration of the α,β-
hybrid peptide 1.  

To know the conformation of α,β-hybrid peptide 1 in solid 
state, FT-IR spectroscopy was performed. The α,β-hybrid peptide 
1 shows an intense band at 3338 cm-1 for non hydrogen-bonded 
NH’s (Figure 1). A band at 1720 cm-1 is responsible for the ester 
C=O. The amide I and amide II bands appeared at 1660 and 1508 

cm-1 (Figure 1) respectively indicating the presence of kink-like 
conformation.26 

 

 

Figure 1. Solid state FT-IR spectraof α,β-hybrid peptide 1. 
 
The pure α,β-hybrid peptide 1 was subjected to crystallization 

from methanol-water solution at room temperature by slow 
evaporation. The monoclinic crystals are very sensitive to 
external stress and brittle in nature. Using needle and forceps, 
crystals of the α,β-hybrid peptide 1 were subjected to mechanical 
stress (Figure 2a), under the optical microscope. Crystals of α,β-
hybrid peptide 1 were fractured into pieces (Figure 2b) on the 
application of mechanical stress at room temperature. 

 

 

Figure 2. (a) External stress on the crystal of α,β-hybrid peptide 1. 
(b) The α,β-hybrid peptide 1 crystal breaks down and pieces of the 
brittle crystal.  

 
Further the nature of the mechanically broken surface of the 

crystals of α,β-hybrid peptide 1 was studied by the Field emission 
scanning electron microscopy (FE-SEM). The crystals as well as 
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the debris of broken crystal were investigated by FE-SEM. At 
higher magnification, the analysis of the morphology of α,β-
hybrid peptide 1 by FE-SEM shows that the crystal has a layer by 
layer assembly morphology (Figure 3a).  From the broken end of 
the crystal of the α,β-hybrid peptide 1 (Figure 3b), the crystal is 
actually a thick bundle of several sheet like structure. 

 

 

Figure 3. (a) FE-SEM image showing layer by layer morphology of 
the α,β-hybrid peptide 1 crystal. (b) The debris of dipeptide 1 crystal 
showing multi layer structure.  

 
The α,β-hybrid peptide 1 was also characterized by single-

crystal X-ray diffraction analysis. From X-ray crystallography, 
the α,β-hybrid peptide 1 crystallizes with three molecules in the 
asymmetric unit (Supporting Information Figure S3). Two 
molecules are in parallel orientation and third one is in anti-
parallel fashion. By looking at, it would appear that the dihedral 
angles around L-Phe residue are φ1 = -111.07° and ψ1 = 13.35° 
for molecule A; φ1 = -112.54° and ψ1 = 25.72° for molecule B 
and φ1 = -113.01° and ψ1 = 12.95° for molecule C. The torsion 
angles around methyl-3-aminocrotonate residue are φ2 = -
168.33°, θ2 = -1.12° and ψ2 = 176.65° for molecule A; φ2 = 
176.14°, θ2 = 2.09° and ψ2 = 177.98° for molecule B; φ2 = -
172.24°, θ2 = -1.18° and ψ2 = 174.79° for molecule C.30 From 
Figure 4a, it is clear that the α,β-hybrid peptide 1 adopts an turn-
like structure and stabilized by an unusual six member hydrogen 
bond between methyl-3-aminocrotonate C=O and NH and five 
member hydrogen bond between Phe N and methyl-3-
aminocrotonate NH (Figure 4a). Three molecules in the 
asymmetric unit are also stabilized by inter molecular NH⋯O=C 
hydrogen bonds and π−π stacking interactions. The α,β-hybrid 
peptide 1 molecules further self-assembled to form a twisted 
sheet-like structure stabilized by multiple intermolecular N-
H⋯O hydrogen bonds (Figure 4b). The hydrogen bonding 

parameters of the α,β-hybrid peptide 1 are listed in Table 1. There 
is also π−π stacking interaction between molecules that are in 
parallel orientation (shortest C-C distance is 3.63Å). Crystal 
parameters are listed in Supporting Information Table S1. 

 

Table 1. Hydrogen bonding parameters of α,β-hybrid peptide 1.[a] 

D−H⋯A D⋯H(Å
) 

H⋯A(Å
) 

D⋯A(Å
) 

D−H⋯A(°
) 

N1−H1⋯O12a 0.88 2.06 2.875(6) 155 
N2−H2⋯O4 0.88 1.98 2.694(7) 137 
N3−H3⋯O2 0.88 2.08 2.828(3) 142 
N4−H4⋯O9 0.86 2.00 2.705(7) 137 
N5−H5⋯..O7 0.88 2.03 2.853(6) 155 
N6−H6⋯..O14 0.88 2.01 2.706(7) 135 
N2−H2⋯..N1 0.88 2.25 2.711(6) 112 
N4−H4⋯..N3 0.88 2.34 2.755(8) 109 
N6−H6⋯..N5 0.88 2.24 2.709(8) 113 

[a] Symmetry equivalent:a = 3/2-x,  -1/2+y, ½-z. 

 

 

Figure 4. (a) The solid-state structure of α,β-hybrid peptide 1 
showing intra and inter molecular hydrogen bonds in asymmetric 
unit.; (b) Intermolecular hydrogen bonded twisted sheet-like 
structure of α,β-hybrid peptide 1. Intramolecular hydrogen bonds are 
shown as dotted lines. 

 
In higher-order, the α,β-hybrid peptide 1 molecules further 

self-assembled to form multi layer sheet-like structure, though 
there is no hydrogen bonds or π−π stacking interaction between 
the sheets (Figure 5a). From the surface diagram (Figure 5b), the 
hydrophobic interactions between two shits are not continuous, 
rather there are weak zones periodically between two sheets 
along the crystallographic a and c direction. Also there is no 
scope of slippage due to wavy nature of the multi layer sheets, 
which may be responsible for the brittleness of the α,β-hybrid 
peptide 1 crystal.   
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Figure 5. (a) The self-assembled multi layer twisted sheet-like 
structureof α,β-hybrid peptide 1.(b) The surface diagram of multi 
layer twisted sheet of α,β-hybrid peptide 1.  
 

Moreover, we have analyzed the Hirshfeld surfaces (HSs) for 
the α,β-hybrid peptide 1 and related 2D fingerprint plots (FPs).27 

Hirshfeld surfaces maps of the α,β-hybrid peptide 1 exhibited 
some red region which refers to the intermolecular H-bonding 
interactions (Figure 6a). A visual summary of the frequency of 
each combination of de and di across α,β-hybrid peptide 1 surface 
(the 2D fingerprint plot) exhibits that both hydrogen bonding 
interactions and H···H intermolecular contacts have significant 
contribution toward intermolecular interactions (Figure 6b, c, d, 
e). The H···H interactions appeared as scattered spikes in the 2D 
fingerprint plots with overall Hirshfeld surfaces of 64.4%. The 
contribution from the O··· H contacts is 18.1%, contribution from 
the C ··· H contacts is 14.7% and contribution from the N··· H 
contacts is 1.6% and other minor contributions due to C···O 
(0.6%), O ···N (0.4%), C ···C (0.2%). 

Moreover, we have used CrystalExplorer, 21.5 for the 
quantification of pairwise total intermolecular interaction 
energies of α,β-hybrid peptide 1. This can bring forth a 
quantitative explanation of the intermolecular energy, related 
mechanical behavior and identification of the active slip plane in 
the crystal structures of α,β-hybrid peptide 1.28−30 For the α,β-
hybrid peptide 1, the intermolecular interaction energies (kJ/mol) 
was calculated using B3LYP/6-31G(d,p) dispersion corrected 
DFT model. The X–H bond lengths was normalized to standard 
neutron diffraction values. The exchange-repulsion (Erep), total 
energy (Etot), polarization (Epol), dispersion (Edis) and electrostatic 
(Eele) components of the energy are listed in Supporting 
Information Table S2. The magnitude of calculated energies  

 

 

Figure 6. (a) The Hirshfeld surfaces maps of the α,β-hybrid peptide 
1. (b) The 2D fingerprint plot of α,β-hybrid peptide 1 for H···H 
interactions. (c) The 2D fingerprint plot of α,β-hybrid peptide 1 for 
H···O interactions. (d) The 2D fingerprint plot of α,β-hybrid peptide 
1 for H···C interactions. (e) The 2D fingerprint plot of α,β-hybrid 
peptide 1 for H···N interactions. 

 
 
among molecular pairs of α,β-hybrid peptide 1 was presented as 
cylinders of proportionate thickness connecting the centers of 
mass (Figure 7 and Supporting Information Figure S4). Total 
interaction energies of the molecule were calculated within 3.8 Å 
(Supporting Information Figure S5). However, the 3D topologies 
of the energy framework of α,β-hybrid peptide 1 show that each 
molecule is surrounded by 7 closest neighbors across alkyl slip 
planes (Supporting Information Figure S5). The energy 
distribution is not isotropic and different in different directions 
which is shown by different diameter of the tube (Figure 7).  
Energy with respect to different tubes is shown below along 
crystallographic b-direction (Supporting Information Figure S6). 
The interaction energy is small and there is little scope of slippage 
due to the interaction of the Boc t-butyl, Phe side chains and 
methyl-3-aminocrotonate in the multi layer sheets, which 
developed a brittle crystal.  
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Figure 7.Three-dimensional topologies of energy framework for 
α,β-hybrid peptide 1 viewed along the (a) a axis, (b) b axis, and (c) c 
axis. 

EXPERIMENTAL SECTION 
General: L-Phe, methylacetoacetate and ammoniumformate 

were purchased from Sigma Chemicals. N-hydroxybenzotriazole 
(HOBt) and N,N’-dicyclohexylcarbodiimide (DCC) were 
purchased from SRL. 
Peptide Synthesis: See Supporting Information. 

NMR Experiments: The NMR experiments (1–10 mM in 
CDCl3) were carried out on Bruker 500 MHz spectrometers at 
298 K.  

FT-IR Spectroscopy: A Perkin Elmer Spectrum RX1 
spectrophotometer has been used for the solid-state FT-IR 
experiments. 

Mass spectrometry: The electrospray ionization (positive-
mode) mass spectra of the compounds were recorded on a Q-T of 
Micro YA263 high-resolution (Waters Corporation) mass 
spectrometer. 

Single crystal X-ray diffraction study: Intensity data of the 
α,β-hybrid peptide 1 was collected with MoKα radiation using 

Bruker APEX-2 CCD diffractometer. Data were processed using 
the Bruker SAINT package and the structure solution and 
refinement procedures were performed using SHELX97.CCDC: 
2151248contain the supplementary crystallographic data for α,β-
hybrid peptide 1. 

Field Emission Scanning Electron Microscopy: The 
morphologies of the α,β-hybrid peptide 1 crystal in a normal and 
broken state was examined by FE-SEM. A broken crystal was 
placed on the carbon tape and gold-coated. The micrographs were 
taken in an FE-SEM apparatus (ZEISS DSM 950 scanning 
electron microscope). 

Energy Frameworks: CrystalExplorer 21.5 has been used to 
determine the aggregated pair-wise interaction energies (kJ/mol) 
and visualize the 3D topology energy frameworks of α,β-hybrid 
peptide 1. Intermolecular interaction energies was calculated 
using B3LYP/6-31G (d,p) dispersion corrected DFT model, with 
X–H bond lengths normalized to standard neutron diffraction 
values for the α,β-hybrid peptide 1. 

CONCLUSIONS 
In summary, an unsaturated amino acid methyl-3-

aminocrotonate has been developed and used to synthesized an 
α,β-hybrid peptide. Eventually, we have explored the structure-
mechanical property correlation of the α,β-hybrid peptide. The 
monoclinic crystals with space group P 21/n are sensitive to 
external mechanical stress and brittle in nature. From POM and 
FE-SEM, the crystal is actually assembly of several sheet like 
structure. The single crystal X-ray analysis shows the existence 
of an unusual six-member intramolecular hydrogen bond and α,β-
hybrid peptide adopts a turn-like conformation. The α,β-hybrid 
peptide forms a supramolecular twisted sheet-like structure 
through intermolecular hydrogen bonds and eventually a 
supramolecular multi layers structure along the crystallographic 
b and c directions in higher order assembly. From B3LYP/6-
31G(d,p) dispersion corrected DFT model, although the 
interaction energy is small, there is no scope of slippage due to 
the interaction of the Boc t-butyl, Phe side chains and methyl-3-
aminocrotonate in the multi layer sheets, which developed a 
brittle crystal. It is foreseen that the information included here 
may serve as the key elements for future development of ordered 
molecular materials. 
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