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Abstract

(Aceryl)(ethyl)cellulose (AEC) polvmers with an ethyl degree of substitution (DS)
of 2.5 and acetyl DS ranging from 0 to 0.5 form chiral nematic liquid crystals in many
org:.uiic solvents. The chiroptical properties of these lyvotropic AEC mesophases are
extremely sensitive to the acetyl DS of AEC and the nature of the solvents although the
acetyl group and solvents are achiral and all the polymers share the same chiral cellulose
backbone. As the acetyl DS increases from 0 to 0.5, the pitch of AEC mesophases in a
given solvent varies from a few nanometer to infinity and a reversal of handedness occurs
at a compensated degree of acetylation (DA*), where the corresponding mesophase is
characterized by an infinite pitch and the absence of macroscopic chirality. The value of
DA¥* and the sign of the temperature dependence of pitch depend on the solvent. Achiral
dyes dissolved in these AEC mesophases display liquid crystal induced circular
dichroism (LCICD), which results from the helicoidal orientation of the dyes by their
chiral matrices. The sign and magnitude of the LCICD are correlated with the handedness
and pitch of the AEC mesophases. The mechanism for the handedness inversion for

lyotropic AEC mesophases with variation in acetyl DS is discussed.
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Résumé

Des (acétyl){éthyl)celluloses (AEC) ayant un degré de substitution (DS) en éthyle
de 2,5 et en acétyle de 0 2 0,5 forment des cristaux liquides nématiques chiraux dans
différents solvants organiques. Bien que seule la chaine cellulosique soit chirale alors que
le groupe acétyle et les solvants ne le sont pas, les propriétés optiques chirales des ces
mésophases Iyotropiques dependent du DS en acétyle et du solvant. Dans un solvant
donné, lorsque le DS en acétyle augmente de 0 4 0,5, le pas des mésophases augmente
de quelques nanometres jusqu'a I'infini, pour ensuite rediminuer avec un sens d'hélicité
invers€. Le DS correspondant au pas infini est appelé degré d’acétylation compensé
(DA*). La valeur du DA™ ainsi que la variation du pas avec la tempérawre dépendent
du solvant. Lorsque des colorants non chiraux sont dissous dans les mésophases d’AEC, |
un dichroisme circulaire induit par le crystal liquide (DCICL) apparait, résultat de
Iorientation hélicoidale des colorants par la matrice chirale. Le signe et I'intensité du
(DCICL) sont comparés avec I'hélicité et le pas des mésophases. Le mécanisme
d'inversion du sens de I'hélicité de ces ﬁéwphaes en fonction du DS en acétyle est

discuté.
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Chapter 1

Introduction
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1.1. Introduction

The term chiroptical activity implies a combination of physical concepts; chirality
and optical activity. The former is a geometric property of molecules or objects and is
defined as the lack of reflection symmetry. The latter is an electro-magnetic property of a
substance and refers to phenomena resuluing from the different interaction of left and
right circularly polarized light with chiral molecules or aggregates of molecules. The
corresponding chiral molecules or aggregates of molecules are termed optically active. A
carbon tetrahedrally bound to four different atoms or groups possesses chirality and
therefore its molecules can exhibit optical activity with circularly polarized light.

In nature, most objects are not identical with their mirror images and therefore are
said to possess chirality. The chirality manifests itself in the distnction between left and
right and is thus referred to as handedness. A preference for left or right is displayed by
nature on many levels ranging from atomic to cosmologicall. At intermediate scales,
most helical seashells and winding plants are right-handed (as are humans). Proteins and
DNA wind predominantly in right-handed helixes, however, their main constituents,
amino acids and sugars in nucleotides, are almost always left- and right-handed,
respectively, in natural organisms!.2, The origin of chiral asymmetry in nature has been
of great interest to biologists, physicist and chemists, but remains unknown so far.
However, the macroscopic displays of chirality must fundamentally be related to
dissymmetry on a molecular level.

Biopolymers are a major component of living objects. Three major classes of the
biopolymers are proteins, nucleic acids and polysaccharides, whose constituent
monomers are all optically active. The common feature among the prd'\teins, nucleic acids
and some polysaccharides, such as schizophyllan, is their helix conformation34, e.g.
single, double or triple helical, as a result of hydrogen bonding and steric effects. In vitro,
these chiral biopolymers have been shown to form spontaneously helicoidally ordered
liquid phases (liquid crystals)3->. The similarity of the molecular organization in these
phases to the ordered structures in vivo observed for living objects such as insect cuticle,
wood cell walls, etc. has led to a suggestion that the existence of the ordered liquid in

* nature provides a mechanism for the biogenesis of chiral fibrous networksS. In other

words, the liquid crystalline phase may be one of the impértant states, because of its
fluidity and self-ordering nature, involved in the bioprocessing of chiral molecules into
naturally occurring biostructures which exhibit macroscopic chirality. Although
establishing this direct linkage is still beyond our knowledge at present, understanding
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which factors govern chiroptical behaviour of liquid crystals may be a necessary and
important step in confirming this linkage.

Cellulose is one of the main classes of naturally occurring polysaccharides. It
often exists in nature as microfibrils embedded in marrices such as in plant cell walls. A
predominance of right-handed helical twisting of the microfibrils in the middle laver of
the secondary cell wall has been found for over 250 species of woody plants’. The
capability of self-ordering in solution by cellulose derivatives was first discovered fifteen
years agoS. Since then it has been found that this self-ordering feature is also exhibited by
cellulose itself in solution®-12 and even by cellulose microfibrils, an aggregated form of
cellulose found in nature, in aqueous suspensions as recently »sported by Revol et all3, A
common helicoidal arrangement of cellulose was observed in all these ordered phases and
1s well preserved in solid films or crosslinked gels when these are fabricated from the
ordered phases!3:14-16_ The analogy in the helical arrangement of cellulose in vivo and in
vitro implies that lyotropic cellulosic liquid crystals may be the precursor of naturally
occurring helical cellulose microfibrils. In other words, the chirality displayed by
cellulosics at different levels may have a fundamental connection, e.g. chiral carbons—
chiral glucose monomers—chiral cellulose molecular chains—chiral aggregates of
cellulose in liquid crystalline phases—chiial cellulose microfibrils existing in nature. A
hypothesis for these interrelations is represented schematically in Figure 1.1. The main
concerns of this research in this thesis are going to focus only on the chiroptical
properties of cellulose derivatives in the liquid crystalline state, rather than in the non-
ordered liquid or ordered solid states, in the hope of correlating some molecular structure
to the macroscopic chirality displayed by the liquid crystalline phase.

The term liquid crystal refers to partially ordered fluid phases that are
intermediate behaviour between the three-dimension ordered 7crystallinc state and the
disordered or isotropic fluid state. The liquid crystalline structure on a molecular scale is
characterized by the existence of a positional and /or orientational order. Consequently, a
liquid crystal can flow like a liquid, but in its other properties such as birefringence, it is
reminiscent of the crystalline phase. Another common name describing this phase is
mesophase. The mesophase usually displays anisotropic properties and is thus referred to
as an anisotropic phase as well. R

The first report of the existence of a liquid crystallme phase dates back to 1888 by
Reinizer!7. He found that cholesteryl benzonate exhibited two apparent melting points .
between which the compound was cloudy but a fully liquid melt. At intermediate
temperature striking colours were observed. Such new states of matter were later
observed in the cholesterol derivatives and other organic compounds!8.
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Compounds capable of forming liquid crystalline phases are commonly referred
to mesogens. The liquid crystalline phase can be classified into two types: thermotropic
and lyotropicl9. The thermotropic phase is the state that exhibits mesomorphic behaviors
for pure mesogenic molecules in a definite temperature range and the Iyorropic phase is
the state that exhibits mesomorphic behaviour for mesogenic molecules in solution. The
temperature range in which lyotropic phases exist is mainly determined by the nature of
the solvent and concentration. The lyotropic mesophase is important in life processes.

According to the specific nature of the molecular order, liquid crystals are further
classified as nematic, smectic or chiral nematic. The molecular arrangement in nematic
mesophase is schematically illustrated in Figure 1.2 (a). The nematic liquid crystals are
characterized by long-range orientational order and random distribution of the centres of
mass of the molecules resulting from three transitional degrees of freedom. Thus the
average alignment of the molecules with their long axes parallel to each other leads to a
macroscopically preferred direction in space. Heating a nematic mesophase results in a
phase transition to an isotropic liquid at a temperature called the clearing poinz.

The smectic mesophases are characterized by both orientational and positional
order in‘at least one direction. The centres of the molecules are, on average, arranged in
equidistant planes. There exist many types of smectic phases, indicated as Sa, Sg. S¢, ...
S1, which reflect the symmetry properties of the mesophases20. They differ in (i) the
orientation of the preferred direction of the molecules with respect to the layer normal
(orthogonal and tlted); (i) the organization of the centres of the molecules within the
layers. The molecular arrangement in three common types of the smectic phases Sa, Sg
and Sc, are illustrated in Figure 1.2 (b), (¢) and (d).

Chiral nematic liquid crystals are formed only when optically active molecules
(mesogenic or non-mesogenic) are incorporated into the nematic phase or when optically
active mesogens exhibit mesomorphic behavior either in bulk or in solution. The
mesophases are characterized by the fact that in addition to the long-range orientational
order in each molecular layer, there exists a screw axis perpendicular to the directors of
the molecules, leading to a helicoidal structure. This molecular arrangement are
schematically illustrated in Figure 1.3. The important structural features in this model is
its helicoidal pitch and handedness. The pitch, P, is defined as the distance between two
the layérs in which the molecular directors are approximately the same as a result of a full
360° rotation along the helicoidal axis. The handedness of the chiral nematic structure
can be either left or right. The molecular director for a left-handed structure undergoes a
counterclockwise rotation along helicoidal axis whereas for right-handed structure the
molecular director undergoes a clockwise rotation along the helicoidal axis. Both
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Figure 1.2.  Schematic representation of molecular orientation in nematic (a), smectic
A (b), smectic B (¢) and smectic C (d) liquid crystals
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structural models are shown in Figure 1.3.

Although the nematic and chiral nematic liquid crystals are very similar in terms
of positional order and unique optical axes (behaves optically like 2 uniaxial crystal), the
former is optically positive whereas the latter is optically negative. On the other hand. the
chiral nematic phase is also very similar to smectic phase in that the mcsogcnic molecules
form a "layered structure”. However, the molecules within the layer of the former phase
have only one-dimension order, while the molecules in the latter case have two-
dimension order except for Sa. Actually the layers in the chiral nematic phase are not
physically defined. In this respect, the chiral nematic should be regarded as an
independent phase rather than in the family of nematic phases as it appears in some
literature. Chiral nematics used to be called cholesterics because this typé of liquid crystal
was first found in cholesterol derivatives, but this type of mesophase is by no means
restricted to members of the cholesterol family now. Another reason for the use of the
name chiral nematic rather than cholesteric in this thesis is that cholesteryl esters display
other distinct "blue phases” just below their clearing temperature21.

In general, the anisowopic geometrical shape and stiffness of molecules are
fundamental requirements for forming liquid crystalline phase. For small molecules, the
majority of mesogens have rod-like and disc-like shapes. For polymers, similar mesogens
are required to be present on the main-chains linked by flexible spacer or as side-chains
attached to flexible main-chains. The former are called main-chain and the latter side-
chain liquid crystalline polymers. In the case of those polymers without mesogenic
groups on the main- or side-chains, the rigidity of the polymer chains becomes relatively
important since anisotropic geometrical forms exist inherently to some extent in most
polymers. The rigidity of the polymer chains is a result of hindrance to internal rotation
of the atoms about each bond and is also affected by intrachain hydrogen bonding. Most
polypeptides belong to the class of rigid polymers and thus display a rod-like shape due
to adoption of a a-helix conformation via hydrogen bonding between the amide group of
one residue and the carbonyl group of neighboring residues. Another class of rigid
polymers is found in those polymers which contain cyclic groups in the main-chain, e.g.
para-substituted aromatic polyamides or polyesters, and B-linked glucopyranosic
cellulose and its derivatives. These polymers are considered to be semirigid because of
the steric effects from the cyclic groups and some intrahydrogen bonding in the backbone
(e.g. cellulose chain). A common feature of these two classes of polymers is their
capability of forming liquid crystalline phases either in the melt or in solution.

Several theories have been proposed to evaluate the rigidity of polymers and to
what extent the polymers are able to form self-ordering mesophases22-24, Among them,
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Flory's theory22 is a more classical and comprehensive representation. Flory applied a
lattice model to describe the phase separation or self-ordering for rigid polymers in
solution. After the free energy of mixing was minimized, it was found that the solution is
separated into two phases (ordered and non-ordered) at a concentration that depends on
the axial ratio of the rigid polymers. The formation of ordered phase is thus entropically
favored. The critical concentration is expressed as

*= 8 2
Vo= (1-3) 1

x
where VC is the critical volume fraction and x is the polymer axial ratio. The theoretical

prediction is very close to the experimental data for rigid polymers such as poly(p-
benzamide)23 and poly (y-benzyl-glutamate)26. Based on his theory, he also predicted
that cellulose-based polymers might be able to form liquid crystals in some suitable
solvents22. This was experimentally confirmed twenty years laterS,

Later modification of his original theory by taking into account polydispersity,
chain flexibility, diluent effects, eic. has led to an increase in the applicability of the
resulting theories27-28, e.g. the revised theory works for less rigid polymers.

Liquid crystalline polymers are currently receiving considerable attention because
of their academic and industrial interest. Firstly, the complexity of polymer liquid crystals
in terms of orientational and positional order is a theoretical and experimental challenge.
Secondly, as mentioned above, many biopolymers exist in nature with ordered structures
similar to liquid crystals. The knowledge of mesomorphic behavior of polymeric liquid
crystal is important in order to understand the life' process from the view of biologists.
Thirdly, the product of the liquid crystalline polymérs possess a high modulus and
tenacity, high heat resistance, good chemical stability and light weight. These important
properties are required for engineering materials. It has been predicted that liquid
crystalline polymers might replace metals, especially those used in automobile,
electronics and electrical parts, and, because of the above characteristics, become
dominant polymeric materials for the next generation25.

1.2,  Chiral nematic liquid crystals

1.2.1. Textures
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The term texture refers 1o the appearance of a thin layer of liquid crystal observed
under a polarizing microscope. It reflects the orientation (on the scale of microns) of the
anisotropic fluid. Chiral nematic phases between two flat substrates can exhibit several
different textures as a resuit of the difference in degree and direction of chiral nematic
ordering relative to an observer.

1.2.1.1. Planar texture.

This texture is observed when the helicoidal axis of the sample is normal to the
substrate surfaces (Figure 1.4 (a)). If the sample thickness, d, is much greater than the
chiral nematic pitch (50pm > d » P), the planar texture is readily obtained by a gentle
tangential movement of the untreated cover substrates. The planar mesophase has a
minimum of birefringence and exhibits extraordinary optical properties which will be
discussed later. Textures with oily streaks is often observed for a polydomain planar
chiral nematic sample30.

1.2.1.2. Homeotropic texture.

This texture is formed when the helicoidal axis of a sample is parallel to the
substrate surfaces. The resulting picture resembles a fingerprint consisting of equidistant
and alternating dark and light lines (Figure 1.4 (b)). The periodicity results from a change
in molecular alignment along the helicoidal axis, leading to a periodic change in
refractive index. The distance between the neighboring lines is equal to half of the pitch.

12.13. Focal conic texture.

This texture is also called non-uniform planar and is formed when the directions
of the helicoidal axis in. various chiral nematic domains are along the azimuth and are not
parallel to the substrate surfaces (Figure 1.4 (c)). The focal conic texture scatters light
strongly, mainly at the boundaries between the chiral nematic domains where a change in
the refractive index occurs. The application of shear can convert the focal conic texture
intoa planar texture.

12.2. Optical characteristics

12.21. Optical activity.
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Chiral nematic phases exhibit unique optical properties because of their helicoidal
supermolecular structure and thus differ significantly from those of other types of
mesophases3!. When white light passes through a chiral nematic phase, a selective
reflection occurs over a small region of spectrum. If the incident light is parallel to the
helicoidal axis of a monodomain planar texture, the reflected and ransmitted components
are circularly polarized. When the electric vector of the right or left circularly polarized
component of the incident beam matches the pitch and the handedness of the helicoidal
structure, then the matched components of the incident beamn are selectively reflected and
the other components transmitted by the mesophase. The reflection of one circularly
polarized component is unique because its handedness of rotation is unchanged. For
example, if an incident left-handed circularly polarized component is reflected by a chiral
nematic phase, the resultant reflected light will also be left-handed circularly polarized
(Figure 1.5). This is in contrast to normal reflection (e.g. from metal mirrors) where the
handedness of circularly polarized light is reversed. By definition, if the incident right-
handed circularly polarized light is selectively reflected and the left-handed circularly
_polarized light transmitted by a helicoidal structure, the corresponding mesophase is
"'right—handcd. The reverse is a left-handed mesophase. Therefore, the reflection of light by
a chiral nematic phase is selective with respect to not only wavelength but also
handedness.

Another important optical property exhibited by a chiral nematic structure is very
high optical rotatory power when the incident plane polarized light is parallel to the
helicoidal axis3!. The magnitude of the optical rotation is up to 103-105 degree per
millimeter for visible light, much greater than the intrinsic optical activity arising from
the mesogens. Furthermore, an anomalous optical behavior is exhibited at the reflection
band, the optical rotatory power exhibiting opposite signs for wavelengths below and
above the reflection wavelength. This phenomengn/j.rﬁrﬁ"n-ﬁﬁﬁ? 6’§§e{‘:\;-d:tfor chiral
chromophores in their absorption region and is ,y!fus called a pseudo Cotton efiect.

De Vries32 has formulated a theory to.explain the above optical properties, where
the chiral nematic structure is modeled as of a pile of thin birefringent layers normal to
the optic axis (equivalent to the helicoidal axis). The expression for the wavelength
dependence of the optical rotation, o, for a chiral nematic liquid crystal is given by

wAnZP

o= —— 2
4A2[1-(MAg)] “
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Figure 1.5. Schematic representation of the selective reflection of a left-handed
circularly polarized light by a planar left-handed chiral nematic liquid
crystal with a pitch equal to Ag/fi. The arrows in the texture are defined in

Figure 1.4.
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where An is the layer birefringence, P the pitch (taken to be a pseudoscalar that is positive
for a right-handed helicoid and negative for a left-handed helicoid) and A the wavelength
of reflected light. Ag is equal 1o filPl, where fi is the mean refractive index of the
mesophase. The equation predicts a change in sign for the rotation as A approaches and
passes Ag, This is in good agreement with above-described optical behaviour. For the case
of &g » A, the above equation reduces to

2
o= "i\;j 3]

This means that a plot of & versus 1/A2 will give a straight line. This prediction was later

confirmed by Robinson for polypeptides liquid crystalline systems33,

1.2.2.2, Birefringence.

Like other types of liquid crystals, chiral nematic phases also exhibit
birefringence characteristic of crystals and liquid crystals. The chiral nematic phase
behaves like a uniaxial crystal with respect to optical properties because of the helicoidal
arrangement of molecules. Consequently, the chiral nematic phase exhibits a negative
birefringence34, that is, the refractive index of the extraordinary light (along the optic
axis) is smaller than that of the ordinary light (along molecular layers). In contrast,
nematic and most smectic liquid crystals exhibit positive birefringence.

12.23. Compensation

The term compensation, when applied to chiroptical activity, originally referred to
the situation where two optical enantiomers were mixed on equal proportions, giving a
racemic mixture and exhibiting optical inactivity. For chiral nematic liquid crystals, the
optical activity is mainly determined by their helicoidal structures characterized by the
pitch and handedness. When the pitch of a chiral nematic phase is very large, enough
approaching infinity, the mesophase looks structurally like a single nematic layer and the
macroscopic chirality does not exist any more. As a result, the mesophase behaves
optically like a nematic phase, optically inactive. It appears that the compensation
phenomena in chiral nematic phases is by no means restricted only to racemic mixtures
since their pitch and handedness depend not only on the chirality of the chiral mesogens
but also on temperature and the nature of other constituent mesogenic or non-mesogenic
molecules. Moreover the compensated mesophase may still exhibit intrinsic optical
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acavity (defined in next section) but this is negligible relative to the chiral nematic
optical activity. In addition the compensated mesophase may also exhibit other optical
properties similar to nematics. For exarple, the sign for the birefringence may become
positive and a schlieren or thread-like texture may be observed under a polarizing
microscope because of nematic orientational characteristics3+.

In thermotropic liquid crystals, the handedness ts normally determined by the
chirality of the constituent chiral molecules, the handedness for a chiral nematic phase of
an optical isomer is normally opposite to that of its mirror image isomer. When equal
moles of both isomers are mixed, a compensation occurs. An unequal mixture of the
isomers may form either a right- or left-handed chiral nematic phase. Binary mixtures of
cholesterol derivatives39-36 may also form a compensated mesophase at a critical
temperature, termed the compensated temperature. Recently, single component chiral
molecules such as polypeptide copolymers>7 and cellulose derivatives38 have been found
to form thermotropic compensated mesophase at compensated temperatures.

In lyotropic liquid crystals, the handedness depends not only on the chirality of
constituent chiral molecules but also on the nature of the solvent surrounding the chiral
molecules. As a result, the compensation takes place not only in a racemic mixture or at
compensated temperatures but also in certain solvent mixtures in which the handedness
of the individual lyotropic phase is opposite. These phenomena have been widely
observed in lyotropic polypeptide liquid crystals26.

1.2.24. Extrinsic optical activity

Optical activity exhibited by inherently dissymmetric molecules or aggregates of
molecules is normally called intrinsic optical activiry. The optical activity may also be
displayed by optically inactive or achiral molecules present in an asymmetric
environment. This type of optical behaviour is referred to as induced oprical activity or
extrinsic optical activity39 As a result of asymmetric features, chiral nematic liquid
crystals may behave like chirally perturbed moieties when achiral molecules are
incorporated within the mesophases?0, Consequently, the achiral molecules intrinsically
bound to the chiral mesogens or physically intercalated into the chiral nematic phases
exhibit an extrinsic optical activity. Since the optical activity is induced by the liquid
crystal, it is also called liquid crystal induced optical activity. The extrinsic optical
‘behaviour has been observed for achiral chromophore molecules dissolved in
thermotropic as well as lyotropic chiral nematic phases by means of CD spectroscopy>?.
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A critical review of liquid crystal induced optical activity and the extrinsic phenomena
observed for cellulosic liquid crystals in this study will appear in Chapter 4 of this thesis.

1.2.3. Molecular theories of chiral nematic liquid crystals

As previously described, the chiral nematic structure can be considered as
consisting of a series of nematic-like molecular layers, each of which is twisted relative to
its neighbours. Consequently, most theories for chiral nematic ordering of chiral
molecules are extensions of nematic theories with consideration being given to the
asymmetric contributions from the constituent chiral molecules. Basically the chiral
molecules are treated as rod-like in the model in most theories and the intermolecular
interactions between the rod-like chiral molecules are assumed to be in 2 minimum free
energy state. A simple model for the interaction between the chiral rods is schematically
represented in Figure 1.6.

Keating4! was the first to attempt to formulate a theory for the chiral nematic
ordering of chiral molecules. He proposed that the asymmetry in the'shape of the
molecules leads to hindered rotation and this causes anharmonicity in the forces coming
from the nearest neighbours, which resist twisting to give a non-zero average. An
expression for the chiral nematic pitch was obtained as follows

yP= AkT/4n1cog [4]

‘
fe

where A is a constant characterizing the anharmonicity, & is Boltzman's constant, T is
temperature, 1 is the moment of inertia and g the angular frequency of the rod-like
molecules about their long axes. The negative temperature dependence of pitch predicted
in this equation is in agreement with experimental observations on most small molecule
systems such as cholesterol derivatives. However both negative and positive temperature
dependence of piich are often observed for polymeric chiral nematic liquid crystals.
Another approach proposed by Goossens?2 extended the mean field theory of
Maier and Saupe for nematic ordering to include dipole-quadruple as well as dipole-
dipole interactions between rod-like molecules. The resulting intermolecular potential is
related to the angle, 912, between the direction of the long axis alignment in planes 1 and

2 separated by a distance r12 (Figure 1.6). The expression for the potential V1 3 is given
by
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molecules
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Vig= -(3/15{;2) [ cos 2812+ (2B/r12) sin 2617) = -(3/16r12) cos 2(012—80)  [3]

where B¢ is the twisting angle when the potential is a2 minimum or 8¢ = 1/2 tan-1
(2B/ar2), where ¢ is the coefficient of the symmetric part of the potential, which is
related to the anisotropy of the molecular polarizability and B is the coefficient of the
asymmetric part related to the dispersion energy determined by dipole-quadruple
interaction. The [ term vanishes for molecules which contain a mirror plane of symmetry
or which are allowed to rotate freely about their major axes. This feature explains well the
formation of an induced chiral nematic phase in a mixture of nematic solvent and an
optcally active solute and the formation of a compensated achiral nematic phase in a
racemic mixture of chiral molecules. However the symmetric form of the potential V; »
in equation 5 also leads to another conclusion that the pitch (or twisting power) is almost
independent of temperature. Obviously, this contradicts the strong temperature
dependence of pitch observed for chiral nematics.

Finkelmann and Stegemeyer*3 extended Goossens' model and took into account
the effect of rotation of rod-like chiral molerules about their long axes. In their theory,
one of the two mutually perpendicular directions for the short molecular axis is thought to
be energetically more favorable, resulting in a certain amount of rotational order. At
increasing temperature the rotation becomes less restricted and the resulting twist angle
decreases. The predicted temperature dependence of the pitch is consistent with
experimental data for a variety of induced chiral nematic systems.

Combining the theories of Keating and Goossens, Lin-Liu et al#* developed a
model in which the intermolecular potential is required to contain a chiral contribution as
a result of symmetric considerations. The resulting theory, based on a mean field
analysis, is able to account for the origin of the helicoidal ordering of chiral nematic
phases and the temperature dependence of pitch. According to the theory, the temperature
dependence of the pitch is determined by the shape and position of the intermolecular
potential V]2 as a function of the intermolecular twist angle, 912. Thus a positive and
negative temperature dependence of the pitch is well illustrated by their proposed forms
of potentials. Another consequence of their prediction is that an increase or decrease in
temperature would result in an increase in the pitch to infinity at 812 = 0, and then a
decrease in the pitch, accompanying a change in handedness. This is the so-called
thermally-induced compensation. This phenomenon is observed in polypeptide and
cellulosic liquid crystals37.38,
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In addition to the above theories Bottcher?S, Wulf#6 and Van de Meer?7 also
proposed similar models to those of Keating, Goossens and Lin-liu. Chilaya and
Lisetski*8 recently developed a more realistic model by combining the above models to
allow a semiquatitative comparison with experimental data. It should be noted that the
above-described models were originally proposed for thermotropic rather than lyotropic
liquid crystals since the effect of non-mesogens such as solvent on chiral interactions was
not considered. Lyotropic polypeptide liquid crystals exhibit many interesting chiroptical
properties, €.g. a solvent dependence of handedness and pitch and/or solvent-induced
compensation even though the polypeptides preserve their o-helix conformation and the
solveats are achiral26, which has led to considerable interest by theorists. As a result,
several expanded theories have arisen from those mentioned above for thermotropic
mesophases and have been developed specifically for lyotropic system.

Samulski and Samulski*? made the first efforts to relate the nature of the solvent
and chirality of the constituent chiral molecules to the helicoidal ordering in their theory.
Their energy calculation of the van der Waals-Lifshitz forces between two rod-like chiral
molecules embedded in an isotropic dielectric medium is based on the McLachlan
susceptibility theory30. The resulting asymmetric term in the pair potentials leads to a
non-zero dihedral angle between the major axes of the chiral rods. However, they
predicted that the asymmetric term will vanish if the dielectric constant of the solvent
medium meets a critical condition, as given below

g*=+ \f £1€2 = [63

where €] and € are the principal values for the dielectric constant perpendicular to the
long axis of the chiral rods. In other words, a compensated nematic should be formed.
When the dielectric constant of the solvent is larger or smaller than €*, the corresponding
chiral nematic phase should exhibit opposite handedness. Lyotropic polypeptides it non-
interactive solvents appear to behave in agreement with the predictions of the theory26,
However, the temperature-induced compﬁﬁﬁdn,dbsewcd for lybtfdpic fﬁesophases can
not be explained by-this theory.

Assuming that a-helix polypeptide molecules have a helically grooved rod like
shape (Figure 1.7 (a)), Kimura et al.71 developed a statistical theory where the effect of
attractive dispersion forces and geometric repulsions between the coiled rods are both
taken into consideration. Summing these two intermolecular forces, they obtained an
expression for the twisting power:
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where L and D is the length and diameter, respectively, of the rod. A is a numerical factor,
A is the height of the ridge of the coil (corresponding to the length of the side-group
measured from the core of the polypeptide rod), and Ty is the temperature at which the
pitch is infinite. The concentration function f(c) is defined as

fe)=(1-¢/3)/(1-¢)? (8]

The importance of this theory is the introduction of molecular exclusion into an
energy calculation and a correlation of the molecular structural parameter and the amount
of solvent (concentration) to twisting power. The theory explains well the thermally-
induced compensation and concentration dependence of pitch observed for lyotropic
polypeptide mesophases. Unfortunately, the theory fails to explain the solvent-induced
handedness inversion for the same lyotropic mesophases, presumably because the nature
of the solvent is not included in the attractive force contribution.

In the most complete theory to date, Osipov2 also took into account both steric
and attractive interactions in his calculation of intermolecular potential. In addition, the
effects of the dielectric nature of the solvent surrounding the chiral rods (polypeptides) on
chiral interactions is also considered, as in Samulski's model. The resulting chiral
ii: ‘ction potential is a function of the anisotropic permittivity and optical activity of the
chirai molecules and dielectric constant of the solvent. This relation is expressed in
equation 9

2% /P=-p2[Jo(em)-AkpT1S(S+2)/6Kxn 9]

where p is the number density of chiral molecules, kg is a constant, K22 is the elastic
twist constant of the mesophase, S is the orientational order parameter, Jo (€m) is a
coupling constant related to molecular polarizability and optical activity and solvent
dielectric constant, and A is a pseudo scalar parameter, determined by the steric repulsion
between chains. In the case of polypeptides, A = L2A D/2. According to the above
expression, the handedness (defined by the sign of the pitch) is altered by the variation of
€m and T. Compensation occurs when T* = Jo () /AT, where the compensated
temperature T* is dependent on the dielectric constant of the solvent, €y. Therefore the
solvent dependence of the sign and magnitude of the pitch, and solvent- and temperature-
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induced compensation observed for lyotropic polypeptide mesophases are qualitatively
explained by this theory.

Recently, Osipov33-34 noticed that the class of semirigid chiral molecules such as
cellulosics are not appropriately represented by a rod-like model. By assuming that the
cellulose chain adopts a "twisted belt” conformation (Figure 1.7 (b)) rather than a helix
(Figure 1.7 (a)) he further extended his original theory to lyotropic cellulosic liquid
crystals by considering molecular flexibility, and he arrived at the following expression
for twisting power, which is similar in form to equation 9

2n/P=-p2(x—-MpT)/2Kn [10]

where Y is related to the attraction interaction, @ is the number density of rigid segments,
p = cL/ly, where ¢ is the number density of the macromolecule chains and I, is the length
of the segments. In the case of perfect orientational order of the molecules (S—1), the
pscudoscalar parameter A in the "twisted belt” model can be expressed as equation 11

A =-(KT/2) p2 qm h2 (d + 5h/3m) Ip2 [11]

where d and h are thickness and breadth of the belt, respectively, and qn is equal to
21/Pm, where Py, is the period of the twist. The equation 11 is valid when qp/{(d+h) » 1.
The term, (3 — AksT), determines the handedness of cellulosic liquid crystalline solution.
Therefore the handedness depends not only on the temperature and steric repulsion of the
chains for cellulose derivatives, A, which is related to the nature and position of the
substituents on the cellulose main-chains, but also on the attraction interaction between
cellulosic chains, %, which involves a contribution from the nature of the solvent
surrounding the cellulosic chains. In other words the solvent-cellulosic interactions are
taken into account. Again the Osipov's theéxi,' can only provide a qualitative explanation
for the chiroptical properties of semirigid cellulosic mesophases.

_ More recently, Varichon et al.55.56 extended Lin-Liu's molecular statistical
theory** by explicitly considering orientational entropy terms. After minimizing the total
free energy for a chiral nematic liquid crystal with respect to the orientational
distribution, they obtained an expression for chiral nematic pitch
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where the parameters in the equation are defined in detail in reference 55 and are related
to the ratio of the second and fourth order parameters S(T). the chiral interaction
parameter [y, and the nematc interaction parameter ¥». The magnitude and sign of the
pitch are correlated to temperature, concentration, and degree of polymerization (DP) by
these parameters. The resulting theory is in qualitative and scm:iquatitativc agreement
with some experimental results in which the pitch and handedness of cellulosic liquid
crystals depend on temperature and concertration, and molecular weight and substituents.
The solvent in this theory was considered to act only as a diluent for the anisotropic
solution. Consequently, the theory at present does not explain the solvent dependence of
handedness. .

In summary, the intermolecular interaction potentials responsible for the
helicoidal ordering of chiral molecules in all these theories can be classified as (i) chiral
dispersion interaction, (ii) molecular repulsion, or (iii) hindrance of rotation about the
major molecular axes. As Chilaya and Lisetski*3 pointed out "chiral nematics appear to
be the most complicated systems in the field of liquid crystals”; thus real intermolecular
interactions among chiral molecules can not simply be described by the above models. As
a result, none of the above theories is applicable to all chiroptical behaviour exhibited by
chiral nematic phases. A comprehensive theory for chiral nematic liquid crystals needs to
be further developed.

1.2.4. Helicoidal structural characterization

The most important structural parameters in the model for the chial nematic
structure depicted in Figure 1.3 are the pitch and handedness. In different chiral nematic
systems, the pitch values may vary from a few nanometers up to hundreds of
micrometers. It is impossible t0 measure the pitch through this range using the same
techniques. Similarly, the techniques for the assignment of the handedness are also
restricted by the range of the pitch of the sample. In addition, the texture exhibited by the
sample is also an important factor in selecting the best technique to characterize the pitch
and handedness.
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1.24.1. Measurement of the pitch.

i. Selective reflection from the planar texture. As discussed earlier, the selective
reflection of light is one of this texture's main optical characteristics and the wavelength
of maximum reflection, Ag, is related to the pitch by the following formula7

M:Erl% cos%[sin" (sin%)+$in'I (Si“%‘)] [13]

where m is an integer, i is the mean refractive index for the mesophase and ¢j and @ are
the angles of incidence and reflection, respectively. Both angles are measured with
respect 1o an axis perpendicular to the substrate plane. The selective reflection technique
is considered quite reliable relative to other techniques, especially in the visible region of
Ao (0.2 um <IPi< 0.6 pm)48. In practice, the technique is applicable to the samples with
polydomain planar textures.

ii. Selective transmission from the planar texture. The selective reflection from the
helicoidal structure causes an apparent absorption of transmitted light. Provided that a
chiral nematic phase contains no chromophore either inherent to the mesogens or within
the mesophase as a guest, or if any, absorption bands from the chromophores must appear
at wavelengths away from Ag, the same relationship between the 1Pl and Ag in equation 13
can be generally applied. The pitch for samples with reflection band below 800 nm can
readily be obtained from commercial spectrophotometer. For some special
spectrophotometers, the pitch range can be measured up to 2 pum. If measurements are
made using a CD or ORD spectrometer, the handedness of the sample can be obtained at
the same time.

The calculation of the pitch from the above selective reflection and transmission
measurements assumes that the sample refractive index il is available and can be
measured using a refractometer or in some other manner.

iii. Bragg diffraction from the fingerprint texture. When a fingerprint textured sample
is irradiated with an incident light, a diffraction will take place. The diffraction condition
may be described by the following equation in which the incident light beam Ay is related
to the angles of incidence and reflection ¢; and ¢ 8.

=%(sin @ + sin @r) . [14]



For normal incidence where ¢@; = 0, the above equation reduces to Ay = (1/2) IPI
sin @; where m is an integer. In this case, the fingerprint sample behaves like an optical
grating with a spacing equal to half of the pitch. When monochromatic light is incident
on a polydomain fingerprint texture, a diffraction ring will be observed on a screen placed
behind the sample and perpendicular to the beam. The pitch is thus related to the radius
of the diffraction ring and the sample-image distance by 1an ¢, and can be calculated
without knowing the refractive index of the mesophase. If a He-Ne laser beam is used as
light source, reliable data can be obtained for samples with piich ranging from 0.8 10 10
wm?8,

iv. Microscopic measurements from the fingerprint texture. The simplest method is to
measure the distance between adjacent dark or light lines in the fingerprint texture

directly by using a polarizing microscope. The measured distance corresponds 1o the half
of the pitch. The best results are obtained for samples with pitches larger than 1.5 pm.

v. Cano-wedge technique. This method involves introducing a chiral nematic sample
into a wedge-shaped cell and measuring the distance { between disclination lines observed
under a polarizing microscope?. The pitch is then calculated according to equation, IP| =
2 al, where a is the angle of the wedge. Pitches up to 200-300 pm may be estimated by
this method. \,

In general, the above-mentioned methods give a relative error of around 10% in
the determination of the pitch60. If a wide range of pitches for a sample are to be
measured, the various methods described above may be combined so that 2 more accurate
result can be obtained.

1.2.4.2. Determination of handedness

i. Circular dichroism (CD) spectroscopy. The CD spectrometer is designed to produce
circularly polarized light and measure the difference between transmitted left- and right-
handed circularly polarized light as a function of wavelength. When the circularly
polarized light passes through an optically active medium, one of the circularly polarized
component will be absorbed to a greater extent than the other, or will be reflected while
the other is transmitted. The phenomenon in the former case is called normal CD while in
the latter case it is called apparent CD or circular reflectance (CR). The selective
reflection of circularly polarized light by chiral nematic phases makes it possible for the
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chiral nematic structure to be characterized by means of CD spectroscopy provided that
its pitch falls into the spectral region. The resultant circular polarized dichroic ratio D is
defined as

D=(Ir-IL)/(IR+1IL) [13]

where IR and Iy are the optical intensities of the transmitted right- and left-handed
circularly polarized light.

A negative apparent CD signal means that the right-handed circularly polarized
light is reflected and the left-handed circularly polarized light is transmitted, indicating
that the corresponding mesophase is right-handed. A chiral nematic phase giving a
positive apparent CD corresponds to a left-handed structure. A rypical shape for the
apparent CD peak of a left-handed chiral nematic sample with a planar texture is shown
in Figure 1.8. The position of maximum intensity in the apparent CD peak corresponds to
the reflection wavelength of the mesophase. Therefore CD measurements can provide
information on both pitch and handedness for a chiral nematic phase. Commercial CD
spectrometers ¢can only be used to study samples with pitches falling in the UV-visible
region of light.

ii. Optical rotatory dispersion (ORD) spectroscopy. The ORD spectrometer is
designed to produce plane (linearly) polarized light components consisting of two
circularly polarized light that have equal phase and amplitude, and to measure the optical
rotation as a function of wavelength. The magnitude of the optical rotation is
proportional to the difference in the refractive index for the right- and left-handed
circularly polarized light. When a plane polarized beam passes through an optical active
medium containing a chromophore, the refractive index for the two circularly polarized
components will differ and thus result in a rotation of the plane polarized beam away
from its original position. The resultant ORD spectrum consist of a feature known as a
Cotton effect (positive or negative) in the region of absorption, that is, the sign for the
optical rotation is changed as the wavelength crosses over the absorption band. As a
dispersive phenomenon, optical rotation is also observed at wavelengths far away from
the absorpticn region. This feature gives ORD a distinct advantage over CD for the study
of chiral media in the absence of chromophores. On the other hand, it also makes the
ORD spectrum more complicated because of the superimposition of different chiral
sources.



In the case of a chiral nemartic phase containing no chromophores, a nesitive or
negative pseudo Cotton effect may be observed in the ORD spectrum if the reflection
band falls into the spectral range. According to de Vries' theory (equation 2), a chiral
nematic phase exhibiting a positive pseudo Cotton effect is a left-handed helicoidal
structure whereas a chiral nematic phase exhibiting a negative pseudo Cotton effect
corresponds to a right-handed structure. A typical ORD spectrum for a left-handed chiral
nematic sample with planar texture is shown in Figure 1.8. The observed cross-over
wavelength, for which the optical rotation is zero, corresponds to the maximum reflection
for the mesophase and to the maximum CD peak (Figure 1.8).

Unlike CD, ORD spectra also provide information on the optical activity for the
chiral nematic phase at wavelengths other than the reflection band because of its
dispersivity. As a result, the ORD technique may be applied to those samples with a
reflection beyond the UV-visible region provided that (1) there is no chromophore within
the mesophases and (2) the intrinsic contribution to the optical rotation is negligible with
respect to the optical activity arising from the helicoidal structure. The assignment of the
handedness is based on de Vries' equation for the case of Ag » A (equation 3). When the
optical rotation of the mesophase in the UV-visible region is positive or negative, the
corresponding mesophase is either right- or left-handed, respectively. For samples with
very long pitches, the determination may become difficult due to scattering interference.

iii. Induced circular dichroism. The extrinsic optical activity exhibited by achiral
chromophore molecules intercalated into a chiral nematic phase provides an alternative
way to access the helicoidal structure, since the optical activity can be observed in
induced CD (ICD) spectra3?. The ICD signals appearing in the absorption region of
chromophores are a result of differential absorption of right- and left-handed circularly
polarized light. The chromophores in this case act as a probe of the chiral nematic
structure. According to theories®1-63, the sign of the ICD is related to the handedness of
the host mesophase, the relative position of the pitch-band of the host mesophase to the
absorption bands of the guest chromophores and to polarization of the electronic
transition of the chromophores. In principle, the handedness of a chiral nematic phase can
be inferred from the ICD guest chromophores regardless of therange of the pitch for the
mesophase, provided that the electronic transition of the chromophores are well
characterized, the relative pitch-band position of the mesophase is known and an uniform
planar texture is formed in the sample to be measured3%. In practice, however, the
existence of linear birefringence (LB) and linear dichroism (LD) may affect to various
extents the resultant ICD behaviourf4-65, Therefore the macroscopic LB and LD must be
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minimized during sample preparation and measurement, when this technique is to be
applied. The handedness of a chiral nematic phase containing chromophores may also be
assigned using a spectrophotometer with a circular polarizer®o.

iv. Other techniques. Several other techniques, such as measuring the retardation of light
passing through a chiral nematic phase with a reflection band by use of a polarizer and
Berek compensator®?, or analysis of polarizing scattering patterns for a light passing
through a chiral nematic phase with pitches ranging from 0.8-10 um by use of a laser
beam with a polarizer and an analyzer have been used to determine handednessS8 . These
methods are neither as convenient nor conclusive as CD and ORD, and thus are not
widely employed. In the case of solid films with chiral nematic structures, the pitch and
handedness of the chiral nematic can be determined using a transmission electronic
microscope if oblique sections of the films are available69,

The above techniques for characterization of the pitch and handedness of a chiral
nematic liquid crystal are summarized in Table 1.1.

13. Liquid crystals in living systems

It has been recognized that many biological structures exhibit similar morphology
and optical properties as liquid crystals. Living tissues such as muscle, tendon and nerve
show birefringence characteristic of liquid crystals3.3.70. Massive deposits of
mesomorphic cholesterol derivatives have been found in kidneys, liver, brain, elc.
Solutions of viruses, collagen, native proteins, nucleic acids and fibrinogen exhibit many
resemblanes to the liquid crystalline state. It seems probable that liquid crystallinity has
important biological consequences, because of (i) its presence in living materials, (ii) its
mobility and self-assembly and (iii) its unusual dependence on slight change in
composition or on the physical and chemicla\l environment for its formation, existence and
disappearance. The following description of liquid crystals in living systems will focus
only on three main biologically occurring polymers in vitro and in vivo. Emphasis will be
placed on their chiroptical properties in the mesophase.

1.3.1. Synthetic polypeptides and native proteins
The most extensively studied class of polymeric liquid crystals is the synthetic

polypeptides. These were one of the first groups polymers found to be capable of forming
mesophases and also they are analogues of the main component of native silk. Certain
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Table 1.1. Techniques for the measurement of the pitch and handedness

for chiral nematic liquid crystals

Measurable | Handedness
Technique pitch range | assignment
UV-visible alone 02~06pm No
spectrophotometer with a polarizer & _ a
addition of chromophores Yes(@(®)
cD alone 02~0.6um Yes
spectropolarimeter with addition of L Yes(a)(b)
chromophores
ORD alone 0.2~0.6pym Yes
spectropolarimeter alone — Yes (P »1 pum)
Laser alone 0.8-10 um No
diffractometer with polarizers — Yes
Polarizing alone >1pm No
microscope with a compensator — Yes (P=<0.2~0.6pm)
Cano-wedge (alone) up to 300 um No
Electron microscope (alone) down to 0.1 nm Yes(©)

- {a)

When the pitch-band from a mesophase does not overlap with the absorption
bands of the chromophores.

(b)  The handedness can be assigned for those samples with pitch values beyond the
visible light.

(c) From oblique sections of solid or cross-linked films with chiral nematic

structures.
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synthetic polypeptides, e.g. poly-y-benzyl-L(or D)-glutamate (PBLG or PBDG), are
known to exist in stable a-helix conformations in many solvents. As a result of their
chain rigidity and chiral chain structures, these polymers can spontaneously form chiral
nematic liquid crystals in many concentrated solutions26, When viewed in a polarizing
microscope, the chiral nematic mesophases are characterized by a region of fingerprint
patterns surrounding some uniform domains?1. Optical rotation measurements on these
uniform domains indicate a very high optical rotatory power, suggesting a helicoidal
structure whose optical axes are parallel to the incident light. The absence of brilliant
iridescent colors for most PBLG liquid crystals is because the helicoidal pitch is beyond
the visible light region. Robinson33 applied de Vries' equation to these long-pitch PBLG
mesophases and obtained a birefringence value for the nematic-like layer in a helicoidal
structure. These calculated results are in good agreement with the experimental results
obtained for a racemic mixture of PBLG and PBDG.

The most striking feature of PBLG mesophases is that their handedness is
strongly solvent dependent. For example, a PBLG solution in dichleromethane (DCM)
forms a left-handed liquid crystal while in dioxane it forms a right-handed one, although
the PBLG preserves the same ¢-helix conformation in both achiral solvents’2. In an
appropriate mixture of dioxane and DCM (2:8), the resultant PBLG mesophase changes
from a chiral nematic structure to a compensated nematic structure in which the pitch is
infinite and the macroscopic chirality disappears. Samulski and Samulski?® have
proposed a theory to account for this solvent-induced compensation phenomenon. They
predicted that the handedness of lyotropic phase would be determined by a dielectric
constant of the solvents. The change in the dielectric constant of the solvent would
results in reversing the handedness (equation 6). This prediction is consistent with the
solvent-induced handedness inversion observed for PBLG in non-interactive single
solvent and mixtures of solvents, in spite of some discrepancies49:73.74,

The nature of the solvent also strongly influences the temperature dependence of
pitch for lyotropic PBL.G mesophase. The pitch of PBLG anisotropic solutions in dioxane
(right-handed) increases with an increase in temperature whereas the pitch of PBLG
anisotropic solutions in dichloroethane (DCE) (left-handed) decreases with increasing
temperature. An approximately linear relationship is observed between the inverse pitch
and temperature in both cases. Depending on the ratio of dioxane and EDC, mixtures of
these two mesophases exhibit compensated behavior at a different temperature T*.
Similar phenomena were also observed for PBLG in other solvent systems, namely m-
cresol-DCE, m-cresol-trichloropropane (TCP) and TCP-tetrachloroethane (TCE)Z26,
Strangely, the thermally-induced compensation was also found for PBLG dissolved in a
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single solvent, m-cresol, (17%) at 60°C73. The thermally-induced compensation has been
explained by Kimura's statistical theory?! where both attractive and repulsive
intermolecular interactions were believed to be responsible for the helicoidal ordering.
The compensated temperature observed for some PBLG mesophases fits
semiquatitatively equation 7, derived from his model. Considering that neither Samulski's
nor Kimura's theory can explain both solvent and thermally-induced compensation,
Osipov32 developed a theory combining the above two models and applied it to PBLG
liquid crystals. Qualitatively, both compensation phenomena can be interpreted by
Osipov's theory.

In order to understand the above chiroptical behaviour, many experimental efforts
have also been made using IR and NMR spectroscopy. IR evidence?3 suggests that the
formation of hydrogen bonding between C=0O in PBLG and the solvent m-cresol may
result in breaking down the aggregates of PBLG &-helices and thus lead to some unusual
optical properties when m-cresol mixes with other solvents such as TCP and TCE.
Deuterium NMR studies’5-76 on a PBLG sample with deuterium labeled benzyl in the
side chain have shown that the average orientation of the label changes substantially with
temperature and solvent. The solvent- and thermally-induced compensations may be
considered to result from a change in surface chirality from sidechain winding ¢-helix
chain at a compensated temperature or composition. However further examination of
deuterium quadruple splitting patterns of labeled PBLG in mesophase leads to the
conclusion that handedness inversion may not be a consequence of the backbone or
sidechain chirality, but a result of intermolecular interaction between PBLG helices via
the solvent dielectric medium?7.

In the absence of solvent, the poly(-L-glumates) with long sidechain are also able
to form thermotropic mesophases. Watanabe and his coworker have reported that a
polyf)eptidc—based copolymer, poly[(y-benzyl-L-glutamate) co-(y-dodecyl-L-
glutamate)]37, exhibits handedness inversion with temperature in the mesophase.
Although the thermotropic phase is not so important in living systems, it does
demonstrate the sensitivity of the macroscopic chirality to chemical structure.

Achiral chromophore molecules such as anthracene and pyrene dissolved in
PBLG lyotropic mesophase were reported to show CD signals in the absorption
region78.79_ The induced CD of the chromophores has been attributed to the optical
activity induced by the asymmetric environment of PBLG chiral nematic phases since the
ICD disappears when the anisotropic phase changes to the isotropic phase upon heating
or dilution. The induced CD was also observed for phenyl groups on PBLG sidechain



when the mesophase is formed?*.80. The sign of the ICD is related to the handedness of
the PBLG mesophase.

Many native proteins have been reported to exhibit mesomorphic properties.
Tobacco mosaic virus (94% proteins) suspensions were the first native protetn 1o exhibit
birefringence characteristic of liquid crystalsS!. The same birefringent featurs was later
found in suspensions of other viruses such as cucumber virus$2. Hemoglobin, trypsin and
other proteins in organisms have been reported to exhibit liquid crystalline textures®3.84,
Narcissus mosaic virus solutions behave like chiral nematic phasesS3.

1.3.2. Nucleic acids

The nucleic acids include deoxyribonucleic acid (DNA) and ribonucleic acid
(RNA). Both DNA and RNA are long chains of slternating sugar and phosphate groups.
The common feature among them is their rigid chains rasulting from a double helix
secondary structure. The first liquid crystalline phase of DNA in aqueous NaCl solution
was observed by Robinson in 196172, Microscopic observation indicates the existence of
equidistant dark and light lines with a spacing of 1 um, characteristic of chiral nematic
phases. Soon after, Spencer et al.86 found that the solutions of baker's yeast transfer RNA
also formed a liquid crystalline phase. Currently the formation of mesophases has been
recognized as a common phenomena exhibited by nucleic acids ir vitro and in vivo.

Basically the formation of lyotropic mesophase of nucleic acids in vitro is divided
into two classes37. First, the nucleic acids dissolved in an aqueous salt solution of
moderate or high ionic strength form a self-ordering phase at a critical concentration87-89,
The second occurs when the ordered phase of nucleic acids is separated from an aqueous
polymer solution such as polyethene glycol (PEG)87-%0. Based on the results of x-ray and
microscopic observation, multiple liquid crystalline phases existing in DNA solutions
have been identified as precholesteric, chiral nematic or columnar, depending on the
concentration®1. 22Na NMR studies on solutions of DNA also confirmed the existence of
the multiple ordered phases®2. In these chiral nematic phases, the pitch range from 0.2 to
S um. A left-handed helicoidal structure of the DNA chiral nematic phase has been
suggested on the basis of the negative sign of liquid crystal induced CD from the erdered
chromophores on the DNA chain in mesophase?!. B

Yevdokimov et al.87.93.94 reported that the helicoidal structure of DNA lyotropic
phase can be changed when the DNA complexes with anti-tumour compound or
antibiotics. The formation of the complexes of DNA with cis-Pt(IT) results in a phase
transition from chiral nematic to isotropic. A handedness inversion also occurs when
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DNA-antibiotic (daunomycin) complexes have a molar ratio of daunomycin and DNA
over 0.165. In addition, as a chromophore, the daunomycin also exhibit induced CD in
the absorption region. The sign for the induced CD is reversed as the handedness of the
DNA mesophase is changed.

Liquid crystal analogues are also widely observed for DNA and RNA in vivo. A
comparison of DNA supermolecular organization in vitro with that observed for
chromatin ir vive has been made by Livolant®!, as shown in Table 1.2. This parallelism
in the table strongly suggests that the DNA liquid crystals are involved in the process of
condensation of chromatin in vive. The mesomorphic behaviour exhibited by the
mesophases of DNA ir vivo is a little different from (but analogous to} that in vitro, e.g.
ordered phase structure, pitch range and texture defects, because the DNA in nature often
associates with other compounds such as proteins and their concentrations are different
from each other in local domains®!.

1.3.3. Polysaccharides

Polysaccharides, one of the most abundant classes of biopolymers, play an
important role in the development of structure support and the transformation of energy
in living organisms. The main polysaccharides include cellulose, chitin, starch and
glycogen. Similar to proteins and nucleic acids, most polysaccharides are able to form
ordered phases. Among these, cellulosic mesophases are the most extensively
investigated and will be separately described in detail in the next section.

A component of starch, amylose, is composed of «-linked 1,4 anhydrogluose
units. The only difference in structure between amylose and cellulose is that the
glucosidic linkage has an o configuration in the former and B in the latter. This difference
makes the amylose chain less rigid than the cellulose chain. So far, only triethyl and
trimethyl amylose in chloroform have been reported to form liquid crystalline phases®3.
Xanthan, a B-linked 1,4 glucopyranosyl main-chain with branches can form liguid
crystals in concentrated salt solutions, and exhibit chiral nematic features96.97,

Schizophyllan and scleroglucan belong to another class of polysaccharides, B-
linked 1,3 glucans. The rigidity of the glucans arises from their triple helical
conformation?. Consequently, a relative low critical concentration is required to form
ordered phase (10-14% by weight). The ordered phases show fingerprint textures and
exhibit high optical rotatory power, and thus belong to typical chiral nematic liquid
crystals98-100,
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Table 1.2. Comparison of DNA organization between ir vitro and in vive

IN VITRO
isotropic <> precholesteric —  cholesteric <> columnar hexagonal
helical phase phase
organization (P=02-5pm)
(only for long
DNA fragments
> 500 A)

An increase in DNA concentration ——————
decondensed decondensed «  dinoflagellate bacteriophages
chromatin in the chromosomes chromosomes
interphase nucleus (P =700-4500 A)

eucaryotic bacterial nucleoids
chromosomes (P = 1000-8000 A)
with a helical
shape (Tradescantia)
mitochondrial DNA
sperm nuclei sperm nuclei
(stallion) (trout, salmon)
(P = 500-700 A)
INVIVO
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An aminopolysaccharide, chitin, is the main component of decalcified crab shells
and insect cuticles. Thin samples of outer exocuticle of some beetles reflect lights that is
circularly polarized in the direction opposite to that of the ransmitted light in the
reflection band, a behaviour characteristic of chiral nematic phases’0. A twisted fibrous
arrangement has also been observed for a thin section of insect cuticle®.101, These
observations provide a strong implication of the biological consequence of chiral nematic
ordering. In vitro, only partially deacetylated chitin microfibrils suspended in water were
found to show birefringence in 1959102, Recently, unequivocal evidence of chiral
nematic structure exhibited by acid-treated chitin miczofibrils suspensions was observed
by Revol et all3 | This significant observation further suggests the involvement of liquid
crystalline states in some bioprocess in nature. '

1.4  Cellulosic liquid crystals
14.1. Chemical characteristics and conformation of cellulosics

Cellulose is the most abundant natural polysaccharide. Chemically it is a linear
condensation polymer consisting of D-anhydroglucopyranose units linked together by B-
1,4-glucosidic bonds. The pyranose residues in cellulose chain assume the energetically
favourable 4Cp chair conformation as in the B-D-glucopyranose molecule, and thus are
inflexible. As the result, the conformarion of the cellulose chain is determined largely by
the relative orientaton of the adjacent residues, defined by two dihedral angles ¢ and v,
between C(1)-H(1) and O(4")-C(4') and C(4")-H{4") and O(4")-C(1) bonds, respectively, as
shown below. = '

Although it may seem that the rotation about these angles could generate numbers
of possible conformations, in fact many conformations are forbidden by steric repulsion
between atoms on the adjacent residues and intrahydrogen bonding. Results of energy
calculation03-105 gngeest that the cellulose chains adopt an extended conformation
where ¢ and y are energetically favorable and the repetition along the chain of a



preferred angle between adjacent inflexible residues may generate a helix in which each
residue lies near the helix axis, but is twisted relative to the previous one. Such
conformation render the cellulose chains relatively rigid. Apparently the helical
conformation of cellulose chains differ in origin from that of polvpeptides since the helix
of the polypeptides in solution results from hydrogen bonding between adjacent residucs
and can be converted into a coiled conformation upon heating or changing pH!06,
Osipov has proposed such a twisted belt model describing the conformations of
cellulosics that distinguishes it from the helix of polypeptides as shown in Figure 1.8 (b).

Conformational analysis based on energy calculations is in general agreement
with experimental results obtained by means of x-ray and electron microscopy for
crystalline cellulosel07-110, Recently CP/MAS 13C NMR measurements of native
cellulose by Horii et al.1!! indicate that the chemical shifts of C(2), C(3). and C(6) on
anhydroglucose residue are correlated to the torsion angles ¢ and y. A narrow
distribution of ¢ and W inferred from their NMR results corresponds to an extended
cellulose chain in crystailine state. In solution, cellulose also exhibits high degrees of the
chain extension as characterized by its high characteristic ratio (the ratio of the mean
square and end-to-end distance of a real polymers to that of the cerresponding ideal freety
jointed chain)112-115_ A helical conformation of cellulose oligomers in solution has been
suggested by 13C-1H coupling!16 and induced CD results!17,

Another chemical characteristic of cellulose is that one primary hydroxyl group
and two secondary hydroxyl groups are located at C(6), and C(2) and C(3) positions of
each anhydroglucose unit, respectively, leading to the formation of large numbers of intra
and intermolecular hydrogen bonds. The resulting intrahydrogen bonds of C(3'YOH-O(5)
and C(6")OH-O(2)OH are one of main sources of the rigidity of the cellulose chain and
the interhydrogen bonds render cellulose insoluble in water and common solvents despite
the hydrophilic nature of the hydroxyl groups. On the other hand, the hydroxy! groups
provide convenient sites for substitution reaction, leading to a variety of cellulose
derivatives. Introduction of the substituents to the hydroxy! must result in disrupting the
intra and interhydrogen bonds and introducing new steric effects and interaction between
the substituents to various extents, depending on the degree of substitution (DS) (defined
. as the average number of substituted OH per anhydroglucose unit) and the size and the
nature of the substi_tuenté. As a consequence, most cellulose dertvatives, in general, have
a better solubility in a wider range of solvents, and while they may have differ in degree
of flexibility from each other, they retain:a similar extended chain conformation to

cellulose due to the resistance of the inflexible anhydroglucose residues to large changes
in the torsion angles ¢ and y.

b
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Several cellulose derivatives have been found to exist in crystals or crystal
solvates as a helical chain conformation, based on electron microscopic and x-ray
analysis!18.119 The hydrodynamic behaviour of cellulose derivatives in soluton suggests
an extended conformation!12.120, Induced CD studies of carboxymethylcellulose
(CMC)!12! and methylcellulose (MC)!17 , dyed with acridine orange and congo red,
respectively, give a evidence of helical conformation for these two derivatives in solution.
Harkness and Gray also observed an exiton split band in a CD spectrum for 6-O-a-(1-
methylnaphthalene)-2,3-pentylcellulose solution in cyclohexane, indicative of a helical
arrangement of the side-chain chromophores!22,

For partially substituted cellulose derivatives, distribution of the substitution
along cellulose chain or among C(2), C(3), and C(6) positions per anhydroglucose unit
may affect their conformation. Schweiger123 has demonstrated a significant difference in
solution properties for samples of cellulose sulphate prepared by homogeneous and
heterogeneous methods. Recent IR work on specifically substituted cellulose ethers by
Kondo and Gray reveals that the ether group on C(2), C(3), or C(6) position strongly
influences intra and interhydrogen bonding124. The effects of substituent distribution on
physical and commercial properties have not yet been explored effectively.

1.4.2. CeHulosic mesophases

Because of their extended chain conformation, cellulosic polymers have been
predicted by Flory in 1956 to be able to from liquid crystalline phase, on the basis of his
lattice theory22, The first observation of this ordered phase in cellulosics was almost
twenty years later than the prediction3. As discussed in the introduction, liquid crystals
are characterized by their mobility and orientational order. The large numbers of
hydrogen bonds in cellulose generate such strong intermolecular forces that the cellulose
chains lack mobility and will decompose on heating before reacking a melting
temperature at which the cellulose chains might start to move and form an ordered phase.
Therefore cellulose itself does not spontaneously form a mesophase in spite of its
semirigid chain. Most cellulosic liquid crystals reported so far are either cellulose
. derivatives in bulk or solution, or solutions of cellulose in polar solvents, in which the
hydroxyl groups are blocked by substituents or associated with solvent so as to prevent
hydrogen bond formation and to achieve mobility and orientation.

)

14.2.1. Lyotropic mesophases of cellulose derivatives
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Hydroxypropylcellulose (HPC) is the first cellulose derivative reported to form
liquid crystalline phase in concentrated aqueous solution. Werbowyj and Gray® observed
that a phase separation spontaneously takes place as the HPC concentration increases
over a specific range (critical concentration VZ). Since then numerous cellulose esters

and ethers have been reported to form the anisotropic phases in a variety of solvents!25-
127 In general, the measured critical concentration for phase separation is much higher
than theoretical prediction from Flory's rod-like model for polymers (equation 1). As a
result, a freely jointed chain model?7 has been proposed to describe semirigid polymers
such as cellulosics, in which the axial ratio x = L/d in rod-like model is replaced by x =
L'/d, where L' is segment length of a freely jointed chain and d is the chain diameter.
‘Considering that real cellulosic chains are not freely jointed, the Kuhn segment length for
a random flight chain or the equivalent segment length for a warm-like chain of
persistence length q has been suggested to be taken as the L in freely jointed chain
model, L' = k or x = ky/d = 2q/d. The resultant calculation seems to be closer to line with
experimental data despite some deviations126,128-131_ This general agreement further
suggests that the critical concentration for phase separation is determined to 2 large extent
by the stiffness of semirigid cellulosic chain since the persistence length is 2 measure of
chain stiffness.

The fact that the observed values of the critical concentration for mesophase
formation in cellulosic system are subject to the type of substituents and solvents implies
that the change in chain stiffness may result from the chemical characteristics' of
cellulosic and solvents. This is evident by recent studies of DS effects on the rigidity of
cellulose acetate {(CA) in dilute solution and on mesophase formation of some derivatives
in concentrated solution. Kamide and Saito?13.132 have shown that the unperturbed chain
dimension of CA in dilute solution increase with DS, corresponding to a increase in the
chain rigidity. Critical concentration for mesophase formation for
(carbamoylethyl)cellulose (CBEC) solutions has been reported to decrease from 50% to
35% by weight as the DS of CBEC increases from 1.0 to 2.3133, Similar relationship was
also observed for cellulose cinnamate (CC)!134 and nitrocellulose (NC)I35 solutions.
Although the cause of the change of chain stiffness with DS is not clear, especially in
concentrated solutions, the results for CA in dilute solutionl!3 did lead to a plausible
explanation that the stiffness of cellulose derivatives in solution is a result of total
contribution from (1) steric interactions between adjacent pyranose residues with or
without substituents, (2) intrahydrogen bonding and (3) steric hindrance of solvating
solvent molecules. In other words, stiffness of cellulosics depends on the nature of both
substituents and solvents and on the content of hydroxyl groups or DS. The solvent effect
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is clearly demonstrated by the fact that CA in dilute solution is more rigid in polar solvent
than in less polar solvent!13. 132 and that highly polar or acidic solvents generally favor
mesophase scparation at lower critical concentration than simple organic solvents136.137,
Comparison of esters with ethers of cellulose with respect to the critical concentration
does not give any simple relation. In fact the chain stiffness of cellulosics 1s not simply
additive but is a complicated balance of the above three contributions. This is illustrated
by CMC solution, in which the critical concentration for phase separation increases with
DS133_ different from that observed for CC134, NC135, CBEC!33, In light of the different
reactivity among three hydroxyl groups and the existence of intrahydrogen bonds formed
mainly between C(3)OH and O(5)!38, the distribution of substitution for partially
substituted derivatives of cellulose may also play a role in governing the mesophase
formation.

It has been reported that an increase in molecular weight results in decreasing the
critical concentration for some cellulose derivatives such as CA137.139, but it does not
affect the critical concentration for some other polydisperse cellulosics such HPC with
main chains much larger than their persistence length128,129.140, The reason for the
appearance of these two types of molecular weight effects on critical concentration for
high molecular weight polymers remains unclear. The phase separation is also affected by
temperature. The higher temperature often leads to a higher critical concentration for the
mesophase separation in cellulosic systern, presumably as a result of the decrease in chain
stiffness140a, ,

In principle, all cellulose derivatives are able to form liquid crystalline phase in
suitable solvents due to their semirigid structure. However crystallization, gel formation,
aggregation and other factors may be favored over mesophase formation. To form liquid
crystalline phases, the intermolecular attractive forces must be weak enough to allow
mesogens to move and achieve orientational order. Hydroxyl-rich or lightly substituted
derivatives such as commercial hydroxyethylcellulose (HEC) and methylcellulose (MC)
aqueous solution often form gels or aggregates prior to forming mesophase as the
polymer concentration increases, possibly due to strong hydrogen bonding between
cellulosic chains. Some highly substituted derivatives have been reported to form stable
crystalsolvates from liquid crystal phases!35.141,142 presumably because the symmetry in
the shape of the resulting cellulose-solvent solvates under certain circumstances favours
packing as a highly ordered crystalline structure. '

1.4.22, Lyotropic mesophases of cellulose
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The discovery of the self-ordering of cellulose derivatives has stimulated
considerable interest in investigating the possibility of forming mesophases of cellulose
itself in solution, because of the potential for making high strength and high modulus
regenerated cellulose fibres. As mentioned earlier, however, the main problem facing the
formation of an ordered phase of cellulose is its limited solubility in common solvents.
Fortunately, great progress in the search for new solvents for cellulose has been achieved
in the last decadel?*3. In general these new solvents consist of at least one polar
component that complexes with or solvates the hydroxyl groups of the cellulose chains,
leading to dissolution. Unlike the conventional solvents, these new solvents cause less
degradation to cellulose, especially the non-aqueous solvents, and they have relatively
highly dissolving ability. The latter feature makes it possible to access the region of high
concentrated solution of cellulose.

The first observation of lyotropic cellulose mesophase in a mixture of water and
N-methyl-morpholine-N-oxide (MMNOQ) was claimed by Chanzy and Peguy in 19809,
Concentration of cellulose up to 20% by weight gives strong birefringence under a
polarizing microscope. The critical concentration for mesophase formation depends on
molecular weight, water content and temperature. A rheological study also gave evidence
for mesophase formation144,

Gilbert and his colleagues!? have found that mixtures of trifluoroacetic acid
(TFA) and chlorinated alkanes are excellent solvents for cellulose. Their initial report
showed that anisotropic phases of cellulose solution in TFA/DCM or 1,2-dichloroethane
(DCE) are separated at a concentration over 20% by weight. Their recent results43
indicate that the critical concentration can be as low as 4%, depending on the solvent
composition. However the system is subject to a strong aging effect, suggesting the
occurrence of some degradation of the cellulose.

The development of the LiCl/dimethylacetamide (DMAC) system, 2
nondegrading solvent, immediately led to attempts to obtain anisotropic solution in the
hope of producing high performance fibers!!1.115.146.147_ Microscopic and optical
evidence indicate that the formation of mesophase occurs at 10-15% by weight,
depending on the ratio of LiCYDMAC. However a stable pure anisotropic solution seems
unlikely to be obtained due to limited solubility at high concentration (>15%)115.147,

Another solvent system for cellulose is a mixture of liquid NH3 and NH4SCN,
which has been extensively investigated by Cuculo and his coworkers!2.148_ The critical
concentration for mesophase formation is found to change from 3.5% to 8.5% (g/ml),
depending on the solvent composition and molecular weight of the cellulose. In general,
the critical concentration for cellulose solutions for mesophase formation is relatively low
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in comparison with that for solutions of cellulose derivatives, presumably because of (1)
the existence of the intrahydrogen bonds along cellulose chains and (2) the small “ize of
hydroxy! groups relative to other substituents. As a result of these differences, the
cellulose may have a high segmental axial ratio and thus form an ordered phase at a lower
critical concentration, according to Flory's lattice theory. In fact, measurements of the
persistence length of cellulose in dilute solutions in LiCI/DMAC!15 and
NH3/NH4SCN114 have indicated that the cellulose chains are stiffer than the those of
cellulose derivatives. It has been suggested that the formation of complexes of cellulose
with solvents such as LiCl/DMAC may enhance the stiffness of the resulting cellulose
complex chains?15,

Efforts to make high performance films and fibres from anisotropic solutions of
cellulose have been made by several research groups143:148-150_ The results seem to give
some properties superior to commercial products but not as promising as expected. This
is probably attributed in part to the fact that the ordered structures are not well preserved
during the process of the regeneration of cellulose in the presence of the nonsolvents.

More recently, a significant finding was reported by Revol at al.13 that acid-
treated cellulose microfibrils suspended in water can form chiral nematic phase at
concentrations lower than 3% by weight. Different from cellulose solution, the cellulose
in the suspensions exists as crystallites, crystalline aggregates of cellulose chains. The
low critical concentration for the phase separation in this system may related to the shape
and charged surface of the microfibrils. Although the mechanism for this type of
mesophase formation is not understood yet, this significant finding may provide the
insights into the correlation of chirality on a molecular level to macroscopic chirality
displayed by cellulose-based biostructures in nature.

14.2.3. Thermotropic mesophases of cellulose derivatives

In the absence of solvents, the nature, size and quantity of substituents become the
most important factors in governing mesophase formation by cellulose derivatives.
Highly substituted derivatives with large and flexible substituents seem to favour
formation of mesophases, presumably because such substituents act as 'solvents’,
disrupting hydrogen bonding between the cellulose chains, preventing crystallization and
allowing the cellulosic main chain to have sufficient mobility to achieve orientational
order. HPC is a typical example!31-153, The majority of thermotropic cellulose
derivatives reported so far belong to the family of HPC derivatives134-161_ The larger
ester or ether groups HPC-based polymers seem to favour mesophase formation at lower
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temperatures. It has been reported that HPC itself form mesophases at 160-205°C151,
while the acetic acid ester of HPC form them at 90-160°C135_ In extreme cases, the long
chain phthalic ester of HPC and cyanoethylated O-(2,3-dihydroxypropybcellulose
(CEDHPC)162 exhibit mesomorphic behaviour at room temperature. Like HPC, the
hydroxyalkyl celluloses, hydroxyethylcellulose (HEC) and hydroxybutylcellulose (HBC).
also form thermotropic mesophasesl63, Bulky cellulose esters, phenyl-, 4-
methoxyphenyl- and p-tosyl-acetoxylcelluloses have been reported to show thermotropic
characteristics and to be readily regenerated under mild conditions!164. Recently a
specifically substituted derivative, 6-O-o-(1-methynathalene)-2,3-O-pentylcellulose was
shown to form a mesophase at 90-110°C122, Most of the above thermotropic derivatives
are also able to form lyotropic phase in suitable solvents.

In addition to the size, the chemical nature of substituents also strongly influence
mesomorphic properties of their derivatives. Yamagishi et al.165 have shown the phase
transition temperature of a series of cellulose esters and ethers varies from 100°C to
180°C, even though these polymers have same DS and approximately same length of
substituents and DP. The molecular weight effect seems to be more straightforward. An
increase in phase transition temperature with increasing molecular weight has been
observed for HPC and acetoxypropylcellulose (APC) 66, However when the DP of
cellulosic chain is small, other unusual liquid crystalline behaviors may be displayed.
Long chain alkyl ethers of cellulose oligomer (DP = 11) have reported to form
thermotropic chiral nematic liquid crystals whose handedness is temperature dependent38.
On the other hand, long chain aliphalic esters of cellulose oligomers form columnar
liquid crystals in spite of the same chiral cellulosic chain!67. These observations
demonstrate the importance of chemical structure in the cellulosic liquid crystals.

Ethylcellulose (EC) also form another type of thermotropic mesophase!352.168,
Formation of the mesophase in such short substituent derivative is probably related to the
content of hydroxyl groups remaining in the cellulosic chain since the thermotropic
mesophase is only observed for EC with a certain range of DS163,

14.3. Chiroptical properties in mesophase

In light of the existence of optically active centers along the cellulose backbone, it
is not surprising that most cellulosics form chiral nematic mesophases. Chiroptical
behaviours exhibited by these cellulosic mesophases are similar to those observed for
chiral nematic phases of small molecules or of polypeptides. The iridescent colours
observed accidentally by Werbowyj and Gray® for samples of concentrated aqueous HPC
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solutions were the first indication of chiral nematic phase formation in cellulosic system.
Later, optical characterization of a series of HPC solutions confirmed that anisotropic
HPC solutions are right-handed chiral nematc liquid crystals and the iridescent colors are
the result of selective reflection of light by a helicoidal structure!28.169,

Early investigations on solutions of HPC and its esters and ethers showed that in
most cases, they form right-handed mesophases at high concentration. The first left-
handed cellulosic liquid crystal was observed by Vogt and Zugenmaierl4! for
ethylcellulose solutions in acetic acid (AA). It appears that majority of the cellulose
derivatives form right-handed chiral nematic phases, especially those with bulky
substituents such as hydroxypropyl and its derivatives. On the other hand, a left-handed
helicoidal structure is often found for the mesophases of those derivatives with small
substituents such as cellulose acetate (CA)179, cellulose triacetate (CTA)171, MC172 and
EC!4L173_ However, two bulky derivatives, (acetoactoxypropyl)cellulose (AAPC)174 and
6-O-trityl-2,3-O-hexylcellulose (TrHC)122, were recently reported to form left-handed
mesophases in AA and THF, respectively. Exhibition of both right- and left-handed
structures in cellulosic liquid crystals implies that the nature of the substituent play an
important role in determining the macroscopic chirality, since all cellulose derivatives
share the same chiral backbone. A further typical example is that cellulose tricarbanilate
(CTC) in triethylene gylcol monomethyl ether form left-handed mesophase while 3-
chlorophenylurethane of cellulose (3-CIPC) in the same solvent form right-handed
mesophasel6%:175_ The only difference between these two derivatives is one chlorine on
the substituent.

As in the case of lyotropic polypeptide liquid crystals, solvent for cellulosics
surprisingly strongly influence the handedness of their mesophases even though the
solvents are all achiral. Ethylcellulose was the first cellulose derivative reported to show a
solvent dependence of handedness. EC solutions in AA form a left-handed mesophase but
in dichloroacetic acid (DCA) a right-handed onel76, Further examination of EC in a
variety of other solvents except for DCA gave left-handed structures!73. A similar solvent
dependence of handedness was also observed for CTC!77 and TrHC!78, Anisotropic
solutions of cellulose itself were also reported to exhibit both handedness, depending on
the solvent system10:143.147_ T is obvious that the different handedness observed for the
same cellulose derivatives must be related to the nature of the solvents. The dielectric
constant of solvent has been suggested by Samulski and Samulski4? to be a key factor in
governing handedness of lyotropic mesophase, as mentioned previously. This theory has
successfully been applied to some polypeptide mesophases. However the solvent
dependence of handedness observed for anisotropic EC solutions in a series of solvents
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seems not to be simply related to the dielectric constant of the solvent!73, In addition 1o
the physical properties, reactivity of the solvent with cellulosics may affect their
handedness as the case of CA in TFA179, Fresh anisotropic solutions of CA in TFA form
a left-handed mesophase while the same solutions after few-days standing become a
right-handed mesophase, presumably due to the occurrence of trifluoroacetylation,
transesterification or degradation179,

In the absence of solvent, the handedness of thermotropic mesophases of cellulose
derivatives is mainly determined by the substituents. So far most thermotropic cellulosic
liquid crystals reported are right-handed except for tri-O-heptylcellulose (THC), tri-O-
butoxyethylcellulose (TBC) and tri-O-2-(2-methoxyethoxy)ethyl) cellulose oligomer (O-
TMEC)165. Moreover, the O-THC and O-TMEC (DP=11) derivatives change the
handedness from left to right upon heating38. Strangely, this thermally-induced
handedness inversion was not observed for the same derivatives with a high DP (210).
This has been attributed to a high compensated temperature beyond the clearing
temperature. From a chemical point of view, hemiacetal groups at the end of the
cellulosic chain may also play a role in contributing to the asymmetric intermolecular
forces determining chirality, especially in such samples with low DP and with long side
chain. So far, no thermally-induced compensation has been observed in lyotropic system
of cellulosics. A solvent-induced handedness inversion does occur in anisotropic
solutions of EC in mixtures of AA and DCA176 and CTC in mixtures of methyl propyl
ketone (MPK) and diethylene glycol monomethyl ether (DEME)!77.

The cause of both thermally- and solvent-induced handedness inversion is not
well understood although currently existing chiral nematic theories can provide some
qualitative interpretations. One may expect that the change in the handedness of
cellulosic mesophases may be a result of a change in their chain helical conformation in
solution or melt. However, no direct evidence of the correlation between the helicity of
cellulosic chains and the chirality of their mesophase has appeared to date. A recent effort
was made by Harkness and Gray to prepare special cellulose derivatives with
chromophores as substituents and investigate their chiroptical activity in dilute solution
and in mesophase by means of CD spectroscopy!22.178.180,181 The results suggest that
the conformations of these polymers in dilute solution are not correlated to the
handedness of their concentrated mesophases. However, whether the conformation of
cellulosic chains in dilute and concentrated solution remains the same is unknown.

Another important optical characteristic of cellulosic mesophases is the pitch. In
general, an increase in concentration leads to a decrease in pitch for most lyotropic
cellulosic liquid crystals; only CTC in ethyl methyl ketone (EMK) or in 2-pentanonel4!
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and CIPC in DEME!75 are exceptions. The dependence of pitch on concentration can be
expressed by an empirical relationship, 1/IP! e« ¢, where ¢ is concentration of cellulosics
and o is a coefficient and varies from 1.8 to 4, depending on the type of cellulose
derivative and solvent and on temperature etc182. The pitch for cellulosic mesophases
also varies with their molecular weight. An increase of pitch with increasing molecular
weight has been observed for lyotropic solutions of CA/TFA183 and CTC/2-
pentanone!41.184_ The reverse is observed for lyotropic solution of HPC!85 and APC155.

The most sensitive factor controlling the pitch is temperature. Like other
polymeric chiral nematic phases, majority of cellulosic mesophases show a positive
temperature dependence of pitch. For lyotropic cellulosics, EC is only cellulose
derivative reported so far to display both negative and positive temperature dependence
of pitch in mesophase, e.g. anisotropic EC solutions in chloroform show a negative
temperature dependence of pitch whereas the EC solutions in DCA a positive temperature
dependence of pitchl73,

A summary of the chiroptical properties of cellulosic liquid crystals, particularly
their handedness and the temperature dependence of pitch, is given in Figure 1.9, It
appears from this survey that commercial EC is an unusual cellulose derivative with
respect to the chiroptical behaviour of its liquid crystalline phase, in that it displays a
solvent dependence of the handedness and a negative temperature dependence of the
pitch. This raise questions about the role of the ethyl groups and solvents in the unusual
mesomorphic behaviour. An initial attempt to address the question was to acetylate
commercial EC with a DS of 2.5 and to investigate the chiroptical behaviour of the
resultant derivative, (acetyl)(ethylcellulose (AEC), in mesophase. Surprisingly, the
anisotropic AEC solutions in chloroform form a right-handed helicoidal structure and
show a positive temperature dependence of pitch, opposite to that exhibited by the
unacetylated EC mesophases in the same 'solvent!86.187_ The general objective of this
research is to further explore the chiroptical properties of AEC liquid crystals in other
solvents and to provide insight into the factors that are responsible for the handedness
inversion for AEC mesophase, in the hope of establishing the some relationships between
the molecular structure of cellulosics and their chiroptical behaviour in liquid crystalline
phase.

1.5. Introduction to remaining chapters

Chapter 2 describes the preparation and characterization of
(acetyl){(ethyl)cellulose polymers with acetyl DS' values ranging from O to 0.5, and also
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Figure 1.9  Outline of chiroptical properties exhibited by cellulosic liquid crystals.




other polymers, (acetyl)(methyl)cellulose (AMC) and (propionyl)(ethyl)cellulose (PEC).
The chiroptical properties of lyotropic AEC solutions in a variety of organic solvents are
examined in Chapter 3. The results of the effects of acetyl content on the handedness,
pitch and flow time of the AEC mesophase are presented in detail. The compensated
AEC mesophases are characterized by means of microscopy, laser diffractometry and
ORD. In Chapter 4 the optical activity of dye molecules dissolved in isotropic and
anisotropic solutions of AEC are investigated by means of CD and ORD Spectroscopy.
Orientational behaviour of the dyes in left- and right-handed helicoidal structure are
discussed on the basis of their ICD spectra. The factors influencing the ICD of the dyes in
the AEC mesophase are also presented in this chapter. In Chapter 5 some mechanisms for
the handedness inversion for AEC mesophases with changing acetyl DS are discussed.
Some experimental evidence and theoretical consideration are both presented. The
conclusions drawn from this study and suggestions for further research are presented in
the last chapter.
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Chapter 2.

Preparation, Characterization and Mesophase Formation of

(Acetyl)(ethyl)cellulose and Other Cellulose Derivatives
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2.1. Introduction

Physical properties of cellulose derivatives are songly influenced by both main
chain properties, e.g. the degree of polymerization (DP) and the distribution of molecular
weight, and by their side chain properties, e.g. the nature of substituents, degree of
substitution (DS) and the distribution of substituents along the cellulosic chains and
among C(2), C(3) and C(6) positions in an anhydroglucose unit of the cellulosel. A
survey of the literatures on cellulosic liquid crystals in Chapter 1 also indicates that their
chiroptical properties depend to a large extent on the nature of substituent and solvent.
For example, cellulose wricarbanilate (CTC) forms a right-handed liquid crystal in methyl
propyl keton (MPK)? but a left-handed liquid crystal in triethylene glycol monomethyl
ether (TEME)3. An additional chlorine atom on the benzyl ring of each CTC substituent
leads the corresponding cellulose derivative, 3-chlorophenylurethane of cellulose (3-
CIPC), to form a right-handed mesophase in the same solvent (TEME)3. It is sill
unknown why and how the achiral substituents and solvent influence the chirality of
mesophases formed by cellulose derivatives in mesophase.

Ethylcellulose (EC) is a non-ionic cellulose derivative. Commercial EC products
with DS around 2.3-2.6 have excellent solubility in a wide range of organic solvents. The
mesomorphic properties of EC in solution have been widely investigated, e.g. dielectric?,
rheological’:6, orientational” and optical behaviourS-10, Perhaps most striking observation
are the chiroptical properties exhibited by the lyotropic EC liquid crystals, which display
a solvent dependence of handedness and a negative temperature dependence of pitch in
many solvents. In a previous paper!l, it has also been shown that the introduction of
acetyl group into free hydroxyl group on commercial EC (ethyl DS = 2.5) results in a
reversal of handedness for the resultant (acetyl){ethyl)cellulose (AEC) polymers in the
same solvent. In this chapter, a series of AEC polymers with small variations in acetyl
content are prepared and characterized. Acetylation of EC was studied because it is a
simple organic reaction and easily controlled in terms of the extent of reaction. Two new
cellulose derivatives, (propionyl)(ethyl)cellulose (PEC) and (acetyl)(methyl)cellulose
(AMC), are also prepared and characterized for the study of the mechanism for the
handedness inversion of AEC liquid crystals with acetyl DS in the following chapters.

2.2, Experimenta! section
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Materials. Ethylcellulose and methylcellulose were purchased from Aldrich Co.
and Fisher Scientific Co., respectively. The ethoxyl content of the commercial EC is 48%
and the viscosity (5% in solution) is 22 cp. The DS of the commercial MC is 1.612 and
the viscosity is 15 ¢p. Reagent-grade acetic and propionic anhydrides and pyridine
(Aldrich Co.) were used without further purification.

Preparation of (acetyl)(ethyl)cellulose polymers with acetyi DS ranging from
0 to 0.5. 8 grams EC was dissolved in 120 ml of pyridine in a 250-ml three-neck flask to
give a clear, homogeneous and viscous solution. Acetic anhydride was added dropwise to
the solution with stirring under nitrogen atmosphere. The acetylated products were
isolated by pouring the reaction mixture into a large amount of cooled water, filtering,
and washing several times with distilled water to remove excess reagent and solvent. The
products were redissolved in tetrahydrofuran (THF) and reprecipitated in distilled water.
Final products were dried under vacuum at 65°C. The acetyl content of the products
depended on the reaction time, temperature, and amount of reagent and catalyst, as shown
in Table 2.1.

Preparation of fully substituted (acetyl)(methyl)cellulose. A mixture of 4
grams of methylcellulose, 30 ml of pyridine and 15 ml of acetic anhydride in a 150-mi
three-neck flask was stirred and heated to reflux for three hours under nitrogen. The
product was isolated by slowly pouring the mixture into a large amount of cooled
distilled water, filtering, and washing several times with distilled water. The product was
redissolved in acetone and reprecipitated in distilled water. Final products were dried
under vacuum at 65°C.

Preparation of fully substituted (propionyl)(ethyl)cellulose. A mixture of 4
grams of ethylcellulose, 30 ml of pyridine and 20 ml of propionic anhydride in a 150-ml
three-neck flask was stirred and heated to reflux for three hours under nitrogen. The
product was precipitated by slowly pouring the mixture into a large amount of hexane.
The precipitates were obtained by centrifugation and washed several time with hexane.
The dried product was redissolved in THF and reprecipitated in distilled water. Final
product was dried under vacuum at 65°C.

General analysis: Infrared spectra of thin _polymcr films were recorded with a
Matuson Polaris FT-IR spectrophotometer. The AEC and PEC films cast from THF
solution (5% by weight) and AMC film cast from acetone solution (5% by weight).

The 13C spectra were recorded with a JEOL CPF-270 spectrometer at a frequency
of 67.80 MHz. The samples are dissolved in deuterated chloroform (CDCl3) and polymer
concentration is approximately 5% (w/v). The 13C NMR spectra were obtained at 40°C
. with a complete decoupling mode (a flip angle of 45%and a pulse repetition time of 2.0
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Table 2.1. Acetylation Conditions for Ethylcellulose

Sample Regent Temperature | Time Catalyst Acetyl
(ml) °C) (hr) (mnl) DS@
AEC-33 |10 30 0.5 0 0.09
AEC-21 {20 30 1.0 0 0.13
AEC-22 |20 30 2.5 0 0.16
AEC-23 |30 30 4.0 0 0.18
AEC-24 (30 30 5.5 0 0.21
AEC-25 |40 30 7.0 0 0.24
AEC-26 |40 30 8.5 0 0.28
AEC-34 145 30 9.0 0 0.29
AEC-27 . | 45 30 10.0 0 0.31
AEC-30 1§50 30 120 0 035
AEC-28 ;50 20 10.0 0.5 0.44
AEC-29 |50 20 12.0 1.0 0.48
AEC-36 |60 30 12.0 1.5 0.50

(@) Measured by FT-IR spectroscopy
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second) and with transients 18000-20000. The chemical shifts of the above polymers
were referenced to CDCI3 (77.0 ppm).

Gel permeation chromatograms (GPC) for EC and AEC polymers in THF were
obtained with a Waters model 6000A pump with a refractive index detector and 107, 104,
103, 500 and 100 A p-Styragel Columns (Waters) in series. The retention volume of EC
and AEC polymers were approximately evaluated from their GPC elution curves.

The microscopic observation and photograph of liquid crystatline samples were
made on a polanizing microscope (OPTIPHOT-POL) with a camera. The samples were
prepared between microscope slide and cover glass and sealed with epoxy resin to
prevent solvent loss.

2.3. Results and discussion
2.3.1. Characterization of AEC polymers

The commercial EC before further chemical moedification in this study has an
ethyl content of 48%, corresponding to a degree of substitution of 2.5. It means that there
are about five hydroxyl groups every two anhydroglucose units being substituted by ethyl
groups and one free hydroxyl group every two anhydroglucose units available for further
acetylation or propionylation as shown below:

CHa0CH,CH3 OCH,CHg

0 HO
o 0
CH3CH,0 o

OCHoCH3 CHzOCHCH3

L J n/2
(RO)20/Pyridine R = COCHjz or COCH,CHjz
CH20CHCHz OCH»CHa
Q RO
CH3CHz0 o
OCHoCHj CH20CH,CH3 n/2
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The extent of acetylation was controlled by the reaction time and the quantity of
reagent (Table 2.1). In order to obtain highly acetylated samples, perchloric acid was used
as a catalyst.

Figure 2.1 shows the FI-IR spectra for EC and three AEC polymers obtained
under different reaction conditions. The absorption bands around 3650-3350 cm-! and
1850-1700 cm! are due to hydroxyl and carbonyl stretching vibrations, respectively. The
intensity of the hydroxy! absorption peak decreases and that of carboxyl absorption peak
increases with increasing the extent of acetylation. Apparently, there are no other
significant absorption bands appearing in the spectra for the acetylated samples,
suggesting that side reactions are negligible during acetylation. The absence of hydroxyl
peak in the FT-IR spectrum for AEC-36 indicates that the free hydroxyl groups of the
commercial EC were completely acetylated.

If the acetyl degree of substitution (acetyl DS) of product AEC-36 is taken as 0.5,
the relative acetyl DS of other AEC products can be calculated according to the following
equationll:

_ 0.5 x (IO / 1OHyx
(1°=0 10" )aEC-36

. (DS)x 1]

where 1C=0 and IOH are the maximum intensities of carboxyl and hydroxyl peaks,
respectively, and subscript X indicates the sample to be calculated. The calculated
relative acetyl DS of the series of AEC products are listed on Column 6 of Table 2.1.
Analysis of the AEC products by means of NMR spectroscopy provides more
details of the structural featurcs. Figure 2.2 is the 13C NMR spectra for the same EC and
AEC polymers as in Figure 2.1. The signals appearing around 15-17 ppm and 66.5-69.5
ppm are assigned to the methyl carbons and methylene carbons in the ethyl substituents,
respectively. The signals for methyl carbons in the acetyl substituents of AEC polymers
are located around 21 ppm and the corresponding carbonyl carbons resonance around
170-171 ppm. The intensity of both peaks increase with increasingly severe acetylation. It
has been reported that the chemical shifts of carbon six positions (C(6)) bearing free
hydroxyl groups of cellulose or partially substituted cellulose derivatives are located
around 62 ppm!3.14 and that of the sugar carbons bearing ethoxyl substituents of EC
shifts down field about 7-8 ppm with respect to the same carbons of unsubstituted
cellulose!5-17, The absence of peaks from 66 ppm down to below 30 ppm in the spectra
for EC and AEC is an indication that the hydroxyls at C(6) in the commercial EC is
completely ethylated and no deethylation occurs at C(6) during acetylation. The
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Figure 2.1.  FT-IR spectra for ethylcellulose and (acetyl)(ethyl)cellulose polymers.
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preference for substitution at the sterically-favoured hydroxyls at C(6) of cellulosic
anhydroglucose units has been observed for many cellulose derivatives!, The signal for
C(6) bearing the ethoxyl groups overlaps with their methylene carbons peaks. The C(1) in
anhydroglucose unit gives a resonance around 103 ppm and C(4) and C(5) around 74-79
ppm. The signals for C(2) and C(3) positions substituted by ethoxyl groups are located
around 81.5-85 ppm. Compared with EC, a small additional peak appears in the region of
80-81.5 ppm for AEC products and increase in intensity with the extent of acetylation.
This may represent C(2) and C(3) atoms substituted by acetyl groups.

GPC measurements of EC and the series of AEC products reveal that there is no
significant degradation occurring during acetylation, as indicated by approximately
constant retention volumes as shown in Figure 2.3.

2.3.2. Characterization of PEC and AMC.

Figure 2.4 is the FT-IR spectra for PEC and AMC polymers. As for the AEC
polymers, strong absorption peaks characteristic of carboxy! vibrations appear at 1750
cm-? in the FT-IR spectra of both polymers. The absence of a hydroxyl absorption peak
for PEC and AMC in the region of 3400-3600 cm-! in Figure 2.4 suggests that both
cellulose derivatives are fully substituted.

In the 13C NMR spectrum of PEC, the methyl and methylene carbeas in the
propionyl substituents are located at 10 ppm and 28 ppm, respectively. The chemical shift
of the corresponding carbonyl carbons are around 173-174 ppm, a shift of 3 ppm down
field in comparison with the same carbons in AEC polymers, as shown in Figure 2.5. The
chemical shifts of other carbons of PEC are almost identical to that of AEC.

In the 13C spectrum of AMC (Figure 2.6), the peaks around 58-61 ppm are
assigned to the methoxyl carbons of the AMC, similar in chemical shift to the methoxyl
carbons of trimethylcellulosel?. The signals of methyl and carbonyl carbons in acetyl
substituents of AMC appear almost same posttions as in AEC polymers (21 ppm and
170—171 ppm, respectively). The other assignments of the chemical shifts of sugar
carbons in AMC polymer are shown in Figure 2.6.

2.3.3. Mesophase formation in concentrated solutions

Ethylcellulose with a DS of 2.5 is soluble in many organic solvents. Its acetylated
products, AEC, with acetyl DS ranging from 0 to 0.5 were found to retain good solubility
in these solvents. The excellent solubility exhibited by these series of AEC polymers
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facilitates the study of DS effects on liquid crystalline properties in the following
chapters. So far only a few reports on the relation between chiroptical properties of
cellulose derivatives and their DS have appeared. This lack of activity may be due to the
lack of solubility of most cellulose derivatives in a single solvent when the range of DS is
wide.

EC form liquid crystals in acetic acid (AA), dichloroacetic acid (DCA),
chloroform, bromoform, dichloromethane (DCM), dibromomethane (DBM), aqueous
phenol (AP) and m-cresol8-10. Concentrated solutions of acetylated EC in these solvents
are also found tc form mesophases, regardless of acetyl DS. Figure 2.7 shows two
photomicrographs of AEC-36 solutions in m-cresol at concentrations of 31% and 40% by
‘weight, taken between crossed polars with a microscope at room temperature. The dark
domains in the Figure 2.7(a) represent an isotropic phase where AEC molecules orient
randomly. The strong birefringence exhibited by the bright domains indicates that the
AEC molecules in these domains form an ordered phase. Thus two phases of the AEC
solution at this concentration are in equilibrium at room temperature. The critical
concentration, C*, for the separaiion of an anisotropic phase from an isotropic.phase for
AEC solution was found to depend on the acetyl DS. In general, the value of C* for AEC
polymers in a given sclvent decreases as the acetyl DS iricreases. For instance, the values
of C* for lyotropic sotutions of AEC polymers with an acetyl DS of 0. 0.21 and 0.5 in
chloroform is around 29.0%, 25.5% and 23.0% by weight, respectively, at room
icmpératurc. This observation is simiiar to W‘that observed for Iyotropi;:
(carbamoylethyl)cellulose (CBEC)!8, cellulose cinnarnate (CC)1? and nitroceliulose
(NC)20 liquid crystals. The critical concentration for AEC solutions also depends on the
solvent system. For example, the value of C* for AEC-36 solution in m-cresol is about
30% by weight while that of the same polymer in bromoform is only 18% by weight. The
decrease in C* with an increase in acetyl DS and with a change in solvent system from
m-cresol to bromoform suggests that the AEC polymer chains become stiffer according
to Flory's lattice theory. A further increase in the concentration of AEC solution results in
the formation of a pure ordered phase. As shown in Figure 2.7 (b), no isotropic phase was
observed for AEC-36 solution at a concentration of 40% at room temperature. :

Anisotropic solutions of AEC polymers in the above solvents all show typical
characteristics of a chiral nematic liquid crystal, e.g. reflection colors or fingerprint
texture, depending on the solvent system, acetyl content, concentration and temperature.
In the following chapters (3-5), the concentrations of all samples to be studied are
" carefully selected and varied for a given solvent so that the pure anisowopic phases are

68



(a)

®

hs of AEC-36 solutions in m-cresol at a concentration

of (a) 31% and (b) 40% (by weight) at room temperature ( x 400)

arizing micrograp

Pol

Figure 2.7.

69



formed and their pitch values are measurable by a UV-visible spectrophotometer, circular
dichroism spectrometer or optical microscope.

Concentrated solutions of PEC in the above solvents and of AMC in DCA and
TFA also form chiral nematic mesophases, similar to the unmodified EC and MC in the
same solvents.

24. Conclusion

The 13C NMR analysis of commercial ethyicellulose with a DS of 2.5 indicates
that the hydroxyl groups at carbon six of anhydroglucose units are completely substituted.
Acetylation of the ethylcellulose under different conditions yields (acetyl)(ethyl)cellulose
(AEC) polymers having acetyl DS ranging from O to 0.5. Fully substituted
(propionyl)(ethyl)cellulose (PEC) and (acetyl)(methyl)cellulose (AMC) were successfully
prepared. Chiral nematic liquid crystals are formed in these mixed ester/ether of cellulose
at high concentration, similar to their precursors in the same solvents. The critical
concentration for phase separation for AEC solutions depends on acetyl DS and solvent
system at a given temperature., '
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Chapter 3

Effect of Degree of Acetylation and Solvent on the Chiroptical

Properties of Lyotropic (Acetyl}(Ethylcellulose Solutions



3.1. Introduction

Cellulose is the naturally occurring homopolymer of B-D-glucopyranose. As a
result of the semi-rigid and chiral nature of the cellulose backbone, cellulose and its
derivatives can form liquid crystalline phases that show chiral nematic behaviour!-8.
Stable colloidal dispersions of cellulose crystallites also show chiral nematic properties?.
The chirality of the cellulosic mesophases depends on temperature, on the nature of
solvent (in case of lyowopic liquid crystals) and on the chemical structure of substituents
on the cellulose chains. Most cellulose derivatives in mesophase form right-handed
helicoidal structures. Ethylcellulose (EC) was the first derivative found to form a left-
handed lyotropic liquid crystal and to display a solvent dependence of handedness?-10.11,
Although a large numbers of cellulosic liquid crystals have been reported!2-14, only a few
cellulose derivatives showed the solvent dependence of handedness!0.11.15,16,

The nature of the (achiral) substituents on the cellulose chain strongly influences
the chiroptical properties of the mesophases. In a previous paper!?, it has been shown that
the introduction of aceryl group on the ethylcellulose can result in a large change of
chiroptical properties of the product, (acetyl)(ethyl)cellulose (AEC), in liquid crystalline
solutions. For example, AEC with ethyl DS of 2.5 and acetyl DS above 0.2 in chloroform
exhibits a handedness and temperature dependence of the pitch opposite to that for the
unacetylated EC in the same:-solvent, in spite of the observation that both polymers have
apparently similar conformations in dilute solution as indicated by means of optical
rotatory dispersion (ORD). The reversal of handedness is observed in many systems
where a continuous change in some variable {composition, temperature, degree of
substitution, etc.) leads to a divergence in the pitch, which increases to infinity to give a
compensated nematic phase, then reverses handedness and decreases again. In
thermotropic ,mesophaées, the compensatiori may occur at an appropriate mixture of two
liquid crystalline optical isomers or at a compensated temperature. In lyotropic
mesophases, the compensation may also occur at an appropriate mixture of two solvents
in which the handedness of the individual lyotropic solutions is opposite. A solvent-
induced compensation has been observed for ethylcellulose (EC) in-a mixture of acetic
acid (AA) and dichloroacetic acid (DCA)!? and for cellulose tricabanilate (CTC) in a
mixture of methyl p'i'opyl ketone (MPK) and diethylene glycol monomethyl ether
(DEME)18, and a thermally-induced compensation is reported for oligomers of tri-O-2(2-
~ methoxyethoxy)ethylcellulose (O-TMEC) and tri-O-heptylcellulose (O-THC)3. By
analogy, the compensation is expected to occur at a specific acetyl DS for the AEC
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mesophases as the acetyl DS is varied. In this chapter, the previous workl7 is extended 1o
other organic solvents. Optical microscopy, laser diffraction and optical rotatory
dispersion are employed to characterize the nematic and chiral nematic phases.

3.2, Experimental Section

Ethylcellulose (EC) with an ethoxyl content of 48% and a viscosity of 22 ¢p (5%)
was purchased from Aldrich Co. AEC polymers with an acetyl DS ranging from 0 16 0.5
were prepared from this EC, and characterized as in chapter 2. Organic solvents;
dichloromethane (DCM), dibromomethane (DBM), acetic acid (AA), dichloroacetc acid
(DCA), m-cresol and bromoform from Aldrich Co. and aqueous phenol (AP) from
Anachemia were used without purification.

The lyotropic liquid crystal samples for optical characterization were prepared by
placing polymer and solvent in rectangular glass capillary tubes, 0.4-mm path length
(Vitrodynamic Inc.), to give a desired polymer concentration. The capillaries were then
sealed by flaming. The solutions were well mixed by cenuifuging back and forth in the
capillaries and were allowed to equilibrate for at least two weeks. The liquid crystalline
samples for sdme measurements were also prepared between microscope slide and cover
glass as described in Chapter 2. For a given solvent, a fixed value of polymer
concentration was employed, and samples with acetyl DS ranging from 0 10 0.5 were
examined. In order to make samples with pitch values accessible by measuring reflection
band wavelengths, commercial circular dichroism (CD) or by optical microscopy. The:
‘value of the concentration was selected to bring the pitch values into an experimentally
convenient range for measurements. The pitch of the liquid crystals was determined by -
means of optical microscopy, laser diffractometry, UV-visible spectrometry or CD
spectrometry, depending on the range of their pitches. The polarizing microscope
(OPTIPHOT-POL) was equipped with a video camera (Cohu); the spacings between
striation lines (half the pitch) were recorded on video tape and analyzed-by Java video
analysis software. The value of the pitch was taken from the average of at least three
measurements. Optical diffraction measurements were carried out by photographing the
diffracting rings produced when the beam from a Helium-Neon laser (A = 6328A)
impinged at right angle on a mesophase sample. The pitch was calculated from Bragg's
diffraction equation, mA = ({P}/2) sing, where A is the wavelength of the laser light, @ is
the scattering angle, m is an integer and P is the pitch. The CD and UV-visible spectra for
those AEC mesophases with a reflection band in the wavelength region of UV-visible
light were recorded with a Jasco-500c spectropolarimeter and a Pye Unicam SP8-150

74



spectrophotometer, respectively. The corresponding pitches were calculated from the
wavelength of maximum reflection AQ and mean refractive index according to de Vries'
equation20, IP| = A / fi. The mean refractive index fi of the AEC liquid crystals was
measured with an Abb€ refractometer (Carl Zeiss Model 44159). For those mesophases
with pitch values beyond the order of visible light, the handedness can be assigned by the
sign of ORD curve. The assignment is based on the de Vries' equation!? for A « AQ as
follows:

a=7n(An)2P/42A2 (1]

where o is the optical rotation at a wavelength A, P is the pitch (taken to be a
pseudoscalar that is positive for a right-handed helicoid and negative for a left-handed
helicoid) and An is the birefringence of the pseudonematic layer. The sign of o for A « AQ
thus indicates the handedness of the helicoidal structure, with ¢ > 0 for a right-handed
twist, and o < 0 for a left-handed twist. For measurements as a function of temperature,
the samples were placed in a hot stage (Mettler FP52) mounted in the sample stage of the
microscope or in the spectrometer beam, and heated at a rate of 0.2°C / min,

Optical rotation was also measured with a Jasco DP-140 digital polarimeter. The
relative fluidity of the AEC lyotropic solutions was estimated from the time required for
the meniscus to move a given distance when the vials were tilted through 30°.

33 _Res:ﬂts and Discussion
3.3.1. Solvent dependence of handedness

. It has been shown in Chapter %'that the AEC solutions form chiral nematic liquid
crystals, regardless of acetyl DS. The rcﬂccnon band at &g observed for samples whose
pitches are of the order of the wavclength of UV or visible light is most readily detected
by the apparent circular dichroism spectra (which gives A( and is positive for left-handed
and negative for right-handed helicoidal structures). For samples with longer pitch values,
the magnitude may be estimated from optical rnicroscopy or opticar diffraction, and the
sign from optical rotatory dispersion.measurements and equaix_cp\ 1.
Figure 3.1 shows the apparent CD spectra for lyotropic AE"" solutions in DCM, |
DBM, AA, and bromoform. Positive CD bands were observed for the AEC samples with
an acetyl DS of 013 in DCM, DBM, AA, and bromofbtn/ﬁ, indicating reflection of
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Figure 3.1.  Apparent CD spectra of anisotropic AEC soltions in DCM (solid lines)
and DBM (dashed lines) at room temperature. The acetyl DS of samples in
curves 1 and 2 is 0.13 and that of samples in curves 3 and 4 is 0.5.

76 Tt

P



circularly polarized light by a left-handed liquid crystal. The negative CD bands observed
for the fully acetylated AEC mesophases in DBM and DCM are an indication of the
presence of a right-handed helicoidal structure. Since the pitch values of the fully
acetylated AEC mesophases in AA and bromoform are beyond visible light wavelength,
the handedness of the samples was determined by ORD according to equation |1]. These
lyotropic solutions display a positive optical rotation and are thus assigned as a right-
handed liquid crystal. The same ORD approach was taken to other long-pitch systems
such as AEC/AP and AEC/m-creso! anisotropic solutions. Based on the CD and ORD
results, the apparent handedness of the series of AEC lyotropic solutions in different
solvents is summarized in Table 3.1. It can be seen from the table that AEC with low
acetyl content is a left-handed liquid crystal in all the listed solvents except for DCA,
while the AEC with high acetyl DS (> 0.4) is right-handed, independent of solvent. In
other words, the handedness inversion takes place for AEC solutions in all the listed
solvents except for DCA in which the AEC liquid crystals all form a right-handed
helicoidal structure, independent of acetyl DS.

The solvent dependence of handedness was first found for polypeptide liquid
crystals20. A few cellulose derivatives also show the feature, e.g. cthylcellulose?,
cellulose tricarbanilatelS and 6-O-trityl-2,3-O-hexylcellulose!6, Samulski and Samulski2!
predicted that the reversal of handedness for a given polymer occurs at a critical dielectric
constant of a solvent, £*, This prediction satisfies the observation of the solvent-induced
handedness inversion in some mixtures of solvenits?1:22 and in some non-interactive
solvents2* for polypeptides, although there is some discrepancy. As shown in Table 3.1,
the solvent dependence of handedness was found for the AEC with low acety! content,
but not for the AEC with an acetyl DS over 0.40, even though the same series of solvents
are used. Furthermore, a minor change in acetyl DS gives rise to a reversal of the
handedness, in spite of sharing the same chiral mainchain in an achiral medium of the
same dielectric constant.

It is evident that some other factors are operative here. It seems likely that strong
and specific solvent-polymer interactions must play a role in addition to substituent
effects on the main-chain conformation.

3.3.2. Effect of acety! DS on pitch e

2 _
As reported previouslyl?, the pitch of chiral nematic AEC liquid crystalline
solutions in chloroform shows a strong dependence on acety! DS. The same AEC
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Table 3.1. Handedness dependence of acetyl DS for AEC anisotropic

solations in various organic solvents

Acetyl DS
Solvent £ C(w1%)

0.1 0.2 0.3 0.4 0.5
m-cresol 11.8% 142% left right right right right
Chloroform |4.860 [45% left left richt |right |right
DCM 9.080 |45% left left right |right |right
DBM 777 133% left left right  |right [risht
Bromoform |4.390 |24% left left left right | right
AP - 19.78*%  {40% left left left right ﬁght
AA 6.16° | 42% left left left right | right
DCA 820d |30% |right |right |fright |right [right

(a) 25°C, (b) 20°C, (c) 10°C, (d) 22°C
* Phenol at 60°C
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polymers in DCM, DBM, AA, AP, bromoform and m-cresol also show a similar relation
between pitch and acetyl content in a given solvent, concentration and temperature.

Figure 3.2 shows typical plots of reciprocal pitch against acetyl DS for AEC
Iyotropic solutions in these solvents. In general, the magnitude of inverse piich decreases
with increasing acetyl DS, falls to zero at a certain acetyl DS, and increases with further
increasing acetyl DS. The negative and positive inverse pitch values represent left- and
right-handed liquid crystals, respectively. The same wend of acetyl DS dependence on
pitch was observed for all solvent systems, but the acetyl DS corresponding to zero
inverse pitch varies with the individual solvent. At this DS, the pitch P becomes infinite,
and an untwisted nematic-like structure replaces the helicoidal ordered structure. As
defined in a previous paper!7, the acetyl DS corresponding 1o the appearance of the
nematic-like mesophase is referred to as the compensated degree of acetylation, DA¥*.

It is striking that the DA* shows a strong solvent dependence even though the
polymers are the same. The approximate DA* for the AEC polymers in different
solvents, estimated as illustrated in Figure 3.2(b), is given in Table 3.2. The values of
DAX* in this series of solvents vary from 0.19 to 0.37. Again, it can be seen that the value
of DA* bears no relation to the dielectric constant of the solvents employed, indicating
that specific interactions between AEC polymers and solvent are involved in the
handedness inversion. .

It should be mentioned here that the AEC mesophases show right-handed
helicoidal structures in DCA, regardless of acetyl DS; solutions in DCA display a weak
acetyl DS dependence with values for the pitch decreasing approximately linearly from
around 445 nm at an acetyl DS of 0.16 1o around 425 nm at an acetyl DS of 0.5, as shown
in Figure 3.3.

3.3.3. Optical phenomena close to the compensated condition

When the degree of acetyl DS that producés the compensated structure is
approached, either from higher or lower acetyl DS, the bright iridescent colours move
from blue to red, and then give cloudy opalescent solution. Close to DA¥*, the turbidity
drops markedly to give an almost transparent solution. - The appearance in the optical
microscope is shown in Figure 3.4. The parallel lines in the photographs result from the
periodic arrangement of pseudonematic molecular layers of the chiral nematic structure
with the helicoidal optical axis perpendicular to the incident light beam. The lines were
observed for samples with acetyl DS larger or smaller than 0.31. The spacing between the
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Table 3.2. Compensated degrees of acetylation (DA*) and temperature

dependence of pitch for lyotropic AEC liquid crystals

Sowvent | (00N DA* | (DArDA®) | (DADA®)
m-Cresol 42% 0.19 - +
DCM 45% 0.25 - +
DBM 33% 0.27 - +
Bromoform 24% 0.32 - +
Phenol (aq.) 40% 0.32 + -
Acetic acid 45% 0.37 - +
DCA 30% RH \
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Figure 3.4.  Polarizing micrographs of anisotropic AEC solutions (40%) in aqueous
phenol (AP). The acetyl DS’ of samples (a)-(e) are 0.26, 0.29, 0.31, 0.35,
0.44, respectively. ( x 400)



lines, equal to half of the pitch depends on the acetyl DS: the samples with acewvl DS
closer to 0.31 have a longer pitch. Instead of the equidistant striations. the sample with an
acetyl DS of 0.31 shows a thread-like texture characteristic of a nematic liquid crystal,
implying that the helicoidal ordering structure no longer exists in this mesophase. These
microscopic observations indicate that the compensation occurs in aqueous phenol at an
acetyl DS around 0.31.

The periodicity observed normal to the optic axis of the chiral nematic helicoid
under crossed polars also cerresponds to periodicity in refractive index. This gives rise to
diffraction of light at an angle that depends on the magnitude of the spacing. The
diffraction angle decreases as the pitch goes to infinity; this method has been used to
determine the existence of compensated mesophases®>2%. Figure 3.5 shows diffraction
rings for AEC mesophases in aqueous phenol as the acetyl DS is varied. The pitch values
calculated from the diffraction rings are very close to those measured microscopically,
with the sample with an acetyl DS of 0.31 showing only a diffuse central spot, as
expected as the pitch becotnes infinite.

The microscopic and diffraction measurements do not indicate the handedness of
the mesophase. Well away from DA*, where the pitch is short enough to cause reflection
of visible light, the handedness is readily inferred from the sign of the apparent CD peak,
as described above. For longer pitch samples, a direct CD measurement is not applicable.
However, optical rotatory dispersion from the mesophase may be used to assign the
handedness in this region, according to the amplified form of de Vries' equation for the
case of A « A (equation 1). Figure 3.6 shows ORD curves for AEC lyotropic solutions in
aqueous phenol as a function of acetyl DS. The high rotatory power observed for these
samples is evidence of their chiral nematic supermolecular order. The handedness can be
inferred from the sign of the ORD curves because optical microscopy clearly shows that
they have long pitch values. The AEC samples with an acetyl DA* below 0.29 all show
negative ORD curves, an indication of the presence of left-handed helicoidal structures.
On the other hand, positive ORD signals were observed for those AEC samples with an
acetyl DS above .35, suggestir.g that right-handed helicoidal structures are present in
these mesophases. In addition, plots of the o against 1/A2 in Figure 3.7 also give straight
lines as predicted from equation 1. These ORD results provide a further proof of
handedness inversion for AEC lyotropic solutions with changing acetyl content at a given
concentration and temperature.

By analogy with the compensated temperature, composition, or mixture of
solvent, there must exist a compensated degree of acetylation, DA*, falling between 0.29
and 0.35 for the AEC/AP system, and the corresponding mesophase must have an infinite
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Optical diffractior patterns of anisotropic AEC solutions (40%) in AP.
The acetyl DS’ of samples (a)-(e) are 0.24, 0.29, 0.31, 0.35, 0.44,
respectively.
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Figure 3.6. ORD curves for anisotropic AEC solutions (40%) in aqueous phenol. The
thickness of the samples is 10 pm.
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Figure 3.7.  Plots of optical rotation against 1/A2 for anisotropic AEC solutions (40%)
in aqueous phenol. The thickness of the samples are 10 um.
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pitch and behave optically inactive. Since optical microscopy and optical diftraction
indicate that the AEC sample with an acetyl DS of 0.31 has an almost infinite pitch,
exhibition of nematic-like optical behavior is expected for the sample. Figure 3.8 shows
the rotatory power {optical rotation per unit of thickness) at A = 589 nm of AEC
anisotropic solutions in AP as a function of acetyl DS. Perhaps counterintuitively, the
rotatory power becomes increasingly negative as the acetyl DS increases and the chiral
nematic pitch increases. The magnitude of the rotatory power then decreases sharply for
the sample with an acetyl DS of 0.31, and changes sign, eventually decreasing with
further increase in acetyl DS. The change in sign and discontinuity in the rotatory power
as the acetyl DS 1s increased again indicates that there exists a specific acetyl DS close to
0.31 where the solution behaves as a compensated nematic. Similar observations have
been made for a mixture of cholesteryl chloride and cholesteryl myristate; where a
reversal of handedness and a compensation occur as the temperature is changed22.26, In
our case, the compensation is a function of acetyl content, concentration and the nature of
the solvent, in addition to temperature.

33.4. Temperature dependence of pitch.

A positive temperature dependence of pitch has been observed for most cellulosic
liquid crystals. However, ethylcellulose liquid crystalline solutions have been found to
show a positive or negative temperature®11 dependence of pitch, depending on the
solvent. It has been shown previously!7 that the temperature dependence of pitch for
EC/chloroform mesophases can be reversed by introducing acetyl group into the fice
hydroxyl group on EC chains (acetyl DS > 0.2), implying that the effect of temperature
on pitch is also sensitive to the chemical structure of side chain. The effect is also
observed for other solvents. A negative temperature dependence of the wavelength of
maximum reflection, Ag (Ag = filPI), was observed for the anisotropic solutions of AEC
with an acetyl DS below DA* in DBM and DCM (Figure 3.9). The solutions of AEC
with an acetyl DS above DA* display a positive temperature dependence of Ag in the
same solvents. This pattern was observed for all the solvents with one exception, where
the pitch increased with increasing temperature for a low-acetyl DS AEC sample in
aqueous phenol (a left-handed mesophase), and decreased with increasing temperature for
a right-handed highly aéetylated sample in the same solvent (Figure 3.10). The reason for
this optical behaviour is not known. Thus the temperature dependence of pitch remains
solvent dependent for the lyotropic AEC liquid crystals, irrespective of the acetyl content.
The results are summarized in Table 3.2. The reversal of handedness with acety! content
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is accompanied by a change in the temperature dependence of pitch for these AEC
mesophases .

3.3.5. Pitch effects on flow behavior

The flow properties of chiral nematic liquid crystals are ditferent from those of
regular nematics in that they have a high apparent viscosity at low shear rate27 and a pitch
dependence of the viscosityl0-28.29 Helfrich30 proposed a permeation mechanism to
explain the theological behavior of low molar mass chiral nematic liquid crystals, in
which the flow direction of the mesophase is along the helicoidal optical axis. The theory
predicts that the apparent viscosity is slightly pitch dependent. The applicability of this
approach to polymeric system is questionable.

The pitch values of lyotropic mesophases depend on temperature and
concentration, but of course viscosity is also a sensitive function of these variables, so
that in general the effect of pitch on viscosity is difficult to disentangle. In AEC lyotropic
systems, the pitch can be readily controlled by a small change in acetyl DS, with
concentration and temperature held constant (see Figure 3.2). These mesophases thus
appear to serve as good samples to study the pitch effects on the flow behavior. Figure
3.11 shows an empirical flow time as a function of acetyl DS for AEC/AP and AEC/m-
cresol mesophases. The flow time decreases rapidly with increasing acetyl DS (and hence
with the magnitude of the pitch), reaches a minimum at acetyl DS close to DA*, where
the pitch is almost infinite, and then increases with further increase in acetyl DS. As
observed for mixtures of a nematic and a chiral nematic phase28 and a mesophase mixture
of left and right optical isomers (PBLG and PBDG)2? with various composition ratios,
there is a general correlation of resistance to flow with the magnitude of inverse pitch for
the lyotropic solutions of AEC, irrespective of handedness and solvent. This conclusion is
further supported by the measurement of flow time of AEC/DCA mesophases whose
handedness is independent of acetyl DS and whose pitches do not show a discontinuity
with acetyl DS. Figure 3.12 is a plot of the flow time against acetyl DS. Apparently, there
is no minimum flow time observed with increasing acetyl DS in this solvent. Since the
same series of polymers were used in Figure 3.11 and 3.12, tiis is a clear indication that
the ordered structure of chiral nematic liquid crystal has a strong effect on the flow
properties.
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34. Conclusion

(Acetyl)(ethyl)cellulose (AEC) polymers with an ethyl degree of substitution (DS)
of 2.5 and acetyl DS ranging from 0 to 0.5 dissolve readily in a2 wide range of organic
solvents and form chiral nematic liquid crystalline phases in concentrated solution.
Despite the fact that the substituests and solvents are achiral, the chiroptical properties of
these liquid crystals are strongly influenced by the acetyl content and solvent. In
dichloromethane, dibromomethane, chloroform, bromoform m-cresol, acetic acid and
aqueous phenol, the AEC lyotropic mesophases all show a handedness inversion as the
acetyl DS of the polymers is increased, changing from left- to right-handed
supermolecular helicoidal structures. The temperature dependence of the pitch for these
mesophases is also reversed from negative to positive with increasing acetyl DS in all the
above solvents except aqueous phenol, in which solvent the corresponding AEC
mesophases change from positive to negative. The optical microscopic, optical diffraction
and ORD evidence provide a unique indication that the reversal of the handedness and
temperature dependence for the AEC mesophases occurs at a compensated degree of
acetylation, DA*. The corresponding compensated mesophases show an infinite pitch and
behave optically like nematic mesophases. The value of the DA* is dependent on solvent.
In dichloroacetic acid, AEC liquid crystals remain right-handed, independent of the acetyl
DS. At given concentration and temperature, the long pitch samples flow much more
readily than short pitch samples.
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Chapter 4

Induced Circular Dichroism of Dye Molecules in Chiral Nematic

Liquid Crystals of (Acetyl)(Ethyl)cellulose Solutions

i\
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4.1. Introduction

As discussed in Chapter 1, chiral nematic liquid crystals possess high optical
actvity and selective reflection of circularly polarized light because of their helicoidal
ordering structures. Optically inactive (achiral) chromophore molecules incorporated in
these helicoidal structures may also develop an apparent optical activity as a result of the
interaction between the guest achiral chromophores and the host chiral matrices!-2. The
resulting optical activity is called liquid crystal induced optical activity or liquid crystal
induced circular dichroism (LCICD) because it is detectable by CD spectrometer. The
first observation of this induced optical activity for N-(p-methoxybenzylidene)-p-
butylaniline in a thermotropic chiral nematic phase was reported by Saeva and Wysocki
in 19713. Since then this optical phenomenon has widely been observed for achiral
chromophores dissolved in thermotropic®-13 and lyotropic!4-19 chiral nematic phases.
Other types of the liquid crystal induced optical activity are also exhibited by achiral
chromophores either chemically or physically bound to chiral mesogens in mesophase, as
observed for benzyl side-chain attached to polypeptide chains!320-23 and triphenylmethyl
attached to cellulosic chains2¥-26, or for acridine orange (AQ) and chromophoric
antibiotics complexed with polyglutamic acids (PLGA)27 and DNA2829, respectively.

In order to account for the above extrinsic optical activity, several theories have
been developed by an extension of de Vries' theory for non-absorbing chiral nematic
phases to the absorbing case by adding a frequency-dependent complex distribution to the
spiraling dielectric tensor of the mesophases?-30-32, The calculations from these theories
seem to be in agreement with the experimental observations in terms of the correlation of
the sign and magnitude of the LCICD for the ordered guest achiral chromophores with
the chirality of the host mesophases and the polarization direction of the electronic
transitions of the chromophores, although there are some discrepancies. Chandrasekhar
and his colleagues have also developed a rigorous theory to describe optical behaviour for
dye molecules incorporated with chiral nematic liquid crystals (& » A)33-35, By assuming
a helicoidal arrangement of the dye molecules in the chiral nematic structures and the
same principal axes of linear birefringence (LB) and linear dichroism (LD) for any single
nematic-like layer of the structure, they derived the following equations,

= IR-I
D0 = e+ IL + 2(RID 12 .

IR=|A1]2+|Az}2  IL=|Bi[2+|By|? i2]
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where Do is the quantity evaluated by CD (equation 3), Ir and I, are the transmitted
intensities for right- and left-handed circularly polarized lights incident on the medium,
respectively, Jm is net Jones matrix for m layers system (m = d/p, where d is the sample
thickness and p is the thickness of a single nematic layer), S represents the rotation of the
principal axis by B for a single nernatic layer, where B is an angle between the directors of
two successive layers and defined as B = 2np/P (P is the pitch), G is a complex
retardation matrix of any single layer with reference to its principal axis , & is related to
phase factor defined as o = (ky + ky, )/2p, where k, and ky-are the principal absorption
coefficients of the layer, and v is a complex quantity defined as ¥ = nAnp/A- iAk/2, where
An and Ak are linear birefringence and linear dichroism of the single layer with thickness
p. respectively.

In this theory, they conclude that the magnitude of dichroic power D (expressed
as Dg/d, where d is the sample thickness) for dye molecules incorporated in a chiral
nematic phase is dependent of the pitch as well as the sample thickness. They also
predicted that variation of D versus the inverse pitch would exhibit an anomalous
behaviour for dye molecules incorporated in a chiral nematic liquid crystal when a
compensation occurs. In other words, the dichroic power increases with decreasing
inverse pitch and changes the sign on crossing zero inverse pitch. This prediction has
been confirmed experimentally by the observation of LCICD as a function of temperature
for B-carotene dissolved in a thermotropic liquid crystalline mixture of cholesteryl
chlororide (CC) and cholesteryl myristate (CM) (1.64:1 by weight), whose handedness
changes from left to right with an increase in temperature34. Recently, Sisido and Kishi36
applied the above equations to calculate LCICD of dye molecules incorporated in chiral
nematic polypeptide gel films and obtained a semiquantitative fitting between the
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calculations and the experimental observations. However, no application of the theory to
the dyes incorporated in lyotropic chiral nematic mesophase has been reported so far.

LCICD displayed by chromophores incorporated in a chiral nematic phase is quite
different in origin from the apparent CD of the mesophase: the former results from the
chromophore molecules being oriented in a helicoidal arrangement and absorbing
differentially right- and light-handed circularly polarized light in their absorption region,
whereas the latter is a result of the selective reflection of one hand circularly polarized
light by the chiral nematic phase in the region of Ag, Ao = filPl, where i is the mean
refractive index of the mesophase and P is the pitch. As a consequence, these two effects
are distinguishable as follows. (i) The shape of the apparent CD peak intensity against
wavelength is Gaussian provided that a perfect planar texture is formed in a thin sample.
The shape of the LCICD peak generally follows the shape of the absorption bands of the
chromophore (but it may be positive or negative). (ii) The position of the apparent CD
reflection band is pitch dependent, while that of the LCICD depends on the absorption
energy for electronic transition of the chromophores rather than on the pitch. In addition,
the position of the apparent CD of a given sample is a function of angle between incident
beam and the chiral nematic optical axis, whereas the LCICD does not depend on
geometric factors. (iii) The ellipticity of the apparent CD is much higher than that of
L.CICD if their optical densities are the same.

It is because of the above characteristics that the LCICD technique has been
applied to determine the handedness and existence of chiral nematic liquid
crystals1,14,15,19,25,26,36,37  even for those mesophases whose pitches are beyond
wavelength accessible by commercial CD spectropolarimeters. The polarization direction
of the electronic transition for chromophores oriented in chiral nematic phases®.7.10.30.33
has also been characterized on the basis of LCICD spectra. In addition, effects of
chemical and geometrical structures of guest chromophores in chiral nematic matrices on
their orientation5.36.38.39 were reported using the LCICD technique. A few applications
of LCICD to cellulosic liquid crystals have been reported. LCICD has been observed for
AO dissolved in a chiral nematic phase of cellulose acetate solution in trifluoroacetic acid
(TFA)?#0 and for congo red in a cellulose film with a chiral nematic structure?!. However,
the handedness of these chiral nematic cellulosic solutions or films were not established
by the observed LCICD. '

In the previous chapter, it has been shown that the chiral nematic
(acetyl)(cthyl)cellulose (AEC) solutions in many organic solvents exhibit a changc in
handedness from left to right with increasing acetyl content. Provided that the handedness
inversion of AEC mesophases exists naturally, induced CD signals displayed by suitable
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dyes dissolved in these AEC mesophases should be able to be discriminated between left-
and right-handed mesophases and the assignment of their handedness from the
corresponding LCICD should be in agreement with the apparent CD and ORD results
shown in Chapter 3. In this chapter, the chiroptical properties of AEC liquid crystals are
investigated by the LCICD technique, and discussed on the basis of the orientational
behavior of dye molecules in these mesophases. The main dye used in this study is
acridine orange (AQ) since the AO is optically achiral and dissolves easily in the organic
solvents in which AEC polymers form liquid crystals. Proflavine is selected only for
AEC/AP system for comparison.

4.2. Experimental section

The same series of AEC polymers with an ethyl DS of 2.5 and acetyl DS’ ranging
from G to 0.5 and solvents as in Chapters 2 and 3 are used in this study. The dye AO was
purified according to the following procedures?2-*3. Excess of 0.1N NaOH was added to
an aqueous solution of AQ hydrochloride (Aldrich Co.). The free base of the AQ was
recrystallized twice from an ethanol-water mixture, washed with water and dried under
vacuum. The dried AQ was dissolved in chloroform and chromatographed on an alumina
column. The main band was collected and concentrated. The precipitates were filtered,
dried in air and then dried under vacuum at 70°C. The proflavine was purchased from
Sigma Chemical Co. and used without further purification.

Dilute AEC/dye solutions were prepared by adding the polymer to dye-containing
solvent in glass vials, at desired concentration of polymer and dye. The solutions were
ransferred to a 1 mm-path length quartz spectrophotometric cell for ORD, CD and UV-
visible absorption measurements.

The liquid crystalline samples containing dyes were prepared by mixing the
desired weight of AEC polymer and solvent containing dyes in glass vials, which were
stored until use. Unless otherwise specified, the AO concentration was 5 x 10-3 mol/L.
Once the contents of the vials were homogeneous, the mixture was sandwiched between
quartz plates with a Teflon spacer of 10 um or between glass microslides with Teflon
spacers ranging from 20 pum to over 200 um, measured by micrometer. The error of the
thickness measurement is within 5%. In most cases, the sample thickness is 10 mm,
otherwise as specified.

The CD and ORD spectra were recorded with a Jasco-500C and Jasco ORD/UV
Model-5 spectropolarimeters, respectively. In order to check for LB and LD effects on
optical behavior, the samples for CD or ORD measurements were mounted on a rotating
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stage in order to record spectra at various sample orientations. UV-visible measurements
were carried out with a2 Pye Unicam SPS-150 spectrophotometer. Linear dichroism was
also measured in the UV-visible spectrophotometer by placing 2 plane polarizer in front
of the sample mounted on 2 rotating stage. For measurements as a function of
temperature, the sample was placed in a hot stage (Mettler FP52) mounted in the
spectrometer beam and heated at a rate of 0.2°C/min.

43. Results and discussion
43.1. Absorption and CD spectra of AQ dissolved in AEC isotropic solutions

Figure 4.1 shows the absorption spectrum of a dilute solution of AEC in
dichloromethane (DCM) containing AO {(dashed line). The absorption bands around 497
nm and 295 nm have been assigned to the m-i* electronic transition of monomeric AO
molecules along their long axis (ILp) and the band around 470 nm to the 1L}, transition
of dimeric AO%4. The band around 270 nm corresponds to electronic transition of
monomeric AO molecules along their short axis (!La) (The ILa band of AO in aqueous
phenol (AP) and m-cresol is overlapped by strong absorption bands of these solvents.
Hereafter, the absorption and CD spectra of AO in these solvents will be shown only in
the visible light region). The CD spectrum for AO in AEC dilute solution is also shown in
Figure 4.1 (solid line). Contrary to AQ in poly-a,L-glutamic acid (PLGA)*5 and sodium
carboxymethylcellulose {CMC) dilute solutions*6, no induced CD band is observed for
AO in the AEC solutions, indicating that there is no chiral complex formation between
AO and AEC in isotropic solution. No induced CD was observed for the AQ dissolved in
dilute AEC solutions in any solvents, regardless of acetyl content of AEC and dye

content. Obviously, this is a result of random orientation of AOQ molecules in AEC dilute
solutions. -

4.3.2. CD spectra of AQ dissolved in AEC anisotropic solutions

“When the AO was added to a highly concentrated solution of AEC, where an
anisotropic phase is formed, strong induced CD bands appear in the absorption region of
AQ. Figure 4.2 shows the CD spectrum (solid line) in 300-700nm for AQ dissolved in
AEC (acetyl DS = 0.26) lyotropic solution (40%) in AP. As seen in the spectrum, the
induced CD band generally follows the shape of AO absorption bands in the absorption
spectrum (dashed line) except for a negative sign. Since the liquid crystal is an

102



T
!
L | |
\ 4038
25
> \
o L 1 >
1 406¢T
E \ 8
> =—t =
= ° VoA B
= ! \\ R - 0.4 §
— \ ,
m \ 4 \ IR
‘25 - \ ,, \\
\\ z \ ' - 02
] AY f’ ‘
b - e - - \ b
~
-50 : 3 2 1 1 ——=-19
200 300 400 500 600
Wavelength / nm

Figure 4.1. UV-visible absorption (dashed line) and CD (solid line) spectra for an
AEC dilute solution (2% wt) in dichloromethane (DCM) containing
acridine orange (1x10 mol/L). The acetyl DS of the sample is 0.26.
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anisotropic ordered medium, possible effects of LD and LB raising from the medium
must be considered?7-49, In order to minimize the LD and LB effects, the experiments in
this study were carefully carried out. First, the samples are prepared as thin as possible
(10nm) in order to form a planar texture and reduce the potential macroscopic linear
birefringence. Secondly, the samples were allowed to equilibrate after sample preparation
to minimize the stress-induced birefringence. Thirdly, CD spectra were recorded at 30°
interval as the sample was rotated about the light beam from 0° to 180°and were
averaged. This process can remove some of the artifacts resulting to the coupling between
instrumental imperfections and LD and LB of the sample*46.50,

Figure 4.3 shows CD spectra as a function of the rotating angle for the same
sample as in Figure 4.2. The spectra recorded at different angles are almost identical in
sign, shape and mtensuy This suggests that the macroscopic LD in this sample is
negligible despite the high circular dichroism. An independent LD measurement of this
sample was made with a polarized UV-visible spectrophotometer. Figure 4.4 shows the
absorbance of AQ at A = 498 nm as a function of rotating angle of the sample. Again,
there is no significant evidence of macroscopic LD existing in such a thin and well-
equilibrated liquid crystalline film. The strong induced CD §icna1 1s assumed to be due to
orientation of the AO molecules by the AEC chiral nematic mbscmhase to g1vc a
helicoidal ordered array. If this is true, then randomizing the orientation of the host
molecules in the helicoidal structure may affect the induced CD behavior of their guest
AO molecules. This effect can be clearly seen from the change of the LCICD spectra for
AO’with temperature (Figure 4.5). With an increase in temperature, the intensity of
LCICD decreases and finally the ICD disappears around 81°C. Observation with a
polarizing microscope shows that the AEC solution shows an anisotropic-isotropic phase

. transition at this temperature. When the sample is cooled down, the LCICD signal

reappears again. A similar temperature dependence of the mtcnsxty of LCICD has been
observed for pyrene dissolved in a thermotropic cholesteryl nonanoate (CN)-cholesteryl
chloride (CC) (70:30) liquid crystal3! and for AO dlssolved in PBLG-EDC lyotropic
liquid crystal!3, The decrease in intensity of LCICD w_i:h: temperature has been attributed
to a reduction on the helicoidal orientational order upon h‘caﬁng.' —

. The disappearance of LCICD around 81°C is a clear indication that AO molecules
in a isotropic medium are optically inactive irrespective of polymer concentration. In
other words, the helicoidal ordering structure of the host matrix is essenual for the
observation of ICD.
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Figure 4.4. The absorbance of plane polarized light at A = 498 nm as a function of
sample rotation angle (about light beam) by acridine orange dissolved in
the same sample as in Figure 4.2.
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sample is 0.44.
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4.3.3. LCICD spectra of AO in left- and right-handed AEC Iyotropic solutions

In the previous chapter, it has been shown that the handedness of AEC lyotropic
solutions in a given solvent depends on the acetyl DS. By adding AO to these solutions,
LCICD is observed in the absorption region of AO. These LCICD spectra are divided in
two families; a family of negative LCICD peaks for AEC samples with a low acetyl DS
and a family of positive peaks for AEC samples with a high acetyl DS. Figure 4.6 shows
the LCICD spectra of AQ in lyotropic solutions of AEC with an acetyl DS of 0.29 and
0.35, representatives of the two families of LCICD spectra. It can be seen that the shape
of the both LCICD spectra are almost identical except for the sign although these two
AEC polymers share the approximately same chiral cellulosic chains, have only minor
difference in acetyl DS (0.06), and are dissolved in the same achiral solvent. This
suggests that the change in sign of ICD is a result of AO molecules being incorporated in
two different chiral envi.onments (matrices). By analogy, other kinds of achiral dye
dissolved in these two matrices would give the same results. Figure 4.7 is the LCICD
spectra of proflavine dissolved in the same polymer solutions as in Figure 4.6. Similar to
AQ, the proflavine dissolved in the AEC samples with an acetyl DS of 0.29 and 0.35
shows negative and positive LCICD bands in the absorption region of the proflavine,
respectively. The exhibition of the same sign of LCICD for the different dyes dissolved in
the same matrices further supports the essence of helicoidal ordering structure for the
induced CD of achiral dye molecules.

The relation between the handedness of a chiral nematic liquid crystal and its
apparent CD due to reflection is well known, so it is of interest to generate a LCICD peak
in a sample with a reflection band in the visible range, thus establishing a correlation
between the sign of the LCICD and the handedness of the AEC mesophase. In the
previous chapter, it has been shown that the pitch of AEC anisotropic soluttons in DCM
ranges from UV light length to infinite, depending on its acetyl DS. By adding AO to an
AEC sample with an acetyl DS of 0.16, both the LCICD and apparent CD may be
observed (Figure 4.8). A positive apparent CD band around 700 nm is due to the
reflection of left-handed circularly polarized light by the AEC mesophase. The
mesophase is thus left-handed. The negative CD bands below 550 nm generally follow
the AO absorption bands and are atwibuted to the LCICD for AO oriented by the AEC
mesophase. Therefore, the negative LCICD band of AQ corresponds to a left-handed
structure of its host matrix. By analogy, a negative and a positive LCICD observed for
AO dissolved AEC samples with an acetyl DS of 0.29 and 0.35 in Figure 4.6 suggest that
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Figure 4.7. Absorption (dashed line) and induced CD (solid lines) spectra for
proflavine dissolved in anisotropic AEC/AP solutions (40% wt) at room
temperature.
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the corresponding mesophases are a left- and right-handed liquid crystal, respectively.
This assignment is in agreement with the result obtained from ORD measurements, as
shown in the previous chapter. Therefore the use of dye as a probe for the handedness
inversion of AEC lyotropic solutions with acetyl DS is well demonstrated.

4.3.4. Solvent effects on LCICD

Unlike LCICD in thermotropic liquid crystals, the possible effect of interactions
of chromophore molecules with the solvent on LCICD should be considered for LCICD
of chromophores in lyotropic solutions. The solvent effect can be neglected for
systematic samples of lyotropic AEC mesophases in a given solvent and concentration.
However, the solvent does strongly influence the chiroptical properties of AEC liquid
crystals, as demonstrated in the previous chapter. If dyes do adopt ordered orientation of
their host mesophases as suggested in the above sections, the magnitude and sign of the
LCICD peak of the dyes should also depend on the solvent.

Figure 4.9, 4.10, and 4.11 show CD spectra for lyotropic solutions of AEC and
AOQ in m-cresol, DCM and DBM, respectively. Each pair of AEC samples in an
individual solvent is representative of a left- and a right-handed liquid crystal, assigned
by ORD measurements in Chapter 3. AQ dissolved in all left-handed mesophases shows
a negative LCICD in the absorption region of the AQ. The reverse is observed for AO
molecules in all right-handed mesophases. These observations are similar to the result of
AEC/AP system in terms of the relation of the sign of LCICD with the handedness of
AEC mesophase. Obviously the sign of LCICD of guest molecules is determined by the
chiral structure of their host matrix, which in turn depends on solvents. This solvent
effect can be further illustrated by an AEC sample with an acetyl DS of 0.24; in m-cresol
and DCM the dye shows a negative LCICD and in DBM and AP a positive LCICD. This
is a clear indication that the LCICD signals originate from the interaction of guest
molecules with the supermolecular structure of host matrix rather than with the individual
host molecules. The LCICD behaviour of AQ molecules in the AEC lyotropic solutions
further demonstrate the importance of polymer-solvent interactions in governing the
handedness of chiral mesophases, as concluded in the previous chapter.

4.3.5. ORD evidence of the optical activity for AO induced by AEC mesophases

Since LCICD was first observed by CD spectrometer?, the same phenomenon has
also been observed by ORD in the region of either UV-visible32 or infrared light33.54,
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The theories for LCICD are applicable to induced ORD for the absorbing chiral nematic
liquid crystals30-32, Provided that the AO molecules in AEC lyotropic solution adopt a
helicoidal structure as suggested by LCICD results, an anomalous ORD (Cotton effect) in
the region of AO absorption should be observable by ORD measurement. Figure 4.12
shows the ORD spectra of AEC lyotropic solutions in AP with and without AQ. The
plain positive and negative ORD curves (dashed lines) were observed for the AEC/AP
mesophases without AO, as described by the de Vries' theory33. In the presence of AQ,
the Cotton effects in the absorption region of AO are superimposed on the ORD curves.
As shown in solid lines in Figure 4.12, negative and positive Cotton effects superimposed
on the ORD curves are observed for AO molecules dissolved in lyotropic solutions of
AEC polymers with an acetyl DS of 0.26 and 0.44, respectively. The rotation of the
samples about the light beam at different angles does not change the ORD curves. Thus
the presence of Cotton effect results from the orientation of AO molecules by the AEC
mesophase in a helicoidal structure, since no Cotton effect was observed for the same
polymers in dilute solution. The negative and positive Cotton effects are therefore
attributed to the AQ molecules oriented by a left- and right-handed helicoidal structure,
respectively. This is consistent with the results of CD measurements for the same
specimens as shown in Figure 4.12 (dotted lines). A negative LCICD corresponds to a
negative Cotton effect of ORD and a positive LCICD to a positive Cotton effect. These
ORD results provide further evidence of a helicoidal arrangement of AO molecules in
lyotropic AEC solutions.

4.3.6. Pitch effects on the intensity of the LCICD

The pitch is one of most important structural parameters for chiral nematic liquid
crystals. The magnitude of the pitch depends on the chemical structure of the liquid
crystalline molecules, the temperature, concentration, external forces, etc. Saeva and
Wyscockt were the first to notice that the intensity of LCICD is related to the magnitude
of pitch3. By applying an electric field to a chiral nematic mesophase containing achiral
chromophores, Saeva and his colleagues® found that the pitch decreases from 637.8 to
597.9 nm and resultant molecular ellipticity of the LCICD decreases from 2.93 to 2.07
deg cm?/ dmol.

In the AEC mesophases, the variation of the pitch with acetyl content can be of
microns for a given solvent system, concentration and temperature, as shown in Chapter
3. Therefore, the series of AEC mesoph:ises should provide good samples to study the
effect of pitch on LCICD, without thermal effects and without introducing any
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in anisotropic AEC/AP solutions (40% wt) at room temperature. The
dashed lines are ORD curves for the AEC/AP anisotropic solutions
without acridine orange.

118



external force which might introduce an unwanted macroscopic linear dichroism. Figure
4.13 shows the LCICD spectra for AO molecules dissolved in a series of AEC/AP
mesophases, as a function of acetyl DS. The intensity of LCICD increases with acetyl DS
for the samples with an acetyl DS below 0.29, and decreases for the samples with an
acetyl DS above 0.35. When the intensity of the LCICD is plotted against the magnitude
of the piich (Figure 4.14), it becomes obvious that the intensity is strong by pitch-
dependent. The samples have approximately the same thickiiess and dye content. The
change in the sign of LCICD from negative to positive with acetyl DS 1s attributed to a
reversal of the handedness of the host matrix from left to right, as discussed in the above
sections. The LCICD intensity thus increases with the magnitude of the pitch for the
whole series of AEC lyotropic mesophases, irrespective of their handedness.

Qualitatively, the pitch dependence of LCICD intensity observed here can be
described by Chandrasekhar's theory (equation 1-5). Figure 4.15 is a plot of the
experimentally-obtained dichroic power (expressed as 6/d, where © is the observed
ellipticity) of the LCICD peak at A = 498 nm against inverse pitches for AO dissolved in
a series of AEC/AP liquid crystals. As seen in the plot, the dichroic power increases with
decreasing inverse pitch and changes the sign on crossing zero inverse pitch, where a
handedness inversion takes place. This anomalous LCICD behavior exhibited by AO
dissolved in the AEC mesophases is similar to that observed for B-carotene dissolved in a
thermotropic liquid crystalline mixture of CC and CM (1.64:1 by weight)34, whose
handedness reverse as an function of temperature.

Changing solvent system for AEC leads to a change in compensated degree of
acetylation, as described in Chapter 3. Adding AO molecules to AEC mesophases in m-
cresol gave the results shown in Figure 4.16. The only difference between the two sets of
spectra in Figure 4.13 and 4.16 is that a change in the dependence of LCICD intensity on
acetyl DS (from positive to negative) occurs at an acetyl DS over 0.35 in Figure 4.13 and
0.21 in Figure 4.16. The acetyl cintent dependence of pitch for the corresponding
mesophases also changes form positive to negative at these values. This gives a clear
indication that the observed LCICD is a consequence of the orientation of achiral AQ
molecules by their host chiral nematic structures rather than interaction with individual
chiral AEC molecules.

The effect of pitch on the LCICD intensity may be further illustrated by changing
the polymer concentration, since the pitch of lyotropic liquid crystals is a function of
concentration. For example, when the concentration of an AEC (acetyl DS = 0.29)
anisotropic solution in AP increases from 40% to 47% by weight, the pitch of the
mesophase decreases from 11.4 to 1.5 um and the dichroic power for AQO dissolved in the
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corresponding mesophases decreases from 80 to 35 deg/em at the same dye content (6.19
x 10 mol/L).

43.7. Temperature effects

As briefly discussed above, an increase in temperature to the clearing temperature
of the ordered phase results in a random orientation of the dye molecules and hence the
intensity of LCICD reduces to zero (Figure 4.5). Since the pitch of chiral nematic liquid
crystals 1s also temperature dependent, the effect of the pitch change with temperature
will superimpose on the LCICD in addition to any tendency to increased disorder with
temperature. As a result, the variation of the intensity of LCICD upon heating must be a
combined contribution from these two effects. The change in intensity of LCICD with
temperature is expected to show two cases. (i) If the tempemture dependence of pitch for
the host mesophase is negative, the intensity of LCICD for the ordered guest dye
molecules will decrease upon heating. (ii) If the temperature dependence of pitch for the
host mesophase is positive, the intensity of LCICD for the ordered guest dye molecules
will depend on which contribution is dominant; a decrease for the case where tendency to
random orientation predominates over the increase in the pitch upon heating, or an
increase for the case that the increase in the pitch predominates over the tendency to
disorder.

Figures 17 and 18 show the temperature dependence of pitch and LCICD
intensity, respectively, for three AEC/AP lyotropic solutions containing AQO. The sample
with an acetryl DS of 0.44 shows a slight negative temperature dependence of pitch and
samples with an acetyl DS of 0.24 and 0.29 a positive temperature dependence (Figure
4.17); the latter sample (acetyl DS = 0.29) displays a greater sensitivity to temperature
than the sample with an acetyl DS of 0.24. The temperature dependence of the LCICD is
more complex (Figure 4.18). The sample with an acetyl DS of 0.44 show a monotonic
decrease in intensity with temperature. For the sample with an acetyl DS of 0.24, the
intensity of LCICD initially increases very slightly with increasing temperature and then
decreases at temperatures over 37°C. A rapid increase in the intensity of LCICD is
observed for the sample with an acetyl DS of 0.29 with increasing temperature up to
50°C. Further increasing the temperature results in a decrease in the intensity of the
LCICD. The temperature dependence of the LCICD in the latter two cases corresponds to
the second case above, where the initial increase is postulated as being due to the increase
in pitch, but the subsequent decrease is due to the loss of orientational order of the dye
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molecules as the temperature is raised, until the order is completely lost, when the phases
become isotropic.

If the AQ molecules take up a chiral nematic orientation in the liquid crystalline
phases, then one may also expect that there is no ICD signal observed for AO dissolved
in a compensated AEC mesophase because in this type of mesophase the helicoidal order
untwists to give nematic-like order. Figure 4.19 shows the LCICD spectra as a function
of temperature for AQ dissolved in an AEC/AP liquid crystalline sample with an acetyl
DS of 0.31. This sample at room temperature is close to the compensated condition and
has an almost infinite pitch as characterized by optical microscope and optical diffraction
(see previous chapter). As a result, a strong negative LCICD peak (offscale) is observed
for AQ dissolved in this sample at room temperature (curve 1 in Figure 4.19) since the
intensity of LCICD is proportional to the magnitude of the pitch as discussed above. In
Chapter 3, it has also been shown that AEC/AP liquid crystailine samples with an acetyl
DS below 0.32 exhibit a positive temperature dependence of the pitch. This implies that
the pitch of the sample with an acetyl DS of 0.31 may become infinite upon heating. The
change in pitch is not detectable using a microscope or a diffractometer (because the pitch
is too large.). As shown in Figure 4.19, the LCICD peak for AO in this mesophase
decreases in magnitude with increasing temperature and almost disappears at 40°C,
suggesting that at this temperature the mesophase with an acetyl DS of 0.31 and a
concentration of 40% (by weight) of AEC in AP looses its twist 2and forms a nematic
structure with an infinite pitch. Further increasing temperature (> 40°C) leads to a change
in the sign of the LCICD from negative to positive, an indicative of the appearance of
thermally-induced handedness inversion from left to right. This is the first example of a
thermally induced handedness inversion observed for cellulosic lyotropic liquid crystals;
the thermally-induced handedness inversion of cellulosic liquid crystals has been
observed only for thermotropic oligomers of cellulose derivatives36. Based on these
results, the LCICD seems to be a particularly useful and sensitive indicator for
compensated nematic structure and handedness inversion.,

4.3.8. Sample thickness effects

Figure 4.20 shows LCICD spectra in the wavelength range 300-700 nm for AQ
molecules dissolved in a AEC/AP mesophase as a function of sample thickness. As

shown in Figure 4.20 (a), the intensity of the LCICD apparently increase with sample
thickness for samples with a thickness from 10 to 45 um. However, when the intensity is

expressed as ellipticity per unit sample thickness, the dichroic power (8/d) decreases with
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Figure 4.19. Induced CD spectra as a function of temperature for acridine orange
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an increase in sample thickness, e.g. the magnitude of the dichroic power for samples
with a thickness of 0.10, 0.20, 0.24, 0.45 um are 235. 227, 205. and 186 deg/cm-!,
respectively. A similar sample thickness dependence of LCICD intensity has been
observed for B-carotene in liquid crystalline mixmres of CC and CM3, Presumably, the
decrease in the magnitede of the dichroic power with sample thickness is due to a wall
effect. In a thin chiral nematic liquid crystalline films, the molecules close to the surface
of substrates such as quartz or glass have a tendency to orient parallel to the surface and
thus form a uniform planar texture with optical axes perpendicular to the surface of the
substrates’7. As a consequence of being incorporated in the uniform helicoidal structure,
the AQ molecules have a higher helicoidal order and thus display a higher intensity of
LCICD. With increasing sample thickness, a so-called focal conic texture or a non-
uniform polydomain texture is formed, where the chiral nematic axes are tilted to the
surface of the glass. Accordingly, the helicoidal order of AQ molecules in the thicker
mesophase film decreases and the intensity of LCICD becomes reduced with respect to
the sample thickness. A decrease in the intensity of LCICD with electric field for pyrene
dissolved in a liquid crystalline mixture of CN and CC has also been attributed to a
transformation of the texture from planar to focal conicl0, Theoretical calculation by
Chandrasekhar and his colleagues also predicted that the dichroic power D for
chromophores ordered in a chiral nematic phase decreases with the sample thickness, in
qualitative agreement with the above experimental observations.

As seen in Figure 4.20 (a), the sample with a thickness of 75 pum starts to show a
splitting around 498 nm on the LCICD band. The width of the splitting increase with
sample thickness as shown in Figure 4.20 (b). The splitting of ICD observed for AQO in
the AEC mesophases is an artifact due to the high absorption of the thicker samples.
Their optical densities are all over 2 in the AO absorption region. As a result, the
photomuitiplier dinode voltage in the CD measurement exceeds 800V and hence the CD
signals become very weak or zero 8. This explanation is further supported by a CD
measurement for AQ dissolved in the same AEC mesophase with lower dye content. The

result is shown in Figure 4.21. There is no splitting in LCICD spectrum although this
sample has a thickness over 100 pm.

4.3.9. Dye content effects
It has been shown in the first section that no induced CD is displayed by AO

Fa
}*Folved in AEC isotropic solutions, irrespective of dye content. For dye molecules
i,,._;séolvcd in a thermotropic mesophase, Savea’! reported that molecular elliptcity did not
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Figure 4.21. Induced CD spectrum for acridine orange dissolved in an anisotropic
AEC/AP solution (40% wt) at room temperature. The acetyl DS of sample
= 0.24. Acridine orange content = 2 x 10-3 (mol/L).
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vary with dye content, but as far as we know, no one has vet investigated the eftfect of dye
concentration in lyowropic systems. where dve/solvent and polymer/solvent interaction
may be significant. First. it was found that the pitch of an AEC (acetyl DS = 0.35)
lyotropic solution in AP was almost independent of dye concentration in the range from
3.10 x 10-6 10 1.54 x 102 mol/L., for a given polymer concentration and temperature. (It
was necessary 10 check this, becavse effect of LCICD intensity is very sensitive to the
pitch, as discussed above).

The variation of molecular ellipticity for AO dissolved in liquid crystalline
solutions of AEC in AP is presented as a function of AQ concentration in Table 4.1. The
molecular ellipricities of these samples are approximately the same within expenmental
error, although the difference in dye concentration is four order of magnitude. This
suggests that dye-dye interactions do not play an important role in the origin of LCICD.
This observation is similar to the result for dye molecules in thermotropic liquid
crystalsdl.

Table 4.1. Variation of molecular ellipticity [6]* with acridine orange concentration for
the LCICD of AQ dissolved in AEC/AP anisotropic solutions (40% wt) .

C

3.10x10-6

6.19x10-3

3.10x104

6.19x10-4

3.10x10-3

1.54x102

)

1.29x105

1.48x10°3

1.45x10°5

1.26x10°5

1.53x10°3

1.29x10"5

LS
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[6] =8 /10ci (deg cm? dmol-! ), where 8 is the observed ellipticity (deg), C is
mole concentration (mol/L) and / is path length (cm)




44. Concluding remarks

Achiral dyes in isotropic AEC solutions display no induced CD siguals
irrespective of acetyl content and concentration of the AEC polymers and dye content.
This observation indicates a random orientation of dye molectles in the isotropic phase.
When dissolved in anisotropic AEC solutions, the dye moiecules show strong induced
CD bands in their absorption region. The induced CD is assumed to be a result of
orientation of the dye molecules by the AEC mesophases to give a helicoidal
arrangement, since no significant evidence of macroscopic linear dichreism was observed
in this study. The LCICD spectra for the dyes in a series of well characterized AEC
mesophases, whose handedness depends on solvent, acetyl content and temperature,
reveal that the signs of the LCICD sigral is determined by the supramolecular structural
features of the host matrices. For instance, acridine orange (AO) dissolved in a left-
handed liquid crystalline AEC solution displays a negative LCICD whereas a positive
LCICD was observed when the AQO is dissolved in a right-handed AEC mesophase. Both
CD and ORD evidence provide a clear indication that the helicoidal structures of the host
liquid crystals are essential for the guest achiral molecules o exhibit the extrinsic optical
activity. This is also supported by a strong pitch dependence of the intensity of LCICD
for the AO dissolved in the AEC mesophases and an almost independence of the
magnitude of the LCICD on the dye content in terms of molégulu ellipticity. The use of
achiral dyes as a probe for the handedness inversion and compensation induced by
changes in acetyl content and temperature for the AEC mesophases are well demonstrated
in this study.

Although there may remain a possibility-of artifacts, arising from instumental
imperfections coupling with some residual linear dichroism and linear birefringence39:60, _
it seems from the high ellipticity compared to the intrinsic optical activity of AEC
polymer, the good correlation between the sign of LCICD bands of guest dyes and
handedness of their host AEC liquid crystals, and the good agreement between results
obtained by LCICD and other methods, that the chiral nematic environment is a dominant
source contributing to the induced-optical actfvity in this system. The present study also
suggests that the LCICD technique may be generally applicable to characterize the
chiroptical properties of chiral nematic liquid crystals provided that suitable
chromophores are available. However, in general, great caution must also be exercised
because of its sensitivity to orientational order of the liquid crystalline molecules,
particularly in solid films cast from chiral nematic phase, and other supporting techniques
may be necessary. 7
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Chapter 5

Some Mechanistic Aspects of the Handedness Inversion for

Lyomesophases of (acetyl )(ethyl)cellulose
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5.1. Introduction

The handedness inversion phenornena have been long known for lyotropic liquid
crystals of synthetic polypeptides!. Concentrated solutions of poly(y-benzyl-L-glutamate)
(PBLG) form left-handed liquid crystals in some solvents but right-handed ones in the
other solvents even though the PBLG preserves its a-helical conformation in both cases
and the solvents are achiral. Moreover, the handedness of these liquid crystals can be
reversed by changing temperature or mixing solvents.

The first cellulosic liquid crystal was reported by Werbowyi and Gray? in 1976,
almost two decades after the first polypeptide liquid crystal was found by Robinson3.
Since then a large number of cellulose derivatives have been found to form chiral nematic
liquid crystals#-6. Many recent experimental observations have revealed that the
cellulosic liquid crystals are surprisingly similar to polypeptides liquid crystals in many
aspects of chiroptical behaviors including solvent dependence of handedness?-1! and
thermally- and solvent-induced handedness inversion?-12 although the mainchain of the
cellulosics is more flexible than that of the polypeptides and there is no direct evidence of
a helical conformation for cellulosic chains in solution. In previous chapters, it has been
shown that (acetyl)(ethyl)cellulose (AEC) liquid crystals in acetic acid (AA),
dichlormethane (DCM), dibromomethane (DBM), aqueous phenol (AP), chloroform,
bromoform, and m-cresol all display a reversal of handedness from left to right with an
increase in acetyl content on the mainchain. The change in handedness occurs at a
compensated degree of acetylation (DA*), where the corresponding mesophases have
infinite pitch and behave optically like a nematic. The value of the DA* varies from 0.19
to 0.37 depending on solvent system. Furthermore the occurrence of the handedness
inversion in these mesophases accompanies a reversal of temperature dependence of
pitch. All these chiroptical observations are summarized in Figure 3.1.

On the other hand, the AEC polymers in dichloroacetic acid (DCA) form a right
handed chiral nematic liquid crystal, regardless of acetyl content. These results
demonstrate that the optical properties of cellulosic liquid crystals are extremely sensitive
to the nature of side chain and solvent. Because of the minor change in number of achiral
acetyl groups (e.g. acetyl DS over 0.19 in m-cresol), a question naturally arises of what
driving force leads to a dramatic change in chiroptical"ibehaviour. The following four
possible mechanisms may be considered. -

i) A specific stereochemical effect of acetate group in determining chiral nematic
handedness
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(ii) A change in the conformation of the AEC mainchains in solution
(i) A decrease in number of intra- or inter-chain hydrogen bonds between AEC
chains

(iv)  Specific interactions between individual AEC polymers and solvents

In this chapter, experiments concerning the above mechanisms will be described
and recently developed theories for chiral nematic liquid crystals will be applied to the
AEC liquid crystals. Some aspects of the mechanism for the handedness inversion for the
AEC liquid crystals will be discussed on the basis of the present experimental
observations together with the theoretical consideration.

5.2. Experimental section

The same series of AEC polymers with an ethyl DS of 2.5 and acetyl DS ranging
from O to 0.5 and solvents as in Chapters 2-5 are used in this study. Fully substituted
(acetyl)(methyl)cellulose (AMC) and (propionyl)(ethyl)cellulose (PEC) were synthesized
and characterized as described in detail in Chapter 2.

The polymer dilute solutions (5% by weight) were prepared conventionally and
transferred to a 10-mm path length quartz spectrophotometric cell for optical rotatory
dispersion (ORD) measurements. The preparation of lyotropic liquid crystalline samples
for ORD and circular dichroism (CD) measurements was the same as in previous
chapters. The CD and ORD spectra were recorded with a Jasco J-500C and a Jasco
ORD/UV Model-5 spectropolarimeters, respectively.

The ethylcellulose (EC) precipitated from EC/DCA solution was characterized
with a Mattson Polaris FT-IR spectrophotometer. This EC precipitate was obtained by
first dissolving EC in DCA for 5 days and then precipitating it from hexane. The
precipitate was redissolved in tetrahydrofuran (THF) and reprecipitated again from
hexane. Finally a thin film was cast from a solution in THF (5%) and dried prior to IR
measurement. For comparison, a sample of EC was dissolved in THF and prccipitatéd
from hexane.

5.3. Results and discussion

5.3.1. Specific acetate group effect
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It is natural to assume the acetate group is key factor responsible for the change in
the handedness from left to right when the EC is acetylated, since the only change in
chemical structure on EC mainchain is the introduction of the acety! group on the chain.
If so, one might expect that the same reversal of handedness should be also observed
when a methylcellulose (MC) is acetylated, since MC (DS = 1.6) has been found to form
a left-handed liquid crystal in trifluoroacetic acid (TFA) and dichloroacetic acid MDCA)3,
To check this, a new derivative, (acetyl)(methyl)cellulose (AMC), has been prepared by
fully acetylating the MC. Figure 5.2 shows the ORD spectra for anisotropic AMC
solutions, which show reflection colour and long-pitch fingerprint texture in TFA and
DCA, respectively. The positive pseudo-Cotton effect at the reflection band exhibited by
the AMC/TFA sample and the plain negative dispersion in the visible by the AMC/DCA
sample in Figure 5.2 indicate a left-handed liquid crystal, similar in handedness to its
unacetylated precursor, MC, in the same solvents. Thus, in this case, acetylation does not
change the chiral nematic handedness.

That the acetate group is not essential for the reversal of handedness is further
shown by the formation of a right-handed liquid crystal for AEC solutions in DCA,
irrespective of acetyl DS, as described in Chapter 3. In a particular case, non-acetylated
EC in DCA also forms a right-handed chiral nematic structure, different from that of EC
in the other solvents studied in this work. Initially it was considered that this might be the
result of a dichloroacetylation of the free hydroxyl group on EC chain due to reaction
with DCA. The resultant (dichloroacetyl)(ethyl)cellulose in DCA might form a right-
handed liquid crystal. Ritcey and Grayl4 reported that fresh cellulose acetate (CA)
anisotropic solution in TFA changed handedness from left to right after a few days
standing. The reversal of the handedness was attributed to the reaction of TFA with CA.
However, FT-IR measurement of the EC precipitated from EC/DCA solution in hexane
indicates that dichloroacetylation does not occur in this system. As shown in Figure 5.3,
the IR spectrum of this precipitate is almost identical 1o that of the original EC and no
characteristic carbonyl absorption bands appear in the spectrum. One possible
explanation for the formation of right-handed liquid crystals by EC in DCA is that the
DCA is such a strong acid relative to other the solvents employed in this study that it
strongly associates with the free hydroxyl group on the EC or partially acetylated AEC
chains through hydrogen bonding as shown below:
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As the consequence, this association may behave functionally like a substituent
such as acetate and thus may prevent hydrogen bonding formation between the cellulosic
chains or in some way may change local chirality. Accordingly, the association may
energetically favour the formation of right-handed ordering structure. Further evidence of
the effect of DCA on chirality of EC in dilute solution will be shown in the next section.

5.3.2. Conformation of AEC polymers in dilute solution

CD and ORD have been widely employed in configurational and conformational
studies of chiral biopolymers such as proteins!3. Because of (i) the limited content of
acetate group (acetyl DS = 0~0.5), the only instrumentally-accessible chromophore on the
AEC chain, and in addition (ii) the cut-off effect due to high absorption at short
wavelength by the solvents employed in this study, a direct CD measurement is unlikely
to provide useful information about conformation of the AEC polymers. An attempt to
apply induced CD technique to the AEC system has been made in Chapter 4 by adding
acridine orange (AQ) to AEC dilute solution. The result showed that there is no induced
CD signal appearing in the AO absorption region regardless of the acetyl content,
indicating that there is no helical complex formation between the AOQ and AEC molecules
with various acetyl content.

Further study of the effect of acetyl content on the conformation of AEC solutions
was carried out by a direct ORD measurement. Figure 5.4 is ORD curves for dilute DCM
solutions (5%) of AEC with acetyl DS varying from 0 to 0.5. Apparently, all curves
exhibit a similar anomalous shipe, suggesting that there is no significant change in
conformation of AEC in isotropic solution with the introduction of acetate group on the
mainchain. In contrast, their anisotropic solutions (45%) display opposite optical rotation
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at acetyl DS over 0.25 (Chapter 3).

A small change in the shape of ORD curves at short wavelength and a little down
shift of the ORD curves with an increase in acetyl content (Figure 5.4) are assumed to be
a result of a negative contribution to optical activity from the acetate group attached to
the chiral cellulosic chain. Mukherjee et all6 reported that isotropic CA solutions in
trifluroethanol (TFE) exhibit an Cotton effect around 210 nm. corresponding to the n—n*
transition of acetate carbonyl, in both CD and ORD spectra. With increasing the acetyl
DS, the Cotton effect becomes more pronounced. As a result, the value of the optical
rotation at short wavelengths becomes more negative. Therefore the introduction of the
Cotton effect, due to the acerate group, and the simultancous reduction of the chiral
contribution from the hydroxy! group on AEC chains may be responsible for the observed
ORD curves in Figure 5.4. A similar result was also observed for AEC solutions in
chloroform10.

Figure 5.5 shows the ORD curves for AEC dilute solutions in DCA. Tt is
surprising that a plain negative dispersion for the EC isotropic solution becomes an
anomalous dispersion with increasing the acetyl content on the EC chain (although
concentrated solutions all form right-handed liquid crystals, independent of the acetyl
content). This is a clear indication that the chiroptical activity of molecules in isotropic
solution is not simply related to the macroscopic chirality of anisotropic solutions.
Presumably, the dependence of ORD on the acetyl content is due to the strong association
between DCA and non- or partially-acetylated EC polymers through hydrogen bonding as
suggested in the last section. As a result, EC solution in DCA exhibits & negative
dispersion, different in local chirality from that in other solvents such as DCM or
chloroform. A similar strong solvent dependence of ORD has been observed for
polypeptides!7-!18 and cellulose acetatel9. As the free hydroxyl groups on the EC chain
are replaced gradually by acetate group, the H-bonds between DCA and the hydroxyl
groups decrease in number, leading to a decrease in né’gativc contribution to total optical
activity. Consequently the overall optical activity shifts towards positive values, and
- displays an anomalous dispersion as a fuiiction of wavelength. It has been reported that a
random rather than helical conformation for polypeptides in DCA is due to the disruption
of the amide hydrogen bonded secondary structure of the polypeptide molecules by the
DCA17, Although the association of DCA with other atoms such as oxygen on the
pyranose ring or at the 1-4 linkage of cellulosics may also contribute to the overall optical
activity of the AEC polymers, the association with hydroxyl groups seems to be
dominant.
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_ Based on the above experimental observations. it appears that the handedness
inversion for AEC znisotropic solution with acetyl content does not require a change in
their conformations in isotropic solution. Recently, several chromophore-containing
cellulose derivatives, 6-O-trityl-2,3-O-alkyl cellulose derivatives. have been prepared in
an atternpt to correlate the chiroptical activity of the derivatives in dilute solution to the
chirality of their lyomesophases by direct CD studies!!-20, The CD measuremenis on
these polymers in both isotropic and anisotropic solutions failed to provide a direct
relation between the conformation of the former and the handedness of the latter.
Together with the present observations, this suggests that the chiroptical activity of the
cellulosics in dilute solution is necessary for forming chiral nematic liquid crystals in
concentrated solution but not sufficient for determining their chiral nematic handedness.

5.3.3. Polymer-polymer and polymer-sclvent Interactions

The above ORD studies on AEC dilute solutions have indicated that the hydrogen
bonding between solvent and AEC may be involved in their chiroptical behaviour. Is it
possible that the hydrogen bonding between AEC polymers also plays an important role
in determining the chirality of AEC anisotropic phases? In other words, as the hydroxyl
groups on the EC chain are substituted by acetyl groups, does the resultant reduction of
hydrogen bonding possibilities lead to the handedness inversion? If so, replacement of
acetyl group by other substituents should also result in a change in handedness. To check
this, the EC was propionylated instead of acetylated. Figure 5.6 shows the apparent CD
spectra of an anisotropic solution of the resultant fully substituted derivative,
(propionyl)(ethyl)cellulose (PEC). The exhibition of negative apparent CD bands by the

~PEC anisotropic solutions in chloroform and DCM indicate a right-handed chiral nematic
structure, similar in handedness to the AEC but opposite to the original EC in the same
solvents. Recently, Budgell® also demonstrated that triethylcellulose (TEC) form a right-
handed liquid crystal in chloroform while ethylcellulose with an ethyl DS of 2.3 form a
left-handed one in the same solvent. Therefore, the substitution of the free hydroxyl
group on the EC chain by either ester (propi(’ﬁyl) or ether (ethyl) groups gives the same
change in handedness as that caused by acetylation. This tendency to form right-handed
systemn when hydroxyl groups are blocked is also shown by right-handed mesophases

_ formed in the swrongly acidic DCA, as mentioned in 5.3.1 above.

However, the solvent dependence of the value of DA* for handedness inversion
of AEC liquid crystals, discussed in the previous chapters, can not be explained by the
same hydrogen bonding effect. Given a certain acetyl DS, the AEC polymer in
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mesophase should have an unique handedness in all solvents (except for DCA).
Similarly, a solvent dependence of handedness should not be observed in lyomesophases
of other fully substituted cellulose derivatives. In fact, the formation of both right- and
left-handed liquid crystals in different solvents has been recently reporied for fully
substituted cellulose tricarbanilate (CTC)® or 6-O-trityl-2,3-O-hexylceltulose (TrHC)!!,
suggesting that other interactions between polymers through the solvent, in addition to
hydrosen bonding, also contribute to their chiral arrangement. In conclusion, the
handedness inversion for lyotropic AEC liquid crystals with varying acety! content, in
general, may result from solvent-mediated intermolecular interactions between chiral
AEC molecules, with hydrogen bonding playing an important role.

5.3.4. Theoretical consideration

As discussed in Chapter 1, many theories have been developed to describe the
chiroptical phenomena observed for chiral nematic liquid crystals21-25, Basically, these
theories are developed on the basis of the energy minimization of intermolecular
interactions between rod-like chiral molecules. Poiypeptide molecules have been
frequently cited. Many chiroptical properties of polypeptide liquid crystals have been-
well explained by the theories of Samulski4, Kimura25 and OsipovZ5. However, a
comprehensive chiral nematic theory explaining all experimental observations has not yet
emerged.

Cellulosic liquid crystals, resulting from the chiral and semirigid nature of the
cellulose chain, have been widely explored experimentally in the last decade®-6. The
similarities and differences in chiroptical behaviors between these two classes of liquid
crystals have led to the development of molecular theories extending to the cellulosic
liquid crystals by Osipov27-28 and Varichon2?-30, In the following discussion, these two
- theories, particularly that of Osipov, will be applied to AEC liquid crystals.

Osipov's approach is based on his molecular statistical theory26 for rigid chiral
macromolecules, where an express for the energy of chiral interaction between chiral
molecules in a dielectric medium was obtained as a function of temperature and dielectric
parameters of the system. By assuming that the semirigid cellulose chain adopts a
"twisted belt” conf;rmation rather than a helix (Figure 1.7.) and that the persistence
length, I, of the cellulose chains is much smaller than that of a rigid chain, he arrived at
‘the following expression for twisting power,

21/P=-p2 (y-MT)/2K2 (11
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where % is related to the attraction interaction, P is the piich, & .is constant, K22 is the
twist elastic constant, p is the number density of rigid segments, p = cL/l,, where ¢ is the
number density of the macromolecule chains, /; is the length of the segments, L is total
length of the chain (L > [ > /), and the pseudoscalar parameter A is determined by the

steric repulsicn between chains. In the case of perfect orientational order of the molecules
(§—1), the A can be expressed as equation 2

A=-(KT/2) p2 qm b2 (d + 5h/31) [,2 [2]

where d and h are the thickness and breadth of the belt, respectively, and gn is equal to
27/Pp,, where Py, is the period of the twist. The equation 11 is valid when gm/(d+h) » 1.
The theory predicts that the handedness of cellulosic liquid crystalline solutions
(the handedness here is defined by the sign of the pitch ) depends not only on temperature
and on the steric repulsion of the chains, A, which is related to the nature and position of
the substituents on the cellulose mainchains, but also on an attractive interacﬁon
parameter, ), which involves a conaibution from the nature of the solvent surrounding
the cellulosic chain. The importance of the solvent-cellulosic interactions has been
-described in previous chapiers. The theory predicts that the criteria for compensation is
(%-AkT) = 0. Under this condition, the pitch of the cellulosic mesophase should become
infinite, and the mesophase resembles a normal nematic phase. Qualitatively, this can
explain the handedness inversion occurring in AEC anisotropic solutions. Assuming that
the term (%-AKT) is a function of acetyl DS, temperature, concentration, dielectric
constant of solvent, etc. in AEC lyomesophase systems, i.e. F (acetyl DS, T, C, g, ...) =
(-AKkT), variation of one of these factors while the other factors are held constant would
result in occurrence of compensation at a specific value. A handedness inversion has
been observed for lyotropic AEC mesophases (i) at a specific acetyl DS, DA¥*, and (ii) at
" a specific temperature, T*, as shown in the previous chapters, and for lyotropic EC
(acetyl DS = 0) mcso;ahases (iif) for a specific mixture of two solvents with different &, as
shown by Siekri T and Zugenmaier?,

A fully quanutauvc mterpxetauon of the r°lanon between pitch and the other
parameters in Osipov's theory remains dzfﬁcult and even 1mpos51ble at present, becausc
the parameters in the "twisted belt” modcl for the AEC with various acetyl DS, are not
available, in part because the distribution of substituents along the cellulosic chain and
among the C(”) C(3) and C(6) positions in the glucopyranose residues is not known. In
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this sense, specific cellulose derivatives with known position and distribution of
substituents are required to evaluate quantitatively the theory to the cellulosic liquid
crystaliine behaviour. In addition. it ts difficult to specify what kind of interaction
berween given solvent and given AEC polymer conmributes to %. In Chapter 3 it has been
shown that no simple correlation between solvent diclectric constant and handedness was
found for the AEC lyorropic liquid crystals. Other physical properties of the solvent in
addition to &€ may also be invoived in the coniributions to the chiral interactions.
Furthermore, many of the items in equation 1 and 2 are not independent. For example,
the persistence length, /, for cellulose derivatives is strongly dependent on temperuture3!,
and so presumably are K22 and qm. In spite of these difficuities and limitations, Osipov's
theory at least shows a qualitative agreement with the results for AEC mesophases, This
agreement demonstrates the importance of chiral polymer-solvent interaction in the role
of organizing chiral nematic structure.

More recently, Varichon et al.29.30 extended the Lin-Liu's molecular statistical
theory® by explicitly considering the orientational entropy terms. After minimization of
the total free energy of a chiral nematic liquid crystal with respect to the origntational
distribution, they obtained an express for chiral nematic pitch,

A
o LA+ 22
2nd "0 n

P —E_i_fc\d] +%2d>

(3]

s

Y, n

where the terms in the equation are defined in reference 29 and are related 1o the ratio of
the second and fourth order parameters S(T), the chiral interaction parameter Wy and the
nematic interaction parameter ¥2. The magnitude and sign of the pitch are correlated to
temperature, concentration, and degree of polymerization (DP) by these parumeters. The
resulting theory is in qualitative agreement with some experimental results, in that the
pitch and handedness -of cellulosic liquid crystals depend on temperature!2 and
concentration32, and they are in semiquatitative agreement with experimental data for the
pitch dependence on molecular weight for acetoxypropylcellulose (APC) liquid
crystals33. Based on the experimental data of our preliminary work on AEC liquid
crystals in chloroform!9, they also predicted that theoretical values of DA* for
handedness inversion for AEC liquid crystal are around 0.16 to 0.2130, which is close to
the result for AEC in chloroform but lower than that observed for other solvent systems
in this study. The difference may be due to the fact that the solvent was considered to act
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only as a diluent for the anisotropic solution, and the chiral contribution from the nature
of the solvent was not tzken into account in their theory. However, the significance of the
theory is obvious and the semiquantitative fitting is still satisfactory in light of the
complexity of the mixed ester/ether structure of AEC. In their conclusion, they
speculated that the left-handed cellulosic liquid crystals might be due to the presence of
hydrogen bond related interactions whereas the right-handed ones might involve induced
quadrupole interactions. At the moment, neither Osipov's nor Varichon's theory is able to
quantify the specific interaction responsible for the handedness inversion. In reality, a
combination of multiple interactions may be responsible.

54. Concluding remarks

Optical rotational dispersion studies of AEC polymers have shown that no
significant change in conformation occurs for acetyl DS ranging from O to 0.5 in dilute
solution. Thus chain conformation change with acetyl content are unlikely to be
responsible for the handedness inversion observed for their anisotropic solutions.
Observation of left-handed liquid crystals formed in both methylcellulose (DS=1.6) and
fully acetylated MC polymers in dichloroacetic acid and trifluoroacetic acid also suggests
that the chiral nematic handedness is not determined purely by some specific chemical
structure of the acetyl groups. Replacement of the free hydroxyls on commercial

:ctﬁylccllulose by either ester (acetyl or propionyl) or ether (ethyl) groups (ref. 8) leads to
the same handédness inversion for their liquid crystalline solutions, implying that
hydrogen bonding between free hydroxyl groups on cellulosic chains may play a role in
arranging molecules in the mesophase. These observations provide a possible explanation
for the formation of right-handed liquid crystals by EC and AEC polymers in DCA .
regardless of acetyl DS; DCA is such a strong acid relative to the other solvents
employed in this study that it may strongly associate with the free hydroxyl groups on the
EC or partially acetylated EC chains through hydrogen bonding, and as a result, functions
like substituents such as acetyl, propiony! or ethyl group. However, the observed solvent
dependence of DA* for lyotropic AEC mesophases also suggests that interactions other
than hydrogen bonding between AEC p6lymers and solvent contribute to their chiral
arran gcmehis. In conclusion, the handedness-inversion for lyotropic AEC liquid crystals
with variation in acetyl content, seems to involve intermolecular interactions between
chiral AEC molgculcs'through the solvent medium, with hydrogen bonding playing an
important role. Application of Osipov's theory for chiral nematic liquid crystals, in which
polymer-polymer and polymer-solvent interactions are taken into account, to the
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lyotropic AEC systems reveals that the handedness inversion induced by varying the
acetyl DS, temperature and solvent can be qualitatively described by the theory. However
full interpretation of chiral nematic behaviour. especially handedness inversion or
compensation, still needs a great deal of experimental and theoretical etfort.
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6.1. General conclusions

The research project undertaken in this thesis was originally motivated by a
curiosity about the unusual chiral nematic behaviour exhibited by commercial
ethylcellulose, when compared to the majority of cellulosic liquid crystals. The work was
initiated by acetylation of the commercial ethylcellulose and with an investigation of
chiroptical properties of the resultant mesomorphic polymers in an attempt to better
understand the chiral nematic ethylcellulose mesophase and perhaps other cellulosic
mesophases. It was thought that achiral chemical modification of the ethylcellulose might
be a relatively straightforward approach to achieve the above objective since the chemical
modifications seemed minor, and any change in chiral nematic properties (although
unknown at the beginning of this project) must be a result of the chemical structure of the
newly-introduced substituents or/and the subsequent change in conformation. In the
course of this study, several unexpected phenomena revealed that the situation was far
more complex than the original approach suggested, bur they did also provide insights
into the factors which determine chiroptical properties of cellulosic liquid crystals.

- (Acetyl)(ethyl)celiulose polymers with an ethyl DS of 2.5 and acetyl DS ranging
from 0 to 0.5, fully substituted (propionyl)(ethyl)cellulose and fully substituted
(acetyl){methyi)cellulose prepared from commercial ethylcellulose and methylcellulose
retain good solubility in 2 wide range of organic solvents and are capable of forming
chiral nematic mesophases in concentrated solution. This feature made this project
feasible. The critical concentration for liquid crystal formation was found to depend on
the acetyl DS and solvent.

The most unforeseen finding of this research was that the handedness and pitch of
lyotropic AEC liquid crystals were extremely sensitive to the acetyl content of AEC even
though the 1 1p.is achiral and the same chiral cellulos kbone i
polymers. This was illustrated by the variation in pitch from a few nm to infinity and by a
reversal of handedness of the supermolecular helicoidal structures from left to right for
anisotropic AEC solutions in dichloromethane, dibromomethane, chloroform,
bromoform, m-cresol, acetic acid and aqueous phenol, as the acetyl DS increased from 0
to 0.5. The handedness inversion for AEC liquid crystals-in a given solvent system
occurred at a specific acetyl DS, called the "compensated degree of acetylation”, DA¥,
where a’compensated mesophase characterized by an infinite pitch and a nematic-like
optical behaviour was formed. The ORD studies of these AEC polymers in dilute solution
revealed that there is no significant change in ORD curves while the corresponding AEC
polymers in concentrated solution display a handedness inversion, suggesting that the
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handedness of the chiral nematic structures is not determined dircetly by the
conformation of the AEC chains in dilute solution. The temperature dependence of the
pitch for AEC mesophases was also found to be strongly acetyl DS dependent. For
example, the temperature dependence of pitch for an AEC mesophase with an acety! DS
below DA* was the reverse of that for an AEC mesophase with an acety! DS greater than
DA¥*.

Another unexpected observation was that achiral solvents strongly tnfluence the
handedness, the value of DA* and the temperature dependence of pitch. The lyotropic
solutions of AEC polymers with low acetyl content showed a left- or right-handed chiral
nematic structure, depending on solvent, while AEC polymers with high acetyl content
only formed right-handed mesophases in all the solvents examined in this study.
However, the temperature dependence of pitch for AEC mesophases was solvent
dependent, regardless of the acetyl content. The value of DA* for handedness inversion
or compensation for lyotropic AEC mesophases, made from a given AEC with difterent
solvents, varied from 0.19 to 0.37. No simple correlation between the values of DA* and
the dielectric constants of the corresponding solvents has been found. Dichloroacetic acid
is the only solvent in which the AEC mesophases showed a right-handed helicoidal
structure and a positive temperature dependence of pitch, regardless of acetyl DS. All
these observations indicated that strong specific solvent-AEC interactions play an
important role, in addition to substituent effects, in determining the chiroptical activity of
AEC mesophases.

Induced CD studies of achiral dye molecules dissolved in the above series of
lyotropic AEC mesophases revealed that the orientational behaviour of the guest dyes
were determined by the chiral nematic structures of the host matrices. Achiral dyes in
isotropic AEC solutions displayéd no induced CD signals regardless of acetyl content,
concentration of the AEC polymers and dye content, indicating a random orientation of
the dye molecules. When dissolved in anisotropic AEC solutions, the dye molecules
showed strong induced CD bands in their absorption region. The induced CD is assumed
to be a result of orientation of the dye molecules by the AEC mesophases to adopt a
helicoidal arrangement, since there is no significant evidence of ‘macroscopic linear
dichroism observed in this study. Acridine orangc dissolved in a left-handed liquid
crystalline AEC solution displays a negative LCICD whereas a positive LCICD was
observed when the AO was dissolved in a right-handed AEC mesophase. A change in
handedness due to a variation of acetyl DS or temperature, or a change of solvent system
was indicated by a reversal of sign of LCICD for the oriented dye molecules. Thus the
use of achiral dyes as a probe for the handedness inversion for AEC mesophases is well
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demonstrated in this study. The other observations, of a strong pitch and temperature
dependence on the intensity of LCICD for the AO dissolved in the AEC mesophases, and
almost no dependence of the molecular ellipticity of the LCICD on the dye content, also
strongly suggested that the helicoidal structures of the host liquid crystals were essential
for the guest achiral molecules to exhibit the extrinsic optical activity. The present study
alse suggested that the LCICD technique may be generally applicable to polymeric chiral
nematic liquid crystals provided that suitable chromophores are available and
macroscopic linear birefringence and linear dichroism are negligible.

Although handedness inversion phenomena have been observed for several
cellulosic liquid crystals, to date no comprehensive explanation has been proposed for
this behaviour. An attempt to address this question for AEC mesophases was made in this
work. Observation of left-handed liquid crystals formed by both methylcellulose
(DS=1.6) and fully acetylated MC polymers in dichloroacetic acid and wifluoroacetic
acid eliminates the possibility that reversal of handedness is specifically associated with
the chemical structure of the acetyl group. ORD studies of AEC polymers in dilute
solution have shown that no significant change in conformation occurred at the DA*
corresponding to the handedness inversion. Replacement of the free hydroxyls on
commercial ethylcellulose by either ester (acetyl or propionyl) or ether (ethyl) groups
(Chapter 5, ref. 8) leads to the same handedness inversion from left to right for their
liquid crystalline solutions, implying that hydrogen bonding between free hydroxyl
groups on cellulosic chains may play a role in arranging molecules in the mesophase. The
involvement of hydrogen bonding in chiroptical behaviour of lyotropic AEC mesophases
seems also evident by fact that EC and AEC polymers in DCA all form right-handed
liquid crystals, regardless of acetyl DS. In this case, a strong association, through
hydrogen bonding, of the free hydroxyl groups on the EC or partially acerylated EC
chains with relatively strong acid, DCA, may function like substituents such as acetyl,
propoinyl or ethyl group. However, solvent dependence of DA* observed for the
handedness inversion for lyotropic AEC mesophases suggests that interactions other than
hydrogen bonding between AEC polymers and solvent also contribute 10 their chiral
arrangements. It is thus concluded that the handedness inversion for lyotropic AEC liquid
crystals with variation in acetyl content seems involve intermolecular interactions
between chiral AEC molecules through the solvent medium, with hydrogen bonding
playing a significant role. Qualitatvely, the handedness inversion induced by varying the
acetyl DS, temperature and solvent, observed for Iyéztropic AEC liquid crystals in this
research, can be described by Osipov's theory for chiral nematic liquid crystals, in which
polymer-polymer and polymer-solvent interactions are taken into account. However full
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interpretation of chiral nematic behaviour. especially handedness inversion or
compensation, still needs a great deal of experimential and theoretical effort.

6.2. Contributions to original research

The research described in this thesis represents the first detailed report on the
influence of achiral substituents and solvents, and degree of substitution on the
chiroptical properties of cellulosic liquid crystals. Specific contributions of this work to
original research are outlined below.

1. Methods of preparation for (acetyl)(ethyl)cellulose polymers with an ethyl DS of
2.5 and acetyl DS ranging from O to 0.5, and fully substituted (propionyl)(ethyl)cellulose
(PEC) and (acetyl){(methyl)cellulose {AMC) have been developed. These new celiulose
derivatives were characterized by FT- IR, 13C NMR and GPC.

2. Chiral nemartc liquid crystalline solution of a series of AEC polymers were
prepared in a variety of organic solvents. The criticul concentration for the mesophase
formation was found to depend on the acety! DS and the solvent.

3. Lyotropic solutions of the AEC polymers show a reversal of handedness and a
reversal of temperature dependence of pitch as the acetyl DS is varied. The specific acetyl
DS, at which the handedness inversion occurred, DA*, was determined in several
solvents. For the first time, the work in this thesis allowed a quantitative relationship
between DS and the handedness of a cellulosic mesophase to be established.

4. Liquid crystalline AEC at DA* displayed properties of a nematic (not chiral
nematic) phase. This is the first observation that the compensation for cellulosic liquid
crystals can be induced by systematic chemical modification rather than by changing
temperature, solvent or optically active composition.

5. The achiral solvents were found to strongly influence the hundedness, the
magnitude of pitch, the temperature dependence of pitch and the DA* for lyotropic AEC
liquid crystals.

6. The first detailed application of liquid crystal induced circular dichroism to
cellulosic liquid crystals was made. A correlation between the induced CD signals of
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guest achiral dyes and the host chiral nematic structures of lyotropic AEC liquid crystals
was established. This has not been reported for any other cellulosic polymers, as far as is
known.

7. The use of achiral dyes as a probe for the handedness inversion induced by
changing acetyl DS, temperature a=d solvent for lyotropic AEC liquid crystals was well
demonstrated. This work provides some phenomenal and technical aspects for the
potential application of LCICD to polymeric chiral nematic liquid crystals.

8. The molecular theory developed by Osipov for chiral nematic liquid crystals was
qualitatively tested for the first time on a chiral nematic cellulosic system.

6.3. Suggestions for future research

The results presented in this thesis have demonstrated that the chiroptical
properties of cellulosic liquid crystals depend to large extent on the nature of substituents,
- degree of substitution and solvent. On the other hand, they also exposed the
disadvantages of using commercial cellulosic products as starting materials, whose
structural features, such as distribution of substituents along the cellulose chain and
among the three hydroxyls in each anhydrogiucose unit, ar¢’ unknown. Without this
information, it is unlikely that one can establish a clear relationship between molecular
structure and chiroptical properties, or that molecular theories for chiral nematic liquid
crystals can be tested guantitatively. Therefore, future studies in any continuation of this
project should involve synthesis of specific cellulose derivatives with the following
features; (1) a wide range of DS, (2) a homogeneous distribution of substituents, (3)
specific substitution with respect to the C(2), C(3) and C(6) positions in an
anhydroglucose unit , and (4) capability of forming mesophases in a wide range of
solvents. In addition, chromophoric substituents with absorption regions accessible by
CD spectroscopy would be desirable since the CD spectrometer has-nroved to be a
powerful tool for characterizing the chiroptical activities of chiral pol}ﬁ‘ﬁém in isotropic
and anisotropic phases. Direct CD measurements of these kinds of cell ulose derivatives in
isotropic and anisotrobic phases may permit their conformations to be correlated to their
liquil;_l crystalline chirality, if this relation exists. Other topics involving AEC polymers
studied in this thesis may also yield some informative results if more work were
undertaken and these areas might include the following:
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I. An investigation of the interaction parameters between each solvent and the AEC
polymers may provide some insights on the solvent dependence of handedness of DA*,

2. It may be of interest to investigate the chiroptical behaviour of liquid crystalline
mixtures of EC (left-handed) and fully acetylated EC (right-handed) in the same solvent
at different ratios and to compare these results with those observed in this work. The
result may provide information on the miscibility of opposite handed liquid crystals and
on the differences in chiral nematic behaviour exhibited by moderately acetylated EC and

by mixtures of EC and highly acetylated EC. The total acetyl content could be kept
constant in each individual sample.

3. It has been shown that the magnitude of the pitch for anisciropic AEC solutions in
chloroform, bromoform, dichloromethane and dibromomethane varies from a few
nanometer to infinity and the handedness is either left or right, depending on the acetyl
DS. It may be of interest to study the orientational behaviour of the above solvents
(deuterated or non-deuterated) in the mesophases by meaas of NMR spectroscopy since
LCICD results in this thesis have shown that small dye molecules can adopt the
helicoidal structures of their matrices. By analogy, these soivents may have the same

orientation as AEC molecules in the’;mesophasc, and the orientational order may be
inferred from NMR results.

4. Preliminary results from flow time measurements for AEC mesophases with
various pitch have shown that there exists a strong dependence of viscosity on chiral
nematic pitch. It would be interesting to follow this remarkabic rheological behaviourin a
rheometer under different shear rates. Very few studies on the rheological behaviour of
chiral nematic liquid crystals,i especially pitch effects, have appeared to date. The AEC
mesophase seems to be a good system to conduct this study since the pitch changes over
a wide range with a minor change in the acetyl DS, while the polymer concentration,
degree of polymerization and temperature can be held constant.

5.  Evaluation of the rigidity of AEC polymers in dilute solution as the acetyl DS
increases may be constructive in terms of verifying the relationship between rigidity of
chiral polymers and the chiroptical properties of their mesophases, as proposed in
Osipov's theory. :
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