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Organosuperelasticity

Superelastic Organic Crystals™*

Satoshi Takamizawa* and Yasuhiro Miyamoto

Abstract: Superelastic materials (crystal-to-crystal transfor-
mation pseudo elasticity) that consist of organic components
have not been observed since superelasticity was discovered in
a Au-Cd alloy in 1932. Superelastic materials have been
exclusively developed in metallic or inorganic covalent solids,
as represented by Ti-Ni alloys. Organosuperelasticity is now
revealed in a pure organic crystal of terephthalamide, which
precisely produces a large motion with high repetition and high
energy storage efficiency. This process is driven by a small
shear stress owing to the low density of strain energy related to
the low lattice energy.

A phase transition has been observed that is maintained in
a single solid state induced by heat and pressure!™? and by
light.”! In that transition, the solid is affected by the structural
distortion that occurs during transition. In an ideal case with
the conservation of one-to-one correspondence of the atoms,
the solid transformation is regarded as martensitic.*! In the
special case of martensitic transformation, the material
acquires superelastic characteristics (transformation pseudo
elasticity), which is important from a practical viewpoint and,
in fact, is expected for the wide applications to structural
materials and devices. Superelastic materials are primarily
developed from metallic solids such as Ti-Ni alloys, and
recently from ceramics.”° Superelastic material made of
organic components, which satisfies the definition of super-
elasticity,” has not been obvious over eight decades since
superelasticity was first discovered in a Au-Cd alloy in 1932.1
Based on the objective state of the current research trends
related to superelastic materials, it might have been consid-
ered that covalent solids, which have a high degree of
interatomic interaction, only fulfill the two essential require-
ments when being loaded with stress on the body: 1) Con-
servation of the one-to-one correspondence among neighbor-
ing atoms; and 2) storage of the elastic strain, which drives the
spontaneous restoring motion back to the original state. In
a comparison with the covalently interatomic interaction in
alloys and ceramics, the relatively weak intermolecular
interaction between organic components can be unreliable
for generating superelasticity in molecular solids in which,
furthermore, the molecular components vary in geometry and
size. In investigating an organic superelastic system, we
thought that the science of superelasticity could markedly
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advance by material diversification and functionalization, as
chemical design can be effectively applied to superelastic
materials. Thus, we were looking for a pure organic super-
elastic body as strict and simple as possible, and found the
terephthalamide crystal as the first candidate for such
a superelastic material. Its superelasticity was characterized
by microscopy, stress tests, and X-ray diffraction analysis.
Well-formed single crystals of terephthalamide (1) were
obtained by recrystallization of a reagent-grade terephthal-
amide from hot water and used in the experiments after
vacuum drying. We found that the shear stress on the crystal
surface {010} of 1 bent its crystal shape in generating another
crystal phase with a sharp boundary across the crystal
specimen and the bending position at the phase boundary
transferred upon deformation (Figure 1). The bent crystal was

(a)

Figure 1. a) Molecular structure of 1. b), c) Photographs of 1: b) restor-
ing motion after release of shear (photo interval: 1/120 s) and

c) bending crystal under shear stress fixed with resin for X-ray crystal
indexing.

spontaneously restored by removing the stress and the
boundary transferred back by 3.33mms' at 298 K. (Fig-
ure 1b) The single-crystal X-ray diffraction measurement for
the shear-stressed bending crystal explained the generation of
the daughter crystal phase during the shear-induced transition
from the mother (a phase) to the daughter ( phase;
Figure 1c¢). The crystal packing was significantly different in
the o and P crystals, while both crystal phases had the same P1
crystal system.”] The crystal structure of o had been reported
previously,'” but that of the B crystal was novel.

In the o crystal phase, terephthalamide molecules gath-
ered to form a polymeric sheet bound by the N—H--O=C
hydrogen bond network through end-to-end double hydrogen
bonds (N--O distance: 2.932(4) A) along the long axis of
terephthalamide and side-to-side double N—H---O=C hydro-
gen bonds (N--O distance: 2.912(3) A; Figure 2a). In the
change from the o to f} crystal by applying shear stress, the
uniform -A-A-A-A- sheet arrangement transformed into an
alternative -A’-B-A’-B- arrangement. The change in the
molecular arrangement from the o into the 3 phase achieved
a denser packing state (density: 1.470 Mgm™ in o;
1.484 Mgm™ in B). In the B phase, the N—H--O=C hydrogen
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Figure 2. Elucidated phase connection under a shear-induced transi-
tion state: a) crystal packing views; b) [007], and [010], projection
views. C Gray, H white, N blue, O red. The red arrow in (a) indicates
the end-to-end coordinate. The dotted line in (a) indicates the
intermolecular interaction for the NH---O=C hydrogen bond (black)
and the C-H (phenyl)---C(phenyl) CH—r interaction (blue). The angles
in (b) are calculated by a crossed axes angle of the normal vector of
each crystal plane facing the boundary.

bond network was maintained!""! while the manner of off-set
stacking of phenyl rings remarkably changed from o (surface
separation: 3.500 A) to B (surface separation: 3.209 A in the
column A’ and 3.900 A in the column B). The shorter stacking
separation in the columns A’ indicated the molecular network
became rather three-dimensional in the (3 phase (Figure 2a).
The martensitic boundary parallel with the (100), plane is
almost orthogonal to the easy cleavage plane (011),, which
lies in the layer of the hydrogen bonding sheets. The disparity
between the boundary plane and the cleavage plane can make
the transformation stable against distortion around the inter-
face. X-ray diffraction data collected in the bending form
indicated how each crystal fits at the interface under the o/f3
coexistent state. In the (100),//(001); interface, the ratio of the
facing area is 0.989 for S,/Sg, which raises the Bain distortion.
At the interface, the a and f crystal faces should respectively
feel a force of face extension and contraction. In detail, the
certain difference in the length of ¢ axis(a) and b axis(f) (c(a)
(7.1853 A)/Ib(B) (7.268 A) indicates the mainly unidirectional
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distortion along the c axis in the o face and along the b axis in
the f face, respectively.

The deduced connection view at the interface (Figure 2b)
clearly revealed the martensitic mechanism assisted by the
change of molecular packing way. The directions in [010] and
[001] in o crystal can be effective axes for shear-induced
transformation. With a microscope, the bending angles were
observed to be in the range of 5-8° and 3-5° judged from the
projection directions of [001] and [010], respectively, which
agree with the expected angles from the X-ray data in 6.47°
and 5.29°, respectively (Figure 2b). The proportion in the
displacements of the pushing position on the (010), surface
and the moving (far) side of the f/a interface was 1:6.7, which
agrees approximately with the expected value of 1:5.4 using
the X-ray crystal data. The agreement to the structural
description demonstrates the harmonious support of the
macro- and microscopic structural changes in 1.

The relationship between shear stress and strain was
investigated by loading on the portion of crystal surface
{010}, which should be nearly parallel to the shear-transition
easy axis (see Figure 2b). After one end of a single-crystal was
fixed, a metal blade (25 um wide) was pushed across the
(010),, surface of the crystal specimen at a constant speed of
500 um min . The transformation of 1 was captured precisely
(Figure 3). Stress was detected at (a) after the blade reached
the crystal and began increasing the phase boundary with
a linear increase in loading force (photographs 1-5 in
Figure 3a). Then, the stress became constant at (b) where
the thin band of the [ phase was generated from the contact
part of the blade. The plateau continued during the growth
and propagation of the [} phase by the continuous proceeding
of the a—f transition (c,d). At the switching point for the
unloading process (pulling the blade back) (e), a slight
decrease in stress was observed and it continued in maintain-
ing a plateau during the phase change of the § phase into the
o phase (f,g) until the f domain narrowed to the boundary
line (h). At that point, the stress was linearly decreased down
to zero along the vanishing line boundary (6-10) until the
blade was removed from the crystal surface (i). The observed
shear—stress curve clearly demonstrated the superelasticity in
1. The superelastic transformation of 1 was reproduced in 100
cycles of measurements without any elastic reduction or
material cure (see the insets in Figure 3b and c). The cycling
tests on single crystals with different dimensions showed that
the strength of stress generated under the bent shape is linear
with the area of the boundary and is not related to the contact
area of pushing (Supporting Information, Figure S7). This
means that the elastic index for a shear of 1 should be
normalized by the absolute force divided by the area of the o—
[ boundary, which corresponds with the definition of the
shear stress that is the force divided by the cross-section area
of the specimen: 4.96 x 10° Nm~ (0.496 MPa at b) for trans-
formation (oy) and 4.59 x 10° Nm~2 (0.459 MPa at h) for the
reverse transformation. A shear stress of 1 is one thousand
times smaller than 558 MPa, which is the known value for the
typical Ti-Ni alloy (see Figure 4)."”! The energy storage
density (E) and energy storage efficiency () of 1 were
estimated at 0.062MJm™ and 0.925, respectively. The
movable range of superelastic shear strain is wide, up to

www.angewandte.de

Chemie

7091


http://www.angewandte.de

Angewandte
Zuschriften

800
_ 600 x 1000
©
a L
=
@ 400 1at294 K
@ ow=0.496
o E =0.062
& 7=0.93

2000 Ti-Niat353 K
ow= 558 MPa
E=14MJm?3
n=0.39
0
0 2 4 6 8 10 12
Strain (%)
(b) () Strain (%) F’gw[?z]"' Superelastic characteristics of 1 in comparison with a Ti-Ni
0.006 0,006 2 4 8 alloy.
0.005 06 0,005 b © (]1 {06
405
AO—OU“ (2} 0.004 ® .
Z o0 04a Z 0008 Received: December 19, 2013
g 03z 8 Revised: March 10, 2014
2 0.002 T 5 0.002 . .
028w Published online: May 5, 2014
0.001 01 0.001
° Rk ° ° o ogsnoTotiEoe Keywords: amides - crystal engineering -
-0.001 0.1 -0.001 0. . . L. .
0 23 4 5 0 0005 001 0015 002 mechanical properties - phase transitions - terephthalamide
Time (s) Displacement (mm)

Figure 3. Results of a shear stress test for single-crystal 1 (149.52 um
thick and 58.84 um wide) in a displacement speed of 500 ummin~' at
294 K. Side-view photographs a) taken with a polarization microscope
(moved 10° from the crossed Nicols angle) during the shear-strain
test with the letters and numbers showing the position in the figures
(b) and (c) for the time course and the displacement course,
respectively. In (b) and (c), the normalized stress in the right axis
denotes the shear stress that is the force divided by the cross-section
area of the crystal. The inset graphs are the profiles at the 100 cycles;
the first cycle is displayed as the main graph.
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