PREFACE

Liquid crystals are unusual materials. As their name suggt®y inhabit the grey area
between liquids and solids. They have long range oriemtatiorder, typically of the
unigue axes of their component rod-like or plate molecutgmtial variations of this
average direction of molecular orientation are resistedgdsgalled curvature (Frank)
elasticity. On the other hand liquid crystals can flow, allbsianisotropic liquids.

Polymers too are unusual materials. Above the glass transihe physics is mostly
dominated by the high entropy inherent in the disorder oif themponent long chain
molecules. Resistance to molecular shape change arisely finos the imperative to
maintain high entropy. Viscoelastic flow and rubber eldstere macroscopic manifest-
ations of this principle. Thus rubber, where the long molesare linked together, also
inhabits the grey region between liquids and solids. Thaowghinally a solid, rubber is
capable of very high deformations, greater than any othgr tf solid. Its internal mo-
lecular motion is rapid, as in a liquid, with the resulting@phous solid being highly
extensible rather than glassy. If it were not for the few slio&s holding the chains into
a percolating network, rubber would flow under stress, amarg polymers and other
liquids do. The bulk (compression) modulus of typical rubiseof the same order as
that of all liquids, and solids, but the shear modulus is 4t6u* — 10~° times smaller.
Thus rubber essentially deforms as a liquid, that is by shgat constant volume. It is
a weak solid and therein lies its enormous technologicabitamce.

This book is concerned about the phenomena arising whea tivesmarginal ma-
terials, liquid crystals and polymers, are combined inte emen more mysterious ma-
terial — polymer liquid crystals. For two compelling reasame shall concentrate on
such polymers crosslinked into networks, that is, on efasts and gels made from
polymer liquid crystals:

1. Liquid crystal elastomers exhibit many entirely new efifethat are not simply
enhancements of native liquid crystals or polymers. Wel st their thermal
phase transformations giving rise to spontaneous shapggebaf many hun-
dreds of per cents, transitions and instabilities inducgdyplied mechanical
stress or strain, and some unusual dynamical effects. gdsamf all, we shall
see elastomers under some conditions behaving entirdly,stdgforming as true
liquids do without the application of stress. All these nennis of elasticity have
their genesis in the ambiguities between liquid and solat t#re present in li-
quid crystals and polymers, but are only brought to light ar@sslinked rubbery
network.

2. A molecular picture of rubber elasticity is now well edisliied. Since the late
1930s its entropic basis has been understood and turns batds universal as,
say, the ideal gas laws. The rubber shear modylugs simplynksT whereng
counts the number of network strands per unit volume, angiéeaturel enters
for the same entropic reason it does in the gas laws. Them lisamtion of the
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chemistry of chains or other molecular details and the picts thus of great
generality. We call this the classical theory, to which @as complexities such
as crosslink fluctuations, entanglements and nematicactiens have later been
added.

By contrast to simple polymers, which change shape onlyspaese to external
forces, liquid crystal polymers do spontaneously when they orientationally or-
der their monomer segments. Can one nevertheless createeemf their rubber
elasticity of the same generality as that of classical rubliteturns out that one
can, with the sole extra ingredient of chain shape anisgtfapsingle number
directly measurable by experiment). We shall treat this@nopy phenomen-
ologically and find we can explore it at great length. One d@o into many
theoretical complexities, taking into account effects oité chain extensibility,
entanglements and fluctuations — however, in all cases ntierlying symmetry
of spontaneously anisotropic network strands enters tgse®aches in the same
way and the new physical phenomena are not thereby radinélgnced.
Alternatively, one could try to calculate the polymer chaimsotropy that ap-
pears in the molecular picture of rubber elasticity. Ther&owever, no universal
agreement about which way to do this. A further complicai®ithat polymer
liquid crystals can be either main chain or side chain vasiamhere the rod-like
elements are found respectively in, or pendant to, the pefyrackbone. Nematic
and smectic phases of considerable complexity and diffesymmetry arise ac-
cording to the molecular geometry. For instance side chaiddlcan exist in 3
possible uniaxial nematic phas@g, N, andNy,, with still further biaxial pos-
sibilities.

In this book, by concentrating driquid Crystal Elastomers, rather than polymer
liquid crystalsper se, we relegate these theoretical uncertainties in the under-
standing of polymer liquid crystals to a subsidiary roleyKhysical properties
of crosslinked elastomers and gels are established withmyudetailed knowledge
of how chains become spontaneously elongated or flattened. Whenmadecu-
lar knowledge is required, an adequate qualitative undedég of nematic and
smectic networks can be obtained by adopting the simplekaular models of
polymer liquid crystals. In contrast, a treatise on polytiguid crystals would
have to address these issues rather more directly.

These two reasons, the existence of novel physical phersmamhtheir relative inde-

pendence from the details of molecular interactions andrand, explain the sequence
of arguments followed by this book. We introduce liquid ¢a&ys, polymers and rubber
elasticity at the rather basic level required for the uréaédescription of the main topic
— Liquid Crystal Elastomers. Then we look at the new phenantisplayed by these

materials and, finally, concentrate on the analysis of kefufes of nematic, cholesteric
and then smectic rubbery networks.

Rubber is capable of very large extensions. Many importamt phenomena of

nematic origin only occur at extensions of many tens of pgecand are themselves
highly non-linear. Linear continuum theory is utterly ipedole of describing such a
regime and this inadequacy is a motivation for our molecpieture of nematic rubber
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elasticity. However, it is clear that in liquid crystal dlasiers we have not only the Lamé
elasticity of ordinary solids and the Frank curvature étégtof liquid crystals, but also
novel contributions arising from the coupling of the two.€Ttichness and complexity
of this new elasticity are such that it is worthwhile alsolgsiag it using the powerful
and general methods of continuum theory. There is a secotidation for studying
continuum theory — for smectic elastomers there is not ygtusnrderlying molecular
theory and phenomenological theory is the best we can dauecof their important
technological applications, for instance in piezo- anddelectricity, an understanding
of smectic elastomers is a vital priority. The latter chaptf our book are devoted to
this, addressing the linear continuum approaches to etestowith more complicated
structure than simple uniaxial nematics. We also build dd®ibetween the elasticity
methods of rubber and the application of continuum theaty the non-linear regime.
At this point we revisit the symmetry arguments which explahy ‘soft elasticity’ is
possible and why it cannot be found in classical elasticesyst

We were tempted to take ‘Solid Liquid Crystals’ as our tifldis would have been
apt but obscure. We hope that this book will illuminate theysiar materials that merit
this description.
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