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Figure 5.13 A stress experiment performed on a UIC fragment containing a 92:8 mixture of 2-10-undecanedione and 2-undecanone.
Photomicrographs taken between crossed polars and with λ plate. (a,b) Prior to stressing, the fragment was cut from a larger crystal; its approxi-
mate location is outlined in black. Scale bar = 0.50 mm (Meiji, 20x). (c-e) The fragment before stress. In each photo, the asterisk (*) indicates
the growth face of the fragment and the white arrow denotes the slow axis in the (001) cross section of the mother domain. Scale bar = 0.10 mm
(Nikon 5x). (f,g) The fragment was stressed a total of seven times. In each cycle the crystal exhibited some plastic domain switching behavior
(see text). These photomicrographs were taken during the final stress cycle. The bars of the stress device can be seen at top left and bottom right.
Scale bar = 0.10 mm (Nikon 5x). (f) At 3.5% strain. Here, the mother is in the extinguishing position (as in e), and the slow axis of the daughter
domain is oriented so that it lies parallel to the stress bars and growth face (and is therefore perpendicular to the applied stress). (g) Following
stress release: predominantly plastic domain switching has occurred. (h) The fragment after removal from the stress device (crystal orientation as
in c). Here, the crystal is oriented as in c and the daughter is in the extinguishing position (slow axis oriented along the horizontal). Scale bar =
0.10 mm (Nikon 5x). (i,j) The unswitched regions were cleaved from the fragment for X-ray diffraction. Scale bar = 0.10 mm (Nikon 10x). In
both photos the slow axis orientation of the daughter domain is indicated by the white arrows. (i) Fragment oriented as in c and h. Here, the
daughter domain is in the extinguishing position (see arrow). While cleaving, stripes of other domain orientations did appear unexpectedly. From
photomicrographs, these regions are estimated to compose less than 1% to the total fragment volume. The domain structure of this crystal is pre-
sented schematically in k, which includes a copy of the photomicrograph in i. (j) The fragment rotated 60° CW.
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domains should be coincident at low angles.  Thus, the integration of these data may

include contributions from the other domains, which are related to the first by ±60°

rotation.  Although the presence of this twin was not accounted for in the structural

model, no residual electron density was observable in the final refinements that can be

attributed to twinning.  This is discussed below.

For this crystal, an X-ray data set was collected55 and the crystal structure solved.

This structure solution was refined initially with only the “major” guest (daughter) sites

populated; the 180°/5.5 Å displacive twin was added later to model the expected guest

disorder.  To identify minor differences in structure, these results were then compared to

the structure solution and refinement for an unstressed fragment of a crystal grown in a

solution containing a 92:8 mixture of 2,10-undecanedione and 2-undecanone (described

below).

The modeling of disorder in the X-ray structure solution for this experiment was

approached in much the same fashion as the crystal structure for the UIC containing a

mixture of 2,10-undecanedione and 10-bromo-2-decanone.56  The room temperature

crystal structure of 2,10-undecanedione/urea exhibits C2221 space symmetry.37  However,

from the experiment on the mixed crystal containing 10-bromo-2-decanone, it is clear

that mixed crystals in this series are better modeled in space group P1.  For this symmetry

there are 36 ureas and four guests sites in the unit cell, each of which can be refined

independently.  Each of these was readily located in the structure solution.  Since the

diketone and monoketone guests occupy similar positions, each guest site was modeled

as a mixture of the diketone and undecane.  The use of a single molecule of undecane

instead of two molecules of 2-undecanone (which account for two possible orientations
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of monoketone along the channel) does not account for differences in the populations of

monoketone oriented differently along [001].  In Section 2.2.4.2, these differences were

shown to be quite small for the crystal containing a mixture of 2,10-undecanedione and

10-bromo-2-decanone, but the end for end recognition in mixtures of 2,10-undecanedione

and 2-undecanone is not known for the growth sector in question.  However, the purpose

of this structure was not to quantify nonrandom occupancies of guest impurities, but to

observe the presence of displacive twins created from nanoscopic domains in the

ferroelastic crystal.  The approximation is preferable because it helps to improve the ratio

of data to variable parameters.

At the outset, both crystals were refined with isotropic thermal parameters so that

the guest populations could be determined.  (Later attempts to refine with anisotropic

thermal ellipsoids resulted in non-positive definite thermal parameters.  For the displacive

twin model, 3314 parameters describe the anisotropic solution, and the ratio of data to

parameters is approximately 7:1.  For the isotropic model, this ratio is 28:1, so the

solution is more tractable.)  In refining the isotropic model, one introduces an unnatural

constraint to the system that can be manifested in unusually large errors in calculated

bond lengths or residual electron density in the Fourier analysis.  As shown below, the

consistency of bond lengths and angles between this solution and the structure of 2,10-

undecanedione/urea37 and with values determined in other crystal structures57 suggests

that this model is reasonable.

For comparison, the structural model was first applied to an unstressed crystal

(Figure 5.14) grown in a methanol solution containing a 92:8 mixture of 2,10-

undecanedione and 2-undecanone.  For this crystal, data collection was performed58 at
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123 K, and the structure was solved at 0.74 Å resolution.  Integration59 of 21363 unique

reflections (15726 > 2σ(I)), constrained to orthorhombic metric symmetry, yields a C-

centered lattice with the following constants:

a = 8.2522 (4) Å
b = 13.7593 (7) Å
c = 32.7818 (17) Å

V = 3722.2 (4) Å3.

In the P1 solution there are four guest sites and 36 ureas.  As outlined above, each

guest site was modeled as a mixture of undecane and 2,10-undecanedione.  Other

chemically reasonable constraints and restraints were applied to the crystallographic

model.  (These are more fully introduced elsewhere.60)  For each type of guest (diketone

or undecane), chemically reasonable 1,2 and 1,3 bond distances and were restrained

(using SADI, σ = 0.001), while thermal parameters were constrained (using EADP),

between all chemically similar guest sites.  For instance, all guest acyl oxygens are

restrained to have similar 1-2 and 1-3 bond distances and identical thermal parameters.

For the diketone guests, the α-methylenes (C03 and C09) were treated as equivalent (in

bond lengths and thermal parameters), as were the β-methylenes (C04 and C08), the acyl

carbons (C02 and C10), and the terminal methyl carbons (C01 and C11).  Because of

their relative isolation from the hydrogen bonding ketone, the three internal guest carbons

(C05, C06 and C07) were constrained to have equivalent coordinates in the diketones and

alkanes occupying the same guest sites.  The application of these restrictions increased

the ratio of data to parameters and tended to stabilize the refinement.  Finally, in order to

discourage unreasonable bond distances at the termini of the undecane guest, the α-β and
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Figure 5.14 The crystal structure solution from an unstressed UIC fragment grown from a
methanolic solution containing a 92:8 mixture of 2,10-undecanedione and 2-undecanone. In the
P1 solution there are four guests and 36 ureas per unit cell. (a) View of the channel along [010]
(the arrows indicate unit cell orientation). For clarity, the ureas are colored blue. In this image,
the positions of each modelled guest (diketone and undecane) overlap appreciably. (b) A single
guest site (D), viewed from the same perspective as in a. Here, hydrogen bonded ureas are
emboldened and hydrogen bonds between them and guest ketones are denoted by the green
dashed lines. (c) A view of site D along the channel axis. For clarity, the guest hydrogens have
been removed and the viewing direction skewed slightly from [001]. The table below provides
data on bond distances and angles for the structure, as well as a comparison with values of bond
lengths in the literature. (For the literature value column, n represents the number of observa-
tions for each bond type). Literature data from Allen, et al., J. Chem. Soc. Perkin Trans. II, 12,
S1-S19, (1987). Thermal ellipsoid plots (50% probability) are included on the following page
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d

ORTEP plot of the isotropic structure solution, drawn at 50% probability. (d) View along the
[001] channel, ureas only. This plot was drawn using ORTEP-3 for Windows, Farrugia, L.J.,
Journal of Applied Crystallography, (1997), 30, 565.
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site d

site a

site b

site c

e

ORTEP plot of the isotropic structure solution, drawn at 50% probability. (e) View of the four
guest sites, from the same vantage as d. This plot was drawn using ORTEP-3 for Windows,
Farrugia, L.J., Journal of Applied Crystallography, (1997), 30, 565.
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ORTEP plots of the isotropic structure solution, drawn at 50% probability. (f) The four guest
sites, viewed perpendicular to the channel (parallel to [010]). The ureas are not shown. Two
overlapping guests (2,10-undecanedione and undecane) are modeled at each site. (g) Close-up
view of one guest (D), from the same vantage as f. These plots were drawn using ORTEP-3 for
Windows, Farrugia, L.J., Journal of Applied Crystallography, (1997), 30, 565.

g

f
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β-γ carbon bond distances were constrained (using DFIX, σ = 0.01) to 1.50 Å.  These

distances are similar to those observed in other crystal structures of alkane chains.57

(Although the constraint of bond distances may not be ideal, it was necessary in order to

obtain chemically reasonable bond distances from the available data.61)  In summary,

only the host ureas were not subject to conditions that restrain or constrain their

parameters.  Finally, the four terminal heavy atoms for each guest (C01, C02, O02 and

C03) were restrained to lie in a plane, using the FLAT command.

Initial refinements, in which site populations were allowed to vary, were

performed with isotropic thermal parameters.  For these, the undecane population

refined62 to about 8%, which translates to about 16% 2-undecanone content.  Although

this particular crystal was not analyzed for guest content, HPLC analysis of 3 sectors (9

injections total) collected in the same batch gave 10.9 (4)% monoketone.63  Once the

guest populations were defined, (as 10.9% using the FVAR command) anisotropic

refinement led to unstable behavior.  (When ureas or guest carbon atoms were allowed to

refine anisotropically64, thermal parameters of guest atoms became non-positive definite

or the refinement would not converge.)  For the isotropic model,65 the final cycle of full-

matrix least-squares refinement was based on 21363 reflections and 821 variable

parameters (26:1) with 1421 restraints and converged (mean shift/σ = 0.004 Å and max

shift = 0.008 Å for C10D_400z, a methylene carbon on an undecane guest) with

unweighted and weighted agreement factors for all data of:
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R1 = Σ{|Fo| – |Fc|}/Σ|Fo| = 0.1244
wR2 = {Σw(Fo2 – Fc2)2/Σ[w(Fo2)]2}1/2 = 0.3267
where
w = 1/(σ2(Fo2) + (aP)2

a = 0.1
and
P = [2(Fc2) + max(Fo2, 0)]/3.

(For 15724 reflections for which Fo > 4σ(Fo), R1 = 0.1073 and wR2 = 0.3126.)

For this refinement, the goodness of fit (GooF) was 2.214 (for all data), and the extinction

parameter (EXTI) refined to 0.0055.  The maximum and minimum peaks in the final

difference Fourier map corresponded to 0.895 and -0.761 e/Å3, respectively.  A face-

indexed absorption correction was applied66 using the mass attenuation factors of Creagh

and Hubbell.67  For this crystal, µ = 0.104 mm–1 and transmission factors ranged from

0.9565 to 0.9655.  This correction yields R(int) = 0.092.  The Flack (x) parameter was

0.4(11).  For this data, a variety of weighting schemes were applied68 in which the

contribution of P was varied (by changing the value of a in the above expression).  Of

these, the default SHELXTL weighting scheme provided the most reasonable bond

distances and angles.  A table of bond distances and angles are provided in Figure 5.14.

Figure 5.14 presents the refined crystal structure.  This structure solution appears

quite like the structure of 2,10-undecanedione/urea (Chapter 1 and Figure 1.3) and (as

solved) possesses a left-handed urea helix with the host-guest hydrogen bonding pattern

predicted in Figure 1.8b.  For each guest site in the P1 solution, overlap between the pair

of modeled guests (diketone and undecane) is appreciable.  Guests form hydrogen bonds

with every third urea along the {100} faces of the channel.  Qualitatively, the unstressed

crystal structure is quite similar to that of pure 2,10-undecanedione/urea.
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For the stressed crystal (Figure 5.13), an X-ray data set was collected55 at 116 K.

Integration69 of 23941 unique reflections produced a C-centered orthorhombic cell, with

the following cell constants:

a = 8.2640(4) Å
b = 13.7786(7) Å
c = 32.8292(16) Å

V = 3738.1(3) Å3.

Using the same model applied to the unstressed crystal, an initial refinement

produced a structure at 0.74 Å resolution.  The final cycle of full-matrix least-squares

refinement70 was based on 23941 reflections and 842 variable parameters (28:1 ratio)

with 1329 restraints and converged (mean shift/σ = 0.010 Å and max shift = 0.002 Å for

H10I_100z, a methylene hydrogen on an undecane guest) with unweighted and weighted

agreement factors for all data of:

R1 = Σ{|Fo| – |Fc|}/Σ|Fo| = 0.1231
wR2 = {Σw(Fo2 – Fc2)2/Σ[w(Fo2)]2}1/2 = 0.2913
where
w = 1/(σ2(Fo2) + (aP)2

and
a = 0.1
P = [2(Fc2) + max(Fo2, 0)]/3.

(For 11981 reflections for which Fo > 4σ(Fo), R1 = 0.0917 and wR2 = 0.2913)  For this

refinement the goodness of fit (GooF) was 1.717 (for all data) and the extinction

parameter (EXTI) refined to 0.0041.  The maximum and minimum peaks on the final

difference Fourier map correspond to 0.92 and -0.75 e/Å3, respectively.  The majority of

residual electron density is located very near “existing” atoms (primarily the host) and is

not attributable to additional guests not present in the current model.  A face-indexed

absorption correction was applied71 using the mass attenuation factors of Creagh and
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Hubbell.67  For this crystal, µ = 0.104 mm–1 and transmission factors ranged from 0.9641

to 0.9480.  This correction yields R(int) = 0.0524.  Although this crystal was not analyzed

for guest content, HPLC analysis of eight other sectors of crystals collected from the

same batch provided a monoketone content of 7.7(5) %.72  In the refinement, the site

occupancy factors were constrained to 7.6% monoketone.

With a satisfactory model of the “major” guest population, it was possible to

consider the “minor,” displacive, population of the nanoscopic domains.  Within a linear

channel, the merohedral twin can be displaced in either of two directions.  However, the

helical nature of the UIC channel favors one option over the other; otherwise, in the

process of domain switching (e.g., on going from Figure 5.10c to 5.10e), the strain of the

merged domain will at some point directly oppose the applied force.  For this crystal, a

right-handed helix was found in the crystal structure solution, with Flack (x) parameter =

-0.4(10).  When the enantiomorph (left-handed helix) was created (using MOVE) and

refined,73   the Flack (x) parameter was 1.2(10).  Because the presence of only light

elements precludes an accurate determination of absolute stereochemistry by methods

such as those of Bijvoet74 or Flack,75 the original right-handed solution was used.

However, the incorrect assignment of helical chirality does not alter the conclusions

based on this structure solution because the stereochemical relationship between the

major guest sites and the displacive sites should not change with the chirality of the

system.

Upon consideration of molecular models, the minor population of the displacive

twin should be shifted from the major population along the +c axis.  To model this
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second site, copies of guests solved using the untwinned model were inserted manually

via application76 of the following transformation operation,

€ 

−x,y,z +1 6 ,

which models the 5.5Å/180° displacement.  The displacive guest was inserted using the

FRAG and FEND commands of SHELXTL.  These commands allow the insertion of a

group whose geometry is fixed.  In other words, the displacive guest was refined as a

rigid body that possessed the same intramolecular parameters as members of the major

guest population.  (A set of restraints and constraints analogous to those applied to the

major population was applied to the displacive guests.)  This treatment does not permit

the addition of rigid body constraints onto the inserted fragment; for this reason, alkyl

hydrogens (which are best treated as riding on the coordinates of the atom to which they

are attached) were not included in the initial displacive model.  (This is because, for

inserted fragments, the displacive guests are positioned (“ride”) according to atoms C05,

C06 and C07, whose coordinates are fixed.  Since the guest hydrogens are themselves

treated according to a riding model, they cannot be included in the inserted fragments.)

Figure 5.15 presents a portion of the structural model.  Here, the diketone component of

one guest site is pictured (the undecane guest has been removed for clarity); it forms

hydrogen bonds with the ureas colored green (1 and 10’ in the helical wheel diagram).  In

the model, the displacive guest (in yellow) is rotated 180° and translated by 5.5 Å along

[100] so that it forms hydrogen bonds with ureas 4 and 7’ (in red).

The refinement77 was performed with initial populations of 95% daughter and 5%

displacive twin that were allowed to refine against each other as components of the same,

unrestrained, free variable (FVAR).  (This limits their total population to 100%.)  The
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Figure 5.15 Modeling displacive guests in the stressed UIC containing a 92:8 mixture of 2,10-undecanedione and 2-undecanone. In a ferroelastic
UIC, guests within different rotational twins should be oriented in a predictable fashion. (a) A helical wheel diagram depicting the orientations
possible for the guests in various domains in such a crystal. This diagram is representative of the right-handed helices of the crystal structure in b:  
urea (n+1) is related to urea n by a 60° CCW motion along the helix and a translation 1.83 Å away from the viewer (down into the page and along
[001]). The colored arrows depict the four guest orientations possible within this crystal. (Here, only one of the guest orientations is shown; the
second guest is created from the first by a twofold screw operation.) For instance, the orientation of the mother domain (established from
photomicrographs taken prior to stress) is such that the guest is hydrogen bonded to ureas 6 and 9' (blue arrow). For daughter created as stress is
applied along the horizontal (see Figure 5.12), guests will translate 1.83 Å along [001] (away from the viewer) and rotate 60° CW so they are
directed towards ureas 1 and 10' (green arrow). The nanoscopic twin is thought to be oriented 60° from the mother so that it is degenerate with
respect to stress applied along the horizontal. Guests in this domain are are located 1.83 Å along [001] and are rotated 60° CCW from guests in
the mother; here they will form hydrogen bonds to ureas 5 and 8' (orange arrow). With enough stress, guests in this orientation should undergo
ferroelastic domain reorientation, as well. In order that the strain does not oppose the applied stress during the domain switching process, this
rotation-translation occurs in the opposite sense. Whereas guests within the mother rotate 60° CW and translate 1.83 Å along [001], guests in the
nanoscopic twin rotate 60° CCW and translate 1.83 Å along [001]. This results in a net displacement of 180° and 5.5 Å between daughter and
displacive nanoscopic twin so that its guests are oriented towards ureas 4 and 7' (red arrow). (b) The X-ray structure solution for the stressed UIC
fragment with data collected at 116 K. Shown here is a single guest site from the X-ray structure solution of the displacive daughter, viewed along
[010]. If rotated 90° CW (from above), this picture has the same point of view as the helical wheel in a. For clarity, only the diketones for daugh-
ter and modeled [001] displacive twin (in yellow) are pictured, and ureas not involved in hydrogen bonding with one of the four domains illustrat-
ed in a have been omitted. Ureas are colored according to the convention in a: mother (blue), daughter (green), unmerged nanoscopic twin
(orange) and displacive twin (red).

a b
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a
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resulting output exhibited convergence to 102% major guest (daughter), or < 0%

displacive twin.  The refinement statistics and figures of merit resemble those of the

“untwinned” model described above.  Several attempts at this model with slight

variations in initial restraints (including damping factors and initial populations) yielded

essentially the same result.  For this model, the weighted and unweighted agreement

factors for all data were as follows:

R1 = Σ{|Fo| – |Fc|}/Σ|Fo| = 0.1238
wR2 = {Σw(Fo2 – Fc2)2/Σ[w(Fo2)]2}1/2 = 0.2933
where
w = 1/(σ2(Fo2) + (aP)2

and
a = 0.1
P = [2(Fc2) + max(Fo2, 0)]/3.

(For 11981 reflections for which Fo > 4σ(Fo), R1 = 0.0925 and wR2 = 0.2802.)  This

refinement converged (mean shift/σ = 0.013 Å and max shift = 0.001 Å for C01D_400z,

a terminal methyl carbon for undecane, major site) for a goodness of fit (GooF) of 1.729

(for all data) and an extinction parameter (EXTI) of 0.0038.  The maximum and

minimum peaks on the final difference Fourier map correspond to 0.93 and -0.86 e/Å3,

respectively.

Although contrary to the known mechanism of ferroelastic domain switching, it

was important to test the possibility that the minor twin had been displaced from the

major population along the -c axis.  Thus, a model analogous to the one above was

constructed in which the displaced guest was related to the major site by the following

transformation matrix:

€ 

−x,y,z −1 6 .

This refinement78 was conducted in the same fashion as before, with the initial

population of the major site set at 95%; again the variable that describes the population of
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the displacive twin refined to 102% daughter (< 0% displacive guest).  For this model,

the weighted and unweighted agreement factors for all data were as follows:

R1 = Σ{|Fo| – |Fc|}/Σ|Fo| = 0.1235
wR2 = {Σw(Fo2 – Fc2)2/Σ[w(Fo2)]2}1/2 = 0.2910
where
w = 1/(σ2(Fo2) + (aP)2

and
a = 0.1
P = [2(Fc2) + max(Fo2, 0)]/3.

(For 11981 reflections for which Fo > 4σ(Fo), R1 = 0.0920 and wR2 = 0.2777.)  This

refinement converged (mean shift/σ = 0.020 Å and max shift = 0.008 Å for C01B_200z,

a terminal methyl carbon for undecane in the major site) for a goodness of fit (GooF) of

1.714 (for all data) and an extinction  parameter (EXTI) of 0.0039.  The maximum and

minimum peaks on the final difference Fourier map correspond to 0.92 and -0.85 e/Å3,

respectively.  The appreciable similarity between the refined output for both models and

that of the “untwinned” model indicates the addition of displaced twin has a vanishingly

small effect on the capacity for the model to fit the reflection data.  In other words, a

population that refines to a site occupancy of zero cannot significantly influence the

refinement statistics of a model in which it is included.  Such a population apparently

refines to zero because its presence is not necessary for the model to account for the

experimental data.  This indicates that the nanoscopic domains within the displacive twin

were not detected in this experiment.

It is noted here that a third model, in which the displacive guest was rotated by

180º and translated by 16.5 Å, was not attempted. The presence of such a twin would

have required the presence of an initial nanoscopic twin in which the guest is rotated by

60º and translated by 11.0 + 1.83 Å from the guest in the original mother domain.  This

kind of twinning is conceivable, so it should be considered in addition to the simpler

twinning operation that involves a 60º rotation and 1.83Å translation.  The second model
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described above, in which the displacive guest is translated by 1/6 of the unit cell along -

c, is equivalent to the mechanistically reasonable model that one would use for an initial

nanoscopic twin in which the guest was rotated by 60º and translated by 22.0 + 1.83 Å

from the guest in the mother domain.

The experiment outlined in this section illustrates the difficulty in identifying

directly the presence of nanoscopic twins.  By stressing the crystal multiple times, it was

hoped that a significant percentage of nanoscopic twins would form a displacive twin

with the plastic daughter.  Careful crystal structure modeling and analysis failed to

produce definitive evidence for the nanoscopic twin.  The X-ray scattering contribution

of the third orientation was not discernable in this experiment even though the crystal was

contaminated by twins of the third orientation (Figure 5.13k).  Although diffraction

contrast in X-ray topographs is thought to indicate their presence, X-ray diffraction is

apparently not sensitive enough to detect nanoscopic twins in this particular case.

In light of this negative result, another experiment of this type was performed79 on

a fragment obtained from the same crystal that had provided the unstressed fragment.  Six

cycles of stress and release were attempted, to 0.24%, 0.15%, 0.45%, 0.35%, 2.28% and

1.74% strain.  Although this crystal had already demonstrated predominantly plastic

behavior in the previous stress cycle, acoustomechanical vibration was applied for two

minutes during the final stress cycle.  (At the time this experiment was performed, the

effect of acoustomechanical relaxation on domain structure was not well understood.)

Subsequent X-ray data collection and analysis were conducted as described above.  The

refinement of the untwinned model was conducted in the same way as with the other

stressed crystal, with the exception that the site occupancy of 2-undecanone, 10.9%, was
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the same as that for the unstressed crystal described above.63  From the data set collected80

at 123 K, integration81 of 23246 reflections (constrained to orthorhombic symmetry)

produced a C-centered orthorhombic cell, with the following cell constants:

a = 8.2499(4) Å
b = 13.7578(7) Å
c = 32.7966(16) Å

V = 3722.4 (3) Å3.

This structure solution produced a left-handed urea helix.  Here, the Flack (x)

parameter was -0.4(11).  (Refinement82 of the structure of the right-handed enantiomorph

yielded x = 1.3(11).)  For the untwinned model (left-handed helix), the final cycle of full-

matrix least-squares refinement83 was based on 23246 reflections and 842 variable

parameters (28:1 ratio) and converged (mean shift/σ = 0.021 Å and max shift = 0.001 Å

for C01B_200z, a terminal methyl carbon on an undecane guest) with unweighted and

weighted agreement factors for all data of:

R1 = Σ{|Fo| – |Fc|}/Σ|Fo| = 0.1224
wR2 = {Σw(Fo2 – Fc2)2/Σ[w(Fo2)]2}1/2 = 0.3597
where
w = 1/(σ2(Fo2) + (aP)2

and
a = 0.1
P = [2(Fc2) + max(Fo2, 0)]/3.

(For 11981 reflections for which Fo > 4σ(Fo), R1 = 0.1135 and wR2 = 0.3480.)  Here, the

goodness of fit (GooF) of 2.580 (for all data) and the extinction parameter (EXTI) refined

to 0.0022.  The maximum and minimum peaks on the final difference Fourier map

correspond to 0.96 and -0.82 e/Å3, respectively.  A face-indexed absorption correction

was applied84 using the mass attenuation factors of Creagh and Hubbell.67  For this
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crystal, µ = 0.105 mm–1 and transmission factors ranged from 0.9497 to 0.9694.  This

correction yields R(int) = 0.076.

For this crystal, the displacive twin was modeled in the same fashion as discussed

above.  Unfortunately, refinements performed that incorporated the displacive twin

translated in either direction along the channel (along +c or -c) were not stable.85

Because the model and the restrictions applied to it were the same for both crystals

examined, it is not clear why these refinements were unsuccessful.

In a stressed crystal, it is likely that a large majority of the observed reflection

intensity is due to the daughter; only a vanishing fraction arises from the merohedral

twin.  This experiment, which involves modeling diffraction data for populations close to

zero, is obviously difficult to perform successfully.  A negative result, though

discouraging, does not prove the absence of nanoscopic twinning.  Indeed, the

observation of diffraction contrast and the growth of domains of the third orientation state

support the hypothesized presence of nanoscopic twins.  Although as of yet unproven, it

is possible that for a given crystal the number (or size) of nanoscopic twins may be

related to the intensity of striations observed in X-ray topographs.  None of the crystals in

this experiment were screened with SWBXT; future experiments will require

prescreening for striation intensity prior to stress or diffraction experiments.

5.3 Discussion

The experiments described in the preceding chapter outline progress that has been

made in identifying the source of the ferroelastic memory effect in urea inclusion

compounds containing 2,10-undecanedione and 2-undecanone.  The identification of
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nanoscopic ferroelastic domains was instrumental in the development of the current

model for pseudoelasticity.  In a crystal under stress, strain mismatch between adjacent

domains is thought to play an important role in the energetics of the ferroelasticity in

UICs.  Thus, the energetics of strain epitaxy or lack thereof can facilitate or inhibit

pseudoelastic domain reversion and may ultimately control ferroelastic behavior.

A more thorough understanding of pseudoelasticity in urea inclusion compounds

will arise from the study of nanoscopic twinning and strain epitaxy between these and

other domains.  The observation of nanoscopic twinning using X-ray topography

represented a large step forward in this research.  In the stress-diffraction experiment, the

emergence of X-ray reflections of a third domain orientation for a crystal under stress

suggests some process by which the nanoscopic twins may be enlarged; the behavior of

these reflections as a function of crystal strain provides important insights into the nature

of this process.  The 60° rotational correspondence between mother, daughter and third

orientation allows facile prediction of which domains should exhibit strain epitaxy (or

mismatch) at their boundaries and under what conditions these orientation states are

favored.

Greater insights into nanoscopic twinning and its effect on pesudoelasticy will

require the use of a crystal for which intense striations have been observed using X-ray

topography.  If the striation intensity is related to the number of nanoscopic twins, then

such a crystal should produce reasonable intensity for the third domain orientation when

stressed on a diffractometer.  A carefully performed experiment of this kind will involve

smaller increments of strain and the collection of X-ray rotation images and optical

photos without the need for large changes in the position of the crystal, which have

335



indeterminate influences on the experiment.  Such an experiment can more accurately

identify the parameters (strain, applied force, etc.) that give rise to the emergence of

reflections due to merged nanoscopic twins and determine, with greater certainty,

whether or not new domains are detected via diffraction before they become visible

optically.

There are many questions that can be addressed by an experiment of this sort.  For

crystals with different striation intensities, do the parameters relating strain and the

observation of merged twins vary?  For a crystal with no striation contrast, is it still

possible to observe merging of nanoscopic twins?  Does this affect pseudoelastic

reversibility?  Does the composition of the crystal have an effect on the merging process?

Does the distribution of guest populations (if present) have a measurable effect on the

ferroelastic behavior?  What additional energetic influences are present?  Are such factors

compatible with the current mechanistic model?  These and many other questions may be

approached from a more sophisticated stress-diffraction experiment.

Certainly the findings discussed herein are analogous to phenomena observed in

other types of ferroelastic materials.  As discussed in Chapter 1, materials exhibiting

superelastic and rubber-like behavior are also pseudoelastic.  For these, the diffusionless

nature and random distribution of stressed-defects in martensitic alloys makes the driving

force for rubber-like behavior and superelasticity a volume effect.86  However, for the

ferroelastic UICs, the interactions between strain-mismatched twins occur along the

relatively lamellar twin boundaries; here, the effect can be considered an interfacial

effect.  (It may be argued, though, that the process of merging nanoscopic twins reduces

the lamellar features of these sites.2)  The memory effect in martensitic shape-memory
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alloys has been demonstrated to depend on the symmetry relationship between point

defects and their surroundings.22-25  For these materials, point defects within the parent

phase retain the parent symmetry when the alloy is deformed.  In much the same fashion

as in UICs, strain mismatch between the defects and the newly created daughter domain

provides the driving force for pseudoelasticity.  For both sorts of materials, annealing

involves repair of the symmetry mismatch within the daughter phase, which leads to its

stabilization.  In this regard, urea inclusion compounds appear very similar to a large

variety of functional, technologically important materials.
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