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Figure 3.7 Optical photomicrographs of 2,9-decanedione/urea at low temperatures (crossed polars, λ plate). The cold nozzle (not shown)
lies ~1.9 mm to the right of the crystal (Figure 3.6). (a-e) Cooling. (a) Above the phase transition. Here, the approximate positions of the
chiral twin boundaries (Figure 3.6) are denoted by the dashed lines. Scale bar = 0.50 mm (Nikon 1.3x). (b) The phase transition is first
observable at –165.8 °C and continues to around –179 °C (over a span of about 1.5 minutes). (d). By –179 °C the phase transition
appears complete, and the crystal is composed of many biaxial domains. In e the crystal was rotated 34° clockwise to demonstrate differ-
ent slow axis orientations for different domains. The arrows indicate the location of chiral twin boundaries (as in a). (f-h) Warming; in
this image the crystal has been rotated 12° counterclockwise from a. At this point, the crystal has been in the low temperature phase for
approximately 58 minutes. The transition to the high-temperature phase is complete by –171.6 °C (h). For this experiment, temperature
measurement was performed using a thermocouple located at the cold nozzle; the temperatures shown were adjusted to compensate for the
distance separating the nozzle and leading edge of the crystal. Nevertheless, these temperatures may not be reliable to better than 5 °C
(Tcrystal ≥ Tnozzle).



while other domains become extinguished.  The formation of multiple domains is to be

expected in ferroelastic phase transitions in which the crystal is not secured in a way that

favors formation one orientation state over the others.  In practice, the formation of one

ferroelastic orientation state at the expense of the others can be induced by clamping,

whereas ferroelectrics can be poled73 in a fashion to provide a single domain orientation.

In the present case, no such steps were taken, and the low temperature phase is free to

exhibit a rich domain structure.  As discussed above, these twins should occur in three

orientations, as specified by the 32F2 ferroelastic species.

Inspection of the photomicrographs taken of the low temperature phase suggests

chiral twin boundaries may serve as domain boundaries in the twinned crystal at low

temperatures.  The approximate locations of these boundaries are outlined in Figure 3.7a,

according to their positions provided in Figure 3.6d-f.  Throughout the series of

photomicrographs, the perceived domain “texture” of the crystal appears to change

abruptly in the locations where chiral twinning occurs.  This effect is especially

pronounced in photomicrograph Figure 3.7e (see arrow).  For this image the crystal was

rotated (34° CW) so that the domain on one side of the chiral boundary is extinguished

while the other is not.  These rotational twins appear to be separated by the chiral twin

boundary.  (Note similar optical behavior for this region in Figure 3.7c and d.)

Although it is tempting to attribute the changes in domain structure to the chiral

twin boundaries, 60° rotational (Dauphiné) twinning quite often accompanies chiral

twinning in nominally trigonal systems such as 2,12-tridecanedione/urea,69 and mixed

UIC crystals of 2,9-decanedione and 2-decanone.74  While such rotational twin

boundaries are not visible in optical photomicrographs, rotational twinning along this
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chiral twin boundary can easily account for the generation of domains that are related by

the same 60° rotation.  Certainly, the presence of Dauphiné twins can predispose this

crystal to form multiple domains in the low temperature phase since a cooperative layer-

by-layer transformation would naturally lead to rotational twins.  Thus, the rich domain

structure exhibited by this crystal appears to be influenced by rotational twinning, and

possibly by chiral twinning.  In addition, artificial perturbations such as uneven cooling,

crystal history and rigidity caused by the epoxy resin used to mount the crystal (one sort

of “clamping”) could bias the growth of domain structure of the low temperature phase.

3.2 Discussion

The low temperature phase transition observed in 2,9-decanedione/urea is

ferroelastic because it involves a change in optical symmetry, which implies a change in

point group.  X-ray diffraction experiments demonstrate a distorted unit cell in this phase

that possesses orthorhombic or lower symmetry.  In his discussion14 of ferroelastic phase

transitions, Aizu also identified a phase transition to triclinic symmetry (32F1).  Although

the present work does not distinguish between these alternatives, it may be possible to

determine the Laue symmetry of the low temperature phase by a thorough examination of

reflection intensities.  Regardless, it can be concluded that unit cell distortion

accompanies this phase transition; it is therefore a proper ferroelastic phase transition.75

In X-ray oscillation images collected during the phase transition, one notes the

emergence of diffuse scattering along c* (Section 3.1.2.)  At -145 °C (see Figure 3.4f) the

superstructure layers are composed of diffuse bands; the intensity of these bands is

reduced at lower temperatures as discrete reflections gradually emerge.  The orientation
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of the diffuse bands (along c*) suggests that the correlation length along the channel axis

is too small to provide sharp diffraction maxima.  Analogously, the relatively well-

defined layer positions along a*b* suggest a greater correlation length perpendicular to

the channel.  These observations provide clues to a possible mechanism for the phase

transition, in which ordering in the ab  plane occurs in layers that are oriented

perpendicular to the channel.  As more of these layers become ordered, ordering along c*

is apparently increased, the enlarged unit cell becomes detectable, and the crystal exhibits

biaxial optical behavior.

The potential for ferroelasticity in trigonal UICs based on 2,9-decanedione

presents an interesting comparison to the digonal UICs containing 2,10-undecanedione.

Although divergent in aspects such as crystal symmetry and ferroelastic properties, these

crystals exhibit many structural similarities, including their commensurate structures and

the tendency to form host-guest hydrogen bonds.  The importance of interactions between

host and guest cannot be overlooked; as demonstrated in Chapters 4 and 5, such

interactions are critical to the ferroelastic properties of 2,10-undecanedione/urea and

related crystals.
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