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Abstract

(Acetyl)(ethyl)cellulose (AEC) polymers with an ethyl degree of substitution (OS)

of 2.5 and acetyl DS ranging from 0 to 0.5 form chiral nematic liquid crystals in many

organic solvents. The chiroptical properties of these lyotropic AEC mesophases are

extremely sensitive to the acetyl OS 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 reversai 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 (LCICO), which results from the helicoidal orientation of the dyes by their

chiral matrices. The sign and magnitude of the LCICO are correlated with the handedness

and pitch of the ABC mesophases. The mechanism for the handedness inversion for

lyotropic ABC mesophases with variation in acetyl OS 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 à 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 lyotropiques dependent du DS en acétyle et du solvant. Dans un solvant

donné, lorsque le DS en acétyle augmente de 0 à 0,5, le pas des mésophases augmente

de quelques nanomètres jusqu'à l'infini, pour ensuite rediminuer avec un sens d'hélicité

inversé. 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 température dépendent

du solvant. Lorsque des colorants non chiraux sont dissous dans les mésophases d'AEC,

un dichroïsme circulaire induit par le crystal liquide (DCICL) apparaît, résultat de

l'orientation hélicoïdale des colorants par la matrice chirale. Le signe et l'intensité du

(DCICL) sont comparés avec l'hélicité et le pas des mésophases. Le mécanisme

d'inversion du sens de l'hélicité de ces mésophases en fonction du DS en acétyle est

discuté•
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1.1. Introduction

The tenn clziroprical acriviry implies a combination of physical concepts; clziraliry

and optical acriviry. The fonner is a geometric propeny of molecules or objects and is

defined as the lack of reflection symmetry. The latter is an electro-magnetic propeny of a

substance and refers to phenomena resulting 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 tenned 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.

ln nature, most objects are not identical with their mirror images and therefore are

said to possess chirality. The chirality manifests itself in the distinction 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 cosmological1. At intennediate scaIes,

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 aImost always left- and right-handed,

respectively, in natural organisms1,2. 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 molecuIar leveI.

Biopolymers are a major component of living objects. Three major classes of the

biopolymers are proteins, nucleic acids and polysaccharides, whose constituent,
monomers are aIl optically active. The common feature among the proteins, nucleic acids

and sorne polysaccharides, such as schizophyllan, is their helix éonformation3.4, e.g.

single, double or triple helicaI, 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 crystaIs)3,5. 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 waIls, etc. has led to a suggestion that the existence of the ordered liquid in

nature provides a mechanism for the biogenesis of chiral fibrous networks6. In other

words, the liquid crystalline phase may be one of the important states, because of its

fluidity and self-ordering nature, involved in the bioprocessing of chiral molecules into

naturally occurrîng 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 Iiquid crystals may be a necessary and

important step in confirming this linkage.

Cellulose is one of the main classes of naturally occurring polysaccharides. 1t

oflen exislS in nature as microfibrils embedded in matrices such as in plant cell walls. A

predominance of right-handed helical twisting of the microfibrils in the middle layer of

the secondary cell wall has been found for over 250 species of woody plants7. The

capability of self-ordering in solution by cellulose derivatives was first discovered fifteen

years ag08. Since then it has been found that this self-ordering feature is also exhibited by

cellulose ilSelf in solution9-12 and even by cellulose microfibrils, an aggregated foml of

cellulose found in nature, in aqueous suspensions as recently~eported by Revol et a(l3. A

common helicoidal arrangement of cellulose was observed in ailthese ordered phases and

is weil preserved in solid films or crosslinked gels when these are fabricate.d from the

ordered phases13,14-16. The anaiogy in the helicai arrangement of cellulose in vivo and in

vitro implies that Iyotropic cellulosic Iiquid 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-?chiml aggregates of

cellulose in liquid crystalline phases-?chir:!l 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 Iiquid crystalline state, rather than in the non­

ordered liquid or ordered solid states, in the hope of correlating sorne molecular structure

to the macroscopic chirality displayed by the Iiquid crystailine phase.

The terrn liquid crystal refers to partially ordered fluid phases that are

interrnediate behaviour between the three-dimension ordered crystalline 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 lor orientationai order. Consequently, a

Iiquid crystal can flow like a Iiquid, but in ilS other properties such as birefrlngence, 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 anisotropie phase as weil. :.

The first report of the existence of a Iiquid crystalline phase dates back to 1888 by

Reinizer17. He found that cholesteryl benzonate exhibited two apparent melting points.

between which the compound was cloudy but a fully Iiquid melt. At interrnediate

temperature striking colours were observed. Such new states of matter were later

observed in the cholesterol derivatives and other organic compounds18.
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Figure 1.1. Schematic representation of a hypothesis for the interrelations among

chiral structures displayed by cellulosics at different levels.
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Compounds capable of fonning liquid crystalline phases are commonly referred

to mesogens. The liquid crystalline phase can be c1assilied into two types: thennotropic

and lyotropic19. The thermotropic phase is the state that exhibits mesomorphic behaviors

for pure mesogenic molecules in a definite temperature range and the lyotropic phase is

the Slate that exhibits mesomorphic behaviour for mesogenic molecules in solution. The

temperature range in which lyotropic phases exist is mainly detennined 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

c1assified 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 tandom 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 paralle1 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 point.

The smectic mesophases are characterized by both orientational and positional

order in'at least one direction. The centres of the molecules are, on average, armnged in

equidistant planes. There exist many types of smectic phases, indicated as SA, SB, SC, ...

SI, 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 nonnal

(orthogonal and tilted); (ü) the organization of the centres of the molecules within the

layers. The molecular arrangement in three common types of the smectic phases SA. SB

and SC. are illustrated in Figure 1.2 (b). (c) and (d).

Chiral nematic liquid crystals are fonned 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 armngement 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 layers in which the molecular directors are approximately the sarne as a result of a full

3600 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 rOlation along the helicoidal axis. Both
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Figure 1.2. Schematic representation of molecular orientation in nematic (a), smectic

A (h), smectic B (c) 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 crysmls are very similar in temlS

of positional order and unique optical axes (behaves optically like a uniaxial crystal). the

former is optical1y 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 mesogenic molecules

form a "Iayered 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. Actual1y 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 sorne

literalUre. Chiral nematics used to be called cholesrerics because this type of liquid crystal

was frrst 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 anisotropic geometrical shape and stiffness of molecules are

fundamental requirements for forming liquid crystal\ine phase. For smal1 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 sorne extent in most

polymers. The rigidity of the polymer chains is a result of hindmnce to internai 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 ~-linked glucopyranosic

cellulose and its derivatives. These polymers are considered to be semirigid because of

the steric effects from the cyclic groups and sorne 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 polyrners are able to form self-ordering rnesophases22-24. Arnong them,
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~ Figure 1.3. Schematic representation of the helicoidal structures in a left-handed (a)

and a rightiil.mêied (b) chiral nematic liquid crystals.
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• Rory's theory22 is a more classical and comprehensive representation. Aory applied a

lanice 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 .,
V =-(1-=)

C x x [1]

•

*where VC is the critical volume fraction and x is the polymer a:"ial ratio. The theoretical

prediction is very close to the experimental data for rigid polymers such as poly(p­

benzamide)25 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 sorne suitable

solvents22. This was experimentally confU1l1ed twenty years laterS.

Later modification of his original theory by taking into account polydispersity.

chain flexibility, diluent effects, etc. has led to an increase in the applicability of the

resulting theories27,28, e.g. the revised theOlY works for less rigid polymers.

Liquid crystalline polymers are currently receiving considerable attention because

of their academic and industrial interest. Firsùy, 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 exisf 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 polymers possess a high modulus and

tenacity, high heat resistance, good chemical stability and lighi weight. These important

properties are required for engineering materials. It has been predicted that liquid

crystalline polymers might replace metals, especially those uscd in automobile,

eleclronics and electrical parts, and, because of the above characteristics, become

dominant polymeric materials for the next generation29.

1.2. Chiral nematic liquid crystals

1.2.1. Textures

9



• The term texture refers to the appearance of a thin layer of liquid crystal observed

under a polarizing microscope. It reflects the orientaùon (on the scale of microns) of the

anisotropic fluid. Chiral nematic phases between IWO flat substrates can exhibit several

different textures as a resuit of the difference in degree and direction of chiral nemaùc

ordering relaùve 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 nemaùc pitch (SOllm > d » P), the planar texture is readily obtained by a gentle

tangemial movement of the untreated coyer substrates. The planar mesophase has a

minimum of birefringence and exhibits extraordinary opùcal properùes 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 sampie is paraIlel to the

substrate surfaces. The resulùng picture resembles a fingerprint consisùng of equidistant

and altemaùng 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

refracùve index. The distance beIWeen the neighboring lines is equal to half of the pitch.

1.2.1.3. Focal conie texture.

This texture is also called non-uniform planar and is formed when the direcùons

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 conie texture scatters light

strongly, mainly at the boundaries beIWeen the chiral nemaùc domains where a change in

the refracùve index occurs. The applicaùon of shear can convert the focal conie texture

inlo a planar texture.

1.2.2. Optical characteristics

• 1.2.2.1. Optical activity.
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Figure 1.4. Schematic representation of textures of a chiral nematic liquid crystal

between two substrates, (a) 'planar' (b) homeoO'opic (c) 'focal conic'. The

arrows in the textures represent the molecular directors of the nematic-like

layers in the helicoid, projecting on the plane parallel to the helicoidal axis

and the sheet.
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• Chiral nematic phases exhibit unique optical propenies because of their helicoidal

supermolecular structure and thus differ significantly from those of other types of

mesophases31 . 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 transmined 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 beam are selectively refleeted and

the other components transmined 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 aIso be left-handed circularly polarized

(Figure 1.5). This is in contrast to normal reflection (e.g. from metal rnirrors) 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-handed. 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 ty a chiral nematic structure is very

high optical rotatory power when the incident plane polarized light is parallel to the

helicoidal axis31 . 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, ar. 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 phenomenonJS"Sïriiffi;. ,';iîfar-ôi5j'el.clofor chiral

chromophores in their absorption region and iSl!îri;;;alled a pseudo COttO~~!.
De Vries32 has forrnulated a theory toexElain the above optical propenies, where

the chiral nematic structure is modeled as of ..1 pile of thin birefringent layers normal to

the optic axis (equivalent to the helicoidal luis). The expression for the wavelength

dependence of the optical rotation, Ct, for a chiral nematic liquid crystal is given by

•
ltÂn2p

Ct = --=:::"';'---
4À.2[1-(Â/À.o)]
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Figure 1.4.
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• where ÔJl 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 "0 the wavelength

of reflected light. AD is equal to iilPI, where ii is the mean refractive index of the

mesophase. The equation predicts a change in sign for the rotation as A approaches and

passes "0, This is in good agreement with above-described optical behaviour. For the case

of"0 » A., the above equation reduces to

lX = ltÔ/12p [3]
41..2

This means that a plot of lX versus l(),} wilI give a straight line. This prediction was later

confirmed by Robinson for polypeptides liquid crystaIIine systems33.

1.2.2.2. Birefringence.

Like other types of Iiquid 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 heIicoidal

arrangement of molecules. Consequently, the chiral nematic phase exhibits a negative

birefringence34, that is, the refractive index of the extraordinary Iight (along the optic

axis) is smaller than that of the ordinary Iight (along molecular layers). In contrast,

nematic and most smectic liquid crystals exhibit positive birefringence.

1.2.2.3. Compensation

•

The term compensation, when appIied to chiroptical activity, originally referred to

the situation where [WO optical enantiomers were mixed on equal proportions, giving a

racemic mixture and exhibiting optical inactivity. For chiral nematic Iiquid crystals, tht:

optical activity is mainly detemûned 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 chiraIity does not exist any more. As a result, the mesophase behaves

optically Iike a nematic phase, opticalIy 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 stilI exhibit intrinsic optical

14



• acùviry (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

properùes similar to nemaùcs. For example. the sign for the birefringence may become

posiùve and a schlieren or thread-like texture may be observed under a polarizing

microscope because of nemaùc orientaùonal characteristics34.

In thermorropic liquid crystals. the handedness is normally determined by the

chiraliry of the constituent chiral molecules. the handedness for a chir.ll ne'11atic phase of

an opùcal 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 forrn either a right- or left-handed chiral nematic phase. Binary mixtures of

cholesterol derivatives3S•36 may also forrn a compensated mesophase at a critical

temperature. terrned the compensared remperarure. Recently. single component chiral

molecules such as polypepùde copolymers37 and cellulose derivatives38 have been found

to forrn therrnorropic compensated mesophase at compensated temperatures.

In Iyorropic liquid crystals. the handedness depends not only on the chirality of

constituent chiral molecules but also on the nature of the solvent surrounding the chiml

molecules. As a result. the compensation takes place not only in a mcemic mixture or at

compensated temperatures but also in certain solvent mixtures in which the handedness

of the individual lyorropic phase is opposite. These phenomena have been widely

observed in Iyotropic polypeptide liquid crystals26.

1.2.2.4. Extrinsic optical activity

•

Optical activity exhibited by inherently dissymmetric molecules or aggregates of

molecules is norrnally called intrinsic optical activity. The optical activity may also be

displayed by optically inactive or achiral molecules present in an asymmetric

environment. This type of optical behavio~ is referred to as induced oprical activity or

extrinsic optical activity.39 As a result of asymmetric features. chiral nematic liquid

crystals may behave like chirally perturbed moieties when achiral molecules are

incorporated within the mesophases40. 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 dissolvecl in

therrnorropic as weil as lyorropic chiral nematic phases by means of CD specrroscopy39.

15



• A critical review of liquid crystal induced optical activity and the extrinsic phenomena

observed for cellulosic liquid crystals in this srudy will appear in Chapter 4 of this thesis.

1.2.3. Molecular theories of chiral nematic Iiquid 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 constiruent 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 a minimum free

energy state. A simple model for the interaction between the chiral rods is schematically

represented in Figure 1.6.

Keating41 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

1/P = AkT/4ltloo~
=7

{,

[4]

•

where A is a constant characterizing the anharmonicity, k is BoltzmaJ)'s constant, T is

temperature, 1 is the moment of inertia and 000 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 pitch are often observed for polymeric chiral nematic liquid crystals.

Another approach proposed by Goossens42 extended the mean field theory of

Maier and Saupe for nematic ordering to include dipole-quadruple as weil as dipole­

dipole interactions between rod-like molecules. The resulting intermolecular potential is

related to the angle, e12, between the direction of the long axis alignment in planes 1 and

2 separated by a distance TJ2 (Figure 1.6). The expression for the potential V1,2 is given

by
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Figure 1.6. A simple model of the twist interaction between two rod-like chiral

molecules

17



• VI,2 =-(3/16ri:z} [a cos 2612+ (2~/q:v sin 26l'il =-(3/16ri:z} cos 2(612 - 60) [5]

•

where 60 is the twisting angle when the potential is a minimum or 60 = 1/2 tan- I

(2~/aq2), where a is the coefficient of the symmetric part of the potential, which is

related to the anisotropy of the mo1ecular polarizability and ~ is the coefficient of the

asymmetric part related to the dispersion energy determined by dipo1e-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 weIl the

formation of an induced chiral nematic phase in a mixture of nematic solvent and an

optically 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 V1,2

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 Stegemeyer43 extended Goossens' model and took into account

the effect of rotation of rod-like chiral mole\'ules about their long axes. In their theory,

one of the two mutually perpendicular directions for the short mo1ecular axis is thought to

be energetically more favorable, resulting in a certain amount of rotational order. At

increasing temperature the rotation becomes less restric:ed 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.44 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 temperaturedependence ofpitch. According to the theory, the tempera~

dependence of the pitch is determined by the shape and position of the intermoleculilr

potential V1,2 as a function of the intermolecular twist angle, 612. Thus a positive and

negative temperature dependence of the pitch is weIl 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 612 = 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 Bëttcher5, Wulf46 and Van de Meer? also

proposed similar models to those of Keating, Goossens and Lin-liu. Chilaya and

Lisetski48 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, e.g. a solvent dependence of handedness and pitch and/or solvent-induced

compensation even though the polypeptides preserve their lX-helix conformation and the

solve:lts are achiral26, which has led to considerable interest by theorists. As a result,

severa! expanded theories have arisen from those mentioned above for thermotropic

mesophases and have been developed specifically for lyotropic system.

Samulski and Samulski49 made the first efforts to relate the nature of the solvent

and chirality of the constiment 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 theory50. 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

predieted that the asymmetric term will vanish if the dielectric constant of the solvent

medium meets a critical condition, as given below

E* =±;J El E2 [6]

•

where El and E2 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 E*, the corresponding

chiral nematic phase should exhibit opposite handedness. Lyotropic polypeptides il>' non­

interactive solvents appear to behave in agreemellt with the P~icti911s_otthe theory26.
---- .,-, -', - _ .. "-~.

However, the temperature-induced comp,,-,;:;ationobserved for lyotropic mesophases can

not be explained by this theory.

Assuming that et.-helix polypeptide molecules have a helically grooved rod like

shape (Figure 1.7 Ca», Kimura et al.51 developed a statistical theory where the effect of

attractive dispersion forces and geometric repulsions belWeen the coiled rads are both

taken into consideration. Summing these two intermolecular forces, they obtained an

expression for the twisting power:

(Î
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Figure 1.7. Schematic representation ofmodels for chiral macromolecules, (a) helical

rod (b) twi~1ed beIL
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where Land Dis the length and diameter, respectively, of the rod, À. is a numerical factor,

Il 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 TN is the temperature at which the

pitch is infinite. The concentration function f(c) is defined as

f (c) = ( 1- c/3) / ( 1- c)2 [81

The importance of this theory is the introduction of molecular exclusion into an

energy calculation and a correlation of the molecular structural pammeter and the amount

of solvent (concentration) to twisting power. The theory explains weil the thermally­

induced compensation and concentratiun dependence of pitch observed for Iyotropic

polypeptide mesophases. Unfortunately, the theory fails to explain the solvent-induced

handedness inversion for the same Iyotropic mesophases, presumably because the nature

of the solvent is not included in the attractive force contribution.

In the most complete theory to date,Osipov52 also took into account both steric

and attractive interactions in his calculation of intermolecular potentia!. In addition, the

effects of the dielectric nature of the solvent surrounding the chiral rods (polypeptides) on

chÙJÙ interactions is also considered, as in Samulski's mode!. The resulting chiral
" .

if. ··~tion potential is a function of the anisotropic permittivity and optical activiry of the, .'

chil'lÙ molecules and dielectric constant of the solvent. This relation is expressed in

equation 9

2lt / P = - p2 [JO (Em) -IJcBT] S ( S + 2) 16 K22 [9]

•

where p is the number density of chiral molecules, kB is a constant, K22 is the elastic

twist constant of the mesophase, S is the orientational order parameter, JO ( Em) is a

coupling constant related to molecular polarizability and optical activity and solvent

dielectric constant, and À. is a pseudo scalar parameter, determined by the steric repulsion

between chains. In the case of polypeptides, À. '" L211 D/2. According to the above

expression, the handedness (defined by the sign of the pitch) is altered by the variation of

Em and T. Compensation occurs when T* = JO (Em) IÀ.fl, where the compensated

temperature T* is dependent on the dielectric constant of the solvent, Em. 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, Osipov53,54 noticed that the c!ass of semirigid chiral molecules such as

cellulosics are not appropriately represented by a rod-like mode!. By assuming that the

cellulose chain adopts a "twisted belt" conformation (Figure 1.7 (b» rather than a helix

(Figure 1.7 (a» he funher 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

27t/P=- p2 (X-ÀkBT) 12 K22 [10]

where Xis related to the attraction interaction, p is the number density of rigid segments,

p = cL/lo, where c is the number density of the macromolecule chains and 10 is the length

of the segments. In the case of perfect orientational order of the molecuIes (S~1), the

pseudoscalar parameter A. in the "twisted belt" model can be expressed as equation II

[11]

•

where d and h are thickness and breadth of the belt, respectively, and qm is equal to

27t/Pm, where Pm is the period of the twist. The equation II is valid when qm/(d+h) >, 1.
The term, <x - ÀkBT), 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, 1.., 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, X, 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 theoty can only provide a qualitative explanation

for the chiroptical properties of semirigid cellulosic mesophases.

More recently, Varichon et a!.55,56 extended Lin-Liu's molecular statistical

theory44 by explicitly considering orientational entropy terms. After rninirnizing the total

. free enr.rgy for a chiral nematic liquid crystal with respect to the orientational

distribution, they obtained an expression for chiral nematic pitch

22
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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 founh order parameters S(T), the chir.ll interaction

pararneter Ilm. and the nematic interaction pararneter 12. 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 sem·iquatitative agreement

with sorne experimental results in which the pitch and handedness of cellulosic liquid

crystals depend on temperature and concet:tration. and molecular weight and substituents.

Tne 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 ail these theories can be classified as (i) chir,ù

dispersion interaction, (ii) molecular repulsion, or (iii) hindrance of rotation about the

major molecular axes. As Chilaya and Lisetski48 pointed out "chiml 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 resul!, none of the above theories is applicable to ail chiroptical behaviour exhibited by

chiral nematic phases. A comprehensive theory for chiral nematic liquid crystals needs to

be funher developed.

1.2.4. Helicoidal structural characteri7.ation

The most imponant structural parameters in the model for the chi:'al nematic

structure depicted in Figure 1.3 are the pitch and handedness. In different chiral nematic

systems, the pitch values may vary l'rom a few nanometers up to hundreds of

mïcrometers. It is impossible to 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 imponant factor in selecting the .best technique to characterize the pitch

and handedness.
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• 1.2.4.1• Measurement of the pitch.

i. Selective renection 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, À{), is related to the pitch by the following formula57

L iilPI 1 [ . 1 ( . <Pi) . 1 ( . lJlr)]
''U = - cos? sm- sm -=- + sm- sm -=-m _ n n [13]

where m is an integer, ii is the mean refractive index for the mesophase and <Pi and <Pr are

the angles of incidence and reflection, respectively. Both angles are measured with

respect to 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

À{) (0.2 !lm <IPI< 0.6!lm)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 À{), the same relationship between the IPI and À{) 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 sorne special

spectrophotometers, the pitch range can be measured up to 2 !lm. If measurements are

made using a CD or ORO 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 ii is available and can be

measured using a refractometer or in sorne other manner.

.iii. Bragg diffraction from the fingerprint texture. When a fingerprint textured sample

is irradiated with an incident Iight, a diffraction will take place. The diffraction condition

may be described by the following equation in which the incident Iight beam À{) is related

to the angles of incidence and reflection <Pi and <Pr 58.

• ~ - IPI ( . ')
"IJ = ? sm <Pi + sm lJlr_m
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• For normal incidence where <Pi =O. the above equation reduces to Ào ,= (112) IPI

sin <Pro 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 tan <Pr and can be calculated

withoU! 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 pitch ranging from 0.8 to 10
1J.Ill48.

iv. Microscopie 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 to the half
of the pitch. The best results are obtained for samples with pitches larger than 1.5 /.lm.

v. Cano-wedge technique. This method involves introducing a chiral nematic sample

into a wedge-shaped cell and measuring the distance l belWeen disclination lines observed

under a polarizing microscope59. The pitch is then calculated according to equation, IPI =

2 al, where Cl is the angle of the wedge. Pitches up to 200-300 /.lm 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 a more accurate

result can be obtained.

1.2.4.2. Determination of handedness

•

i. Circular dichroism (CD) spectroscopy. The CO 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

[15]

•

where IR and IL are the optical intensities of the rransrnined 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 transmined, indicating

that the corresponding mesophase is right-handed. A chiral nematic phase giving a

positive apparent CD corresponds to a left-handed structure. A typical 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

specrrometers can only be used to study samples with pitches falling in the UV-visible

region of light.

ii. Optical rotatory dispersion (ORD) spectroscopy. The ORO specrrometer 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 ORO spectrum consist of a feature known as a

Conon 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 absorption region. This feature gives ORO a distinct advantage over CD for the study

of chiral media in the absence of cbromophores. On the other hand, it also makes the

ORO spectrum more complicated because of the superimposition of different chiral

sources.
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In the case of a chiral nematic phase containing no chromophores. a ~itive or

negative pseudo Cotton effect may be observed in the ORO spectrum if the reflection

band falls into the spectral range. According to de Vries' theory (equation 2). a cl1iral

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 ORO 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 ma.ximum reflection

for the mesophase and to the maximum CO peak (Figure 1.8).

Unlike CD, ORO 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 ORO 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 helicoidaI structure. The assignment of the

handedness is based on de Vries' equation for the case of À.() » À. (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) spectra39. The ICO signaIs 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 theories61-63, the sign of the ICO 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 the:range of the pitch for the

mesophase, provided that the electronic transition of the chromophores are weil

characterized, the relative pitch-band position of the mesophase is known and an uniform

planar texture is formed in the sample to be measured39. In practice, however, the

existence of linear birefringence (LB) and linear dichroism (LD) may affect to various

extents the resultant ICD behaviour64-65. Therefore the macroscopic LB and LD must be
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Figure 1.8. An apparent CD and an ORO spectra for a left-handed chiral nematic

liquid crystal with a reflection band maximum at ÀO•
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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 aIse be

assigned using a speClrOpholOmeter with a circular polarizerM.

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 compensator67, or analysis of polarizing scaltering patterns for a light passing

through a chiral nematic phase with pitches ranging from 0.8-10 ~m by use of a laser

beam with a polarizer and an analyzer have been used to determine handedness68 . These

methods are neither as convenient nor conclusive as CD and ORO, 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 e1ectronic

microscope if oblique sections of the films are available69.

The above techniques for characterization of the pitch and handedness of a chir.tl

nematic liquid crystal are summarized in Table 1.1.

1.3. 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 Iiquid crystals3,5,70. Massive deposits of

mesomorphic cholesterol derivatives have been found in kidneys, Iiver, brain, etc.

Solutions of viroses, collagen, native proteins, nucleic acids and fibrinogen exhibil many

resemblanes to the Iiquid crystalline state. It seems probable that liquid crystaIlinity has

important biological consequences, because of (i) ils presence in living materials, (ii) ils

mobility and self-assembly and (iii) its unusual dependence on slight change in

composition or on the physical and chemic~1 environment for its formation, existence and

disappearance. The foIIowing 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 fust 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 0.2 - 0.6 J,lm No

spectrophotometer with a polarizer & - Yes(a)(b)
addition of chromophores

CD alone 0.2 - 0.6 J,lm Yes

spectropolarimeter with addition of Yes(a)(b)
chromophores -

ORO alone 0.2 - 0.6 J,lm Yes

spectropolarimeter aione - Yes cP »1 J,lm)

Laser alone 0.8-JO J,lm No

diffractometer with polarizers Yes-

Polarizing alone > 1 J,lm No

microscope with a compensator - Yes cP=O.2-<l.6J.l1ll)

Cano-wedge (alone) up to 300 J,lm No

Electron microscope (alone) down to 0.1 nm Yes(c)

(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 et-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 sorne uniform domains71. 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 dichloromethane (DCM)

forms a left-handed liquid crystal while in dioxane it forms a right-handed one, although

the PBLG preserves the same et-helix conformation in both achiral solvents72. 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 Samulski49 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 wouId

results in reversing the handedness (equation 6). This prediction is consistent with the

solvent-induced handedness inversion observed for PBLG in non-intemctive single

solvent and mixtures of solvents, in spite of sorne discrepancies49,73,74.

The nature of the solvent also strongly influences the temperature dependence of

pitch for lyotropic PBLG 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-tetmchloroethane (TCE)26.

Strangely, the thermally-induced compensation was also found for PBLG dissolved in a
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single solvent, m-eresol, (17%) at 60°C73. The thennally-induced compensation has been

explained by Kimura's statistical theory51 where both attractive and repulsive

intermolecular interactions were believed to be responsible for the helicoidal ordering.

The compensated temperature observed for sorne PBLG mesophases fits

semiquatitatively equation 7, derived from his mode!. Considering that neither Samulski's

nor Kimura's theory can explain both solvent and thermally-induced compensation,

Osipov52 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 effons

have also been made using IR and NMR spectroscopy. IR evidence73 suggests that the

formation of hydrogen bonding between C=O in PBLG and the solvent rn-cresol may

result in breaking down the aggregates of PBLG CI-helices and thus lead to sorne unusual

optical properties when rn-cresol mixes with other solvents such as TCP and TCE.

Deuterium NMR studies75,76 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 CI-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 medium77.

In the absence of solvent, the poly(-L-glumates) with long sidechain are also able

to form thermotropic mesophases. Watanabe and his coworker have reponed that a

polypeptide-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 reponed to show CD signais 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 sirice 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
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when the mesophase is fonned74•SO. The sign of the ICD is relaled 10 the handedness of

the PBLG mesophase.

Many native proteins have been reponed to exhibit mesomorphic propenies.

Tobacco mosaic virus (94% proteins) suspensions were the first native protein to exhibit

birefringence characteristic of liquid crystaisSI. The same birefringent feature was later

found in suspensions of other viruses such as cucumber virusS2. Hemoglobin. trypsin and

other proteins in organisms have been reponed to exhibit liquid crystalline texturesS3.S4.

l\'arcissus mosaic virus solutions behave like chiral nematic phasesS5.

1.3.2. Nucleic acids

The nucleic acids include deoxyribonucleic acid (DNA) and ribonucleic acid

(RNA). Both DNA and RNA are long chains of ::l:ernating sugar and phosphate groups.

The common feature among them. is' their rigid chain,; resu1ting from a double helix

secondary structure. The first liquid crystalline phase of DNA in aqueous NaCI solution

was observed by Robinson in 196172. Microscopic observation indicates the existence of

equidistant dark and light lines with a spacing of 1 ~m, characteristic of chiral nematic

phases. Socn after, Spencer et al.86 found that the solutions of baker's yeast tr,msfer RNA

also formed a liquid crystalline phase. Currently the fonnation of mesophases has been

recognized as a common phenomena exhibited by nucleic acids in vitro and in vivo.

Basically the fonnation of lyotropic mesophase of nucleic acids in vitro is divided

into IWO classes87. First, the nucleic acids dissolved in an aqueous salt solution of

moclerate or high ionic strength fonn 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)87,90. 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

concentration91. 23Na NMR studies on solutions ofDNA also confinned the existence of

the multiple ordered phases92. In these chiral nematic phases, the pitch range from 0.2 to

5 ~m. A left-handed helicoidal structure of the DNA chiml nematic phase has been

suggested on the basis of the negative sign of liquid crystal induced CD from the <""dered

chromophores on the DNA chain in mèsophase91.

Yevdokimov et al.87,93,94 reponed that the helicoidal structure of DNA lyotropic

phase can be changed when the DNA complexes with ariti-tumour compound or

antibiotics. The fènnation of the complexes of DNA with cis-Pt(II) results in a phase

transition from chiral nematic to isotropic. A handedness inversion also oceurs 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 in vivo has been made by Livolant91, as shown in Table 1.2. This parallelism

in the table strongly suggests that the DNA Iiquid crystals are involved in the process of

condensation of chromatin in vivo. The mesomorphic behaviour exhibited by the

mesophases of DNA in 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 domains91.

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 Cl-Iinked 1,4 anhydrogluose

units. The only difference in structure between amylose and cellulose is that the

glucosidic linkage has an Cl configuration in the former and ~ 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 phases95.

Xanthan, a ~-Iinked 1,4 glucopyranosyl main-chain with branches can form Iiquid

crystals in concentrated salt solutions, and exhibit chiral nematic features96,97.

Schizophyllan and scleroglucan belong to another class of polysaccharides, ~­

linked 1,3 glucans. The rigidity of the glucans arises from their triple helical

conformation4• 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 Iiquid

crystals98-1OO.
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Table 1.2. Comparison ofDNA organization between in virro and in vivo

IN VITRO

isotropic H precholesteric --'>
helical

organization
(only for long
DNA fragments
> 500 Â)

cholesteric H

phase

(P = 0.2-5 !-Lm)

columnar hexagonal
phase

-----An increase in DNA concentration----~

decondensed
chromatin in the
interphase nucleus

decondensed +-
chromosomes

eucaryotic
chromosomes
with a helical
shape (Tradescanùa)

dinoflagellate
chromosomes
(P = 700-4500 Â)

bacterial nucleoids
(P = 10Q0-SOOO Â)

bacteriophages

•

mitochondrial DNA
sperm nuclei
(stallion)
(P =500-700 Â)

IN VIVO
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An aminopolysaccharide, chitin, is the main component of decalcified crab shells

and insect cuùcles. Thin samples of outer exocuticle of sorne beeùes reflect lights that is

circularly polarized in the direction opposite tO that of the rransmitted light in the

reflecùon band, a behaviour characteristic of chiral nematic phases70. A twisted fibrous

arrangement has also been observed for a thin section of insect cuticle6·IOI . These

observaùons provide a slrong implicaùon of the biological consequence of chiral nemaùc

ordering. In vitro, only partially deacetylated chiùn microfibrils suspended in water were

found to show birefringence in 1959102. Recenùy, unequivocal evidence of chiral

nemaùc structure exhibited by acid-treated chiùn mic::ofibrils suspensions was observed

by Revol et al13 . This significant observaùon fun.'ler suggests the involvemenr of liquid

crystalline states in sorne bioprocess in nature.

1.4 Cellulosic Iiquid crystals

1.4.1. Chemical characteristics and conformation of cellulosics

Cellulose is the most abundant natural polysaccharide. Chemically it is a linear
condensaùon polymer consisùng of D-anhydroglucopyranose units linked together by (3­

1,4-glucosidic bonds. The pyranose residues in cellulose chain assume the energeùcally

favourable 4CI chair conformaùon as in the ~-D-glucopyranose molecule, and thus are

inflexible. As the result, the conformaùon of the cellulose chain is determined largely by

the relaùve orientaùon of the adjacent residues, defined by two dihedral angles cp and 'l',

between C(l)-H(l) and O(4')-C(4') and C(4')-H(4') and O(4')-C(I) bonds, respectively, as

shown below.

OH

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

calculation103-lOS .suggest that the cellulose chains adopt an extended conformation

where cp and '1' are energetically favorable and the repetiùon along the chain of a
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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 polypeptides since the helix

of the polypeptides in solution results from hydrogen bonding between adjacent residues

and can be convened into a coiled conformation upon heating or changing pHI06.

Osipov has proposed such a twisred belt model describing the conform.nions 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 ceIluloseI07-1I0. Recently CP/MAS I3C NMR measurements of native

cellulose by Horii et al.lll indicate that the chemical shifts of C(2), C(3), and C(6) on

anhydroglucose residue are correlated to the torsion angles cp and 'V. A narrow

distribution of cp and 'V inferred from their NMR results corresponds to an extended

cellulose chain in crystalline state. In solution, cellulose also exhibits high degrees of the

chain extension as characterized by its high characteristic ratio (the mtio of the mean

square and end-to-end distance of a real polymers to that of the ccrresponding ideal freely

jointed chain)112-115. A helical conformation of cellulose oligomers in solution has been

suggested by 13C-IH couplingl16 and induced CD resultsl17.

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 ofintm

and intermolecular hydrogen bonds. The resulting intrahydrogen bonds of C(3')OH-0(S)

and C(6')OH-0(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 hydroxyl groups

provide convenient sites for substitution reaction, leading to a variety of cellulose

derivatives. Introduction of the substituents to the hydroxyl 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 (OS) (defined

as the average number of substituted OH per anhydroglucose unit) and the size and the

nature of the substituents. As a consequence, most cellulose derivatives, in generaI, have

li benersolubility 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 confonriation to

cellulose due io the resisrance of the inflexible anhydroglucose residues to large changes

in the torsion angles cp and 'V.
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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

analysisl18,119. The hydrodynamic behaviour of cellulose derivatives in solution suggests

an extended conformation l12,120. Induced CD studies of carboxymethylcellulose

(CMC)121 and methylcellulose (MC)]]7 , 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 specrrum for 6-0-a-(I­

methylnaphthalene)-2,3-pentyIceIlulose solution in cyclohexane, indicative of a helical

arrangement of the side-chain chromophoresl22.

For panially 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. Schweigerl23 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 bondingl24. The effects of substituent distribution on

physical and commercial properties have not yet been explored effectively.

1.4.2. Cellulosic mesophases

Because of their extended chain conformation, cellulosic polymers have been

predicted by Flory in 1956 to be able to from liquid crystalIine phase, on the basis of his

lattice theory22. The ftrSt observation of this ordered phase in cellulosics was almost

twenty years later than the prediction8. 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 reaching a melting

temperature at which the cellulose chains might stan to move and form an ordered phase.

Therefore cellulose itself does not spontaneously form a mesophase in spite of its

semirigid ch:rln. 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.

• 1.4.2.1. Lyotropic mesophases of cellulose derivatives
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Hydroxypropylcellulose (HPC) is the first cellulose derivative reported to fonn

liquid crystalline phase in concentrated aqueous solution. Werbowyj and GrayS observed

that a phase separation spontaneously takes place as the HPC concentration increases
*over a specifie range (critical concentration VC), Since then numerous cellulose esters

and ethers have been reponed to fonn the anisotropie phases in a variety of solvents125­

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 model27 has been proposed to describe semirigid polymers

such as cellulosics, in which the a.xial ratio x =1.Jd in rod-like mode! is replaced by x =
L'Id, 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 =kw/d =2q1d. The resultant calculation seems to be cIoser to line with

experimental data despite sorne deviationsI26,128-131. This general agreement funher

suggests that the critical concentration for phase separation is detennined to a large extent

by the stiffness of semirigid cellulosic chain since the persistence length is a measure of

chain stiffness.

The fact that the observed values of the critical concentration for mesophase

fonnation in cellulosic system are subjectto 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 fonnation of sorne derivatives

in concentrated solution. Kamide and Saito113,132 have shown thatthe unpenurbed 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 cin~amate (CC)134 and nitrocellulose (NC)135 solutions.

Although the cause of the change of chain stiffness with DS is not cIear, especially in

concentrated solutions, the results for CA in dilute solution113 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 effeet
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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 solventl13, 132, and that highly polar or acidic solvents generally favor

mesophase separation at lower critical concentration than simple organic solventsI36,137.

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 is not simply

additive but is a complicated balance of the above three contributions. This is iIlustrated

by CMC solution, in which the critical concentration for phase separation increases with

DSl33,different from that observed for CCI34, NC135, CBECI33. In light of the different

reactivity among three hydroxyl groups and the existence of intrahydrogen bonds formed

mainly between C(3')OH and 0(5)138, the distribution of substitution for partially

substituted derivatives of cellulose may also play ~. role in governing the rnesophase

formation.

It has been reported that an increase in rnolecular weight results in decreasing the

critical concentration for sorne cellulose derivatives such as CA137,139, but it does not

affect the critical concentration for sorne other polydisperse cellulosics such HPC with

main chains much larger than their persistence lengthI28,129,140. 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 system, presumably as a result of the decrease in chain

stiffnessl40a.

In principle, ail 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 Iiquid

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. Sorne highly substituted derivatives have been reported to form stable

crystalsolvates from Iiquid crystal phasesI35.141.142, presumably because the symmetry in

the shape of the resulting cellulose-solvent solvates under certain circumstances favours

packing as a highly ordered crystalline structure.

•

• 1.4.2.2. Lyotropic mesophases of cellulose
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The discovery of the self-ordering of cellulose derivatives has stimulated

considerable interes: 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 earIier, however. the main problem facing the

fonnation of an ordered phase of cellulose is its Iimited solubility in common solvents.

Formnately, great progress in the search for new solvents for cellulose has been achieved

in the last decade143. 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 frrst observation of Iyotropic cellulose mesophase in a mixture of water and

N-methyl-morpholine-N-oxide (MMNO) 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.

Gilben and his colleagueslO have found that mixtures of trifluoroacetic acid

(TFA) and chlorinated alkanes are excellent solvents for cellulose. Their initial repon

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 resuIts145

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 sorne degradation of the cellulose.

The development of the LiCl/dimethylacetamide (DMAC) system, a

nondegrading solvent, immediately led to attempts to obtain anisotropic solution in the

hope of producing high performance fibersll ,1I5.146,147. Microscopic and optical

evidence indicate that the formation of mesophase occurs at 10-15% by weight,

depending on the ratio of LiCIIDMAC. 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 Iiquid NH3 and NH4SCN,

which has been extensively investigated by Cuculo and his coworkersl2,148. 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

hydroxyl 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 Rory's lanice theory. In fact, measurements of the

persistence length of cellulose in dilute solutions in LiCl/DMACl15 and

NH3INH4SCNI14 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 LiCIIDMAC may enhance the stiffness of the resulting cellulose

complex chainsl15.

Efforts to make high performance films and fibres from anisotropic solutions of

cellulose have been made by several research groupsl44,148-150. The results seem to give

sorne 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 weil 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.I3 that acid­

treated cellulose microfibrils suspended in water can form chiral nematie 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.

. ~--

1.4.2.3. 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 examplelSl-lS3. The majority of thermotropic cellulose

derivatives reported 50 far belong to the family of HPC derivativeslS4-161. 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 160-20S0C15t .

while the acetic acid ester of HPC form th~m at 90-160°Ct55. In extreme cases. the long

chain phthalic ester of HPC and cyanoethylated 0-(2.3-dihydroxypropyl)cellulose

(CEDHPC)162 exhibit mesomorphic behaviour at room temperature. Like HPC. the

hydroxyaIkyl celluloses, hydroxyethylcellulose (HEC) and hydroxybutylcellulose (HBC).

also form thermotropic mesophases163 . 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 t64. Recently a

specificaIly substituted derivative, 6-0-a-(I-methynathalene)-2,3-0-pentylcellulose was

shown to form a mesophase at 90-1 IOoCt22. Most of the above thermotropic derivatives

are aIso able to form Iyotropic 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. t65 have shown the phase

transition temperature of a series of cellulose esters and ethers varies from IOO°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 = Il) have reported to form

thermotropic chiral nematic liquid crystals whose handedness is tempemture dependent38.

On the other hand, long chain aliphalic esters of cellulose oligomers form columnar

liquid crystals in spite of the same chiral cellulosic chain t67. These observations

demonstrate the importance of chemical structure in the cellulosic liquid crystals.

Ethylcellulose (EC) also form another type of thermotropic mesophaset52.t68.

Formation of the mesophase in such short substituent derivative is probably related 10 the

content of hydroxyl groups remaining in the cellulosic chain since the thermolropic

mesophase is only observed for EC with a certain range of DSt611.

1.4.3. Chiroptical properties in mesophase

In light of the existence of optically active centers aIong the cellulose backbone, il

is not surprising that most cellulosics form chiral nematic mesophases. Chiroptical

behaviours exhibiled 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 Gmy8 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 nematic liquid crystals and the iridescent colors are

the result of selective reflection of light by a helicoidal structureI28,169.

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 fust left­

handed cellulosic liquid crystal was observed by Vogt and Zugenmaierl41 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)170, cellulose triacetate (crA)I71, MCI72 and

ECI41.173. However, two bulky derivatives, (acetoactoxypropyl)cellulose (AAPC)174 and

6-0-trityl-2,3-0-hexylcellulose (TrHC)122, were recently reponed 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

imponant role in deterrnining the macroscopic chirality, since ail cellulose derivatives

share the same chiral backbone. A funher lypical example is that cellulose tricarbanilate

(crC) in triethylene gylcol monomethyl ether forrn left-handed mesophase while 3­

chlorophenylurethane of cellulose (3-ClFC) in the same solvent form right-handed

mesophasel60.175. The only difference beIWeen these IWO 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 aU achiral. Ethylcellulose was the fust cellulose derivative reponed to show a

solvent dependence of handedness. EC solutions in AA form a left-handed mesophase but

in dichloroacetic acid (DCA) a right-handed one176. Funher examination of EC in a

variety of other solvents except for DCA gave left-handed structuresl73. A similar solvent

dependence of handedness was also observed for crCI77 and TrHC178. Anisotropic

solutions of cellulose itself were also reponed to exhibit both handedness, depending on

the solvent systemIO,145,147. It 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 Samulski49 to be a key factor in

governing handedness of lyotropic mesophase, as mentioned previously. This theory has

successfully been applied to sorne polypeptide mesophases. However the solvent

dependence of handedness observed for anisotropie EC solutions in a series of solvents
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seems not to be simply related to the dielectric constant of the solvent173. In addition to

the physical properties, reactivity of the solvent with cellulosics may affect their

handedness as the case of CA in TFA179. Fresh anisotropie 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

Iiquid crystals reported are right-handed except for tri-O-heptylcellulose (THC), tri-O­

butoxyethylcellulose (TBC) and tri-0-2-(2-methoxyethoxy)ethyl) cellulose oligomer (0­

TMEC)165. Moreover, the O-THC and O-TMEC (DP=ll) 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 OP (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 intermolecuIar

forces deterrnining chirality, especially in such samples with low OP 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 ofEC in mixtures of AA and OCA176 and CTC in mixtures of methyl propyl

ketone (MPK) and diethylene glycol monomethyl ether (DEME)177.

The cause of both thermally- and solvent-induced handedness inversion is not

weil understood although currently existing chiral nematic theories can provide sorne

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 mell. 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 CO spectroscopy122,178,180,181. 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. ln

general, an increase in concentration leads to a decrease in pitch for most Iyotropic

cellulosic Iiquid crystals; only crc in ethyl methyl ketone (EMK) or in 2-pentanone141
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and CIPC in DEME175 are exceptions. The dependence of pitch on concentration can be

exprcssed by an empirical relationship, I/iPI 0< cpCL, where cp is concentration of cellulosics

and CJ. 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 bee::n observed for lyotropic solutions of CA/TFA183 and crC/2­

pentanone141 ,l84. The reverse is observed for lyorropic solution of HPC185 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 reponed 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 pitch173.

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 OS of 2.5 and to investigate the chiroptical behaviour of the

resultant derivative, (acetyl)(ethyl)cellulose (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 samesolvent186,187. 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 thatare responsible for the handedness

inversion for AEC mesophase, in the hope of establishing the sorne 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 OS' values ranging from 0 to 0.5, and also
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Figure 1.9 Outline of chiroptical properties exhibited by cellulosic liquid crystals.
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• 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 lCD specrra. The factors influeneing the ICD of the dyes in

the AEC mesophase are also presented in this chapter. In Chapter 5 sorne mechanisms for

the handedness inversion for AEC mesophases with changing acetyl DS are discussed.

Sorne 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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2.1. Introduction

Physical properùes of cellulose derivatives are strongly influenced by both main

chain properùes, e.g. the degree of polymerization (OP) and the distribution of molecular

weight. and by their side chain properties, e.g. the nature of substituents. degree of

substitution (OS) 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 cellulose1• A

survey of the literatures on cellulosic liquid crystals in Chapter 1 also indicates that their

chiroptical properùes depend to a large extent on the nature of substituent and solvent.

For example, cellulose tricarbanilate (crC) forros a right-handed liquid crystal in methyl

propyl keton (MPK)2 but a left-handed liquid crystal in triethylene glycol monomethyl

ether (TEME)3. An additional chlorine atom on the benzyl ring of each crc 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 still

unknown why and how the achiral substituents and solvent influence the chira1ity of

mesophases formed by cellulose derivatives in mesophase.

Ethylcellulose (EC) is a non-ionic cellulose derivative. Commercial EC products

with OS around 2.3-2.6 have excellent solubility in a wide range of organic solvents. The

mesomorphic properùes of EC in solution have been widely investigated. e.g. dielectric4,

rheologicaIS•6, orient~rional7 and oprical behaviourS·lO. Perhaps most striking observation

are the chiroptical properties exhibited by the Iyotropic EC liquid crystals, which display

a solvent dependence of handedness and a negative temperature dependence of pitch in

many solvents. In a previous paper11, it has also been shown that the introduction of

acetyl group into free hydroxyl group on commercial EC (ethyl OS = 2.5) results in a

reversai 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 il 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

(AMe), are also prepared and characterized for the study of the mechanism for the

handedness inversion of AEC liquid crystals with acetyl OS in the following chapters.

2.2, Experimental section
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Materials. Ethylcellulose and methylcellulose were purchased from Aldrich Co.

and Fisher Scienôfic Co., respecôvely. The ethoxyl content of the commercial EC is 48%

and the viscosity (5% in soluôon) is 22 cp. The DS of L'le commercial MC is 1.61:! and

the viscosity is 15 cp. Reagent-grade aceôc and propionic anhydrides and pyridine

(Aldrich Co.) were used without further purificaôon.

Preparation of (acetyl)(ethyl)cellulose polymers with acetyi DS ranging from

oto O.s. 8 grarns EC was dissolved in 120 ml of pyridine in a 250-ml three-neck flask to

give a clear, homogeneous and viscous soluôon. Aceôc anhydride was added dropwise to

the soluôon with stirring under nitrogen atmosphere. The acetylated products were

isolated by pouring the reacôon mixture into a large amount of cooled water, filtering.

and washing severa! ômes with di~ôlled water to remove excess reagent and solvent. The

prodUClS 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 reacôon ôme, 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 aceôc anhydride in a 150-11':"

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 aniount of cooled

disôlled water, filtering, and washing severa! ômes with disôlled 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

grarns 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 ôme with hexane.

The dried product was redissolved in THF and reprecipitated in distilled water. Final

produet was dried under vacuum at 65°C.

General analysis: Infrared spectra of thin polymer films were recorded with a

Mattson Polaris FT-IR spectrophotometer. The AEC and PEC films cast from THF

soluôon (5% by weight) and AMC film cast from acetone soluôon (5% by weight).

The l3C spectra were recorded with a JEOL CPF-270 spectrometer at a frequency

of 67.80 MHz. The samples are dissolved in deuterated chloroform (CDCI3) and polymer

concentraôon is approximately 5% (w/v). The l3C NMR spectra were obtained at 40°C

with a complete decoupling mode (a flip angle of 45°and a pulse repeôtion ôme of 2.0
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Table 2.1. Acetylaùon Condiùons for Ethylcellulose

Sample Regent Temperature TIme Catalyst Acetyl
(ml) (OC) (hr) (ml) Ds(a)

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-2S 40 30 7.0 0 0.24

AEC-26 40 30 8.5 0 0.26

AEC-34 45 30 9.0 0 0.29

AEC-27 . 45 30 10.0 0 0.31

AEC-30 50 30 12.0 0 0.35

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

(a) Measured by Fr-IR spectroscopy
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• second) and with transients 18000-20000. The chemica! shifts of the above polymers

were referenced to CDCl3 (77.0 ppm).

Gel permeation chromatograms (GPC) for EC and AEC polymers in THF were

obtained wiLl) a Waters model6oo0A pump with a refmctive index derector and 105, 1()4.

103,500 and 100 Â Il-Sryragel Columns (Waters) in series. The retention volume of EC

and AEC polymers were approximarely evaluated from their GPC elution curves.

The microscopic observation and photogmph of liquid crystalline samples were

made on a polarizing microscope (OPTIPHOT-POL) with a camera. The samples were

prepared between microscope slide and coyer 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 modification in this study has an

ethyl content of 48%, corresponding to a degree of substitution of 2.5. 1t 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:

•

n/2

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 specrra for EC and three AEC polymers obtained

under different reaction conditions. The absorption bands around 3650-3350 cm-1 and

1850-1700 cm-1are due to hydroxyl and carbonyl stretching vibrations, respectively. The

intensity of the hydroxyl 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

equation11:

(DS)X =0.5 x (ICO / IOH)x
(IC-O /IOH )AEC-36

[1]

•

where IC=O 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 features. Figure 2.2 is the l3C NMR specrra 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 signais 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 d"erivatives are located

around 62 ppm13,14 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

cellulose15-17• 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. Fr-IR spectra for ethylcellulose and (acetyl)(ethyl)cellulose polymers.
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Figure 2.2. l3C NMR spectra for ethylcellulose and (acetyl)(ethyl)cellulose polymers
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preference for substitution al lhe slerically-favoured hydroxyls al C(6) of cellulosic

anhydroglucose unilS has been observed for many cellulose derivalives1. The signal for

C(6) bearing me emoxyl groups overlaps wilh lheir melhylene carbons peaks. The C(l) in

anhydrog1ucose unil 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 SUbslilUled by e1hoxyl groups are loca1ed

around 81.5-85 ppm. Compared wilh EC. a small additional peak appears in lhe rcgion of

80-81.5 ppm for AEC producls and increase in imensily with lhe eXlem of acelylalion.

This may represem C(2) and C(3) aloms substilUled by acelyl groups.

GPC measuremenlS of EC and lhe series of AEC producls reveal lhal lherc is no

significanl degradation occurring during acelylalion. as indic31ed by approximalely

constant relention volumes as shown in Figure 2.3.

2.3.2. Characterization ofPEC and AMC.

Figure 2.4 is me FT-IR speclra for PEC and AMC polymers. As for lhe AEC

po1ymers, slfong absorption peaks characleristic of carboxyl vibralions appear al 1750

cm-1 in me FT-IR speclfa of bOlh po1ymers. The absence of a hydroxyl absorption peak

for PEC and AMe in the region of 3400-3600 cm-1 in Figure 2.4 suggesls thal bOlh

cellulose derivatives are fully substilUled.

In the BC NMR spectrum of PEC, lhe melhy1 and melhylene carbons in lhe

propiony1 substituems are located al 10 ppm and 28 ppm, respectively. The chemical shifl

of me corresponding carbonyl carbons are around 173-174 ppm, a shift of 3 ppm down

field in comparison wim me same carbons in AEC polymers. as shown in Figure 2.5. The

chemical shiflS of olher carbons of PEC are almost identicallo lhal of AEC.

In the l3C speclfum of AMC (Figure 2.6), lhe peaks around 58-61 ppm are

assigned to me memoxy1 carbons of lhe AMC, similar in chemical shift to lhe melhoxyl

carbons of trimethy1cellulose17• The signaIs of melhy1 and carbonyl carbons in acelyl

substituenlS of AMC appear a1most same positions as in AEC polymers (21 ppm and

170-171 ppm, respectively). The other assignmems of lhe chemical shiflS of sugar

carbons in AMC po1ymer are shown in Figure 2.6.

2.3.3. Mesophase formation in concentrated solutions

Emylcellu10se wim a DS of 2.5 is soluble in many organic solvents. Its acelylaled

prodUClS, AEC, wim acetyl DS ranging from 0 to 0.5 were found 10 remin good solubility

in mese solvenlS. The excellent solubilily exhibiled by these series of AEC polymers
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Figure 2.3. Variation in retention volume as a function of acetyl DS for AEC

polymers in tetrahydrofuran.
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polymers.
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Figure 2.6. l3e NMR specnum for (acetyl)(methyl)cellulose polymers in COD3.
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facilitates the study of OS effects on liquid crystalline propemes in the following

chapters. So far only a few reports on the relation between chiroptical propemes of

cellulose derivatives :md their OS have appeared. This lack of activily may he due to the

lack of solubility of most cellulose derivatives in a single solvent when the range of OS is

wide.

EC form liquid crystals in acetic acid (AA), dichloroacetic acid (OCA),

chloroform, bromoform, dichloromethane (DCM), dibromomethane (DBM), aqueous

phenol (AP) and m-eresoI8-IO• Concentrated solutions of acetylated EC in these solvents

are also found tG form mesophases, regardless of acetyl OS. Figure 2.7 shows {WO

photomicrographs of AEC-36 solutions in rn-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 isotropie phase where AEC molecules orient

randomly. The strong birefringence exhibited by the bright domains indicates that the

AEC .nolecules in these domains form an ordered ph2Se. Thus two phases of the AEC

solution a. this concentration are in equilibrium at room temperature. The critical

concentration, C*, for the separation of an <Ulisotropic phase from an isotropie-phase for

AEC solution was found to depend on the acetyl OS. In general, the value of C* for AEC

polymers in a given selvent decreases as the acetyl OS ir.creases. For instance, the values

of C* for Iyotropic solutions of AEC polymers with an acetyl OS of O. 0.21 and 0;5 in

chloroform is around 29.0%, 25.5% and 23.0% by weight, respectively, at room

temperature. This observation is simiiar to .that observed for lyotropic

(carbamoylethyl)cellulose (CBEC)18, cellulose cinnamate ·(CC)19 an~ nitrocellulose

(NC)20 Iiquid crystals. The critical concentration for AEC solutions als~depends on the

solvent system. For example, the value of C* for AEC-36 solution in rn-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 OS and with a change in solvent system from

rn-cresol to bromoform suggests that the AEC polymer chains become stiffer according

to F1ory's lattice theory. A further increase in the concentration ofAEC solution results in

the formation of a pure ordered phase. As shown in Figure 2.7 (b), no isotropie phase was

observed for AEC-36 solution at a concentration of 40% at room temperature.

Anisotropie 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 aIl samples to be studied are

. carefully selected and varied for a given solvent so that the pure anisotropie phases are
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(a)

(b)

Figure 2.7. Polarizing micrographs of AEC-36 solutions in rn-cresol at a concentration

of (a) 31 % and (b) 40% (by weight) at room ternperature (x 400)
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fOImed 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 fOIm chiral nematic mesophases, similar to the unmodified EC and MC in the

same solvents.

2.4. Conclusion

The l3C NMR analysis of commercial ethylcellulose with a DS of 2.5 indicates

that the hyclroxyl groups at carbon six of anhydroglucose units are completely substitured.

Acetylation of the ethylceIIulose under different conditions yields (acetyl)(ethyl)cellulose

(AEC) polymers having acetyl DS ranging from 0 to 0.5. Fully substituted

(pl'Opionyl)(ethyl)ceIIulose (PEC) and (acetyl)(methyl)ceIIulose (AMC) were successfully

prepared. Chiral nematic liquid crystals are fOImed in these mixed ester/ether of cellulose

at high concentration, similar to their precursors in the same solvems. The critical

concentration for phase separation for AECsolutions depends on acetyl DS and solvent

system at a given temperature.
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Chapter3

Effect of Degree of Acetylation and Solvent on the Chiroptical

Properties of Lyotropic (Acetyl)(Ethyl)cellulose Solutions
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3.1. Introduction

Cellulose is the naturally occurring homopolymer of (3-0-glucopyranose. As a

result of the semi-rigid and chiral nature of the cellulose backbone. cellulose and its

derivatives cao form liquid crystalline phases that show chiral nematic behaviour1-S.

Stable colloidal dispersions of cellulose crystallites also show chiral nematic properties9.

The chiraliry of the cellulosic mesophases depends on temperature. on the nature of

solve!!t (in case of lyotropic 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 handedness4,IO,II.

Although a large numbers of cellulosic liquid crystals have been reported l2-14, only a few

cellulose derivatives showed the solvent dependence of handedness10•11 ,15.16.

The nature of the (achiral) substituents on the cellulose chain strongly inl1uences

the chiroptical properties of the mesophases. In a previous paperl7, 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, (aceryl)(ethyI)cellulose (AEC), in liquid crystalline

solutions. For example, AEC with ethyl OS of 2.5 and acetyl OS above 0.2 in chloroform

exhibits a handedness and temperature dependence of the pitch opposite to that for the

unacerylated EC in the samesolvent, 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 sorne 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

thermotropicmesophaSes, the compensation 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 ca mixture of acetic

acid (AA) and dichloroacetic acid (DCA)IO and for cellulose tricabanilate (crC) in a

mixture of methyl propyl ketone (MPK) and diethylene glycol monomethyl ether

(DEME)lS, and a thermally-induced compensation is reported for oligomers of tri-O-2(2­

methoxyethoxy)ethylcellulose (O-TMEC) and tri-O-heptylcellulose (O-THC)S. By

analogy, the compensation is expected to occur at a specific acetyl OS for the AEC
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mesophases as the acetyl OS is varied. In this chapter, the previous work17 is extended to

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 cp (5%)

was purchased from Aldrich Co. AEC polymers with an acetyl OS ranging from 0 to 0.5

were prepared from this EC, and characterized as in chapter 2. Organic solvents;

dichloromethane (DCM), dibromomethane (DBM), acetic acid (AA), dichloroacetic acid

(DCA), rn-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 capil1ary tubes, OA-mm path length

(Vitrodynamic Inc.), to give a desired polymer concentration. The capil1aries were then

sealed by flaming. The solutions were weil mixed by centrifuging back and forth in the

capillaries and were allowed to equilibrate for at least two weeks. The liquid crystalline

samples for sorne 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 OS ranging from 0 to 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. Thc·

value of the concentration was selected to bring the pitch values into an experimentalIy

convenient range for measurements. The pitch of the liquid crystals was determined bi

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 (À. = 6328Â)

impinged at right angle on a mesophase sample. The pitch was calculated from Bragg's

àiffraction equation, mÀ. = (IPI/2) simp, where À. is the wavelength of the laser light, <p is

the scattering angle, m is an integer and P is the pitch. The CO 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-50De spectropolarimeter and a Pye Unicam SP8-150
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• spectrophotometer, respectively. The corresponding pitches \Vere calculated from the

wavelength of maximum reflection 1..0 and mean refractive index according to de Vries'

equation20, IPI = 1..0 / fi. The mean refractive index fi of the AEC liquid crystals \Vas

measured with an Abbé 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 19 for À « 1..0 as

follows:

[11

•

where Ct. is the optical rotation at a wavelength À, 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 &l is the birefringence of the pseudonematic layer. The sign of Ct for Â. « 1..0

thus indicates the handedness of the helicoidal structure, with Ct > 0 for a right-handed

twist, and Ct < 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'.

3.3. Results and Discussion

3.3.1. Solvent dependence of handedness

Ithas been shown in Chapter:!':hat the AEC solutions fonn chiml nematic liquid

cryStalS, regardless of acetyl DS. The reflection band at 1..0 observed for samples whose

pitches ar(: of the order of the wavelength of UV or visible light is most readily detected

by the apparent circular dichroism spectrJ. (which gives Â.Q 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 microscopy or optiwdiffraction, and the 0

sign from optical rotatory dispersion.measurements and equation 1.
. . .,~

Figure 3.1 shows the apparent CD spectra for lyotropic~\EC solutions in DCM,

DBM, M, and bromofonn. Positive CD bands were observed fr;r the AEC samples with
_.-/..":

an acetyl DS of 0:'l3 in DCM, DBM, AA, and bromofoITn, indicating ref1ection of
.~""'.,--;::::/ .~
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circularly polarized light by a left-handed liquid crystal. The negative CO bands observed

for the fully acetylated AEC mesophases in OB1\1 and OCM are an indication of the

presence of a right-handed helicoidal structure. Since the pitch values of the fullv

acetylated AEC mesophases in AA and bromoform are beyond visible light wavelength.

the handedness of the sarnples was determined by ORO according to equation II J. These

Iyotropic 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 AEClm-cresol anisotropic solutions. Based on the CO and ORO

results, the apparent handedness of the series of AEC Iyotropic 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 ail the listed solvents except for OCA,

while the AEC with high acetyl OS (> 0.4) is right-handed, independent of solvent. In

other words, the handedness inversion takes place for AEC solutions in aIl the listed

solvents except for OCA in which the AEC liquid crystals ail foml a right-handed

helicoidal structure, independent of acetyl OS.

The solvent dependence of handedness was first found for polypeptide liquid

crystals20. A few cellulose derivatives also show the feature, e.g.e~hylcellulose4,

cellulo~e tricarbanilate15 and 6-0-trityl-2,3-0-hexylcellulose16. Samulski~nd Samulski21

predicted that the reversai of handedness for a given polymer occurs at a critic'II dielectric

constant of a solvent, E*. This prediction satisfies the observation of the solv::m-induced

handedness inversion in sorne mixtures of solveÎns21 .22 and in sorne non-imer::ctive

solvents24 for polypeptides, although there is sorne discrepancy. As shown in Table 3.1,

the solvent dependence of handedness was found for the AEC with low acetyl content,

but not for the AEC with an acetyl OS over 0.40. even though the same series of solvems

are used. Furthermore, a minor change in acetyl DS gives rise to a reversai of the

handedness, in spite of sharing the same chiral mainchain in an achiral medium of the

same dielectrié constant

It is evident that sorne other factors are operative here. Ir 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 acetyl DS on pitch

/

As reported previously17, the pitch of chifâl nematic AEC liquid crystalline

solutions in chloroform shows a strong dependence on acetyl OS. The same AEC
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Table 3.1. Handedness dependenee of aeetyl OS for AEC anisotropie

solutions in various organie solvems

Acetyl DS

Solvent ê C(wt%)
0.1 0.2 0.3 0.4 0.5

rn-cresol 11.8a 42% left right right right right

Chloroform 4.86b 45% left left right right right

DCM 9.08b 45% left left right right right

DBM 7.77c 33% left left right right right

Brornoform 4039b 24% left left left right right

AP 9.78* 40% left left left right right

AA 6.16b 42% left left left right right

DCA 8.2ad 30% right right ril!:ht ril!:ht ril!:ht

(a) 25°e, (b) 20oe, (c) lQoe, (d) 22°e

* Phenol at 600 e
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polymers in OCM, DBM, .'\A, AP, bromoform and rn-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

lyotropic solutions in these solvents. In general, the magnitude of inverse pitch decreases

with inereasing acetyl OS, falls to Lero at a cenain acetyl OS, and inereases with funher

incrc;;.sing acetyl OS. The negative and positive inverse pitch values represent left- and

right-handed liquid crystals, respectively. The same trend of acetyl OS dependence on

pitch was observed for ail solvent systems, but the acetyl OS cOITesponding to zero

inverse pitch varies with the individual solvent. At this OS, the pitch P becomes infinite,

and an untwisted nematic-like structure replaces the helicoidal ordered structure. As

defined in a previous paperl7, the acetyl OS cOITesponding to the appearance of the

nematic-like mesophase is referred to as the compensated degree of acetylation, OA*.

It is striking that the OA* shows a strong solvent dependence even though the

polymers are the same. The approximate OA* for the AEC polymers in different

solvents, estimated as illustrated in Figure 3.2(b), is given in Table 3.2. The values of

OA* in this series of solvents vary from 0.19 to 0.37. Again, it can be seen that the value

of OA* bears no relation to the dielectric constant of the solvents employed, indicating

that specific interactions between AEC polymers and solvent are involved in the

handednessinversion.

It should be mentioned here that the AEC mesophases show right-handed

helicoidal structures in DCA, regardless of acetyl OS; solutions in OCA display a weak

acetyl OS dependence with values for the pitch decreasing approximately linearly from

around 445 nm at an acetyl OS of 0.16 to around 425 nm at an acetyl OS of O.s, as shown

in Figure 3.3.

3.3.3. Optical phenomena close to the compensated condition

When the degree of acetyl OS that produces the compensated structure is

approached, either from higher or lower acetyI DS, the bright iridescent coIours move

from bIue to rect, 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 parallellines 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 OS larger or smaller than 0.31. The spacing between the
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Table 3.2. Cornpensaled degrees of acetylarion (DA") and ternperature

dependence of pitch for Iyotropic AEC liql:id crystals

Solvent Cone. DA* dP/dT dP/dT
(wt%) (DA<DA*) (DM·DA*)

rn-Cresol 42% 0.19 - +

DCM 45% 0"5 - +

DBM 33% 0.27 - +

Brornoform 24% 0.32 - +

Phenol (aQ.) 40% 0.32 + -

Aceric acid 45% 0.37 - +

DCA 30% RH
"

+ ,

81



•

•

500

480 ..

E 460 1-c--.s:::
u •-ë: 440 1- • •• • •• •

••420 1-

400 • • • . •
0.1 0.2 0.3 0.4 0.5 0.6

Acetyl DS

Figure 3.3. Piteh as a funetion of aeetyl OS for AEC anisotropie solutions in DCA at

room temperature.
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(a) (b) (c) (d) (e)

•

Figure 3.4. Polarizing mierographs of anisotropie 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 )
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lines, equal to half of the pitch depends on the acetyl OS: the samples \Vith ;lcctyI DS

closer to 0.31 have a longer pitch. Ir.stead of the equidistam striations. the sample \Vith an

acetyl OS of 0.31 shows a thread-like texture characteristic of a nematie 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 OS around 0.31.

The periodicity observed normal to the optic axis of the chiral nematic helicoid

under crossed polars also ccrresponds to periodicity in refractive index. This gives tise 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 mesophases22•24. Figure 3.5 shows diffraction

rings for AEC mesophases in aqueous phenol as the acetyl OS is varied. The pitch values

calculated from the diffraction rings are very close to those measured microscopically,

with the sample with an acetyl OS of 0.31 showing only a diffuse central spot, as

expected as the pitch becomes infinite.

The microscopic and diffraction measurements do not indicate the handedness of

the mesophase. Weil away from OA*, where the pitch is short enough tei cause reflection

of visible light, the handedness is readily inferred from the sign of the apparent CO 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 1..« A.o (equation 1). Figure 3.6 shows ORO curves for AEC Iyotropic solutions in

aqueous phenol as a function of acetyl OS. 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 ORO curves because optical microscopy clearly shows that

they have long pitch values. The AEC samples with an acetyl OA* below 0.29 ail show

negative ORO curves, an indication of the presence of left-handed helicoidal structures.

On the other hand, positive ORO signais were observed for those AEC samples with an

acetyl DS above0.35, suggestit.g that right-handed helicoidal structures are present in

these mesophases. In addition, plots of the a. against 111..2 in Figure 3.7 also give straight

lines as predicted from equation 1. These ORO results provide a further proof of

handedness inversion for AEC Iyotropic 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, OA*, falling between 0.29

and 0.35 for the AEC/AP system, and the corresponding mesophase must have an infinite
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Figure 3.5. Optieal diffraction patterns of anisotropie 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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pitch and behave optically inactive. Since optical microscopy and optical diffraction

indicate that the AEC sample with an acetyl OS of 0.31 has an almost inlinite pitch.

exhibition of nematic-Iike optical behavior is expected for the sample. Figure 3.8 shows

the rotatory power (optical rotation per unit of thickness) at À. = 589 nm of AEC

anisotropic soh..tions in AP as a function of acetyl OS. Perhaps counterimuitively. the

rotatory power oecomes increasingly negative as the acetyl OS increases and the chiral

nematic pitch increases. The magnitude of the rotatorj power then decreases sharply for

the sample with an acetyl OS of 0.31, and changes sign. evemually decreasing with

funher increase in acetyl OS. The change in sign and discontinuity in the rotatory power

as the acetyl OS is increased again indicates that there exists a specifie acetyl OS 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

reversai of handedness and a compensation occur as the temper.lture is changed25.26. In

our case, the compensation is a function of acetyl content, concentr.ltion and the nature of

the solvem, in addition to temperature.

3.3.4. 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 temperature4,11 dependence of pitch, depending on the

solvent. It has been shown previously17 that the temperature dependence of pitch for

EC/chloroform mesophases can be reversed by introducing acetyl group into th.:: frce

hydroxyl group on EC chains (acetyl OS > 0.2), implying that the effect of temperatllre

on pitch is also sensitive to the chemical structure of side chain. The effcct is also

observed for other solvents. A negative temperature dependence of the wavelength of

maximum reflection, 1..0 (À.Q =iiIPI), was observed for the anisotropie 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 teyperature dependence of 1..0 in the
'-

same solvents. This pattern was observed for ail 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 acetylated 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 Iyotropic AEC liquid crystals, ïrrespective of the acetyl content.

The results are summarized in Table 3.2. The reversai of handedness with acetyl content
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is accompanied by a change in the temperature dependence of pitch for these AEC

mesophases .

3.3.5. Pitch elTects on t10w behavior

The flow properties of chiral nematic liquid crystals are different from those of

regular nematics in that they have a high apparent viscosity at low shear rate:!7 and a pitch

dependence of the viscositylO.28.:!9 Helfrich30 proposed a penneation mechanism to

explain the rheological behavior of low molar mass chiral nematic liquid crystals. in

which the flow direcùon of the mesophase is along the helicoidal optical a:l:Ïs. The theory

prediclS 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 difficultto disentangle. ln AEC lyolTopic

systems, the pitch can be readily conlTolled by a small change in acetyl OS. with

concentraùon 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 ùme as a function of acetyl OS for AEC/AP and AEC/m­

cresol mesophases. The flow ùme deq:eases rapidly with increasing acetyl OS (and hence

with the magnitude of the pitch). reaches a minimum at acetyl OS close to OA". where

the pitch is almost infinite, and then increases with funher increase in acetyl OS. As

observed for mixtures of a nemaùc and a chiral nemaùc phase:!8 and a mesophase mixture

of left and right opùcal isomers (PBLG and PBOG)29 with various composition ratios,

there is a general correlaùon of resistance to flow with the magnitude of inverse pitch for

the lyolTopic soluùons of AEC, irrespecùve of handedness and solvent. This conclusion is

funher supponed by the measurement of flow time of AEC/DCA mesophases whose

handedness is independent of acetyl OS and whose pitches do not show a discontinuity

with acetyl DS. Figure 3.12 is a plot of the flow ùme against acetyl OS. Apparently. there

is no minimum flow ùme observed with increasing acetyl OS in this solvent. Since the

same series of polymers were used in Figure 3.11 and 3.12. tllis is a clear indication that

the ordered structure of chiral nemaùc liquid crystal has a slTong effect on the flow

properties.
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• 3.4. Conclusion

(Acetyl)(ethyl)cellulose (AEC) polyrners with an ethyl degree of substitution (OS)

of 2.5 and acetyl DS ranging from 0 to 0.5 dissolve readily in a wide range of organic

solvents and form chiral nematic liquid crystalline phases in concentrated solution.

Despite the fact that the substilUer.ts and solvents are achiral, the chiroptical properties of

these liquid crystals are slrongly influenced by the acetyl content and solvent. In

dichloromethane, dibromomethane, chloroform, bromoform rn-cresol, acetic acid and

aqueous phenol, the AEC lyorropic mesophases aIl 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 ail the

above solvents except aqueous phenol, in which solvent the corresponding AEC

mesophases change from positive to negative. The optical microscopic, optical diffraction

and ORO evidence provide a unique indication that the reversal of the handedness and

temperalUre 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
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• 4.1. Introduction

As discussed in Chapter 1, chiral nematic liquid crystals possess high optical

acriviry and selective reflection of circularly polarized light because of their helicoidal

ordering strucrures. Optically inactive (achira1) chromophore molecules incorpormed in

these helicoidal strucrures may also develop an apparent optical activity as a result of the

interaction belWeen the guest achiral chromophores and the host chiral matrices1.2. The

resulting optical activiry is called liquid crystal induced optical activity or liquid crystal

induced circular dichroism (LCICD) because it is detectable by CD spectrometer. The

rrrst observation of this induced optical activity for N-(p-methoxybenzylidene)-p­

burylaniline 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 thermolropic4-13 and lyolropic14-19 chiral nematic phases.

Other types of the liquid crystal induced optical activity are also exhibited by achir.ll

chromophores either chemically or physically bound to chiral mesogens in mesophase, as

observed for benzyl side-ehain attached to polypeptide chains15,20-23 and triphenylmethyl

attached to cellulosic chains24-26, or for acridine orange (AO) and chromophoric

antibiotics complexed with polyglutamic acids (PLGA)27 and DNA28.29, respectively.

ln 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 mesophases7,30-32. 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 chiraliry of the host mesophases and the polarization direction of the electronic

transitions of the chromophores, although there are sorne discrepancies. Chandrasekhar

and his colleagues have also developed a rigorous theory to describe optical behaviour for

dye molecules incorporated with chiral nematic liquid crystals 0"/» Â.)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 !inear dichroism (LD) for any single

nematic-like layer of the strucrure, they derived the following equations,

•
[1]

[2]
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• for right circular polarized light

for left circular polarized light

[3]

[4]

[
cos~ -sin~r{ [exp(-iy)

= x exp(-lX)
sin~ cos~ 0

o ][ cos~ -sin~ Jl}-m

exp(iy) sin~ cos~

[5]

•

where DO is the quantity evaluated by CD (equation 3), IR and IL are the transmined

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 ~ for a single nernatic layer, where ~ is an angle between the directors of

two successive layers and defined as ~ = 21tp/P (P is the pitch), G is a complex

retardation matrix of any single layer with reference to its principal axis, lX is related to

phase factor defined as lX = (ka + kb )l2p, where ka and kb'are the principal absorption

coefficients of the layer, and y is a complex quantity defined as y= 1t.o.np/Â.- iM/2, where

.o.n and .6.k 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 Do/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 confrrmed experimenta1ly by the observation of LCICD as a function of temperature

for ~-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 theo!)' to

the dyes incorporated in Ivolropic chiral nematic mesophase has been reported 50 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 l'rom the

chromophore molecules being oriented in a helicoidal arnmgement 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 A.o• A.o =iilPI. where ii 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 apparellt CO

reflection band is pitch dependent, while that of the LCICD depends on the absorption

energy for electronic transition of the chromophores rathe: 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 dep;:nd on

geometric factors. (iii) The ellipticity of the apparent CD is much higher than that of

LCICD 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 phases4,7,l0,30,38

has also been characterized on the basis of LCICD spectra. In addition, effects of

chemical and geometrical structures of guest chromophores in chiml nematic matrices on

their orientation6,36,38,39 were reported using the LCICD technique. A few applications

of LCICD to cellulosic liquid Ctystals have been reported. LCICD has been observed for

AO dissolved in a chiral nematic phase of cellulose acetate solution in trifluofoacetic acid

(1FA)40 and for congo red in a cellulose film with a chiral nematic structure41 . 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)(ethyl)cellulose (AEC) solutions in many organic solvents exhibit a change in

handedness from left to right with increasing acetyl content. Provided that the handedness

inversion of AEC mesophases exists naturally, induced CD signaIs displayed by suitable
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dyes dissolved in these AEC mesophases should be able to be discriminated belWeen left­

and right-handed mesophases and the assignment of their handedness from the

corresponding LCICO should be in agreement with the apparent CO and ORO results

shown in Chapter 3. In this chapter, the chiroptical properties of AEC liquid crystals are

investigated by the LCICO technique, and discussed on the basis of the orientational

behavior of dye molecules in these mesophases. The main dye used in this slUdy is

acridine orange (AO) since the AO is optically achiral and dissolves easily in the organic

solvents in which AEC polyrners forro Iiquid crystals. Proflavine is selected only for

AECIAP system for comparison.

4.2. Experimental section

The same series of AEC polyrners with an ethyl OS of 2.5 and acetyl OS' ranging

from 0 to 0.5 and solvents as in Chapters 2 and 3 are used in this slUdy. The dye AO was

purified according to the following procedures42,43. Excess of O.lN NaOH was added to

an aqueous solution of AO hydrochloride (Aldrich Co.). The free base of the AO was

recrystaIlized twice from an ethanol-water mixture, washed with water and dried under

vacuum. The dried AO was dissolved in chloroforro 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 funher purification.

Oilute AECldye solutions were prepared by adding the polymer to dye-containing

solvent in glass vials, at desired concentration of polymer and dye. The solutions were

transferred to a 1 mm-path length quanz spectrophotomenic ceII for ORO, CD and UV­

visible absorption measurements.

The Iiquid crystal1ine samples containing dyes were prepared by mixing the

desired weight of AEC polyrner and solvent containing dyes in glass vials, which were

stored until use. Unless otherwise specified, the AO concentration was 5 x 10-3 mollL.

Once the contents of the vials were homogeneous, the mixture was sandwiched belWeen

quanz plates with a Teflon spacer of 10 !lm or belWeen glass microslides with Teflon

spacers ranging from 20 !lm to over 200 !lm, 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 ORO spectra were recorded with a Jasco-5OOC and Jasco ORO/UV

Model-5 spectropolarimeters, respectively. In order to check for LB and LO effects on

optical behavior, the samples for CO or ORO measurements were mounted on a rotating
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stage in order to record specrra at various sample orientations. UV-visible measurements

were carried out with a Pye Unicam SPS-150 spectrophotometer. Linear dichroism was

also measured in the UV-visible spectrophotomeœr by placing a plane polarizer in front

of the sample mounted on a rotating stage. For measurements as a function of

temperature. the sample was placed in a hot stage (MellIer FP52) mounted in the

spectrometer beam and heated at a rate of 0.2°C/min.

4.3. Results and discussion

4.3.1. Absorption and CD spectra of AO dissolved in AEC isotropie 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 ll-ll* electronic transition of monomeric AO

molecules along their long axis (ILb) and the band around 470 nm to the lLb transition

of dimeric A044. The band around 270 nm corresponds to electronic tr.lnsition of

monomeric AO molecules along their short axis (lLa) (The lLa band of AO in aqueous

phenol (AP) and m-cresol is overlapped by slrong absorption bands of these solvents.

Hereafter. the absorption and CD specrra of AO in these solvents wiII 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). Conrrary to AO in poly-a,L-glutamic acid (PLGA)45 and sodium

carboxymethylceIIulose (CMC) dilute solutions46, 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 AO 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 AO molecules in AEC dilute

solutions.

4.3.2. CD spectra of AO dissolved in AEC anisotropie 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

AO. Figure 4.2 shows the CD spectrum (solid line) in 30ü-70ünm for AO 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
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Figure 4.1. UV-visible absorption (dashed Hne) and CO (solid Hne) spectra for an

AEC dilute solution (2% wt) in dichloromethane (OCM) containing

acridine orange (1 xlO-4 mol/L). The acetyl OS of the sample is 0.26.
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Figure 4.2. Absorption (dashed line) and CD (solid line) speetra for acridine orange

dissolved in an AEC anisotropie solution (40% wt) in aqueous phenol

(AP). The aeetyl 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 considered4749. In order to minimize the LD and LB effects, the experiments in

thi:; study were carefully carried out. First, the samples are prepared as thin as possible
(IOllm) in order to form a planar texture and reduce the potential macroscopic Iinear

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 1800 and were

averaged. This process can remove sorne of the artifacts resulting to the coupling between

instrumental imperfections and LD and LB of the sample4,46,50.

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 intensity. 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 AO at À. = 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 weIl­

equilibrated liquid crystalline film. The strong induced CD signal is assumed to be due to

orientation of the AO molecules by the AEC chiral nematic mesophase to give 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 cIearly seen from the change of the LCICD spectra for

AO'with temperature (Figure 4.5). Whh 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 iiitensity of LCICD has been

observed for pyrene dissolved in a thermotropic cholesteryt riOnanoate (CN)-eholesteryl

chloride (CC) (70:30) liquid crystal51 and for AO di~solved in PBLG-EDC Iyotropic

Iiquid crystal15• The decrease in intensity of LCICD with' te!Uperature has been attributed

to a reduction on the helicoidal orientational order upon heaiïn~.·

The disappearance of LCICD around 8JOC is a clear Indication that AO molecules

in a isotropic medium are optically inactive irrespective of polymerconcentration. In

other words, the helicoidal ordering structure of the host matrixis ~ssen~al for the
observation of ICD. . .
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Figure 4.5. Indueed CD speetra as a funetion of lemperalure for acridine orange

dissolved an anisotropie AEC/AP solution (40% wt). The aeetyl DS of the

sample is 0.44.
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43.3. LCICD spectra of AD in left- and right-handed AEC Iyotropic solutions

ln the previous chapter, it has been shown that the handedness of AEC Iyotropic

solutions in a given solvent depends on the acetyl DS. By adding AD te these solutions,

LCICD is observed in the absorption region of AD. 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 AD 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 a1most identical except for the sign a1though 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:,:mments (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

AO, 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 funher suppons 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 weil 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 solutions 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 Iight 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 attributed to the LCICD for AO oriented by the AEC

mesophase. Therefore, the negative LCICD band of AO 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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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 Iyotropic solutions with acetyl DS is weil demonsrrated.

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 Iyorropic solutions. The solvent effect can be neglected for

systematic samples of lyotropic AEC mesophases in a given solvent and concentration.

However, the solvent does srrongly influence the chiroptical properties of AEC Iiquid

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 specrra for lyorropic solutions of AEC and

AO in rn-cresol, DCM and DBM, respectively. Each pair of AEC samples in an

individual solvent is representative of a left- and a right-handed Iiquid crystal, assigned

by ORD measurements in Chapter 3. AO dissolved in allieft-handed mesophases shows

a negative LCICD in the absorption region of the AO. The reverse is observed for AO

molecules in ail right-handed mesophases. These observations are similar to the result of

AEC/~r 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 30lvents. This solvent

effect can be further illustrated by an AEC sample with an acetyl DS of 0.24; in rn-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 signaIs 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 AO molecules in the AEC lyorropic solutions

further demonstrate the importance of polymer-solvent interactions in governing the

handedness of chiral mesophases, as concluded in ihe previous chapter.

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

Since LCICD was first observed by CD spectrometer3, the same phenomenon has

also been observed by ORD in the region of either UV-visible52 or infrared Iight53•54.
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The theories for LCICD are applicable to induced ORD for the absorbing chiral nemaùc

liquid crystals30-32. Provided that the AO molecules in AEC lyotropic solution adopt a

helicoidal structure as suggested by LCICD results, an anomalous ORD (Conon effect) in

the region of AO absorpùon should be observable by ORD measurement. Figure 4.12

shows the ORD spectra of AEC lyotropic solutions in AP with and withoUl AO. The

plain posiùve and negative ORD curves (dashed lines) were observed for the AEC/AP

mesophases without AO, as described by the de Vries' theory55. In the presence of AO,

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 soluùons of

AEC polymers with an acetyl DS of 0.26 and 0.44, respecùvely. The rotaùon of the

sarnples about the light bearn at differen t 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 AO molecules oriented by a left- and right-handed helicoidal structure,

respectively. This is consistent with the results of CD measurements for the sarne

specimens as shown in Figure 4.12 (dotted lines). A negative LCICD corresponds to a

negaùve 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 elTects on the intensity of the LCICD

The pitch is one of most important structura! 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

Wyscocki were the fust to noùce that the intensity of LCICD is related to the magnitude

of pitch3. By applying an electric field to a chiral nemaùc mesophase containing achiral

chromophores, Saeva and his colleagues6 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 cm2/ dmol.

In the AEC mesophases, the variaùon of the pitch with acetyl content can he of

microns for a given solvent system, concentraùon and temperature5, as shown in Chapter

3. Therefore, the series of AEC mesophases should provide good samples to study the

effect of pitch on LCICD, without thermal .effects and without introducing any
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extemal force which might introduce an unwanted macroscopic linear dichroism. Figure

4.13 shows the LCICO spectra for AO molecules dissolved in a series of AEC/AP

mesophases. as a function of acetyl OS. The intensiry of LCICO increases with aceryl OS

for the samples with an acetyl OS below 0.29. and decreases for the samples with an

acetyl OS above 0.35. When the intensity of the LCICO is plotted against the magnitude

of the pitch (Figure 4.14), it becomes obvious that the intensity is strong by pitch­

dependent. The samples have approximately the same thickiiéSS l'.!1d ny~ coutent. The

change in the sign of LCICD from negative to positive with acetyl OS is attributed to a

reversal of the handedness of the host matrix from left to right, as discussed in the above

sections. The LCICO intensity thus increases with the magnitude of the pitch for the

whole series of AEC lyott"opic mesophases, irrespective of their handedness.

Qualitatively, the phch dependence of LCICO intensiry 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 a/d, where a is the observed

ellipticity) of the LCICD peak at À = 498 nm against inverse pitches for AO dissolved in

a series of AEC/AP liquid crystals. As seen in die plot, the dichroic power increases with

decreasing inverse pitch and changes the sign on cro~sing zero inverse pitch, where a

handedness inversion takes place. This anomalous LCICO behavior exhibited by AO

dissolved in the AEC mesophases is similar to that observed for ~-carotene dissolved in a

thermott"opic 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

acerylation, 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 intensiry on

acetylOS (from positive to negative) occurs at an aceryl OS over 0.35 in Figure 4.13 and

0.21 in Figure 4.16. The aceryl c~intent dependence of pitch for the corresponding

mesophases also changes form positive to negative at these values. This gives a clear :

indication that the observed LCICO is a consequence of the orientation of achiral AO

molecules by their host chiral nematic structures rather than interaction with individual

chiral AEC molecules.

The effect of pitch on the LCICD intensiry 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 llm and the dichroic power for AO dissolved in the
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corresponding mesophases decreases from 80 10 35 deglcm allhe same dye content (6.19

x 104 mollL).

4.3.7. Temperature effects

As briefly discussed above, an increase in lemperalure 10 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 nemaùc liquid

crystals is aIso temperature dependent, Ihe effect of the pitch change wilh temperature

will superimpose on the LCICD in addition to any tendency to increased disorder with

temperature. As a result, the variaùon of the intensity of LClCO upon heating must he a

combined contribution from these two effects. The change in intensity of LCICO with

temperature is expected to show two cases. (i) If the temperature dependence of pitch for

the host mesophase is negative, the intensity of LCICO for the ordered guest dye

molecules will decrease upon heaùng. (ii) If the temperature dependence of pilch for the

host mesophase is positive, the intensity of LCICD for the ordered guesl 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 hcating, or an

increase for the case that the increase in the pitch predominales over the tendency to

disorder.

Figures 17 and 18 show the temperature dependence of pitch and LCICO

intensity, respectively, for three AEC/AP lyotropic soluùons containing AO. The sample

with an acetyl 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 OS of 0.44 show a monotonic

decrease in intensity with temperature. For the sample with an acetyl OS of 0.24, the

intensity of LCICD initiaIly increases very slightly with increasing tempemture and then

decreases at temperatures over 37°C. A rapid increase in the intensity of LCICD is

observed for the sample with an acetyl OS of 0.29 with increasing temperature up to

SO°C. Further increasing the temperature results in a decrease in the intensity of the

LCICD. The temperature dependence of the LCICD in the latter IWO 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. untilthe order is completely lost, when the phases

become isotropic.

If the AO 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-Iike order. Figure 4.19 shows the LCICD spectra as a function

of temperature for AO 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 AO 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 a1so been shown that AEC/AP liquid crystalline 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 and forms a nematic

structure with an infinite pitch. Funher 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 flfst example of a

thermally induced handedness inversion observed for cellulosic lyotropic Iiquid crystals;

the thermally-induced handedness inversion of cellulosic Iiquid crystals has been

observed only for thermotropic oligomers of cellulose derivatives56. Based on these

results, the LCICD seems to be a panicularly useful and sensitive indicator for

compensated nematic structure and handedness inversion.

4.3.8. Sample thickness elTects

Figure 4.20 shows LCICD spectra in the wavelength range 300-700 nm for AO

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 Ilm. However, when the intensity is

expressed as ellipticity per unit sample thickness, the dichroic power (a/d) decreases with
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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 Ilm are 235. 227, 205. and 186 deglcm- I .

respectively. A similar sample thickness dependence of LCICD intensity has been

observed for ~-carotene in liquid crystalline mixtures of CC and CM34. Presumably. the

decrease in the magnitude of the dichroic power \Vith 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 quanz 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

substratesS7. As a consequence of being incorporated in the uniform helicoidal structure.

the AO 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 a.xes are tilted to the

surface of the glass. Accordingly, the helicoidal order of AO 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 conic10. 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 Ilm stans 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 splilting of lCD observed for AO in

the AEC mesophases is an artifact due to the high absorption of the thicker samples.

Their optical densities are ail over 2 in the AO absorption region. As a result, the

photomultiplier dinode voltage in the CD measurement exceeds 800V and hence the CD

signais become very weak or zeroS8. This explanation is further supported by a CD

measurement for AO 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 1lID.

4.3.9. Dye content elTects

It has been shown in the first section that no induced CD is displayed by AO
/'
1 .; '"';olved in AEC isotropic solutions, irrespective of dye content. For dye molecules

(,-:<ssolved in âthermotropic mesophase, SaveaSl reponed that molecular ellipticity did not
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vary with dye content. but as far as we know. no one has yet investigated the effect of dye

concentration in Iyotropic systems. where dye/solvent and polymer/solvem inter.lction

may be significant. First. il was found that the pitch of an AEC (acctyl OS = 0.35)

Iyotropic soluûon in AP was almost independent of dye concentr.ltion in the r.lnge l'rom

3.10 x 10-6 10 1.54 x 10-2 mol/L. for a given polymer concentration and temperature. (lt

was necessary to check this. because effect of LCICO intensity is very sensitive to the

pitch. as discussed above).

The variaûon of molecular ellipticity for AO dissolved in liquid crystalline

soluûons of AEC in AP is presented as a function of AO concentration in Table .~.1. The

molecular ellipûciûes of these samples are approximately the same within experimental

error, although the difference in dye concentraûon is four order of magnitude. This

suggests that dye-dye interacûons do not play an important role in the origin of LCICO.

This observaûon is similar to the result for dye molecules in thermotropic liquid

crystals51.

Table 4.1. Variaûon of molecular ellipûcity [6]* with acridine omnge concentr.ltion for

the LCrCO of AO dissolved in AEC/AP anisotropic solutions (40% wt) .

C 3.10xl0-6 6. 19x1O-5 3.IOxlO-4 6.19xl0-4 3.lOxlO-3 1.54xlO-2

[6] 1.29xl0-5 1.48xlO-5 1.45xl0·5 1.26xlO-5 1.53xl0-5 1.29xlO-5

* [6] = 6 /10c/ (deg cm2 dmol-1 ), where 6 is the observed ellipticity (deg), C is

mole concentraûon (mollL) and / is path length (cm).
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4.4. Concluding remarks

Achiral dyes in isotropic AEC solutions display no induced CD sig:,als

irrespective of acetyl content and concentration of the AEC polymers and dye (;ontent.

This observation indicates a random orientation of dye molec;:Ies in the isotrOpic phase.

When dissolved in anisoJ!Opic 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 moiecules by the AEC mesophases to g:ve a helicoidal

arrangement, since no significant evidence of macroscopic Iinear dichroism was observed

in this sUldy. The LCICD spectra for the dyes in a series of weIl chancterized AEC

mesophases, whose handedness depends on solvent, aceryl content and temperature,

reveal that the signs of the LCICD signal is deterrnined by the supramolecular structural

features of the host matrices. For instance, acridine ora!tge (AO) dissoIved in a Ieft­

handed Iiquid crystalline AEC solution displays a negative LCICD whereas a positive

LCICD was observed when the AO is dissoived in a right-handed AEC mesophase. Both

CD and ORO evidence provide a clear indication that the helicoidal structures of the host

Iiquid crystals are essential for the guest achiral molecules 10 exhibit the exrr.nsic optical

activity. This is aiso supported by a stt'ong pitch dependence of the intensiry of LCICD

for the AO dissoived in the AEC mesophases and an almost independence of the

magnitude of the LCICD on the dye content in terms ofmoIeèuIarellipticiry. 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 weIl demonstrated

in this study.

Aithough there may remain a possibility-of artifaclS, arising from instrumental

imperfections coupling with sorne residual!inear dichroism and !inear birefringence59,60, ,

it seems from the high ellipticiry compared to the intrinsic optical activiry 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 th~ chiral nematic environment is a dominant

source contributing to the inducedoptical activiry in this system. The present smdy 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 !iquid crystalline molecules,

particularly in solid films cast from chiral nematic phase, and other supporting techniques

may be necessary.
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Chapter 5

Sorne Mechanistic Aspects of the Handedness Inversion for

Lyornesophases of (acetyl )(ethyl)cellulose
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• 5.1. Introduction

The handedness inversion phenomena have been long known for Iyotropic liquid

crystals of symhetic polypeptides!. Concentr:lted solutions of poly(y-benzyl-L-glutamate)

(PBLG) form left-handed Iiquid crystals in sorne solvems 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 solvems.

The fmt cellulosic liquid crysl:ll was reponed by Werbowyi and Gray:! in 1976,

almost rwo decades after the first polypeptide Iiquid crystal was found by Robinson3.

Since then a large number of cellulose derivatives have been found to form chiral nematic

liquid crystals4-6. Many recent experimental observations have revealed that the

cellulosic Iiquid crystals are surprisingly similar to polypeptides liquid crystals in many

aspects of chiroptical behaviors including solvent dependence of handedness7-11 and

thermally- and solvent-induced handedness inversion7.!2 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 Iike a nematic. The value of the DA* varies from 0.19

to 0.37 depending on solvent system. Funhermore the occurrence of the handedness

inversion in these mesophases accompanies a reversai of temperature dependence of

pitch. Ali these chiroptical observations are summarized in Figure 5.1.

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 rn-cresol), a question naturally arises of what

driving force leads to a clramatic change in chiropticafbehaviour. The following four

possible mechanisms may be considered.

• (i) A specifie stereochemieal effeet of aeetate group in determining chiral nematic

handedness
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liquid crystals with an increase in acetyl content.

li



•

•

(ii) A change in the confonnation of the AEC mainchains in solution

(iii) 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 conceming the above mechanisms will be described

and recently developed theories for chiral nematic liquid crystals will be applied to the

AEC liquid crystals. Sorne 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 OS of 2.5 and acetyl OS mnging

from 0 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

lransferred to a 10-mm path length quartz spectrophotometric cell for optical rotatory

dispersion (ORD) measurements. The preparation of lyotropic liquid crystalline samples

for ORO and circular dichroism (CO) measurements was the same as in previous

chapters. The CO 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 OCA for 5 days and then precipitating il 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 precipitated

from hexane.

5.3. Results and discussion

5.3.1. Specific acetate group effect
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il 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 acetyl group on the chain.

If so, one might expect that the same reversai 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 (DCA)!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 AMCfIFA sample and the plain negative dispersion in the visible by the AMClDCA

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 reversai of handedness is funher

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 Gray!4 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 ofTFA with CA.

However, FT-IR measurement of the EC precipitated from EClDCA 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 to 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 œllulosic

chains or in sorne way may change local chirality. Accordingly, the association may

energetical1y favour the formation of right-handed ordering structure. Funher evidence of

the effect ofDCA on chirality ofEC in dilute solution will be shown in the ne"t section.

5.3.2. Conformation of AEC polymers in dilute solution

CO and ORD have been widely employed in configumtional and conformational

studies of chiral biopolymers such as proteinsl5 . Because of (i) the Iimited content of

acetate group (acetyl OS = 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 shon

wavelength by the solvents employed in this study, a direct CO measurement is unlikely

to provide useful information about conformation of the AEC polymers. An attempt to

apply induced CO technique to the AEC system has been made in Chapter 4 by adding

acridine orange (AO) 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 comple" formation between the AO and AEC molecules

with various acety1 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 OCM

solutions (5%) of AEC with acetyl OS varying from 0 to 0.5. Apparently. all curves

exhibit a similar anomalous shl:pe, 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 wavdength and a lillie down

shift of the ORD curves with an increase in acetyl content (Figure 5.4) are assurned 10 he

a result of a negative contribution to optical activity from the acetate group attached to

the chiral cellulosic chain. Mukherjee et aJl6 reported that isotropic CA solutions in
trifluroethanol (1FE) exhibit an Cotton effect around 210 nrn. corresponding to the n~lt*

transition of acetate carbonyl, in both CD and ORD specrra. With increasing the acetyl

DS, the Collon 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 te the acetate group, and the simultaneous reduction of the chiral

contribution from the hydroxyl 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. It 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

concenrrated solutions ail form right-handed liquid crystals, independent of the acetyl

content). This is a clear indication that the chiroptical activity of rnolecules in isotropic

solution is not simply related to the macroscopic chimlity of anisotropic solutions.

Presumably, the dependence of ORD on the acetyl content is due to the srrong association

belWeen 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 a negative

dispersion, different in local chirality l'rom that in other solvents such as DCM or

chloroform. A similar strong solvent dependence of ORD has been observed for

polypeptides17,lS and cellulose acetate19. 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 negative contribution to total optical

activity. Consequently the overall optical activity shifts towards positive values, and

. displays an.anomalous dispersion as a function of wavelength. lt 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 rnolecules by the

DCA I7. 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 seerns to be

dominant.
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Figure 5.5. ORD curves for EC and AEC dilute solutions (5% by weight) in DCA at

room temperature. The acetyl DS of samples in curves 1-7 are 0, 0.13,
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Based on the above experimental observations. it appears that the handedness

inversion for AEC anisotropic soluùor: \Vith acetyl content does not requin: a change in

their conformations in isotropic solution. Recently. seve:-.ll chromophore-containing

cellulose derivaùves. 6-0-trityl-2.3-0-aIkyl cellulose derivatives. have been prepared in

an attempt to correlate the chiropùcaI activity of the derivative. in dilule solution to the

chirality of their lyomesophases by direct CD studie-sll .:2G. The CD measuremenis on

these polymers in both isotropic and anisotropic solutions failed to provid::: a direct

relaùon between the conformation of the former and the handedness of the laller.

Together with the present observations. this suggests that the chiropiical activity of the

cellulosics in dilute solution is necl."s.:lry for forming chiral nematic liquid crystals in

concentrated soluùon but not sufficient for determining their chiral nematic handedness.

5.3.3. Polymer-polymer and polymer-solvent Intera:::tions

The above ORO studies on AEC dilule 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 aIso 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 (PEe). The exhibition of negative apparent CD bands by the

cPEC anisotropic solutions in chloroform and DCM indicate a right-handed chiml nematic

structure, simiIar in handedness to the AEC but opposite to the original EC in the same

solvelllS. Recently, BudgeI18 aIso demonstrated that triethylcellulose (TEC) form a right­

handed Iiquid crystal in chloroform while ethylceI1ulose 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 (propiC.1yl) or ether (ethyl) groups gives the same

change in handedness as that caused by acetylation. This tendency to form right-handed

system when hydroxyl groups are blocked is also shown by right-handed mesophases

formed in the strongly acidic DCA, as mentioned in 5.3.1 above.

However, the solvent dependence of the value of DA*for handedness inversion

of AEC Iiquid 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 ail solvents (except for DCA).

Similarly, a solvent dependence of handedness should not be observed in Iyomesophases

of other fully substilUted cellulose derivatives. In fact, the formation of bOlh right- and

left-handed liquid crystals in different solvents has been recently reported for fully

substilUted cellulose tricarbanilate (CfC)9 or 6-0-trityl-2,3-O-hexylcellulose (TrHC)ll,

suggesting that other interactions between polymers through the solvent, in addition to

hydrogen bonding, also contribute to their chiral arrangement. ln conclusion, the

handedness inversion for Iyotropic AEC liquid crystals with varying acetyl 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 -26. 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·

weil explained by the theories of Samulski24• Kimura25 and Osipov26. However. a

comprehensive chiral nematic theory explaining ail experimental observations has not yet

emerged.

Cellulosic liquid crystals, resulting from the chiral and semirigid nature of the

cellulose chain, have been widely explored experimenta!ly in the last decade4-6. 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 Varichon29•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 ~ystem. By assuming that the semirigid cellulose chain adopts a

"twisted belt" conformation rather than a helix (Figure 1.7.) and that the persistence

length, l, of the cellulose chains is much smaller than that of a rigid chain, he arrived at

the following expression for twisting power,

21t/P= - p2 CX -UT)/ 2 K22
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• where X is related to the attraction interaction, P is the pitch, k -is constant, K22 is the

twist elastic constant, p is the number density of rigid segments, p =cLJ/o, where c is the

number density of the macromolecule chains, 10 is the length of the segments, L is total

length of the chain (L > 1> 10 ), and the pseudoscalar pararneter 1.. is determined by the

steric repulsion between chains. In the case of perfect orientational order of the molecules

(S--'I), the 1.. can be expressed as equation 2

[2]

•

where d and h are the thickness and breadth of the belt, respectively, and qm is equal to

2WPm, where Pm is the period of the twist. The equation Il is valid when qm/(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, il., which is related to the nature and positio~ of

the substituents on the cellulose mainchains, but also on an attractive interaction

pammeter, X, which involves a contribution from the nature of the solvent surrounding

the cellulosic chain. The importance of the solvent-cellulosic interactions has been

described in previous chapters. The theory predicts that the criteria for compensation is

(X-Un = O. Under this condition, the pitch of the cellulosic mesophase should become

infinite, and the mesophase resembles a normal nematic phase. Qualitatively, this cao

explain the handedness inversion occurring in AEC anisotropic solutions. Assuming that

the term (X-l..kT) is a function of acetyl OS, temperature, concentration, dielectric

constant of solvent, etc. in AEC lyomesophase systems, i.e. F (acetyl OS, T, C, E, •••) =

(x-UT), 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 OS, OA*, and (ü) at

a specific temperature, T*, as shown in the previous chapters, and for lyotropic EC

(acetyl OS = 0) mesophases (iiQ for a specific mixture of rwo solvents with different E, as

shown by Siekr.-c-~ and Zuge~maier9.

A fully quantitative interpi'eta'tioh of the relation between pitch ~d the other
""-::~'" ~ ~ ..::

pammeters in Osipov's theory remains~ifficuii and eve.n impossibleat present, because
"....... ;: -

the pàrameters in the "twisted belt" mode! for the AEC with various acety! OS', are not

available, in part because the distribution of substituents along the cellulosic chain and

among the é(2): <:(3) and C(6) positions in the glucopyranose residues is not known. In
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• this sense, specitïc cellulose derivatives with known poslllon and distribution oi"

substituents are required to evaluate quantitatively the theOl"y to the cellulosic liquid

crystalline behaviour. In addition. it is diftïcult to specify what kind of inter.\ction

between given solvent and given AEC polymer contributes to X. In Ch:lpter 3 it has been

shown that no simple correlation between solvent dielectric constant and h:mdedness was

found for the AEC Iyorropic liquid crystals. Other physical propenies of the solvent in

addition to E may also be involved in the contributions to the chir.\l interactions.

Funherrnore, many of the items in equation 1 and 2 are not independent. For example,

the persistence length, l, for cellulose derivatives is strongly dependent on tempemturc31 ,

and so presumably are K22 and qm. In spite of these difficulties and limitations. Osipov's

theory at least shows a qualitative agreement \Vith the results for AEC mesophast:s. This

agreement demonstrates the imponance of chiml polymer-solvent inter.lction in tht: rolt:

of organizing chiral nematic structure.

More recently, Varichon et al.29.3o extended the Lin-Liu's molecular statistical

theory23 by explicitly considering the orientational entropy tem1S. After minimization of

the tOtal free energy of a chiml nematic liquid crystal \Vith rt:spect tO the orientational

distribution, they obtained an express for chiml nematic pitch,

[31

•

where the terrns in the equation are defined in reference 29 and are related tO tht: mtio of

the second and founh order pammeters SeT), the chiml inter.\ction pammett:r ~m. and the

nematic interaction par.lilleter Y2, The magnitude and sign of the pitch are corrdated tO

temperature, concentration, and degree of polymerization (OP) by these par.lmeters. The

resulting theory is in qualitative agreement with sorne experimental results, in that the

pitch and handedness -of cellulosic liquid crystals depend on temperature12 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 chloroform10, they also predicted that theoretical values of DA'" for

handedness inversion for AEC liquid crystal are around 0.16 tO 0.21 30, which is close to

the result for AEC in chloroforrn 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 taken 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 realiry, a

combination of multiple interactions may be responsible.

5.4. Concluding remarks

Optical rotational dispersion studies of AEC polymers have shown that no

significant change in conformation occurs for acetyl DS ranging from 0 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 (OS=1.6) and

fully acerylated MC polymers in dichloroacetic acid and trif1uoroacetic acid also suggests

that the chiral nematic handedness is not determined purely by sorne specific chemical

structure of the acetyl groups. Replacement of the free hydroxyls on commercial

etIlylcellulose by either ester (aceryl or propionyl) or ether (ethyl) groups (ref. 8) leads to

the same handèdness 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 il may strongly associate with the free hydroxyl groups on the

EC or partially acetylated EC chains through hydrogen bonding, and as aresult, functions

like substituents such as acetyl, propionyl or ethyl group. However, the observed solvent

dependence of DA* for lyotropic AEC mesophases also suggests that interactions other

than hydrogen bonding between AEC pôlymers and solvent contribute to their chiral

arrangements. In conclusion, the handedness·inversion for lyotropic AEC liquid crystals

with variation in acetyl content, seems to involve intermolecular interactions between

chiral AEC molecules 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 aècount, to the
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• Iyotropic 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 theoretic.l1 etIor!.
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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 acetylaùon of the commercial ethylcellulose and with an investigation of

chiroptical propenies 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 objecùve since the chemical

modifications seemed minor, and any change in chiral nematic propenies (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 conformaùon. In the

course of this study, several unexpected phenomena revealed that the situation was far

more complex than the original approach suggested, but they did also provide insights

into the factors which detcrmine chiroptical propenies of cellulosic liquid crystals.

(Acetyl)(ethyl)celiulose polymers with an ethyl OS of 2.5 and acetyl OS ranging

from 0 to 0.5, fully substituted (propionyl)(ethyl)cellulose and fully substituted

(acetyl)(methyl)cellulose prepared from commercial ethylcellulose and methylcellulose

remin good solubility in a wide range of organic solvents and are capable of forming

chiral nematic mesophases in concentrated solution. This fealUre made this projeet

feasible. The critical concentration for liquid crystal formation was found to depend on

the acetyl OS 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 acetyl wup is achiral and the same chiral cellulose baekbone is shared by all

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, rn-cresol, aeetic acid and aqueous phenol, as the acetyl OS increased from 0

to 0.5. The handedness inversion for AEC liquid crystals:in a given solvent system

occurred at a specific aeetyl OS, called the "compensated degree of acetylation", OA*,

where a'compensated mesophase characterized by an infinite pitch and a nematic-like

optical behaviour was formed. The ORO studies of these AEC polymers in dilute solution

revealed that there is no significant change in ORO curves while the corresponding AEC

polymers in concentrated solution display a handedness inversion, suggesting that the

157



•

•

handedness of the chiral nematic structures is not determined directly by the

confonnation of the AEC chains in dilute solution. The temper,llure dependencc of the

pitch for AEC mesophases was also found to be strongly :Icctyl OS dependent. For

example, the temperature dependence of pitch for an AEC mesophase with :\0 acetyl OS

below DA* was the reverse of that for an AEC mesophase with an acetyl OS greater than

DA*.

Anotljer unexpected observation was that achiral sQ]vents strongly inl1uence 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 fonned 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 Iyotropic AEC mesophases, made l'rom a given AEC with different

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. Oichloroacetic acid

is the only solvent in which the AEC mesophases showed a right-handed heiicoidal

structure and a positive temperature dependence of pitch, regardless of acetyl OS. All

these observations indicated that strong specific solvent-AEC interactions ~lay an

important role, in addition to substituent effects, in detennining the chiroptical activity of

AEC mesophases.

Induced CD studies of achiral dye molecules dissolved in the above series of

Iyotropic AEC mesophases revealed that the orientational behaviour of the guest dyes

were deterrnined by the chiral nematic structures of the host matrices. Achiml dyes in

isotropie AEC solutions displayed no induced CD signais regardless of acetyl content,

concentration of the AEC polymers and dye content, indicating a mndom oril:ntation 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 assumecl

to be a result of orientation of the dye molecules by the AEC mesophases 10 adopt a

helicoidal arrangement, since there is no significant evidence of macroscopic linear

dichroism observed in this study. Acridine orange dissolved in a left-handed liquid

crystalline AEC solution displays a negative LCICD whereas a positive LCICD .was

observed when the Aü was dissolved in a right-handed AEC mesophase. A change in

handedness due to a variati011 of acetyl DS or temperature, or a change of solvent system

was indicated by a reversai 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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demonstr.lted in this study. The otller 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

srrongly 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

aise suggested that the LCICD technique may be generally applicable to polymeric chiral

nematic liquid crystals provided that suitable chromophores are available and

macroscopic lint:ar birefringence and linear dichroism are negligible.

Although handedness inversion phenomena have been observed for severa!

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 methylcelluIose

(DS=1.6) and fully acetylated MC polymers in dichloroacetic acid and trifluoroacetic

acid eliminates the possibility that reversal of handedness is specifically associated with

the chemical structure of the acetyl group. ORD studies of AEe 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 CÏJains may play a mie in arranging molecules in the mesophase. The

involvement of hydrogen bonding in chiroptical behaviour of lyorropic AEC mesophases

seems also evident by fact that EC and AEC polymers in DCA ail form right-handed

liquid crystals, regardless of acetyl DS. In this case, a srrong association, through

hydrogen bonding, of the free hydroxyl groups on the EC or partially acetylated EC

chains with relatively srrong acid, DCA, may function like substituents such as acetyl,

propoinyl or ethyl group. However, solvent dependence of DA* observed for the

handedness inversion for lyorropic AEC mesophases suggests that interactions other than

hydrogen bonding between AEC polymers and solvent aIso contribute to their chiral

arrangements. It is thus concluded that L'le handedness inversion for lyorropic AEC liquid

crystals with variation in acetyl content seems involve intermolecular interactions

betwren chiral AEC molecules through the solvent medium, with hydrogen bonding

playing a significant mie. Qualitatively, the handedness inversion induced by varying the

acetyl OS, temperature and solvent, observed for Iyotropic 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 handedm:ss inversion or

compensaùon, sùll needs a great deal of experimental 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 substitlJtion on the

chiropùcal properùes of cellulosic liquid crystals. Specific contributions of this work to

original research are ouùined below.

1. Methods ofpreparaùon for (acetyl)(ethyl)cellulose polymers with an ethyl OS of

2.5 and aceryl OS ranging from 0 to 0.5, and fully substituted (propionyl)(ethyl)ceIlulose

(PEC) and (aceryl)(methyl)cellulose (AMC) have been developed. These new cellulose

derivaùves were characterized by FT- IR, I3C NMR and GPC.

2. Chiral nemaùc Iiquid crystalline solution of a series of AEC polymers were

prepared in a variety of organic solvents. The critical concentmtion for the mesophase

formaùon was found to depend on the acetyl DS and the solvent.

3. LY0lropic soluùons of the AEC polymers show a reversai of handedncss and a

reversal of temperature dependence of pitch as the acetyl OS is varied. The specific acetyl

OS, at which the handedness inversion occurred, OA*, was deterrnined in several

solvents. For the first time, the work in this thesis allowed a quantitative relationship

between OS and the handedness of a cellulosic mesophase to be established.

4. Liquid crystalline AEC at OA* displayed properties of a nematic (not chir.t.l

nemaùc) phase. This is the first observation that the compensation for cellulosic liquid

crystals can be induced by systemaùc chemical modification mther than by changing

temperature, solvent or opùcally acùve composition.

5. The achiral solvents were found to strongly influence the handedness, the

magnitude of pitch, the temperature dependence of pitch and the OA* for IY0lropic AEC

Iiquid crystals.

6. The first detailed application of liquid crystal induced circular dichroism to

cellulosic liquid crystals was made. A correlation between the induced CO signaIs of
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guest achiral dyes and the host chiral nematic structures of Iyotropic AEC liquid crystals

was established. This has not been reponed for any orher cellulosic polymers, as far as is

known.

7. The use of achiral dyes as a probe for the handedness inversion induced by

changing acetyl OS, temperature a-.d solvent for Iyotropic AEC liquid crystals was weil

demonstrated. This work provides sorne phenomenal and technical aspects for the

potential application of LCrCO to polymeric chiral nematic liquid crystals.

8. The molecular theory developed by Osipov for chiral nematic liquid crystals was

qualitatively tested for the fust time on a chiral nematic cellulosic system.

6.3. Suggestions for future researeh

The results presented in this thesis have demonstrated that the chiroptical

prop~rties 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 üsing commercial cellulosic products as staning materials, whose

structural features, such as distribution of substituents along the cellulose chain and

among the three hydroxyls in each anhydroglucose unit, art? unknown. Without this

information, it is unlikely that one can establish a clear relationship between molecular

structure and chiroptical propenies, or that molecular theories for chiral nematic liquid

crystals can be tested Quantitatively. Therefore, future smdies in any continuation of this

project should involve synthesis of specific cellulose derivatives with the following

features; (1) a wide range of OS, (2) a homogeneous distribution of substituents, (3)

specifie 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

CO spectroscopy would be desirable since the CO spectrometer has-JJroved to be a

powerful tool for characterizing the chiroptical activities of chiral poly:iLers in isotropie

and anisotropie phases. Oirect C!) measurements of these kinds of ceIJulose derivatives in

isotropic and anisotropie phases may permit their conformations to be correlated to their

liquid crystalline chirality, if this relation exists. Other topics involving AEC polymers

studied in this thesis may also yield sorne informative results if more work were

undenaken and these areas might include the following:
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1. An investigation of the interaction parameters between each solvent and the AEC

polymers may provide sorne insights on the solvent dependence of handedness of OA"'.

2. It may be of interest to investigate the chiroptical behaviour of liquid crystalline

mixtures of EC (Ieft-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 acety1 content could he kept

constant in each individual sample.

3. It has been shown that the magnitude of the pitch for anisotropic AEC solutions in

chloroform, bromoform, dichloromethane and dibromome;hane varies from a few

nanometer to infinity and the handedness is either left or r:ght. depending on the acet'JI

DS. It may be of interest to study the orientational beho.viour of the above solvents

(deuterated or non-deuterated) in the mesophases by mcailS of NMR spectroscopy sincc

LCICD results in this thesi~ have shown that small d'Je molecules can adopt the

helicoidal structures of their matrices. By analogy, these soivents may have the same

orientation as AEC molecules in the mesophase, 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 remarkable rheological behaviour in a

rheometer under different shear rates. Very few studies on the rheological behaviour of

chiral nematic liquid crystals, especially pitch effects, have appeared 10 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 OS, while the polymer concentrJ.tion,

degree of polymerization and temperature can be held constant.

5. Evaluation of the rigidity of AEC polymers in dilute solution as the acetyl OS

increases may be constructive in terms of verifying the relationship belween rigidity of

chir,al polymers and the chiroptical properties of their mesophases, as proposed in

Osipov's theory.
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