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Abstract

The ferroelastic urea inclusion compound (UIC) of 2,10-undecanedione/urea exhibits a
striking pseudoelastic memory effect.  Although pseudoelasticity is possible for UICs containing
only 2,10-undecanedione, introduction of a structurally similar guest impurity (2-undecanone)
gives rise to rubber-like behavior, a form of pseudoelasticity. This phenomenon depends on both
the crystal strain and the concentration of monoketone: above 13-14% 2-undecanone,
pseudoelastic behavior is observed reliably, even at strains as high as 2.4%.  The dramatic
change in ferroelastic behavior over a small range of impurity content indicates that this is a
critical threshold phenomenon.

Because the impurity concentration has such a dramatic effect on domain switching, it
was important to determine the sector-dependent patterns of incorporation of this relaxive
impurity.  Preliminary HPLC analyses of guest populations suggest that preferential
incorporation of monoketone guests occurs between nonequivalent growth sectors, and that these
patterns can be rationalized using a symmetry specific growth model.  Birefringence mapping
and HPLC studies of optically anomalous UICs containing mixtures of 2,9-decanedione and 2-
decanone (which possess trigonal metric symmetry) suggest analogous patterns in guest
incorporation and/or ordering that can also be rationalized.  Although crystals of 2,9-
decanedione/urea exhibit no ferroelastic strain at ambient temperature, they exhibit a proper
ferroelastic phase transition near -170 ºC.

It is proposed that differential perfection of domains gives rise to pseudoelasticity in
UICs, and that relaxive impurities play an important role in the energetics of this process.
Because ultrafast video studies of domain reversion kinetics demonstrate no clear correlation of
observed rates with impurity content, it is proposed that the relaxive impurities facilitate
spontaneous domain reversion by annealing stressed defect sites that would otherwise lead to
irreversible or plastic domain switching.

Following earlier work using synchrotron white beam X-ray topography, the driving
force for domain reversion is thought to involve the presence of nanoscopic twins whose strain is
epitaxially mismatched with neighboring daughter domains. The behavior of these nanoscopic
twins was monitored with in-situ X-ray diffraction studies of stressed crystals, and this has led to
a more thorough understanding of the role of these nanoscopic twins in the ferroelastic domain
switching and rubber-like behavior in this class of materials.
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Chapter 1

Introduction

The study of crystalline materials has contributed much to the understanding of

solids and has lead to many advances in science and technology.  From fiber optics to

strong and lightweight metal alloys to ferroelectric memories, materials science1 is

ultimately responsible for many of today’s technological innovations.

The study of solid materials is intimately linked with the discipline known as

crystal engineering.  Crystal engineering2 has provided many insights into the nature of

the solid state and how crystalline properties may be influenced or tailored to meet

defined criteria.  From the studies of Schmidt and Cohen,3 Curtin and Paul,4 Etter,5 and

McBride6,7 on solid state interactions and reactivity, to the work of Ward,8 Aakeröy9 and

Hosseini10 on designing crystalline solids with specific, sometimes elaborate, forms of

molecular recognition and properties, crystal engineering has grown from its foundations

centered upon molecular recognition to encompass a wide variety of ideas, methods and

discoveries.11  Certainly, advances have been made in predicting and controlling factors

such as crystal packing and bulk crystalline properties; however, there remain many

misconceptions,12 as well as promising areas of investigation, such as polymorphism13

and the prediction of crystal morphology14 and/or structure15 in the landscape that

encompasses crystal engineering and solid state chemistry.  This thesis describes a

contribution to this emerging discipline.

Of particular interest in this work is the class of materials known as the ferroics.

A ferroic crystal (or polycrystal) possesses two or more orientation states, or regions of

identical structure that differ in absolute orientation of their spontaneous strain, electric

1



polarization and/or magnetic moment.16-18  Contiguous regions in a crystal that possess

the same orientation state are known collectively as a domain.  If a field or stress of

sufficient strength is applied in the correct orientation relative to the orientation state, the

domain may reorient, thereby populating another orientation state.  The observable

interconversion of orientation states, known as domain switching, is what defines ferroic

behavior.16-18  In general, there are three distinct ferroic properties:  ferromagnetism,

ferroelectricity, and ferroelasticity.19  Ferromagnetic materials are probably the most

popular of these.  In a ferromagnet, unpaired electron spins are spontaneously aligned to

produce a magnetic moment that may be reoriented by a magnetic field.  For example, a

pristine sample of iron may contain many disordered, ferromagnetic domains.  Exposure

to a strong magnetic field serves to align these into larger aggregates; more importantly,

should the orientation of the magnetic field change, the orientation of the macroscopic

domain can change with it.  When this occurs, a second orientation state becomes

populated.  A magnetic material that can be switched from one magnetic orientation state

to another is said to be ferromagnetic.  (The prefix “ferro-” is derived from the Latin

“ferrum,” meaning "iron".20)  A mixed oxide of iron, lodestone, is thought to be the

material in which ferromagnetism was first discovered.21  (More appropriately, loadstone

is not ferromagnetic, but is ferrimagnetic.  In a ferrimagnetic material, magnetic domains

of unequal strength are opposed so that, even though those domains are oriented

antiferromagnetically, the net magnetic moment is nonzero.22)

If a crystal produces an electric moment when subjected to an applied force, it is

said to be piezoelectric.23  This effect is observable in all noncentrosymmetric

crystallographic point groups with the exception of 432.  This phenomenon is to be

2



distinguished from the related pyroelectricity, in which a spontaneous electric moment

changes as a function of crystal temperature.23,24  Ferroelectricity is observed when the

spontaneous electric moment exhibited by a crystal is capable of being switched between

specific orientation states by an external electric field.25

The property of ferroelectricity is related to ferromagnetism in that at least two

nominally degenerate orientation states (at null field) must be possible.  However, instead

of a magnetic moment, a ferroelectric material possesses an electric dipole moment that is

reoriented by the electric field.  In a similar manner, ferroelastic materials undergo

domain switching between orientation states when subjected to an applied anisotropic

force or stress (for example, compression along a particular direction).  This property is

observable because the crystal possesses a spontaneous strain, or distortion, from higher

symmetry.  For example, lead phosphate (Pb3(PO4)4) is monoclinic (space group, C2/c) at

ambient pressure and temperature.26  In this crystal, the unit cell is distorted from trigonal

metric symmetry by 2%.  This distortion is achieved by lengthening one unit cell axis at

the expense of shortening another.  If a compressive force is applied to this crystal in a

manner that counters the distortion, the (Pb3(PO4)4) crystal will compensate for this force

by rotating its unit cell orientation so that the distortion no longer opposes the force.

Ferroelectric and ferroelastic domain switching is illustrated in Figure 1.1.  Here,

a collection of unit cells in a domain exhibit either a spontaneous electric moment or a

strain along the direction of the arrow.  When an external perturbative field or stress is

applied, this distortion becomes reoriented to accommodate the perturbation.  For this

process to occur, the orientation of the strain or electric moment must change, but the

overall unit cell connectivity of the crystal remains invariant.  (In the figure this

3



Figure 1.1 Ferroelectric and ferroelastic switching involves the interconversion of unit
cell orientations, or orientation states, when an anisotropic electric field or stress is
applied. Here, the first orientation state possesses an electric moment or unit cell distor-
tion along the direction of the arrow. When a field or stress is applied in a fashion that
counters this moment or distortion, the atoms (or molecules) become reoriented in an
accommodating fashion. The observable result is conversion of one orientation state
(here, 1) into another (2). If the applied perturbation is an electric field, the material is
said to be ferroelectric and the black bars represent electrically charged plates. If the
perturbation is an applied stress or force, the material is said to be ferroelastic and the
black bars represent a device for applying compressive force. In the absence of such
perturbations, these orientation states are nominally degenerate.

moment or
distortion

1 2

4



invariance is illustrated by “labeling” one of the unit cells in grey.)  In such an

experiment the initial orientation state, or “mother,” gives rise to a second orientation

state, known as the “daughter.”  In the absence of the perturbative stress, the mother and

daughter are isostructural and nominally degenerate,16 so the daughter should persist if

the field or stress is removed.  Certainly, the application of an appropriate field or stress

with respect to the daughter can cause it to reorient to the mother orientation.

The property depicted in Figure 1.1 describes the behavior of many ferroic

materials.18,27,28  However, an analogous, yet quite different phenomenon is exhibited by

the martensitic shape-memory alloys.  A martensitic phase transition is a diffusionless

transition that involves lattice shearing29,30 as one cools from the high-temperature, high

symmetry (austenite) phase to the low-temperature, low symmetry (martensite) phase.

Martensitic phase transitions are responsible for the hardening of steel and have been

observed in many other metals and alloys.  Although they are typically disruptive (that is,

they involve discontinuous changes in symmetry such that one phase cannot be described

using the “frame of reference” of the other31) a small subset of martensitic phase

transitions is nondisruptive.32  As discussed in Chapter 3, ferroelastic phase transitions

are nondisruptive and are characterized by a change in point symmetry.  It follows that a

small fraction of nondisruptive martensitic phase transitions share properties of

ferroelastic phase transitions.32

Some martensitic alloys, for instance, certain mixtures of tin and nickel,33,34

exhibit the shape memory effect.  When such an alloy has been deformed, mild heating to

a threshold temperature results in a spontaneous return to its original shape.  For certain

shape memory materials, simple release of the perturbative stress yields the recovery of

5



the original shape; this effect is known as rubber-like behavior.35,36  Shape memory

phenomena will be discussed further in Section 1.2.  The similarities between

ferroelasticity and the shape memory effect means that an appreciation of shape memory

alloys is relevant to the discussion of organic ferroelastics, which are the subject of this

dissertation.  At the same time, the study of organic ferroelastics can contribute much to

the understanding of shape memory alloys.

The importance of ferroelectrics in materials science and technological

applications demands a thorough understanding of their properties, which can lead to

improvements and modifications of their properties.  The motivation for the science

reported herein lies in the observation that many ferroelectrics possess a spontaneous

strain in addition to their spontaneous dipole moment.  Should the strain and dipole

moment reorient together during the domain switching event, the material is said to be a

ferroelastic ferroelectric.16  (Such materials are to be distinguished from piezoelectrics,

which are a part of a broader class of materials that do not necessarily exhibit ferroic

domain switching.)  For instance, upon the application of an stress or electric field,

crystals of gadolinium molybdate (Gd2(MoO4)3) undergo domain switching that involves

the concomitant reorientation of the spontaneous strain and dipole moment.37  Because,

for materials such as gadolinium molybdate, ferroelastic and ferroelectric properties are

coupled, it appears plausible that, on a molecular level, these properties are intimately

connected.16  Thus, a thorough appreciation of ferroelectricity requires a deeper

understanding of ferroelasticity.

The work described in this thesis involves the study of ferroelastic inclusion

compounds of urea.  The vast flexibility of synthetic organic chemistry provides the

6



experimentalist with an immense supply of molecules that can be constructed.  Coupled

with the reliable architecture of urea inclusion compounds, it is possible to tailor physical

properties in a systematic fashion and to discern what factors control ferroelastic

behavior.  Upon gaining adequate insights into ferroelasticity, it may be possible to

design ferroelectric materials with specific properties.

1.1 Urea and Urea Inclusion Compounds

Urea has a long history critical to the development of organic chemistry.  In 1828

it was first synthesized in the condensation of ammonia and carbon dioxide by Wöhler.38

This synthesis was a landmark achievement in the emerging discipline of organic

chemistry because it demonstrated that chemicals found in living things can be produced

synthetically; this contributed to the demise of the “vital force” theory that had long

pervaded the physical sciences.39,40

Figure 1.2b-c present the crystal structure of urea.  Though apparently a simple

structure, the large degree of intermolecular cooperativity exhibited by a network of

NH•••O hydrogen bonds makes modeling and the prediction of its crystalline properties

difficult;41-45 however, recent progress has been made in predicting crystal morphology14

and attachment energies.46  Urea is a useful non-linear optic (NLO) material: when

exposed to light from a laser, crystals of urea emit a second signal with half the incident

wavelength. 47

Nearly 60 years ago Bengen and Schlenk48 demonstrated that urea can form

inclusion compounds when crystallized in the presence of a second component.  In a urea

inclusion compound (UIC), the urea host typically forms helical channels (Figure 1.2d-e)
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a

Figure 1.2 Urea and urea inclusion compounds. (a) Urea forms a white crystalline solid at room temperature. In its crystal structure (b,c), pure
urea exhibits a high degree of intermolecular connectivity through a series of NH•••O hydrogen bonds. Space group, P421m; a = b = 5.565 Å, c =
4.684 Å. (Drawn from 12 K neutron diffraction data of Swaminathan, et. al., Acta Crystallographica, (1984) B40, 300. CSD refcode
UREAXX12.) (d-f) In the presence of long-chain hydrocarbons, a urea inclusion compound (UIC) may form. In a UIC, the urea host forms a
honeycomb-like network of hexagonal or pseudohexagonal channels inside which the hydrocarbon guest resides. (d) The host structure from
hexadecane/urea, viewed along the [001] (channel) axis (guest atoms removed). Here, atoms are drawn with 100% van der Waals radii (C = 1.70,
H = 1.20, N = 1.55, O = 1.52 Å). The inside diameter of the channels is about 5.5 to 5.8 Å; the channel centers are separated by about 8.2 Å.
Space group P6122; a = b = 8.227 Å, c = 11.017 Å. (Drawn from the room temperature X-ray data of Harris and Thomas, Journal of the Chemical
Society, Faraday Transactions, (1990) 86, 2985.). (e) By viewing the channel from its side, the pattern of hydrogen bonding between ureas is
observable. As with tetragonal urea, this structure is held together by a series of NH•••O hydrogen bonds, but the intermolecular geometries of the
two are different. Here, the backbones of each half of the urea double helix has been emphasized. (f) A schematic of a UIC, viewed from the
same perspective as in e, with structural parameters of the host and guest emphasized. Each turn of the urea helix comprises 6 ureas and spans
11.0 Å. This repeat length is denoted by ch'. The guest repeat length, cg', varies with guest. Δg describes the longitudinal offset between guests in
neighboring channels. For the commensurate UICs central to the work described herein, Δg = 0 Å. Images in e and f were adapted from
Hollingsworth, et al., Science (Washington, D.C.), (1996), 273, 1355.
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around the long axis of the incorporated guest.  The long, cylindrical channel best

accommodates molecules of a similar shape; thus, the first UICs contained long-chain

aliphatic fatty acids.  As with pure urea (space group 

€ 

P421m),49 the ureas in a UIC exhibit

a large degree of intermolecular connectivity manifested in an extensive network of

NH•••O hydrogen bonds.

As Figure 1.2d illustrates, the urea host molecules are oriented parallel to the

channel wall; this provides a molecularly smooth channel interior with an inner diameter

of 5.5 to 5.8 Å.50  With van der Waals cross-sectional distances of somewhat less than 5

Å, linear hydrocarbons make suitable UIC guests.51  The propensity for incorporation of

aliphatic guests made urea inclusion compounds a favorite of the petroleum industry in

the 1950s52,53 because of their utility in separating mixtures of linear and branched

hydrocarbons.

1.1.1 Registry Between Urea Host and Guest Dictates UIC Properties

Regardless of guest, for many urea inclusion compounds containing simple

hydrocarbons (or those with minor substitutions), the ureas form helical channels that

surround the linear guests.  (In one type of alternative structure, discussed below, the

channel is composed of stacked-loops of urea molecules.)  The crystal structure of the

urea host, taken from a study of hexadecane/urea,54 is presented in Figure 1.2d.  For this

crystal, the host structure is hexagonal (space group P6122 or P6522) with a = 8.227 Å

and c = 11.017 Å.  Inspection of this structure reveals that the urea channel is composed

of two intertwined helices that run in opposite directions along [001].  (For this and most

other UIC structures discussed in this thesis, the c-axis and the channel axis are

9



collinear.)  In the UIC, the 11.0 Å host repeat length corresponds to a complete turn of

each urea helix, which is composed of six ureas.  Thus, the channel “pitch” is

approximately 1.84 Å per host molecule.  These urea host metrics are preserved in most

UICs exhibiting the helical channel structure.

The UICs formed by most hydrocarbons possess in common one additional

feature:  they are nonstoichiometric for host and guest.  For the many guests known to

form UICs, each possesses a preferred length when in its fully extended conformation.

Since the hydrocarbon chain of the guest runs parallel to the host channel, the repeat

lengths of host and guest (or integral multiples of these) must coincide in order for a

rational host-guest stoichiometry to be achieved.  This requirement is expressed by the

relation:

€ 

mc
g

= nc
h

(1)

where cg is the average length (along the channel axis) per guest and ch is the average

channel repeat length (11.0 Å).  Commensurate UICs have reasonably small values of m

and n that satisfy the above equality; incommensurate UICs do not.  In commensurate

crystals, the guest molecular length and the 11.0 Å host channel repeat length are

expressed as cg' and ch' respectively.51  For example, n-pentadecane (C15H32) spans 21.11

Å in the UIC,55 which is approximately 0.9 Å shorter than the 22.0 Å length of two

helical repeats.  For 12cg' = 23ch' (253 Å length) there exists a possible commensurate

relationship; however, this relationship has not been observed experimentally, and n-

pentadecane/urea is thought to be incommensurate.55  Currently, all alkane/UICs that

have been investigated with high resolution methods are thought to be incommensurate at

room temperature.55,56  (Because much of the early work57,58 employed photographic X-

10



ray methods, conclusions of incommensurate behavior made on the basis of such

measurements should be questioned.  Further studies, using high resolution X-ray area

detectors, may provide examples of commensurate alkane UICs.59)  Nevertheless, some

UICs of alkanes exhibit a commensurate structure at reduced temperatures.55  One

example is hexadecane/urea, which is commensurate below 129 K, with 8cg' = 16ch' (176

Å repeat length).

Many UICs are formed by guests that possess some sort of directing element that

forms a specific interaction with the host.  Structural “directing” elements include

hydrogen bonding and bulky substituents, which can provide greater strength and

specificity of host-guest interactions than simple van der Waals contacts exhibited by

unbranched alkanes.51  Examples include long-chain diacyl peroxides,60 symmetric

anhydrides61 and α,ω-dihaloalkanes.62  In the last case, the guest contains no hydrogen

bond acceptor, but the substitution of a methyl group with a halogen is thought to alter

the interaction between host and guest.  Although many of these crystals are thought to be

incommensurate,51,63 interaction between host and guest leads to interchannel guest

cooperativity that is manifested as consistent interchannel guest offsets (Δg, Figure 1.2f)

within in each series.  For instance, peroxide guests of varying chain lengths are

translated 4.6 Å along [001] (Δg = 4.6 Å) from their neighbors in adjacent channels.  This

is in contrast with the dihaloalkanes,62 for which Δg = cg/3, and with the anhydrides61 and

the alkanes,64,65 for which guests are arranged side by side in the channels (Δg = 0 Å).

(For one anhydride, heptanoic anhydride, Δg = 2.3 Å at room temperature and 1.5 Å and 0

Å in lower temperature phases.61,66  Although it has been speculated that the unique

behavior of heptanoic anhydride/urea may result from a commensurate structure, this has

11



not been demonstrated.66)  The observation of series of incommensurate UICs with

constant values of Δg suggests that some sort of specific ordering interactions are

operative in these crystals.  For UICs formed from bis(methyl ketone) guests, which are

discussed more fully in Section 1.1.2 and which are the subject of much of this thesis, Δg

= 0 Å.67

An alternative topology, in which hydrogen bonded hosts form “stacked-loop”

hexamers, is observed for guests of structure X(CH2)6Y, where X and Y = Br, Cl, CN,

NC and mixtures thereof.51,68,69  For these, the commensurate relationship cg' = ch' is

observed, and the space group is often P21/n.  Crystals such as 1-chloro-6-

cyanohexane/urea exhibit interesting properties, including a thermal phase transition in

which guests are translated by 5.5 Å along the channel.68  For UICs of 1.6-

dibromohexane, 1,6-dichlorohexane, and 1-bromo-6-chlorohexane, two guest conformers

are observed.  Using 2H NMR and X-ray data from 1,6-dibromohexane/urea,69,70 two

gauche conformers were observed at the chain termini.  At low temperatures, one

conformer predominates so that the host channel becomes distorted along [100]; as the

temperature is raised, an increase in population of a second gauche conformer evens out

this distortion, and the crystals approach hexagonal metric symmetry.69  Although

stacked-loop UICs provide an important structural counterpart to helical UICs, they will

be discussed only in the context of memory effects in ferroelastic UICs (Sections 4.2 and

4.3).

The work described herein deals primarily with helical channel UICs based on a

series of bis(methyl ketone) guests and their analogues.  Although most of these are

commensurate, interactions between host and guest exhibited by each leads to important
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differences in the symmetry relationships that describe these crystals.  These differences

are manifested in a variety of properties that include the characteristics of guest

incorporation, optical and crystallographic features, and ferroelastic properties.

1.1.2 UICs of Bis(methyl ketone) Guests

In 1995 Brown and Hollingsworth reported the crystal structure of 2,10-

undecanedione/urea (Figure 1.3).71  Because of the hydrogen bonds between guest

carbonyls and urea N-H groups, this crystal differs from the prototypical UIC structure

presented in Figure 1.2.  For 2,10-undecanedione/urea the degree of host-guest

connectivity provided by this interaction is crucial to its crystalline properties.  Indeed, no

commensurate repeat is expected for an alkane guest consisting of eleven carbons (for

undecane, the predicted cg = 16.3 Å).58  However, 2,10-undecanedione/urea exhibits a

commensurate relationship of 2cg' = 3ch' and has a repeat length of 33.0 Å along the

channel, or 16.5 Å per guest.

The crystal structure of 2,10-undecanedione/urea is illustrated in Figure 1.3c.

Here, the guests are arranged in an antiferroelectric manner with their carbonyls directed

along [100].  Along the {100} channel walls, every third urea (colored in red) rotates by

32.59° about its C=O bond so that it may form NHsyn•••O hydrogen bonds to guest

carbonyls on either side of the channel wall.72  (This angle was determined by measuring

the angle between the (100) channel wall and the vector connecting the two nitrogens on

the rotated urea.)  Each guest carbonyl forms a hydrogen bond with a host urea so that

each end of the guest molecule is “tethered” to the host, resulting in a large degree of

host-guest connectivity.  Since the natural length of an alkane containing eleven carbons

is shorter than the 16.5 Å guest length required by the commensurate relationship, the
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a

Figure 1.3 (a) 2,10-undecanedione. The urea inclusion compound of of this guest is
commensurate, with 2cg' = 3ch'. (b) The crystal structure incorporates two urea chan-
nels per orthorhombic unit cell (dotted lines). (c) The crystal structure of 2,10-
undecanedione/urea determined from data collected at room temperature. Here, two
channels are viewed along [001] (the channel axis) from the same vantage shown in b.
Within the channels, guests are oriented with their CH2 and carbonyl groups toward the
horizontal {100} channel walls and form hydrogen bonds with ureas there (yellow dot-
ted lines). Between channels, guests at the same longitudinal position are oriented in the
same direction; in this image, the carbonyl groups for the frontmost guests are all orient-
ed along [100]. (d) Side-view of the crystal structure, along [010]. Within each chan-
nel, adjacent guests are related by a 21 axis. This results in the antiferroelectric ordering
of guests observed in this image. Each donor urea donates hydrogen bonds to guests in
two adjacent channels; this makes possible the hydrogen-bonded network of host-guest-
host-guest, etc., that ensures a large degree of interchannel interaction. Image c was
drawn from the data of Brown and Hollingsworth, Nature (London), 376, 323 (1995).
Image d was adapted from the above reference. Space group C2221; a = 8.345 Å, b =
13.939 Å, c = 32.982 Å (at 293 K). Host-guest hydrogen bond geometry: N•••O, 3.019
Å; (urea)CN•••O, 149.5°; (ketone)CO•••N, 142.3°.
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b
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c
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terminal methyl groups of neighboring guests are beyond van der Waals contact.  The

energy cost of this reduced packing efficiency is probably offset by the host-guest

hydrogen bonding.  Further consequences of such connectivity will be discussed more

thoroughly below and in later chapters.

The crystal structure of 2,10-undecanedione/urea reveals additional interesting

features.  Because the hosts are located on the channel walls, the ketone guest must direct

its carbonyl (and much of the methylene chain) towards those walls in order to form

hydrogen bonds with the ureas there.  This observation coincides with the structural view

of Chatani and coworkers,73,74 in which the methylene chains of linear hydrocarbons are

oriented towards the channel faces at high temperatures, and toward the vertices at low

temperatures.  (However, this observation contrasts an early structural model, in which

alkyl chains are directed toward the more spacious vertices.75  Additional

disagreement76,77 involves the number of possible orientations populated by guest

molecules at low temperatures; owing to inconsistencies in the appearance of published

diffraction patterns, this matter has yet to be resolved.51)  With 2,10-undecanedione/urea,

the orientation of guest toward the channel face gives rise to a slight distortion of the

nominally hexagonal urea channel:  the channel is strained along [100] by about 3.7% at

room temperature.  The symmetry for this crystal is therefore not hexagonal, but

orthorhombic, with space group C2221.

The ferroelastic distortion exhibited by 2,10-undecanedione/urea is a necessary

condition for ferroelasticity.  As shown in Figure 1.4 (adapted from the work of Brown

and Hollingsworth71), this strain can be reoriented when a stress of suitable force and

orientation is applied.  For this UIC, the direction in the ab plane (i.e., perpendicular to
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the urea channel) along which the refractive index is the largest is said to be the slow axis

in that projection.  For 2,10-undecanedione, this axis is parallel to [100] and, therefore,

the strain.  (The fast axis in the ab plane runs parallel to [010].)  When the crystal is

oriented as shown in Figure 1.4a, the slow axis is coincident with one of the microscope

polarizers (one of which is oriented along the vertical and the other along the horizontal)

so that the crystal appears dark, or extinguished.  (For all of the experiments discussed in

this thesis, the term “slow axis” will be used to describe the direction of largest refractive

index in the ab plane.  However, for crystals of 2-decanone/urea, the largest component

of the refractive index tensor (indicatrix) runs parallel to the channel axis;78 it is quite

likely that the same is true for 2,10-undecanedione/urea.)  When stress is applied to

appropriate {110} faces of this crystal, ferroelastic switching occurs so that portions of

this crystal are no longer in the extinguishing position.  These reoriented “daughter”

domains have their slow axes oriented approximately 60° from the mother domain and

perpendicular to the applied stress.  Because the distortion in the ab plane runs parallel to

the slow axis, it follows that this crystal has accommodated the compressive stress by

undergoing ferroelastic reorientation. This phenomenon will be discussed below and in

Chapters 4 and 5.

This remarkable property exhibited by crystals of 2,10-undecanedione/urea has

inspired a program of research with the primary focus of understanding and controlling

the factors that influence ferroelasticity in molecular crystals.  To learn about these

properties, it has been necessary to study a large variety of urea inclusion compounds

containing various guests and mixtures of guests.  For example, a closely related series of

UICs is based on the guest 2,9-decanedione.  This guest is structurally very similar to
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Figure 1.4 Ferroelastic domain switching in a crystal of 2,10-undecanedione/urea. Photographs
a, c, and e-g were taken between crossed polars and with a λ plate. Scale bar = 0.50 mm. (a)
The crystal prior to the application of stress. Here, it has been fastened with epoxy resin (at
right). The dark portion of the crystal is in the extingusihing position: the largest refractive
index in the ab plane is aligned horizontally so no little or no light passes. For this parent
(mother) domain, one layer of the guest carbonyls (which are parallel to the strain axis and the
slow axis) are represented by the arrows in b. In this schematic the [001] and [010] axes are
labeled, along with relevant growth faces. For this orientation of strain (along [100]),
ferroelastic domain switching is induced by compressing the crystal between {110} faces. (The
stress anvil is depicted in b.) In c, the stress has caused some channels to reorient – these
regions are known as daughter domains. Because the slow axis for these channels is no longer
horizontal, these regions of the crystal are no longer extinguished. (d) A schematic diagram of
the mother and daughter in this crystal. Here, the strain in the daughter has rotated approximate-
ly 60° clockwise and is perpendicular to the axis of compression. The domain boundary
between the two domains is in bold. (e) Upon removal of the stress, the daughter is permanent,
or plastic. (f) The daughter extinguishes when the crystal is rotated 60° counterclockwise; this
confirms the orientational assignment provided in d and that this is a single-crystal to single-
crystal transformation. (g) Following repeated applications of stress a large majority of the crys-
tal has been converted to daughter, which is exinguished in this orientation (as in f). Some dam-
age has occurred in the lower right-hand corner of the crystal, so this region does not appear
extinguished. Figure adapted from Brown and Hollingsworth, Nature (London), 376, 323,
(1995).
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2,10-undecanedione but is one methylene shorter.  This apparently minor difference

between guests contributes to appreciable differences in the properties their UICs.

Crystals containing 2,9-decanedione/urea are commensurate with 3cg' = 4ch' and a

channel repeat length of 44.16 Å.79  As observed in 2,10-undecanedione/urea, 2,9-

decanedione guest carbonyls are directed toward the channel walls so that hydrogen

bonds can be formed (Figure 1.5).  However, for this crystal the guest is too long:  gas

phase molecular mechanics calculations (conducted at the AM1 level of theory80) for the

fully extended conformation of 2,9-decanedione indicate a C1-C10 distance of 11.32 Å,

which is 0.34 Å longer than the distance observed79 in the room temperature crystal

structure of 2,9-decanedione/urea (10.982 Å).  In the UIC, this guest therefore coils about

its long axis and shortens so that it can form hydrogen bonds with the host and generate a

commensurate structure.  Within each commensurate repeat, three guests are related by a

threefold screw axis along the [001] channel, and the structure is metrically trigonal

(space group P3112 or P3212).

Because crystals of 2,9-decanedione/urea are trigonal and therefore lack

spontaneous distortion, they are not ferroelastic.  However, the study of this system has

provided many insights into the general properties of urea inclusion compounds,

including the characteristics of crystal growth and the consequences of structural ordering

between host and guest.  (Both are discussed in Chapter 2.)  One important feature of 2,9-

decanedione/urea (and the homologous 2,12-tridecanedione/urea81) is the presence of

chiral twinning.  In a microscope between crossed polars, crystals of 2,9-

decanedione/urea appear uniaxial (Figure 1.6).  However, when the polarizers are

adjusted so they are not quite crossed (and the λ-plate is removed), optical rotation due to
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Figure 1.5 2,9-decanedione/urea. (a) The chemical structure of the guest. The urea
inclusion compound of this guest is commensurate, with 3cg' = 4ch' and space group
P3112. (b) A view down the channel axis (along [001]); here, the trigonal unit cell is
denoted by the dotted lines. (c) The crystal structure of 2,9-decanedione/urea, again
viewed down the [001] (channel) axis. Because this guest is longer (by an estimated
0.34 Å) than optimal for a commensurate repeat of 3cg' = 4ch', the alkyl chain must coil
up and shorten. This coiling makes the intramolecular O=C---C=O torsion angle
approximately 106° instead of 180°, as anticipated for an extended conformation. This
unfavorable guest torsion is offset by the formation of hydrogen bonds with the host.
The carbonyls located at each end of the guest are directed toward the channel walls,
where they form hydrogen bonds with ureas. The diagonal guest-host-guest hydrogen
bonds ensures a large degree of host-guest interaction. (d) A side-view of the channel,
along [110]. (For this perspective, the view in c was rotated 90° CW from the top.)
The channel wall in front has been removed, and ureas forming hydrogen bonds with
guests are colored red. The 120° rotational relationship of the guests is apparent in this
image. Each urea forms hydrogen bonds with guests in two channels, as illustrated near
the center. Drawn from data of Hollingsworth, et al., Science (Washington, D.C.),
(1996), 273, 1355. Space group P3112; a = b = 8.229 Å, c = 44.16 Å (at 294 K). Host-
gu es t hydroge n bond geome t ry: N• • •O, 2 . 96 4 Å ; (urea )CN• •• O, 1 41 .4°;
(ketone)CO•••N, 143.9°.

a a

c
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the helical host structure becomes visible.  The acentric nature of the urea helix allows

either left- or right-handed helices to form.  Because they are simply enantiomorphs, the

presence of helices of both senses of handedness within the same crystal is a form of

crystal twinning.  As the figure illustrates, individual growth sectors of 2,9-

decanedione/urea can include chiral twins.  Although an empirical correspondence

linking right-handed (31) urea helices to levorotatory optical behavior has been

derived,82,83 a rigorous correlation between handedness and optical rotation has not been

established.  Nevertheless, the presence of chiral twins can have a profound impact on

guest incorporation and ferroelastic domain switching.  These phenomena will be

discussed in Chapters 2 and 4.

The crystal structures of 2,9-decanedione/urea and 2,10-undecandione/urea

demonstrate an important theme:  the interaction between host and guest plays a decisive

role in the crystal growth, stability, and overall properties of the UIC.  Incorporation of

2,9-decanedione or 2,10-undecandione changes the crystal symmetry from the nominally

hexagonal symmetry observed54 in alkane UICs.  In addition, there is a marked change in

habit between UICs of these guests and those containing alkanes.  Thus, interactions

between host and guest can dictate the structural properties of the UIC.  As demonstrated

in later chapters, the reliability of the host framework and the adjustability of the guests it

incorporates provide the experimentalist a handle with which the physical properties of

urea inclusion compounds may be tailored.
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Figure 1.6 Owing to their trigonal crystallographic symmetry (Figure 1.5), crystals of 2,9-
decanedione/urea are optically uniaxial. Because, for a uniaxial crystal, the index of refraction
in the plane perpendicular to the optic axis is the same regardless of the direction of polarization,
the crystal appears extinguished regardless of orientation. For 2,9-decanedione/urea, the optic
axis is the channel axis (or [001]), which runs perpendicular to the plate-face of the crystal. In a-
c a crystal of 2,9-decanedione/urea is viewed along its optic axis. Because refractive index of
the crystal is constant in all directions, its colors or brightness do not appear to change as the
crystal is rotated. In photomicrographs a, b and c, optical rotation from the chiral channel per-
mits the passage of some light between the crossed polars so that the crystal is not quite extin-
guished (it appears brighter than the magenta background). This phenomenon is discussed
below. Scale bar = 0.20 mm (Nikon 5x). (d-f) Between uncrossed polarizers, the intensity of
light passing through a chiral crystal will vary according to the magnitude (and direction) of
rotation. (To reduce the effects of optical rotatory dispersion – wavelength-dependent rotation of
white incident light – a green interference filter (GIF) was used instead of a λ plate for these
images.) In practice the polars are "uncrossed" by rotating the analyzer while leaving the polar-
izer fixed. When the analyzer is rotated clockwise from the vantage of the observer (to
"negative" numerical values), dextrorotatory (+) regions appear dark and levorotatory (–) regions
appear bright. When the analyzer is rotated counterclockwise (to "positive" numerical values),
the opposite effects occur. By comparing this behavior to the appearance of the crystal between
crossed polars, the optical rotation (and hence, the chirality of the crystal or chiral twins within
the crystal) may be discerned. (d) Crystal oriented as in a. Analyzer at –10°. Here, dextrorota-
tory regions appear darker than in e. (e) Crossed polars. No contrast between dextro- and lev-
orotatory regions should be observable. (f) Analyzer at +10°. In this image, levorotatory
regions appear darker than in e. The behavior of this crystal in d-f indicate that it is composed of
channels of both handedness; the top portion is dextrorotatory and the bottom portion is levorota-
tory. The cause of increased brightness in the upper left-hand portion of this crystal in photos
such as d-f is unknown. Between crossed polars and with a λ plate this effect is not observed.
Dauphine twinning, observed in 2,12-tridecanedione/urea (Hollingsworth, et al., Angewandte
Chemie, Int. Ed., (2002), 41, 965), involves a 180° rotation along the trigonal axis (Cahn,
Advances in Physics, (1954), 3, 363). However, this sort of twinning is not observable using the
optical methods described.
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1.1.3 Helical Wheel Diagrams:  A Tool for Predicting Guest Geometry

Since host-guest hydrogen bonding is a primary directing element in UICs

containing guests such as 2,10-undecanedione or 2,9-decanedione, it would appear that

factors influencing the capacity for host-guest hydrogen bonding (for instance, the

topology of the urea channel and the molecular length of the guest) will also affect the

structural properties imparted by host-guest connectivity.  It is therefore important to

consider the patterns exhibited by the hydrogen bonding networks.  For instance, in

Figures 1.3 and 1.5 it is clear that hydrogen bonding occurs with particular ureas along

certain channel walls.  In general, the channel structure of all bis(methyl ketone) UICs is

similar:  the 11.0 Å repeat of the host helix and the relative positions of ureas along the

channel are relatively invariant.  It appears, then, that the hydrogen bond topology of

these systems can be described by considering how each guest can form hydrogen bonds

to ureas arranged in a prototypical, hexagonal channel.

Helical wheel diagrams (Figure 1.7) have proven invaluable as tools for

predicting and rationalizing host-guest hydrogen bonding patterns for the UICs of

bis(methyl ketones).67,81  For these materials, ureas along the channel are numbered in

both helices (1, 2, 3, etc., for one helix and 1', 2', 3', etc., for the other).  Across the

hexagonal channel, ureas are parallel and are related by a twofold axis perpendicular to

the channel.  In the helical wheel diagrams, such ureas are given the same numerical

indicator.  In this manner, ureas 4 and 4' are related by a twofold axis, as are ureas 1 and

1', and so on.  By convention, ureas in helix 1 lead with their C=O bond (represented as

→) down the channel (away from the viewer), so in the diagram, ureas 1 and 1' are

closest to the viewer, ureas 2 and 2' are 1.83 Å below 1 and 1', and so on.  Because of
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Figure 1.7 Helical wheel diagrams for predicting host-guest hydrogen bonding patterns
in UICs. Because the UIC channel is composed of a double helix, it is chiral and may be
left-handed or right-handed. An example of each is depicted in a and b, respectively.
The urea helices are related to one another by a twofold rotation about an axis perpendic-
ular to the channel. Along the channel, ureas in helix 1 lead with their C=O axes
(denoted by the arrows) as the channel winds into the page. Urea 1 is followed by urea 2,
which is behind (below the plane of the page) of urea 1 by a distance of 1.84 Å. Follow-
ing that is urea 3, then urea 4, etc. A complete turn of the helix comprises six urea mole-
cules and spans a distance of (6 x 1.84 Å) = 11.0 Å. For the channel in a, the progression
of these ureas along C=O bonds follows a left-handed spiral. For the channel in b this
progression follows a right-handed spiral. Within each channel, members of the primed
helix are labeled 1', 2', etc. By convention, ureas 1 and 1' are located at the same longitu-
dinal position and have their C=O bonds, denoted by the arrows, oriented in the same
direction. Because the pair of helices are related by twofold rotation, these ureas are
related by the same twofold rotation, as are ureas 2 and 2', 3 and 3', etc. In the diagrams,
the arrows for ureas 3 and 3' are pointed in the same direction; however, their progres-
sion along the channel is not the same. Within helix 1, ureas lead with their C=O;
because the primed helix possesses the same handedness, its ureas lead in the opposite
direction (with their anti N–H). Therefore, in the diagrams, ureas in helix 1 progress
from 1, 2, 3, etc., in the direction of the arrows, while ureas in the primed helix progress
from 1' to 2' to 3', etc., in the opposite fashion. Between helices, ureas in helix 1 hydro-
gen bond with ureas in helix 1' on adjacent channel walls. In this fashion, urea 4 forms a
pair of NHsyn•••O hydrogen bonds with urea 2' as do ureas 12 and 10'. (In general, urea
n+2 bonds with urea n'.) With an understanding of the stoichiometric relationship
between host and guest, the helical wheels provide a simple means of predicting which
ureas may form hydrogen bonds with the guest. The utility of this method is demonstrat-
ed in Figure 1.8. Helical wheels adapted from Brown, et al., Chemistry of Materials,
(1996), 8, 1588.

a b

left-handed channel right-handed channel

C=O
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their relative arrangements, ureas in the primed helix wind down the channel by leading

with their anti N-H bonds (the tails of the arrows).  In Figure 1.7a, each urea winds along

its helix according to one’s left hand; this channel is said to be left-handed.  Analogously,

Figure 1.7b presents a right-handed channel.

Diagrams such as these provide a simple means for predicting or rationalizing

host-guest hydrogen bonding arrangements. Figure 1.8 presents the helical wheel

diagrams for UICs of 2,10-undecanedione/urea and 2,9-decanedione/urea.  These

diagrams reflect the stereochemistry assumed in the respective crystal structures:  a left-

handed urea helix for 2,10-undecanedione/urea71 and a right-handed urea helix79 for 2,9-

decanedione/urea.  (For both crystals, the absolute stereochemistry is not known:  these

assignments were made arbitrarily because it was not possible to verify absolute

stereochemistry using methods based upon anomalous dispersion.)  For 2,10-

undecanedione/urea, the commensurate relationship 2cg' = 3ch' provides a stoichiometry

of one guest per nine host molecules.  Because each donor urea forms hydrogen bonds

with guests in two adjacent channels, this guest accepts hydrogen bonds from every tenth

(inclusive) urea.  Thus, there are four possible combinations of urea hydrogen bond

donors:  1 and 10 (a), 1 and 10' (b), 1' and 10 (c), or 1' and 10' (d).

Immediately apparent in the diagrams of Figure 1.8 is the variation in guest

torsions:  for b and c, the guest O=C---C=O torsion angle is small, whereas for a and d,

these carbonyls are pointed in opposite directions.  At the outset, options b and a might

appear to be enantiomers of options c and d, respectively.  However, closer inspection

reveals this is not the case.  In b, the O=C---C=O torsion (from C2 to C10) runs

clockwise (CW) along the channel as the left-handed helix winds counterclockwise

24



e f g h

1

10

a 1

10'

b

10

1'

c

1'

10'

d

Figure 1.8 Helical wheel diagrams for UICs of 2,10-undecanedione (left-handed helices, a-d) and 2,9-decanedione (right-handed helices, e-h).
(a-d) For 2,10-undecanedione/urea, the commensurate relationship 2cg' = 3ch' provides a guest:host ratio of 1:9. Because each end of the guest is
tethered to one-half of a urea molecule, 2,10-undecanedione hydrogen bonds with every tenth urea along the channel, which are separated by 16.5
Å. Thus, ureas 1 and 10' (a), 1 and 10 (b), 1' and 10 (c), or 1' and 10' (d) may donate a hydrogen bond to the guest depending on the torsion of the
guest chain. Options a and d are related by a twofold rotation and are homomeric; options b and c exhibit enantiomeric guests in the same tunnel,
making them diastereomeric. For this guest a torsion angle of ~0° between carbonyls is favored; the crystal structure in Figure 1.3 reflects option
b. (e-h) For 2,9-decanedione/urea, the commensurate relationship 3cg' = 4ch' provides a guest:host ratio of 1:8. Depending on its torsion, 2,9-
decanedione guest may form hydrogen bonds with ureas 1 and 9 (e), 1 and 9' (f), 1' and 9 (g), or 1' and 9' (h). Here, e and h are related by the
twofold axis shown in h. For this guest, a torsion angle of ~180° between carbonyls is preferred, but is not compatible with a commensurate rela-
tionship between host and guest. A priori, options e (h) and f appear most promising. In the crystal structure, 2,9-decanedione guest coils so that
the torsion angle between ketones is approximately 106° and the crystal structure described in Figure 1.5 reflects option f.
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(CCW).  For the guest in c this torsion is CCW for the same CCW helix.  Because the

helical sense of the urea channel is invariant, but the guest torsion is not, these options are

diastereomeric.  For a and d, simple twofold rotation about an axis running horizontal

along the page demonstrates that these options are homomeric.

A simple consideration of 2,10-undecanedione (Figure 1.3a) suggests that this

guest should favor a geometry in which the carbonyls are parallel (or nearly so).  In this

regard, options a and d appear to require unfavorable torsion of the guest chain and are

therefore ruled out.  In Figure 1.3, the crystal structure agrees with this prediction:  the

torsion angle between carbonyls is approximately 16°.  For each end of the guest chain,

hydrogen bonds should therefore be formed with ureas from different helices, as

illustrated in models b and c of Figure 1.8.  The torsion of the guest chain appears to

counter the helical sense; thus, the guest winds CW as the left-handed host channel winds

CCW.  The actual structure matches the geometry predicted by option b.

Because it includes guests of presumably similar torsional energies, option c is a

polymorph that may exist.  However, in an investigation conducted by Dr. Matthew

Peterson,84 this polymorph was not observed even when different crystallization

conditions were employed.  To date, the small number of crystal structures that have been

solved have all exhibited the type b structure, 59 whereas the diastereomeric polymorph

depicted in Figure 1.8c has not been observed to date.

With 2,9-decanedione/urea (Figure 1.8e-h), the commensurate relationship 3cg' =

4ch' provides a stoichiometry of one guest per eight host molecules.  As with 2,10-

undecanedione/urea, each donor urea forms hydrogen bonds with guests in two channels

(on either side of the channel wall); the guest:host stoichiometry ensures that each guest
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accepts hydrogen bonds from every ninth (inclusive) urea.  This allows four possible

combinations of urea hydrogen bond donors:  1 and 9 (e), 1 and 9' (f), 1' and 9 (g), or 1'

and 9' (h).

For this system, options e and h are rendered equivalent (homomeric) by a

twofold rotation perpendicular to the channel axis (see arrow in Figure 1.8h).  Structures f

and g, on the other hand, are not related by symmetry.  Instead, the hydrogen bond

between host and guest is offset somewhat from the center of the channel wall so that

carbonyls for the donor ureas may be directed towards one another (as in g) or away from

one another (as in f).  This means that guest O=C---C=O torsions in f and g differ; these

options are therefore diastereomeric.

As discussed in Section 1.1.2, the extended conformation of 2,9-decanedione is

slightly longer than necessary for the 3cg' = 4ch' repeat observed in the crystal structure of

2,9-decanedione/urea.  Because the guest must coil up to fit, the ~180° O=C---C=O

torsion angle present in the extended, all staggered conformation might not be expected.

For options e and h, the guest carbonyls may assume torsion angles of approximately

120°; for f and g, the torsion angles are even smaller.  In the crystal structure of 2,9-

decanedione/urea, hydrogen bonding between the host and guest overcomes the

unfavorable torsion energy of the guest:  the O=C---C=O angle is approximately 106°,

and the guests form hydrogen bonds with ureas 1 and 9’.  These features are depicted in

option f.

Helical wheel diagrams can, in many cases, be useful tools for understanding the

possible torsional and hydrogen bond geometries for guests that hydrogen bond to the

urea channel with both ends of their chain.  Aside from the examples above, these
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diagrams have been applied to several UIC systems, including 2,7-octanedione,67 2,12-

tridecanedione,81 and certain bis(acetate esters).85  Helical wheel diagrams will be

revisited in Chapter 5, where they are used to rationalize the possible guest positions of

merohedral twins in ferroelastic UICs isostructural to 2,10-undecanedione/urea.

1.2 Shape Memory

One property closely related to ferroelasticity is shape memory.33,34,86,87  Materials

that exhibit the shape memory effect return to their initial (unstressed) form when heated

to a particular temperature.  This effect is related to superelasticity, which is a stress-

induced martensitic phase transformation.88,89  Both phenomena involve transformation

from the austenite phase to the martensite phase.   A special variety of shape memory,

rubber-like behavior (RLB), was first discovered35 in the 1930s for materials such as

Au52.5Cd47.5.  Strained samples of this alloy demonstrated elastic behavior (without

heating) so that the author described them as being like rubber.  Later workers have

demonstrated RLB in a variety of alloys based on transition metals.88  For these alloys,

shape memory occurs in the martensitic state.  Since both rubber-like behavior and

superelasticity involve spontaneous recovery of strain (at constant temperature), they are

examples of pseudoelasticity.  Pseudoelasticity is characterized by the spontaneous

recovery of strain (at constant temperature).88  As discussed in the introduction section,

martensitic phase transitions are characterized as involving lattice shears and other

distortions of groups of atoms and do not include atomic (or molecular) diffusion, some

of which are similar in nature to ferroelastic phase transitions.
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Since its discovery, the origin of rubber-like behavior has been the subject of

much debate.90-93  The mechanism is now thought to involve mismatch between crystal

defects and the domain that surrounds them;94-96 this is illustrated in Figure 1.9, which is

described below.  Above some temperature, the material possesses high symmetry and is

said to be in the austenite phase.  Upon cooling to a phase of lower symmetry

(martensite), the distribution of point defects (such as misplaced or vacant atoms) can

adopt the symmetry of the macroscopic domain only over relatively long periods of time

(ordinarily on the order of days).  For freshly annealed samples in the martensitic phase,

plastic behavior is observed because the defect distribution still retains the symmetry of

the austenite and there is no driving force for shape memory.  However, aged samples

can exhibit rubber-like behavior.  Although twins formed in a stressed crystal can

potentially exhibit several domain orientations, the ones that best accommodate an

applied stress will grow at the expense of others.86,91  For the aged sample, the symmetry

of the defect distribution has had time to adopt the symmetry of the unstressed phase so

that it does not necessarily conform to the symmetry of the stress-induced twin.  In this

case, the short-range order, (SRO) of the point defects is said not to conform to the

symmetry of the stress-induced twin.96,97  This mismatch in symmetry destabilizes the

crystal so that, once the stress has been removed, rubber-like behavior is observed.

Figure 1.9, adapted from the work of Ren and Otsuka96, illustrates the proposed

mechanism.  In this model, the defect distribution of the austenite is constant throughout

the crystal (Figure 1.9a).  As this phase is cooled through the martensitic phase transition

(Figure 1.9b), the annealed SRO is retained because the phase transition occurs on a

much faster time scale than atomic diffusion.  If the martensite in Figure 1.9b is stressed
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immediately following this transition, defect ordering provides no energetic bias between

states b and c, and plastic behavior is observed.  However, if the martensite is aged,

atomic diffusion can occur and the defect distribution adopts the macroscopic symmetry

of the martensite.  This “symmetry-conforming short-range ordering”96 serves to stabilize

state d with respect to b or c so that the martensitic phase transition temperature is

increased for aged samples.86  Furthermore, if d is stressed, the SRO does not conform to

the daughter twin (Figure 1.9f) and destabilizes it.  Stress release gives rise to the return

of state d (rubber-like behavior).

If, however, the crystal is aged while under stress, the SRO of the crystal defects

has time to conform to the symmetry of the stress-induced twin.  This is illustrated in

Figure 1.9g.  Here, the SRO has adopted the symmetry of the daughter domain so that

this twin is no longer destabilized with respect to d.  Thus, the release of stress will not

lead to pseudoelastic reversion because the deformed crystal is no longer destabilized by

the SRO.  Instead, the reconstituted SRO stabilizes this domain with respect to other

potential twin orientations so that if the crystal is stressed once again, rubber-like

behavior will result.  The concept of point defect symmetry and its effect on domain

stability has been extended to include the phase transition between austenite and

martensite;97 indeed, when briefly heated through the phase transition, the domain

structure of the martensite can be preserved because the defect SRO has not yet adopted

the symmetry of the high temperature phase.  This is described by the transition between

states in Figure 1.9d and e.

These properties are analogous to the ferroelastic behavior of UICs.  For both

systems, reversible domain reorientation accompanies the release of applied stress.  Thus,
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Figure 1.9 The mechanism for rubber-like behavior in martensitic alloys, as proposed by Ren
and Otsuka (see reference below). Here, the crystal lattice of an alloy containing α and β
sublattices (see legend) is represented in two dimensions. For each lattice position neighboring
site A the shading indicates the statistical probability of locating a point defect there. (a) The
austenite phase. In this phase the probability for each site is the same. Upon cooling through the
martensitic phase transition (to make b), these probabilities are preserved because the phase tran-
sition occurs on a shorter time scale than atomic diffusion. For martensite b the ordering of point
defects around A inherited from austenite a does not conform to the symmetry of the martensite;
this phase is therefore destabilized so that it exhibits plastic behavior if stressed immediately fol-
lowing the phase transition (c). (d) Upon aging, the distribution of defects surrounding A adopts
the macroscopic symmetry of the martensite through atomic diffusion. Thus, the short range
order, SRO, has conformed to the symmetry of the martensitic phase and the phase is no longer
destabilized. If the aged martensite d is heated through the phase transition, the austenite e
exhibits the same defect ordering until slow diffusion again equilibrates each site (to yield a).
Because the SRO of b destabilizes this phase with respect to d, the martensitic transition temper-
ature for d e is greater than for b a. If martensite d is stressed, the defect distribution
destabilizes f so that rubber-like elasticity results. If martensite f is aged under stress, the defect
distribution assumes a more stable SRO (as in g) and plastic behavior results. Figure drawn from
Ren and Otsuka, Nature (London), (1997), 389, 579.
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UICs and some shape memory alloys (two very different classes of solid material) have

in common the property of pseudoelasticity.  The work outlined in this thesis will serve to

contrast the ferroelastic properties of martensitic alloys and UICs, as well as draw some

important comparisons between their specific mechanisms.

1.3 The Plan

The purpose of this dissertation is to describe my accomplishments to this

research program, while putting them into context with this research program and with

the current understanding of ferroelastic materials and chemical crystallography.  At the

outset of these studies, some characteristics of UIC growth and ferroelasticity were

misunderstood (or not fully appreciated).  This work has helped to answer some of the

many important questions, and has asked a few, as well.  In describing these studies,

there are two primary hypotheses that will be addressed:

1.3.1 Hypothesis I:  UICs Grow According to Symmetry-Specific Mechanisms that

Influence Lateral Guest Incorporation and/or Ordering

When viewed parallel to its long axis, the urea channel is hexagonal in shape,

which corresponds to the hexagonal crystal morphologies of most UICs.  Nominally, the

point symmetry of the urea channel is hexagonal, but with guests such as 2,10-

undecanedione the structure assumes an orthorhombic form.  For any given crystal, the

symmetry at the growth face is lower than the average crystallographic symmetry and

will vary according to the exposed molecular functionality.  Because crystal growth
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occurs at the crystal surface, varying modes of guest incorporation are to be expected

between growth faces with different structures.

This aspect of crystal growth has been exploited in the study of solid solutions,

which are crystals that contain a mixture of chemical components.  In their “general

revision” of the formation of solid solutions, Lahav, Leiserowitz, and coworkers98,99 and

Bertman and McBride100 demonstrated that the incorporation of impurities occurs in a

nonrandom fashion.  Constrained by symmetry, inequivalent growth sectors will exhibit

preferential incorporation of different components, and these will be oriented in a polar

manner.

For commensurate UICs incorporating bis(methyl ketones), solid solutions have

been created by adding varying amounts of a guest impurity.71,101  Typically, the

impurities utilized are structurally very similar to the primary guest and can include

monoketones, primary alkyl halides, esters, and n-alkanes.  Growth models that

rationalize the patterns of guest incorporation in UICs have been developed by Mark

Hollingsworth;102 these will be applied to the study of UICs such as 2,9-decanedione and

2,10-undecanedione.  Using crystals containing two guests, preferential incorporation and

ordering of guests will be demonstrated by observing changes in their optical behavior

and by measuring differences in guest concentration using wet analytical methods.

1.3.2 Hypothesis II:  Epitaxial Mismatch Between Domains Controls Memory Effects

in Certain Ferroelastic UICs

Crystals of 2,10-undecanedione/urea are ferroelastic.  For this material, domain

switching involves the large-scale reorientation of crystalline regions that are associated
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by a network of guest-host-guest hydrogen bonds that spreads throughout the crystal.71

As illustrated in Figure 1.4, the daughter domain formed under stress does not retreat

following the release of stress; this process is therefore irreversible, or plastic.  Upon the

introduction of a relaxive impurity,101 2-undecanone, spontaneously reversible domain

switching, or rubber-like behavior, can be achieved.71   Because it has only one hydrogen

bond acceptor, this guest is tethered to the channel at only one end:  its incorporation

interrupts the interchannel host-guest network.  In this way, relaxive impurities such as 2-

undecanone lower the energetic barrier to domain switching so that spontaneous domain

reversion may occur.

For a series of UICs containing mostly 2,10-undecanedione and some 2-

undecanone, a correlation has been established between guest content and pseudoelastic

reversion.  In these studies, an abrupt change in reversion properties (a critical threshold)

was observed.  Using ultrafast videomicroscopy, the kinetics of domain reversion from

daughter to mother in the fastest sites were shown not to depend appreciably on guest

content.  These studies, described in Chapter 4, help demonstrate how relaxive impurities

can facilitate spontaneous reversion by speeding up the slow sites, whose domain wall

motions are apparently inhibited in crystals containing smaller amounts of relaxive

impurities.

Using synchrotron white-beam X-ray topography (SWBXT), Mark Hollingsworth

and collaborators observed103 nanoscopic domains in crystals of 2,10-

undecanedione/urea.  Because of their nanoscopic size, these domains are not observed in

a typical stress experiment.  Although they are epitaxially matched in the unstressed

crystal, it is hypothesized that these domains become mismatched when bounded by
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daughter.  This mismatch is thought to provide a driving force for pseudoelastic

reversion.101  Spontaneous repair of mismatched defects, earlier observed in growing

crystals of 2,10-undecanedione/urea, is hypothesized to be controlled by the same factors

that drive domain reversion.101  The mechanism by which nanoscopic domains affect

ferroelastic behavior will be explored in Chapter 5 using optical and diffraction methods.

This mechanism has several features in common with the mechanism of rubber-like

behavior and may also be shared by other ferroelastics and shape-memory alloys.

These hypotheses and the studies undertaken to test them will be presented in the

chapters that follow.  Chapter 2 describes the study of symmetry and ordering in urea

inclusion compounds.  Chapter 3 discusses the low temperature phase transition in 2,9-

decanedione/urea.  Chapters 4 and 5 outline the current understanding of ferroelasticity in

UICs containing 2,10-undecanedione and mixtures with 2-undecanone.  Chapter 6

presents concluding remarks about the studies described.  Finally, Chapter 7 outlines

experimental methods, chemical syntheses and work not described in the main text.
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