
Introduction 
Recently there have been several reports of organic molecular crystals that exhibit plastic
(irreversible) bending. Here we describe single crystals of a metal-organic material that
display significant elastic flexibility. Acicular crystals of bis(acetylacetonato)copper(II)
([Cu(acac)2]), a classical coordination compound, are so flexible they can be repeatedly
and reversibly twisted and bent without losing crystallinity.

Results and Discussion
The crystal structure of [Cu(acac)2], was first reported in 1969 and is isomorphous
(monoclinic, P21/n) between 100 K - 298 K. The [Cu(acac)2] molecules are planar and
stack closely together along the crystallographic b axis. The mean planes of the molecules
within each stack are exactly parallel and inclined with a dihedral angle of 48.7 ° from
the (010) plane. This supramolecular stacking is facilitated by π-π interactions of
delocalised electronic systems and by relatively strong Cu-π interactions. The dominant
supramolecular connectivity is one-dimensional with only weak dispersive interactions
propagating in other directions. These crystals can be repeatedly bent along the [010]
direction and the (101) and (101) faces (which are not equivalent under the symmetry of
the monoclinic space group P21/n). Removal of the force bending the crystals results in
the crystals quickly returning to their original shape with no signs of breaking or cracking.

Flexible Crystals: Stretching the 
Boundaries of a Single Crystal[1]

Mechanical Characterisation
The flexibility of the crystals was characterised with a suite of mechanical techniques.
The hardness of the (101) face was found to be in the range 200-240 MPa with an elastic
modulus between 4.8-6.9 GPa. The hardness of the (101) face was 380-400 MPa and the
elastic modulus 11.3-13.8 GPa, significantly larger than the (101) face.

We then measured the tensile elasticity of the crystals by stretching four individual
single crystals (Figs. 2b and 2e). The crystals could be stretched up to 4.4 % of their
length before breaking. The slope of the stress-strain curves indicate an elastic modulus
between 210-550 MPa and the tensile strength (point of fracture) was determined to be
8.0-22 MPa. This tensile strength is slightly less than that for polyethylene (20-45 MPa).

The crystals were then subjected to flexural contortion (i.e. bending) via 3-point bend
tests (Figs. 2c and 2f). To demonstrate the elastic flexibility of the material, a crystal was
bent twice with a stress of 15 MPa (giving an elastic modulus of 8 GPa) and then the
strain released (Fig. 2f). The crystal was then bent a third time and the strain was
increased until plastic deformation commenced (60 MPa). In total, six other crystals
were also subjected to flexural stress-strain measurements and the results were similar.
Once again, the clear (initial) linear relationship between stress and strain indicates
elastic flexibility with flexure modulus in the range 2-8 GPa. This is comparable to the
elasticity observed in soft materials, such as nylon (2-5 GPa).
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Mechanism of Elastic Flexure
Changes in position of the molecules within the crystal lattice with bending were then
examined using synchrotron microfocus X-ray diffraction. While the individual
molecules of [Cu(acac)2] were found to be identical throughout the sample, the refined
crystal structures at each position in the bent crystal show significant differences in
arrangement of the molecules. Importantly though, the distances between the planar
[Cu(acac)2] molecules do not change) rather the molecules rotate in response to the
mechanical stress. This rotation of the molecules facilitates the compression in the [010]
direction as well as simultaneous expansion in the [101] and [101] directions.

Figure 1 Crystal Structure of [Cu(acac)2]. a, Chemical structure of [Cu(acac)2]. b, A
[Cu(acac)2] crystal tied (reversibly) in an overhand knot. c, Two views of the crystal
structure of unbent [Cu(acac)2] viewed along the [010] and [101] directions as
determined by face indexing.

Figure 2 Mechanical properties of single crystals of [Cu(acac)2]. a, Nanoindentation
tests performed on (101) and (101) faces of [Cu(acac)2]). b, Tensile stress-strain curve
of [Cu(acac)2]. c, Flexural stress-strain curve of [Cu(acac)2].

Figure 3 Structure changes in [Cu(acac)2] crystals during flexure. a, A crystal of
[Cu(acac)2] bent into a loop and diffraction patterns obtained with a wide (100 mm)
beam from both a straight part of the crystal and from a bent part of the crystal. The
Bragg peaks from the bent part are significantly broadened. b, A bent crystal as
mounted at the Australian Synchrotron MX2 beamline and view of the structural
deformation on the elongated (left) and compressed (right) areas of the crystal. c,
Deformation along natural crystal directions and volume variation from the outside
(left) to the inside (right) of a bent crystal determined with a 7.5 mm beam.
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