


Figure 4.32 Domain reversion and ultrafast video sequence for the fifth stress attempt for the
crystal containing 11.5% monoketone, following 0.56% compression. The experimental setup is
similar to the description provided in Figure 4.16. (a) Photomicrograph (crossed polars) of the
crystal taken immediately before stress release. Scale bar = 0.25 mm (Nikon 5x). (b-x) Ultrafast
(3000 fps) video frames, beginning 0.33 ms prior to stress release (b), at stress release (¢), and in
1.33 ms increments thereafter (d-x). In each image the time from stress release (time = 0, frame
¢) is presented in the upper left-hand corner. The box in frame b indicates the sample region for
this frame, which was repositioned according to crystal motion (see text). Scale bar = 0.20 mm
(Kodak MotionCorder 1.3x).



was varied from 0.39 to 0.77%, and a {110}{110} daughter was grown in approximately
the same region of the crystal (Figure 4.28). In each stress attempt, pseudoelastic
reversion was observed.

This experiment utilized the Kodak MotionCorder to capture ultrafast video of
each domain reversion event. In the analysis of the video frames, a 72 x 560 um” sample
region was positioned so that the same daughter region was examined in each case. Since
these data were collected using the Kodak MotionCorder, it was necessary to remove
time-dependent variations in the luminosity data using the Fourier smoothing routine
discussed in Section 4.4.1. The raw and smoothed data are provided in Figure 4.33a-e.
(Here, data from the first stress attempt, entry 5, are reproduced.) As with previous
experiments, the number of data points used in each smoothing routine was kept to a
minimum. So that data from each attempt was treated in the same fashion, each run was
smoothed using four data points. Although the smoothing routine should qualitatively
reduce the periodic variations in luminosity that arise from the use of the Kodak camera,
they should not eliminate artifactual changes in luminosity.

In stress attempts 1, II, III and V, unexpected luminosity increases were observed.
For attempts I and II, the increases began around 12 ms following stress bar retraction
(Figure 4.33a,b), while for attempt III the luminosity began to increase almost
immediately (Figure 4.33c); for stress attempt V, the luminosity appears to jump near 20
ms following stress bar retraction (Figure 4.33e). During each attempt the crystal does
not appear to rotate or jump. (An investigation® of images collected at stress release, at
1.33 ms, and much later in the sequence, revealed rotations of 0.1° or less in each stress

attempt. In addition, as described in Sections 4.4.1.2 and 7.5, stress bar retraction should
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Figure 4.33 Domain reversion kinetics for stress experiments described in Figures 4.28 through
4.32. The rates of reversion were measured during each of five cycles of stress and release for
the same crystal containing 11.5 % 2-undecanone. (a—e) Plots of the percentage of daughter
(calculated from the initial amount measured prior to stress release) vs. time, for stress attempts I
through V, respectively. For these plots, luminosity (as a percentage of the initial value) is plot-
ted using dark circles. As discussed in the text, a Fourier smoothing routine was used to elimi-
nate time-dependent variations in the luminosity data. Here, smoothed luminosity data are plot-
ted in red. In addition, first derivative plots of the smoothed data are provided (see Section
4.4.1.2). For each stress attempt, the maximum strain (in %) and the number of data points used
in the smoothing procedure are provided. (f) A histogram plot of instantaneous reversion rates
measured for each strain attempt. Here, the percentage of daughter that reverts within a given

range of rates (spanning half log units) is plotted along the vertical axis. The percentages (of
total) for half-log bins are provided in table g.
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g

Percentage of daughter, sorted by log(rate)

log(rate) I 11 111 IV \'%
-9.5 — — — — —
-9.0 — — — 0.09 —
-8.5 — — — 3.33 —
-8.0 — 0.21 — 28.29 0.41
-7.5 1.41 0.16 0.21 21.58 0.15
-7.0 885 1392 10.78 22.14 4.29
-6.5 2482 2803 28.14 2329 2139
—-6.0 6492 5769 60.88 1.29 74.14

-5.5



be complete in approximately 0.55 ms, long before the anomalous changes in luminosity
observed here.) In every case, the principal contribution to the daughter population is
from a thin stripe that spans the length of the sample area; smaller contributions come
from other, smaller, domains including a {130}{130} daughter (see especially the fourth
attempt, Figure 4.28p). In the image sequences, however, the decay of those additional
regions did not appear to coincide with anomalous luminosity increases (see Figures
4.26f and 4.29 through 4.32). Based on the preceding discussion of optical effects in the
crystals used for the reversion kinetics experiments, such variations do not appear to arise
from retardation effects (since this crystal is 160 um thick); currently, the cause of the
anomalous increases in luminosity is not understood.

As with other stress experiments performed on other crystals, (Section 4.4.1), the
kinetic plots (Figure 4.33a-¢) exhibit regions of fast and slow reversion during each stress
attempt. Overall, stress attempts I, II and V each reverted over approximately 25 ms;
attempt III took a little longer (31.0 ms) to complete, while attempt IV reverted over
730.0 ms (see Figure 4.28). In addition to the measurements of differences in reversion
duration, instantaneous rates provide valuable insight into the reversion process. (For all
five attempts the time resolution is 3000 s™'.) Due to anomalous increases in luminosity
described above, some of the ultrafast frames may be unreliable. Since increases in
luminosity oppose the effect of decreasing daughter size, the slowest rates measured
using such frames become suspect. This is especially true for stress attempts I, II, III and
V, where the slowest rates were observed during or near periods of anomalous changes in
luminosity (Figure 4.33a-c, e). For this reason, data from several frames were excluded

from the kinetic analysis; these frames are described in Figure 4.28.
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As tabulated in Figure 4.28, the fastest instantaneous rates spanned a factor of 2.6
(3.32 x 107 to 8.48 x 107 mol guest s™'; attempts IV and V, respectively), while the entire
range of rates varied by a factor of about 2400 (3.56 x 10" to 8.48 x 107 mol guest s’';
attempts IV and V, respectively). Histogram distributions (separated into half log bins)
are presented in Figure 4.33f; values for each bin are tabulated in Figure 4.33g. In the
histograms, one notes that although the fastest bin (10° mol guest s™) is populated for
each stress attempt, the slowest bin varies somewhat: stress attempts I and III exhibit the
fastest minimum rates (10° mol guest s), while attempts II, IV and V revert over slower
bins. As discussed below, population of the slowest rate bins may arise from changes in
reversion behavior for daughters formed in different stress attempts.

For stress attempts I, I and III (to 0.44%, 0.55% and 0.39% strain, respectively),
the distributions appear quite similar: a majority (58-65%) of domain reversion occurs
within the fastest bin (10° mol guest s™), and the population within each bin tails off at
slower rates (see Figure 4.33g). During stress attempt IV (to 0.77% strain), this
distribution shifts to slower rates, although the fastest rate bins (10°® mol guest s)
remains populated. In stress attempt V (to 0.56% strain), the rate distribution appears
similar to the rate distribution for stress attempt I1I, although over 74% of this daughter
reverts in the fastest bin (10° mol guest s™).

These distributions suggest a possible link between reversion rate and the amount
of strain applied. For each attempt, regardless of strain, the fastest bin is populated
(although the populations vary widely) and the fastest instantaneous rates do not vary
appreciably. However, a look the daughter domains formed in stress attempts I, II and III

(see Figure 4.28 d, h, 1) suggests the daughter was formed over the same region during
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these initial attempts (see also Figure 4.34j-1); during reversion, the crystal exhibits a
trend between minimum rate and applied strain. For attempts I and III (to 0.44% and
0.39% strain, respectively), the minimum rates (1.94 x 10® and 1.85 x 10™® mol guest s,
respectively) are approximately five times faster than the minimum rate (4.42 x 10° mol
guest ) observed for attempt II (to 0.55% strain). This trend is continued for attempt IV
(to 0.77% strain); here, the daughter domain becomes appreciably larger than in attempts
I-1I1 (see Figures 4.28p and 4.34). For this attempt, the slowest rate (3.56 x 10" mol
guest s') is observed, and the reversion event takes a substantially longer time to
complete. During the period of fastest decay (the first few milliseconds), Figure 4.34
illustrates that domain reversion is not readily observed in the ultrafast video sequence.
Instead of domain switching along a well-defined domain wall, this daughter appears to
fade in intensity; nevertheless, the slowest rates observed for this daughter conform to the
trend linking strain and minimum reversion rate. Once a smaller stress is again applied
(attempt V, 0.56%), the rates again increase to values more commensurate to those
observed in the first three attempts.

If slower rates do not arise artificially from crystal motion (or other factors,
discussed above), the correlation between strain and reversion rates may support the
defect hypothesis described in Section 4.3.3. For instance, during stress attempt V (to
0.56% strain), the minimum rate (8.04 x 10® mol guest s) has increased appreciably
when compared to attempt IV (0.77% strain, 3.56 ¥ 10"° mol guest s'); this rate lies
between the slowest rates observed for entries I (or III) and II, and it fits the relationship
between strain and minimum rate observed for attempts I-IV. However, it is interesting

that the daughter formed in attempt V is much larger than the one formed in attempt II.
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Figure 4.34. A comparison of daughter regions in stress attempts I through IV. (a—i) Stress
attempt IV: ultrafast video images collected 0.33 ms prior to stress release (a), at stress release
(b) and in 0.33 ms intervals to 2.33 ms following release. In each, the outer boundaries of the
original daughter domain are denoted by the red lines. The violet line (see * in a) denotes the
location of a daughter domain not analyzed. Crystal motion was compensated for using the
small bright region at lower right (see blue dot and arrow). During this time span, no visible
change in daughter size is observable. (j-1) Ultrafast video images, collected 0.33 ms prior to
stress release for stress attempt I (j), II (k), and III (I). The daughter boundary lines used in a—i
(attempt IV) have been superimposed on these images to illustrate differences in domain size
between the experiments. See text for details.
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(These daughters were grown from 0.55% and 0.56% strain, respectively.) The
possibility of defects favoring and resisting domain reversion was described in Section
4.3.3; these same defects might be operative during domain switching from mother to
daughter. Although it is tempting to ascribe the apparent correlation between crystal
history, strain and minimum rates to the defect structure of the reverting crystal, this
discussion will be deferred to Chapter 5, where additional information is available.

From the experiments described, domain reversion kinetics appear to be
influenced by several factors including the magnitude of applied strain, the location of
daughter and crystal history (e.g., prior stress attempts). For example, in stress IV, the
maximum strain (0.77%) was applied, and the daughter grew to its largest size. Upon
release, the rates were observably slower than in previous attempts. Since this daughter
was larger than daughters formed in previous stress attempts, slower reversion rates could
result from the defect structure of the newly switched region or from changes in domain
structure within regions that formed daughter in previous stress attempts. From the return
to “normal” reversion behavior observed in attempt V, which included switching over the
larger crystal region, the first possibility appears quite reasonable: in this stress attempt,
the enlarged daughter region reverted at rates comparable to those observed for smaller
daughter domains formed in the initial stress attempts. Defect annealing (discussed in
Section 4.2.4) provides one possible mechanism through which the number of defects can
be altered. This possibility and its effect on domain wall motion will be discussed more

fully in Chapter 5.
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4.5  Discussion

The remarkable change in ferroelastic behavior for UICs crystals containing
mostly 2,10-undecanedione and 13-14% 2-undecanone reveals a critical threshold for the
effect of this relaxive impurity on ferroelastic properties. In abbreviated terms, the
critical threshold is representative of an “all-or-nothing” phenomenon: either
pseudoelastic reversion occurs or it does not. This sort of behavior makes ferroelasticity
very sensitive to minor changes in composition near the critical concentration. In the
current system, a small variation in impurity concentration near 13-14% yields a drastic
change in the pseudoelastic response of the crystal to applied stress at strains close to 1%.

The observation of a critical concentration threshold for pseudoelastic behavior in
urea inclusion compounds may be the first such observation for an organic ferroelastic.
For these as well as other ferroelastic materials, local cooperativity that extends over
large distances is thought to play a role in the observed ferroelastic behavior. Nominally,
daughter and mother domains are degenerate; however, the observation of
pseudoelasticity indicates a difference in stability. Below the critical threshold,
incomplete domain reversion (or none at all) is observed following the release of stress.
Such domains probably include channels for which spontaneous reversion is energetically
preferable; however, the long-range connectivity between channels renders “local”
reversion energetically unfavorable. The introduction of the relaxive impurity 2-
undecanone permits pseudoelastic behavior, possibly by breaking up this cooperative
network, which leads to a reduction in the kinetic barrier between mother and daughter.
However, the same impurity can also increase the stability of the daughter domain by

facilitating stressed defect repair, which (on its own) leads to an increase in the kinetic
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barrier. Kinetics experiments reveal no obvious correlation between 2-undecanone
content and reversion rate; instead, they suggest that this relaxive impurity reduces the

tendency for defect sites (whatever their nature) to inhibit domain wall motion.

As discussed in Section 4.2.4, the recovery of strain epitaxy can drive domain
reversion. It is envisioned that acoustomechanical vibration can reestablish strain epitaxy
near defect sites, but it may also facilitate the reconstruction of host-guest hydrogen
bonds in a stressed crystal. Whereas the first possibility increases stability within the
daughter, the second increases the barrier to reversion. Both should give rise to reduced

pseudoelastic behavior.
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